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Abbreviations:
2hPG

2-hour plasma glucose concentration

AA

Abdominal adiposity

AAT

Abdominal adipose tissue compartment

BW

Birth weight

dSAT

Abdominal deep subcutaneous adipose tissue

FPG

Fasting plasma glucose concentration

GA

Gestational age

GDM

Gestational diabetes mellitus

IAT

Abdominal intra-abdominal adipose tissue

MRI

Magnetic resonance imaging

OGTT

Oral glucose tolerance test

SAT

Abdominal subcutaneous adipose tissue

SFT

Skinfold thickness

sSAT

Abdominal superficial subcutaneous adipose tissue

VAT

Visceral adipose tissue
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1

Abstract

2

Background
Gestational diabetes is associated with unfavorable body fat distribution in the

3
4

offspring. However, less is known about the effects across the range of maternal gestational

5

glycemia on offspring’s abdominal adiposity in infancy and early childhood.

6
7

Objective

8

This study determined the association between gestational glycemia and offspring’s

9

abdominal adiposity measured by magnetic resonance imaging (MRI) in the neonatal period

10

and at preschool years.

11
12

Design

13

Participants were mother-offspring pairs from the Growing Up in Singapore Towards healthy

14

Outcomes (GUSTO) prospective cohort study. Children who underwent MRI within 2weeks

15

post-delivery (N=305) and/or at preschool age, 4.5 years (N=273), and whose mothers had a

16

2-hour 75g oral glucose tolerance test (OGTT) at 26-28 gestational weeks were included.

17

Abdominal adiposity measured by adipose tissue compartment volumes; superficial (sSAT),

18

deep subcutaneous (dSAT), and internal (IAT) abdominal adipose tissue were quantified

19

from MRI images.

20
21

Results:

22

Adjusting for potential confounders including maternal pre-pregnancy BMI, each 1 mmol/L

23

increase in maternal fasting glucose was associated with higher sSAT, differences in standard

24

deviations scores (SD) (95%CI); 0.66 (0.45, 0.86), dSAT: 0.65 (0.44, 0.87) and IAT: 0.64

25

(0.42, 0.86) in neonates. Similarly, each 1 mmol/L increase in 2-hour OGTT glucose was
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associated with higher neonatal sSAT, 0.11 (0.03, 0.19) and dSAT, 0.09 (0.00, 0.17). These

27

associations were stronger in female neonates but only persisted in girls between fasting

28

glucose, and sSAT and dSAT at 4.5 years.

29
30

Conclusions:

31

A positive association between maternal glycemia and neonatal abdominal adiposity was

32

observed across the whole range of maternal mid-gestation glucose concentrations. These

33

findings may lend further support on efforts of optimizing maternal hyperglycemia during

34

pregnancy. The study also provides a suggestive evidence on sex differences of the impact of

35

maternal glycemia which merits further confirmation in other studies.

36
37

Key words: Maternal Glucose, Mid-gestation, Pediatrics, Offspring’s abdominal adipose

38

tissue compartment, early infancy.

39
40
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42

Introduction
Greater abdominal adiposity (AA) is an independent risk factor for adverse cardio-

43

metabolic outcomes in adulthood (1). Similar to adults, AA in older children and adolescents

44

appears more strongly related to insulin resistance, cardiovascular and diabetes risk factors

45

than total body fat (2, 3). Most of the previous studies used waist circumference (WC) as a

46

surrogate marker of AA (4, 5). South Asians have greater AA and are more insulin resistant

47

as compared to Caucasians of similar body mass index (4). This thin-fat phenotype is present

48

already at birth (5). Moreover, studies tracking AA in children observed that WC and waist-

49

hip ratio categories; <25th; 25–75th, and >75th percentile of children at 7 years of age

50

remained in the same categories at 15 years of age (6). Concomitantly with the increasing

51

prevalence of childhood obesity and the prevalence of the metabolic syndrome among

52

children and adolescents, it is important to better understand early life factors influencing AA

53

in order to tackle the emerging epidemic of type 2 diabetes especially in the young.

54

Animal studies demonstrate that exposure to hyperglycemia in utero results in fetal

55

programming towards a diabetes-prone phenotype in the offspring (7). Infants born to

56

mothers with hyperglycemia are likely to have greater adiposity already at birth independent

57

of infant’s birth weight (BW) and maternal obesity. Human epidemiological studies suggest

58

that the association between maternal gestational glucose concentrations and offspring’s risk

59

for large for gestational age (LGA) and excessive adiposity (>90th percentile of body fat

60

measured by air displacement plethysmography or skinfold thickness) is a continuum even

61

for glucose concentrations below diagnostic thresholds for gestational diabetes mellitus

62

(GDM) (8-10). These early life changes may increase offspring susceptibility to the

63

development of obesity and adverse metabolic risks, and seem to persist from childhood until

64

adulthood (11, 12). There is limited information on the effects of maternal hyperglycemia

65

during pregnancy on offspring AA at birth measured by Magnetic Resonance Imaging (MRI).
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Moreover, no previous studies have explored these associations longitudinally from early

67

infancy to preschool years.

68

Emerging data suggests that the impact of an adverse in utero environment on

69

offspring health may have sex-specific effects, such as maternal overnutrition on offspring’s

70

adiposity. Potential biological mechanisms include fetal hyperinsulinemia resulting from

71

maternal hyperglycemia which facilitates the conversion of glucose into free fatty acid. This

72

leads to storage of excess glucose as glycogen and fat deposition in female fetus. On the other

73

hand in male fetus, endogenous insulin acts as the dominant growth factor which leads to

74

faster growth in utero than fat deposition (13-15).

75

However, findings from such studies have been inconsistent and conducted mainly in

76

Western populations (12, 16-21) with sparse data in Asians, a high risk population for

77

metabolic diseases, which forms 60 % of the global population. To address these research

78

gaps, this study aimed to determine associations between maternal glycemic status during

79

pregnancy and offspring’s AA as measured by MRI in the neonatal period and at pre-school

80

years. Further, we investigated whether such associations differed by offspring sex.

81
82

Subjects and Methods

83

The study was based on mother-offspring pairs from the Growing Up in Singapore

84

Towards healthy Outcomes (GUSTO) study, a prospective birth cohort study in Singapore

85

(22). Pregnant women aged 18 years and above were recruited between June 2009 and

86

September 2010 during the first trimester of pregnancy (< 14 weeks’ gestation based on

87

dating ultrasound scan) from two public maternity units in Singapore; KK Women’s and

88

Children’s Hospital and National University Hospital. Pregnant women self-identified their

89

homogenous ethnicity; Chinese, Malay or Indian i.e. same ethnicity of the subject, their

90

partners, and both sides of parents.
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Details of the study have been presented previously (23). 333 healthy neonates born

91
92

≥34 weeks gestation with BW ≥2000g had abdominal adipose tissue compartment (AAT)

93

volumes quantified using images of MRI performed within two weeks after delivery. 19

94

neonates born less than 37 completed weeks of gestation and 9 neonates of mothers with no

95

oral glucose tolerance test (OGTT) performed were excluded (Supplementary figure 1). A

96

total of 305 mother-neonate pairs remained for this analysis. 8 neonates in this study were

97

born from IVF pregnancy. 119 children who attended neonatal MRI visit came back for 4.5-

98

year MRI visits. Further, additional 154 children born term with available maternal OGTT

99

participated in this visit. A total of 273 children had AAT volumes quantified at preschool

100

age, 4.5 years (Supplementary table 1).

101

Ethics

102

This study was approved by the Institutional Review Board of the Singapore National

103

Healthcare Group and the Central Institutional Review Board of SingHealth. Parents of the

104

neonates gave voluntary written informed consent.

105

Maternal and infant characteristics

106

Demographic data, lifestyle, obstetric and medical history of the pregnant women

107

were collected at 11-12 and 26-28 gestational week antenatal visits using interviewer

108

administered questionnaires. Self-reported pre-pregnancy weights of mothers were recorded.

109

Maternal oral glucose tolerance test

110

Pregnant women underwent a 2-hour 75g OGTT at 26-28 weeks gestation. Plasma

111

glucose concentrations were measured by a glucose oxidase method using Advia 2400

112

Chemistry system (Siemens Medical Solutions Diagnostics) and Beckman LX20 Pro analyzer

113

(Beckman Coulter)]. GDM was diagnosed using 1999 World Health Organization (WHO)

114

criteria: ≥7.0 mmol/L for fasting plasma glucose (FPG) concentrations or ≥7.8 mmol/l for 2-

115

hour plasma glucose (2hPG) concentrations (24). Mothers diagnosed as GDM (N=46) were
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treated according to clinical protocols at KK Women’s and Children’s Hospital and National

117

University Hospital. 37 (80.4%) of 46 GDM mothers were treated with diet modification, 6

118

(13.0%) were on insulin. Information on treatment of GDM for 3 mothers (6.5%) was not

119

available.

120

MR image acquisition and quantification of abdominal adipose tissue compartments

121

MRI of neonates was performed by GE Signa HDxt 1.5 T MR scanner (GE

122

Healthcare) within 2 weeks after delivery. AAT volumes were quantified from images from

123

neonatal MRI scans. The details have been described previously (23). The AAT was

124

categorized into superficial (sSAT), deep (dSAT) subcutaneous and internal (IAT) adipose

125

tissue. Neonatal MRI images were initially processed by an in-house semi-automated

126

quantitative analysis algorithm using MATLAB 7.13 software (The MathWorks Inc., Natick,

127

Massachusetts, USA) followed by manual optimization by 2 trained analysts who were

128

blinded to all subject information. The mean inter-observer coefﬁcients of variations (%)

129

were 1.6% for sSAT, 3.2% for dSAT, and 2.1% for IAT. The mean intra-observer

130

coefﬁcients of variations (%) were 0.9%, 2.1% and 4.0% for sSAT, dSAT, and IAT,

131

respectively.

132

MRI was also performed when children were around 4.5 years using a 3T MR scanner

133

(Siemens Skyra, VE11A). Axial images with a 5 mm slice thickness and in-plane resolution

134

of 0.94 x 0.94 mm were acquired using a water-suppressed half-Fourier-acquired single-shot

135

turbo spin echo (HASTE) sequence (repetition time = 1000 ms, echo time = 95 ms) from the

136

top of the liver to the top of the sacrum to be consistent with the definition of abdominal

137

region for neonatal MRI. Abdominal subcutaneous adipose tissue (SAT) and IAT

138

compartments were segmented from the abdominal MR images using a fully automated graph

139

theoretic segmentation algorithm (25, 26) developed in MATLAB R2016 software (The

140

MathWorks Inc., Natick, Massachusetts, USA). The SAT compartment was then
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subclassified into dSAT and sSAT by manually drawing a boundary along the fascial plane

142

by a trained analyst who was blinded to participant information. The volumes of each fat

143

compartment were computed by summing the voxels and multiplying by the image

144

resolution. The details of the MRI scans and the image analysis for 4.5 year children have

145

been described elsewhere (26). The MATLAB software used for image analyses at 4.5 year

146

was an upgraded version of the one used at the neonatal period. This upgraded MATLAB

147

software was applied to MR images of all children at 4.5 year follow up visit.

148

Statistical analysis

149

Multivariable regression analyses were used to examine the associations of maternal

150

glycemia with the offspring’s sSAT, dSAT and IAT. Maternal glucose concentrations were

151

considered as both continuous (FPG or 2hPG) and categorical (GDM status) variables. The

152

primary outcome variables, AAT compartment volumes were converted to standard deviation

153

scores (SD) for better comparison of magnitude of differences among 3 compartments and at

154

two different time points. Covariates were controlled for based on prior knowledge from the

155

literature about factors that might confound the associations between maternal glycemia and

156

offspring adiposity. For the neonatal period, ethnicity, maternal educational attainment,

157

tobacco exposure during pregnancy (27), parity, maternal age at recruitment, pre-pregnancy

158

BMI, neonatal sex and age on MRI day were adjusted in regression analysis. Maternal

159

gestational weight gains and gestational age (GA) at delivery were additionally adjusted in

160

the regression models as a sensitivity analyses to test the robustness of the associations. At

161

4.5 years, models were adjusted for ethnicity, maternal educational attainment, maternal age

162

at recruitment, child’s sex and age on MRI day. BW was also included as a covariate for

163

taking account the adiposity of the child at birth. Since BW is highly correlated with maternal

164

BMI and also on the causal pathway between maternal BMI and childhood adiposity,

165

maternal height was included in the models to account for maternal size. As the interactions
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were significant between FPG and sex for two of 3 AAT compartments, stratified analyses

167

were performed. Interactions between maternal pre-pregnancy BMI groups (28) and glycemia

168

were also tested to determine if the associations between maternal glycemia and offspring

169

AAT outcomes were modified by the level of maternal adiposity. All statistical analyses

170

used SPSS Statistics for Windows, Version 21.0. (IBM Corp., Armonk, NY).

171
172

Results

173

Supplementary figure 1 shows the flow chart of this study. Table 1 shows

174

characteristics of mothers and offspring divided by sex. A total of 305 mother-neonate pairs

175

were included in this study; 135 Chinese (44.3%), 115 Malays (37.7%) and 55 Indians

176

(18.0%) mothers. In general, mothers of male and female neonates had similar characteristics

177

except that a greater proportion of mothers of female neonates were nulliparous. There were

178

163 males (53.4%), 142 females (46.6%). Female neonates had greater sSAT and dSAT

179

despite having lower BW and shorter birth length. They were born at marginally longer

180

gestational age, compared to male neonates. Characteristics of mothers and children

181

participated at 4.5-year visits between boys and girls were similar to those of children who

182

attended during the neonatal period (Table 1). Most of the characteristics of children who

183

attended both neonatal and 4.5 year MRI visits were also similar to those of children who

184

attended during the neonatal period. However, the greater proportion of mothers of boys had

185

higher education attainment and girls has greater AAT of all 3 compartments. Characteristics

186

of participants vs. non-participants in this study were also compared and presented in the

187

supplementary table 1. In this study, there were relatively less Chinese and more Malay

188

mothers compared to those who did not participate. Lower proportion of mothers in this study

189

had university or higher education and no tobacco exposure. They were marginally younger,

190

had higher prepregnancy BMI, higher FPG and lower 2hPG compared to non-participants.
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Neonates in this study had higher BW (80g) and marginally longer GA and compared to

192

neonates who did not participate in the study.

193
194

Maternal glycemic status and abdominal adiposity in early infancy

195

Table 2 shows the positive associations between maternal glycemia as a continuous variable

196

and neonatal AA. Maternal FPG and 2hPG were positively associated with AA in the neonates.

197

Each 1 mmol/L increment in FPG was associated with increases in sSAT, difference in SD, B

198

(95% CI), 0.66 (0.45, 0.86), dSAT 0.65 (0.44, 0.87) and IAT 0.64 (0.42, 0.86) respectively.

199

Similarly, each 1 mmol/L increment in 2hPG was associated with greater sSAT and dSAT,

200

0.11 (0.03, 0.19) and 0.09 (0.00, 0.17), respectively (Table 2). We also observed that the above-

201

mentioned associations varied by offspring sex (Table 2). Interaction terms between maternal

202

glucose and sex were significant for 4 of the 6 associations examined between FPG/2hPG and

203

sSAT/dSAT/IAT (Table 2). The interaction (maternal glycemia and sex) coefficients in the

204

regression models showed the slope difference in these associations between offspring sex; the

205

slope differences in the associations between maternal FPG and neonatal AAT volumes

206

between male and female neonates were -0.59 (-0.99, -0.19) SD for sSAT, -0.45 (-0.88, -0.03)

207

SD for dSAT and -0.33 (-0.78, 0.11) SD for IAT, and -0.23 (-0.38, -0.08) SD for sSAT, -0.15

208

(-0.31, 0.02) SD for dSAT and -0.20 (-0.36, -0.40) SD for IAT for the associations between

209

maternal 2hPG and neonatal AAT volumes (Figure 1).

210

Stronger associations were seen in female neonates, each 1 mmol/L increase in FPG

211

was associated with higher AAT SD; 0.93 (0.62, 1.23) in sSAT, 0.89 (0.59, 1.19) in dSAT

212

and 0.79 (0.52, 1.06) in IAT. In male neonates, the association between FPG and IAT was

213

significant but weaker compared to associations in female neonates (Table 2). Likewise,

214

higher 2hPG was associated with greater AAT SDs only in female neonates; each 1 mmol/L

215

increase in 2hPG was associated with 0.27 (0.12, 0.41), 0.20 (0.05, 0.34) and 0.20 (0.07,
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0.33) increases in sSAT, dSAT and IAT, respectively. Associations between 2hPG and AAT

217

appeared to be weaker compared to those between FPG and AAT. By contrast, among male

218

neonates, no significant associations were observed between 2hPG and neonatal AAT

219

volumes. Female neonates appeared to be more sensitive to maternal glycemia compared to

220

male neonates (Figure 1).

221

The above described associations became stronger when all models (for both FPG and

222

2hPG) were additionally adjusted for maternal gestational weight gain groups and GA at

223

delivery (Supplementary table 2). Also, the association between 2hPG and IAT for the

224

whole cohort became significant (Supplementary table 2).

225

There were no interactions between maternal pre-pregnancy BMI groups and

226

glycemia (both FPG and 2hPG) on associations between maternal glycemia and neonatal

227

AAT; (all P=>0.05).

228
229
230

Maternal glycemic status and abdominal adiposity at preschool years (4.5 years)
There was a substantial increase in AAT at preschool years compared to the neonatal

231

period (N=119). The magnitude of change in AAT was mean (SD); 4.4 (2.8) fold for sSAT,

232

11.5 (11.9) fold for dSAT and 8.2 (4.6) fold for IAT. Compared to 4.7 (1.0) fold change in

233

weight, the increase in dSAT and IAT was disproportional over first 4.5 years. At the early

234

neonatal period, VAT or intraperitoneal fat within IAT such as mesenteric fat (fat around

235

intestines), liver and pancreas was minimal compared to retro-peritoneal fat. However, there

236

was a substantial increase in intra-abdominal VAT within IAT at 4.5 years (Figure 2).

237

Adjusting for ethnicity, maternal age, maternal education, maternal height, BW,

238

neonatal sex and age on MRI day, maternal FPG and 2hPG showed no association with

239

child’s AAT volumes (Table 3). However, interaction terms were significant between

240

maternal FPG and sex on child’s all AAT at 4.5 years. Therefore, stratified analyses were
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performed and the associations were present only in girls between FPG and SAT (SD); 0.47

242

(0.04, 0.89) and 0.47 (0.04, 0.90) for sSAT and dSAT respectively (Table 3). However, no

243

associations were observed between 2hPG and AA of preschool children among girls.

244
245

Maternal GDM status and abdominal adiposity

246

Maternal GDM status was characterized based on WHO 1999 criteria.

247

Supplementary table 3 showed characteristics of participants by GDM status. Higher

248

proportion of mothers with GDM had lower tobacco exposure. They were older and had

249

higher BMI and higher glucose concentrations (both FPG and 2hPG). AAT volumes were not

250

different in the whole cohort. BW and proportion of neonates with macrosomia in GDM vs.

251

non-GDM mothers were similar i.e. 3.14 (0.39) vs. 3.18 (0.50) kg and 2.3% vs. 2.2%

252

respectively. However, sex modified the associations between maternal GDM status and

253

child’s AAT (p for interaction: 0.011 for both sSAT and IAT). In the stratified analyses by

254

sex of children, associations between sSAT and IAT in the neonatal period were significantly

255

greater for female neonates who were born from GDM pregnancies than those born from

256

pregnancies uncomplicated by GDM, differences in SD of AAT (95%CI); 0.78 (0.11, 1.45)

257

and 0.76 (0.17, 1.35) respectively. The differences were greater when models were

258

additionally adjusted for maternal GWG and GA at delivery; differences (95%CI): 0.97

259

(0.28, 1.67) for sSAT and 0.86 (0.23, 1.48) for IAT. There was no association between

260

maternal GDM status and AAT when children were at preschool age.

261
262
263

Discussion
This prospective multiethnic Asian study with a large number of longitudinal MRI

264

measurements at the neonatal period and preschool age reports on associations between

265

maternal gestational glycemia and offspring AA. A positive association between maternal
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gestational glycemia and AAT of neonates measured by MRI was observed during first two

267

weeks of life. These associations were continuous across the whole range of both FPG and

268

2hPG concentrations and independent of maternal pre-pregnancy BMI. Female neonates were

269

particularly susceptible to maternal glycemia and more prone to have higher AAT, and

270

persisted in girls for sSAT and dSAT at preschool years independent of maternal size and

271

child’s BW. sSAT is suggested to be metabolically different in Asians (29). Ethnic

272

differences in adipose tissue partitioning was observed in a study on adipose tissue volumes

273

measured by MRI comparing British and Indian neonates. Indian neonates had greater AAT

274

in all 3 compartments and significantly lower non-abdominal SAT (such as SAT from head,

275

chest, pelvis and extremities) at birth compared to British neonates. dSAT has been studied

276

only recently. dSAT is suggested to be strongly related to insulin resistance and cardio-

277

metabolic risk factors in a similar manner to VAT (30-32).

278

The continuous positive association observed between maternal glycemia and

279

neonatal AAT in this study is generally consistent with previous findings based on BW and

280

skinfold thickness (SFT) measurements in the GUSTO cohort (8), as well as with findings in

281

the HAPO study (9) which both demonstrated that each one SD increase in maternal mid-

282

gestation glycemia was associated with increasing odds of excessive neonatal adiposity

283

defined by large-for-gestational-age, >90th percentile of sum of SFT or percentage fat (8, 9).

284

Recently, The HAPO Follow-up Study (HAPO-FUS) reported that exposure to higher

285

concentrations of glucose in utero is independently associated with childhood adiposity at 10-

286

14 years; being overweight/obese according to age and sex specific cut-offs based on

287

International Obesity Task Force or >85th percentile for SFT, waist circumference and

288

percent body fat measured by air displacement plethysmography (10). However, mothers

289

diagnosed with GDM received treatment in the present study, unlike HAPO-FUS in which

290

mothers did not receive treatment. These findings of continuous associations may have
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clinical implications not only in controversies on best cut-off points for screening maternal

292

glycemia but also on future metabolic health of the offspring.
We observed stronger associations between maternal glycemia and neonatal AA

293
294

among female neonates. However, a sex difference in associations between maternal

295

glycemia and offspring’s total adiposity in previous studies seemed to be distinct between

296

Western and Asian populations. In Western populations, such associations were observed

297

primarily in boys at early infancy throughout adolescence (16, 18, 21, 33) although one

298

Norwegian study showed that maternal fasting plasma glucose at week 30-32 was

299

significantly associated with BW among girls only (34). A prospective study in Australia

300

reported that maternal FPG was the major predictor of adiposity as measured by air

301

displacement plethysmography in male neonates of GDM mothers but had little effect in

302

female neonates (16). Similarly, the association of GDM with offspring obesity risk from late

303

childhood through early adulthood was observed among boys in a large prospective study of

304

15,009 U.S. individuals (21). By contrast, previous studies in Asian cohorts showed

305

associations of maternal GDM on offspring adiposity in girls of preschool/school age. In a

306

study in Indian children, female offspring of diabetic mothers had larger SFT than offspring

307

of non-GDM mothers at 5 and 9.5 years of age (19, 20). Maternal hyperglycemia in

308

pregnancy was independently associated with offspring’s risk of abnormal glucose tolerance,

309

obesity, and higher blood pressure at 7 years of age only in girls in a total of 970 Chinese

310

mothers in Hong Kong (12). Our findings support and strengthen the previous findings in

311

Asians.

312

The significant and positive associations of maternal FPG with offspring sSAT and

313

IAT during preschool years persisted for girls despite having similar weight compared to

314

boys, and independent of maternal size. This may reflect at least in part a contribution of

315

maternal glycemia to long-term health consequences among the offspring in addition to
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potential environmental influence of an obesogenic environment. With the disproportional

317

increase in dSAT and substantial increase in VAT at 4.5 years which are metabolically active,

318

our findings may reflect an unfavorable metabolic phenotype of the offspring especially

319

among Asian girls.

320

Previous studies have shown the association between maternal glycemia and offspring

321

total adiposity, and also reported sex differences. However, a unique strength of our study is

322

the use of AAT measurement by MRI in a large number of neonates with a follow up MRI.

323

MRI is the most accurate and only available method without radiation to quantify AA (29). In

324

addition, GUSTO is a prospective study of Asian mothers and their offspring, including three

325

Asian ethnic populations (Chinese, Malay, Indian) which all are at high risk of type 2

326

diabetes. We also explored sex difference in AA in association with maternal glycemia which

327

is little studied. The timing of MRI scans for neonates was within 2 weeks after delivery thus

328

the observation would largely reflect the developmental influences on the offspring before

329

any environmental exposures. Similarly, the variation in postnatal environmental influences

330

among children were relatively less at preschool age of 4.5 years. Several potential

331

limitations merit discussion. First, only a subset of eligible children whose parents gave

332

consent for their children’s MRI were included in this study therefore care should be taken

333

when generalizing our findings. Future studies are warranted to confirm these findings in

334

larger study populations. Secondly, the MATLAB software used at 4.5 year analyses was an

335

upgraded version of the one used at the neonatal period. However, as this same upgraded

336

MATLAB software was applied to MR images of all children at the follow up 4.5 years visit,

337

the upgrade cannot explain the observed associations between maternal glycemia and

338

offspring abdominal adiposity. Lastly, as with any observational study, we cannot exclude

339

the possibility of bias due to residual confounding although we carefully controlled for a

340

number of major potential confounders. However, our findings, in line with those from
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341

others, indicated that the association between maternal glycemia with offspring AA is in

342

continuum.

343

Taken together, our findings reinforce the impact of maternal glycemia even below

344

the threshold for the diagnosis of gestational diabetes, during fetal development on

345

offspring’s AA. These findings lend further support on efforts of optimizing glycemic status

346

of the mothers during pregnancy. The suggestive evidence on sex differences of the impact of

347

maternal glycemia merits further confirmation in other studies.

348

Page 20 of 30
349

Acknowledgements

350

The authors thank The GUSTO study group. The GUSTO study group includes Allan

351

Sheppard, Amutha Chinnadurai, Anne Eng Neo Goh, Anne Rifkin-Graboi, Anqi Qiu, Arijit

352

Biswas, Bee Wah Lee, Birit F.P. Broekman, Boon Long Quah, Borys Shuter, Chai Kiat

353

Chng, Cheryl Ngo, Choon Looi Bong, Christiani Jeyakumar Henry, Claudia Chi, Cornelia

354

Yin Ing Chee, Yam Thiam Daniel Goh, Doris Fok, E Shyong Tai, Elaine Tham, Elaine Quah

355

Phaik Ling, Evelyn Chung Ning Law, Evelyn Xiu Ling Loo, Fabian Yap, Falk Mueller-

356

Riemenschneider, George Seow Heong Yeo, Helen Chen, Heng Hao Tan, Hugo P S van

357

Bever, Iliana Magiati, Inez Bik Yun Wong, Ivy Yee-Man Lau, Izzuddin Bin Mohd Aris,

358

Jeevesh Kapur, Jenny L. Richmond, Jerry Kok Yen Chan, Joanna D. Holbrook, Joanne

359

Yoong, Joao N. Ferreira., Jonathan Tze Liang Choo, Jonathan Y. Bernard, Joshua J. Gooley,

360

Keith M. Godfrey, Kenneth Kwek, Kok Hian Tan, Krishnamoorthy Niduvaje, Kuan Jin Lee,

361

Leher Singh, Lieng Hsi Ling, Lin Su, Ling-Wei Chen, Lourdes Mary Daniel, Lynette P

362

Shek, Marielle V. Fortier, Mark Hanson, Mary Foong-Fong Chong, Mary Rauff, Mei Chien

363

Chua, Melvin Khee-Shing Leow, Michael Meaney, Mya Thway Tint, Neerja Karnani, Ngee

364

Lek, Oon Hoe Teoh, P. C. Wong, Paulin Tay Straughan, Peter D. Gluckman, Pratibha

365

Agarwal, Queenie Ling Jun Li, Rob M. van Dam, Salome A. Rebello, Seang-Mei Saw, See

366

Ling Loy, S. Sendhil Velan, Seng Bin Ang, Shang Chee Chong, Sharon Ng, Shiao-Yng

367

Chan, Shirong Cai, Shu-E Soh, Sok Bee Lim, Stella Tsotsi, Chin-Ying Stephen Hsu, Sue

368

Anne Toh, Swee Chye Quek, Victor Samuel Rajadurai, Walter Stunkel, Wayne Cutfield,

369

Wee Meng Han, Wei Pang, Yap-Seng Chong, Yin Bun Cheung, Yiong Huak Chan and Yung

370

Seng Lee.

371

Authors thank to mothers and children, and families who participated in GUSTO study.

372
373

Page 21 of 30
374

Conflict of Interest

375

Godfrey, Gluckman and Chong are part of an academic consortium that has received research

376

funding and have received reimbursement for speaking at conferences sponsored by

377

companies selling nutritional products. Godfrey is supported by the National Institute for

378

Health Research through the NIHR Southampton Biomedical Research Centre and by the

379

European Union's Seventh Framework Programme (FP7/2007-2013), projects EarlyNutrition

380

and ODIN (Food-Based Solutions for Optimal Vitamin D Nutrition and Health through the

381

Life Cycle) under grant agreements nos 289346 and 613977. All other authors declare no

382

potential of interest that might bias the submitted work and no other relationships or activities

383

that could appear to have influenced the submitted work.

384
385

Authors’ contributions

386

MTT supervised collection of data, performed image analysis of neonates, analyzed the data

387

and wrote the manuscript. SAS, NM and SSV performed image analysis of preschool

388

children. MVF supervised image acquisition and image analysis. CZ, JGE and YSL provided

389

statistical advice and made critical revision of the manuscript for important intellectual

390

content. KMG, SYC, FY, KHT and LPCS, SES and IMA contributed to discussion and

391

reviewed the manuscript. MTT and YSL had primary responsibility for final content. YSC,

392

PDG, KMG and YSL conceptualized and designed the study.

Page 22 of 30

References
1.
Despres JP. Body fat distribution and risk of cardiovascular disease: an update.
Circulation 2012;126(10):1301-13. doi: 10.1161/circulationaha.111.067264.
2.
Suliga E. Visceral adipose tissue in children and adolescents: a review. Nutrition
research reviews 2009;22(2):137-47. doi: 10.1017/s0954422409990096.
3.
Kelishadi R, Mirmoghtadaee P, Najafi H, Keikha M. Systematic review on the
association of abdominal obesity in children and adolescents with cardio-metabolic
risk factors. Journal of research in medical sciences : the official journal of Isfahan
University of Medical Sciences 2015;20(3):294-307.
4.
Bajaj HS, Pereira MA, Anjana RM, Deepa R, Mohan V, Mueller NT, Rao GHR,
Gross MD. Comparison of Relative Waist Circumference between Asian Indian and
US Adults. Journal of obesity 2014;2014:10. doi: 10.1155/2014/461956.
5.
Yajnik CS, Lubree HG, Rege SS, Naik SS, Deshpande JA, Deshpande SS, Joglekar
CV, Yudkin JS. Adiposity and hyperinsulinemia in Indians are present at birth. The
Journal of clinical endocrinology and metabolism 2002;87(12):5575-80. doi:
10.1210/jc.2002-020434.
6.
Chrzanowska M, Suder A, Kruszelnicki P. Tracking and risk of abdominal obesity in
the adolescence period in children aged 7-15. The Cracow Longitudinal Growth
Study. American journal of human biology : the official journal of the Human
Biology Council 2012;24(1):62-7. doi: 10.1002/ajhb.22204.
7.
McLean M, Chipps D, Cheung NW. Mother to child transmission of diabetes
mellitus: does gestational diabetes program Type 2 diabetes in the next generation?
Diabetic medicine : a journal of the British Diabetic Association 2006;23(11):1213-5.
doi: 10.1111/j.1464-5491.2006.01979.x.
8.
Aris IM, Soh SE, Tint MT, Liang S, Chinnadurai A, Saw SM, Rajadurai VS, Kwek K,
Meaney MJ, Godfrey KM, et al. Effect of maternal glycemia on neonatal adiposity in
a multiethnic Asian birth cohort. The Journal of clinical endocrinology and
metabolism 2014;99(1):240-7. doi: 10.1210/jc.2013-2738.
9.
Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study: associations with
neonatal anthropometrics. Diabetes 2009;58(2):453-9. doi: 10.2337/db08-1112.
10.
Lowe WL, Jr., Lowe LP, Kuang A, Catalano PM, Nodzenski M, Talbot O, Tam WH,
Sacks DA, McCance D, Linder B, et al. Maternal glucose levels during pregnancy and
childhood adiposity in the Hyperglycemia and Adverse Pregnancy Outcome Followup Study. Diabetologia 2019. doi: 10.1007/s00125-018-4809-6.
11.
Godfrey KM, Gluckman PD, Hanson MA. Developmental origins of metabolic
disease: life course and intergenerational perspectives. Trends in endocrinology and
metabolism: TEM 2010;21(4):199-205. doi: 10.1016/j.tem.2009.12.008.
12.
Tam WH, Ma RC, Ozaki R, Li AM, Chan MH, Yuen LY, Lao TT, Yang X, Ho CS,
Tutino GE, et al. In Utero Exposure to Maternal Hyperglycemia Increases Childhood
Cardiometabolic Risk in Offspring. Diabetes care 2017. doi: 10.2337/dc16-2397.
13.
Godfrey KM, Haugen G, Kiserud T, Inskip HM, Cooper C, Harvey NC, Crozier SR,
Robinson SM, Davies L, Hanson MA. Fetal liver blood flow distribution: role in
human developmental strategy to prioritize fat deposition versus brain development.
PloS one 2012;7(8):e41759. doi: 10.1371/journal.pone.0041759.
14.
Symonds ME, Sebert SP, Hyatt MA, Budge H. Nutritional programming of the
metabolic syndrome. Nature reviews Endocrinology 2009;5(11):604-10. doi:
10.1038/nrendo.2009.195.
15.
Watson RT, Kanzaki M, Pessin JE. Regulated membrane trafficking of the insulinresponsive glucose transporter 4 in adipocytes. Endocrine reviews 2004;25(2):177204. doi: 10.1210/er.2003-0011.

Page 23 of 30

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

Lingwood BE, Henry AM, d'Emden MC, Fullerton AM, Mortimer RH, Colditz PB,
Le Cao KA, Callaway LK. Determinants of body fat in infants of women with
gestational diabetes mellitus differ with fetal sex. Diabetes care 2011;34(12):2581-5.
doi: 10.2337/dc11-0728.
Ricart W, Lopez J, Mozas J, Pericot A, Sancho MA, Gonzalez N, Balsells M, Luna R,
Cortazar A, Navarro P, et al. Maternal glucose tolerance status influences the risk of
macrosomia in male but not in female fetuses. Journal of epidemiology and
community health 2009;63(1):64-8. doi: 10.1136/jech.2008.074542.
Regnault N, Gillman MW, Rifas-Shiman SL, Eggleston E, Oken E. Sex-specific
associations of gestational glucose tolerance with childhood body composition.
Diabetes care 2013;36(10):3045-53. doi: 10.2337/dc13-0333.
Krishnaveni GV, Hill JC, Leary SD, Veena SR, Saperia J, Saroja A, Karat SC, Fall
CH. Anthropometry, glucose tolerance, and insulin concentrations in Indian children:
relationships to maternal glucose and insulin concentrations during pregnancy.
Diabetes care 2005;28(12):2919-25.
Krishnaveni GV, Veena SR, Hill JC, Kehoe S, Karat SC, Fall CH. Intrauterine
exposure to maternal diabetes is associated with higher adiposity and insulin
resistance and clustering of cardiovascular risk markers in Indian children. Diabetes
care 2010;33(2):402-4. doi: 10.2337/dc09-1393.
Li S, Zhu Y, Yeung E, Chavarro JE, Yuan C, Field AE, Missmer SA, Mills JL, Hu
FB, Zhang C. Offspring risk of obesity in childhood, adolescence and adulthood in
relation to gestational diabetes mellitus: a sex-specific association. International
journal of epidemiology 2017;46(5):1533-41. doi: 10.1093/ije/dyx151.
Soh SE, Tint MT, Gluckman PD, Godfrey KM, Rifkin-Graboi A, Chan YH, Stunkel
W, Holbrook JD, Kwek K, Chong YS, et al. Cohort Profile: Growing Up in Singapore
Towards healthy Outcomes (GUSTO) birth cohort study. International journal of
epidemiology 2013. ;43(5):1401-9. doi: 10.1093/ije/dyt125.
Tint MT, Fortier MV, Godfrey KM, Shuter B, Kapur J, Rajadurai VS, Agarwal P,
Chinnadurai A, Niduvaje K, Chan YH, et al. Abdominal adipose tissue compartments
vary with ethnicity in Asian neonates: Growing Up in Singapore Toward Healthy
Outcomes birth cohort study. The American journal of clinical nutrition 2016;
103(5):1311-7. doi: 10.3945/ajcn.115.108738.
Metzger BE, Gabbe SG, Persson B, Buchanan TA, Catalano PA, Damm P, Dyer AR,
Leiva A, Hod M, Kitzmiler JL, et al. International association of diabetes and
pregnancy study groups recommendations on the diagnosis and classification of
hyperglycemia in pregnancy. Diabetes care 2010;33(3):676-82. doi: 10.2337/dc091848.
Sadananthan SA, Prakash B, Leow MK, Khoo CM, Chou H, Venkataraman K, Khoo
EY, Lee YS, Gluckman PD, Tai ES, et al. Automated segmentation of visceral and
subcutaneous (deep and superficial) adipose tissues in normal and overweight men.
Journal of magnetic resonance imaging : JMRI 2015;41(4):924-34. doi:
10.1002/jmri.24655.
Sadananthan SA, Tint MT, Michael N, Aris IM, Loy SL, Lee KJ, Shek LP, Yap FKP,
Tan KH, Godfrey KM, et al. Association Between Early Life Weight Gain and
Abdominal Fat Partitioning at 4.5 Years is Sex, Ethnicity, and Age Dependent.
Obesity 2019;27(3):470-8. doi: 10.1002/oby.22408.
Ng S, Aris IM, Tint MT, Gluckman PD, Godfrey KM, Shek LP, Yap F, Tan KH, Lek
N, Teoh OH, et al. High maternal circulating cotinine during pregnancy is associated
with persistently shorter stature from birth to five years in an Asian cohort. Nicotine

Page 24 of 30

28.

29.

30.
31.

32.

33.

34.

& tobacco research : official journal of the Society for Research on Nicotine and
Tobacco 2018. 21(8):1103-1112. doi: 10.1093/ntr/nty148.
WHO Consultation on Obesity (1997: Geneva, Switzerland), World Health
Organization. Division of Noncommunicable Diseases & World Health Organization.
Programme of Nutrition, Family and Reproductive Health. (1998). Obesity :
preventing and managing the global epidemic : report of a WHO Consultation on
Obesity, Geneva, 3-5 June 1997. Geneva : World Health Organization.
http://www.who.int/iris/handle/10665/63854 1997: .
Modi N, Thomas EL, Uthaya SN, Umranikar S, Bell JD, Yajnik C. Whole body
magnetic resonance imaging of healthy newborn infants demonstrates increased
central adiposity in Asian Indians. Pediatric research 2009;65(5):584-7. doi:
10.1203/01.pdr.0000350364.10602.33.
Kelley DE, Thaete FL, Troost F, Huwe T, Goodpaster BH. Subdivisions of
subcutaneous abdominal adipose tissue and insulin resistance. American journal of
physiology Endocrinology and metabolism 2000;278(5):E941-8.
Golan R, Shelef I, Rudich A, Gepner Y, Shemesh E, Chassidim Y, Harman-Boehm I,
Henkin Y, Schwarzfuchs D, Ben Avraham S, et al. Abdominal superficial
subcutaneous fat: a putative distinct protective fat subdepot in type 2 diabetes.
Diabetes care 2012;35(3):640-7. doi: 10.2337/dc11-1583.
Marinou K, Hodson L, Vasan SK, Fielding BA, Banerjee R, Brismar K, Koutsilieris
M, Clark A, Neville MJ, Karpe F. Structural and functional properties of deep
abdominal subcutaneous adipose tissue explain its association with insulin resistance
and cardiovascular risk in men. Diabetes care 2014;37(3):821-9. doi: 10.2337/dc131353.
Le Moullec N, Fianu A, Maillard O, Chazelle E, Naty N, Schneebeli C, Gérardin P,
Huiart L, Charles M-A, Favier F. Sexual dimorphism in the association between
gestational diabetes mellitus and overweight in offspring at 5-7 years: The OBEGEST
cohort study. PloS one 2018;13(4):e0195531. doi: 10.1371/journal.pone.0195531.
Voldner N, Frøslie K, Godang K, Bollerslev J, Henriksen T. Determinants of birth
weight in boys and girls, 2009; HUM ONTOGENET 3(1), 2009, 7–12 doi
10.1002/huon.200900001.

Page 25 of 30

Table 1 Maternal and offspring characteristics among participants in the GUSTO study stratified by offspring’s sex at neonatal and preschool
age
Neonatal Period

Preschool age

All

Male

Female

(N=305)

(N=163)

(N=142)

P

All

Boys

Girls

(N=273)

(N=124)

(N=149)

P

Maternal characteristics
Ethnicity, N(%)

0.523

0.548

Chinese

135 (44.3)

70 (42.9)

65 (45.8)

139 (50.9)

63 (50.8)

76 (51)

Malay

115 (37.7)

66 (40.5)

49 (34.5)

81 (29.7)

40 (32.3)

41 (27.5)

Indian

55 (18.0)

27 (16.6)

28 (19.7)

53 (19.4)

21 (16.9)

32 (21.5)

Mother highest education groups , N(%)

0.386

0.322

Below secondary

129 (43.0)

63 (39.4)

66 (47.1)

102 (37.8)

44 (36.4)

58 (38.9)

GCE, ITE, Diploma

111 (37.0)

64 (40.0)

47 (33.6)

93 (34.4)

38 (31.4)

55 (36.9)

University and above

60 (20.0)

33 (20.6)

27 (19.3)

75 (27.8)

39 (32.2)

36 (24.2)

Parity, N(%)

0.023

0.033

Nulliparous

123 (40.3)

56 (34.4)

67 (47.2)

103 (37.7)

38 (30.6)

65 (43.6)

Multiparous

182 (59.7)

107 (65.6)

75 (52.8)

170 (62.3)

86 (69.4)

84 (56.4)

Maternal tobacco exposure, N(%)
No exposure

1.000
113 (39.6)

61 (39.6)

52 (39.7)

0.714
133 (52.0)

62 (53.0)

71 (51.1)
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Exposed with

90 (31.6)

49 (31.8)

41 (31.3)

74 (28.9)

35 (29.9)

39 (28.2)

Exposed with cotinine level <14 ng/ml

71 (24.9)

38 (24.7)

33 (25.2)

41 (16.0)

18 (15.4)

23 (16.6)

Exposed with cotinine level >14 ng/ml

11 (3.9)

6 (3.9)

5 (3.8)

8 (3.13)

2 (1.7)

6 (3.1)

30 (5)

30 (5)

29 (6)

0.407

31 (5)

30 (5)

31 (5)

0.457

Mother pre-pregnancy BMI (kg/m2)

23.3 (5.1)

23.0 (4.7)

23.7 (5.6)

0.310

23.2 (4.6)

22.6 (4.2)

23.6 (4.8)

0.083

Fasting Plasma Glucose (mmol/L)

4.4 (0.6)

4.4 (0.6)

4.4 (0.6)

0.625

4.3 (0.4)

4.3 (0.4)

4.3 (0.4)

0.802

2 Hour OGTT Glucose (mmol/L)

6.3 (1.5)

6.4 (1.6)

6.2 (1.4)

0.316

6.3 (1.3)

6.3 (1.3)

6.4 (1.4)

0.589

Cotinine level <level of detection

Mother age (years)

Offspring’s characteristics
Macrosomia

0.127

1.000

No

298 (97.7)

157 (96.3)

141 (99.3)

271 (99.3%)

123 (99.2%)

148 (99.3%)

Yes

7 (2.3)

6(3.7)

1 (0.7)

2 (0.3%)

1 (0.8%)

1 (0.7%)

Size at birth

0.917

0.153

Large for gestational age

52 (17.0)

28 (17.2)

24 (16.9)

44 (16.1)

18 (14.5)

26 (17.4)

Small for gestational age

36.0 (11.8)

18 (11.0)

18 (12.7)

27 (9.9)

8 (6.5)

19 (12.8)

Birth Weight (kg)

3.1 (0.4)

3.2 (0.4)

3.1 (0.4)

0.023

3.1 (0.4)

3.2 (0.3)

3.1 (0.4)

0.105

Birth Length (cm)

48.6 (2.0)

48.8 (2.0)

48.3 (2.1)

0.032

48.6 (1.9)

48.8 (1.8)

48.5 (1.9)

0.295

Gestational age (weeks)

38.9 (1.0)

38.8 (1.0)

39.1 (1.0)

0.035

39.0 (1.0)

38.8 (1.0)

39.1 (1.0)

0.003

10 (3)

10 (3)

10 (3)

0.408

--

-

-

Age on the day of MRI at early infancy (days)
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Age on the day of MRI at preschool age (years)

-

-

-

4.6 (0.1)

4.6 (0.1)

4.6 (0.1)

0.413

Weight at age 4.5Yr MRI (kg)

-

-

-

-

17.6 (3.0)

17.7 (3.0)

17.5 (3.1)

0.550

Height at age 4.5Yr MRI (cm)

-

-

-

-

105.5 (4.1)

105.6 (4.5)

105.4 (4.1)

0.714

BMI at age 4.5Yr MRI (kg/m2)

-

-

-

-

15.7 (1.8)

15.8 (1.8)

15.7 (1.9)

0.546

Superficial subcutaneous adipose tissue (ml)

79.40 (21.67)

75.67 (19.11)

83.68(23.63)

0.001

337.77 (160.84)

310.35 (127.09)†

377.84 (221.19)†

<0.001

Deep subcutaneous adipose tissue (ml)

13.66 (5.64)

12.78 (5.15)

14.67 (6.02)

0.003

111.25 (105.69)

85.23 (81.36)†

136.49 (131.70)†

<0.001

Internal adipose tissue (ml)

23.10 (7.51)

23.13 (7.69)

23.06 (7.33)

0.934

177.32 (73.99)

185.60 (171.53)†

171.53 (71.18)†

0.161

Data shown are N (%) for categorical variables or mean ± SD for continuous variables unless otherwise stated. P-values are based on between group comparisons of offspring
sex using ANOVA for continuous variables and χ2-test for categorical variables. † indicates that the data shown are median (IQR) and P values were based on nonparametric Mann-Whitney U test.
Abbreviations: sSAT abdominal superficial subcutaneous adipose tissue, dSAT abdominal deep subcutaneous adipose tissue, IAT, abdominal internal adipose tissue.
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Table 2 Change in standard deviation scores of abdominal adipose tissue compartment volumes per 1 mmol/L increment in maternal glucose
concentrations in mid-gestation at neonatal period in mother-neonate pairs
Fasting plasma glucose (mmol/L)

All (N=305)

Male (N=163)

Female (N=142)

P for interaction

2 hour plasma glucose (mmol/L)

sSAT (SD)

dSAT (SD)

IAT (SD)

sSAT (SD)

dSAT (SD)

IAT (SD)

β (95% CI)

β (95% CI)

β (95% CI)

β (95% CI)

β (95% CI)

β (95% CI)

0.66 (0.45, 0.86)

0.65 (0.44, 0.87)

0.64 (0.42, 0.86)

0.11 (0.03, 0.19)

0.09 (0.00, 0.17)

0.07 (-0.02, 0.15)

P<0.0011

P<0.0011

P<0.0011

P=0.0091

P=0.0421

P=0.1351

0.23 (-0.03, 0.49)

0.25 (-0.06, 0.57)

0.38 (0.02, 0.74)

0.01 (-0.10, 0.07)

0.01 (-0.10, 0.09)

0.05 (-0.16, 0.06)

P=0.0882

P=0.1102

P=0.0362

P=0.7362

P=0.8852

P=0.3502

0.93 (0.62, 1.23)

0.89 (0.59, 1.19)

0.79 (0.52, 1.06)

0.27 (0.12, 0.41)

0.20 (0.05, 0.34)

0.20 (0.07, 0.33)

P<0.0012

P<0.0012

P<0.0012

P<0.0012

P=0.0082

P=0.0032

P=0.004

P=0.037

P=0.139

P=0.003

P=0.075

P=0.017

Coefficients (β) shown are differences in standard deviation scores (95% confidence intervals) of AAT volumes (ml) with each 1mmol/L increment in maternal glucose
concentrations; fasting plasma glucose or 2-hour plasma glucose. P-values were determined with the use of multivariable regression models.
1
: Models adjusted for ethnicity, parity, maternal age, maternal education, tobacco exposure and pre-pregnancy BMI, age on MRI day and neonatal sex.
2
: Models adjusted for ethnicity, parity, maternal age, maternal education, tobacco exposure and pre-pregnancy BMI, and age on MRI day.
Abbreviations: Abdominal adipose tissue compartment (AAT) volumes: dSAT: abdominal deep subcutaneous adipose tissue, IAT: abdominal internal adipose tissue. sSAT:
abdominal superficial subcutaneous adipose tissue, SD: Standard deviation
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Table 3 Changes in standard deviation scores of abdominal adipose tissue compartment volumes per 1mmol/L increment in maternal glucose
concentrations at preschool years in mother-child pairs
Fasting plasma glucose (mmol/L)

All (N=273)

2 hour plasma glucose (mmol/L)

sSAT (SD)

dSAT (SD)

IAT (SD)

β (95% CI)

β (95% CI)

β (95% CI)

0.22 (-0.07, 0.51)

0.20 (-0.09, 0.49)

P=0.1401

sSAT (SD)

dSAT (SD)

IAT (SD)

β (95% CI)

β (95% CI)

β (95% CI)

0.13 (-0.17, 0.42)

0.03 (-0.06, 0.12)

0.03 (-0.06, 0.17)

0.00 (-0.09, 0.09)

P=0.1781

P=0.3931

P=0.5581

P=0.5421

P=0.9631

-0.11 (-0.50, 0.27)

-0.16 (-0.55, 0.22)

-0.14 (-0.52, 0.24)

-0.04 (-0.15, 0.08)

-0.04 (-0.16, 0.07)

-0.02 (-0.13, 0.10)

P=0.5632

P=0.3972

P=0.4802

P=0.5142

P=0.4482

P=0.7432

0.47 (0.04, 0.89)

0.47 (0.04, 0.90)

0.33 (-0.11, 0.76)

0.08 (-0.06, 0.21)

0.08 (-0.05, 0.22)

0.03 (-0.10, 0.17)

P=0.0312

P=0.0322

P=0.1382

P=0.2582

P=0.2262

P=0.6482

P=0.021

P=0.012

P=0.016

P=0.138

P=0.114

P=0.314

Sex
Male (N=124)

Female (N=149)

P for interaction

Coefficients (β) shown are differences in standard deviation scores (95% confidence intervals) of AAT volumes (ml) with each 1mmol/L increment in maternal glucose
concentrations; fasting plasma glucose or 2-hour plasma glucose. P-values were determined with the use of multivariable regression models.
1
: Models adjusted for ethnicity, maternal age, maternal education, maternal height, age on MRI day, birth weight and neonatal sex.
2
: Models adjusted for ethnicity, maternal age, maternal education, maternal height, age on MRI day and birth weight.
Abbreviations: Abdominal adipose tissue compartment (AAT) volumes: dSAT: abdominal deep subcutaneous adipose tissue, IAT: abdominal internal adipose tissue. sSAT:
abdominal superficial subcutaneous adipose tissue, SD: Standard deviation
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Figure legend
Figure 1 Scatter plots of abdominal adipose tissue compartment volumes in relation to
maternal mid-gestation glucose concentrations stratified by sex
1A. Associations

between maternal fasting plasma glucose concentrations and neonatal
adipose tissue compartment volumes stratified by sex
P for interaction between maternal mid-gestation fasting plasma glucose concentrations and
sex on neonatal adipose tissue compartment volumes were 0.004, 0.037 and 0.003 for sSAT,
dSAT and IAT respectively. The slope differences (95%CI) are -0.59 (-0.99, -0.19) SD for
sSAT, -0.45 (-0.88, -0.03) SD for dSAT and -0.33 (-0.78, 0.11) SD for IAT.
1B. Associations

between maternal 2 hour OGTT glucose concentrations and neonatal adipose
tissue compartment volumes stratified by sex
P for interaction between maternal mid-gestation 2 hour OGTT glucose concentrations and
sex on neonatal adipose tissue compartment volumes were 0.003, 0.075 and 0.017 for sSAT,
dSAT and IAT respectively. The slope differences (95%CI) are -0.23 (-0.38, -0.08) SD for
sSAT, -0.15 (-0.31, 0.02) SD for dSAT and -0.20 (-0.36, -0.40) SD for IAT
Abbreviations: SD scores: Standard Deviation scores; dSAT: Abdominal adipose tissue
compartment volumes; IAT: abdominal internal adipose tissue; sSAT: abdominal superficial
subcutaneous adipose tissue
Figure 2 Original abdominal water-suppressed magnetic resonance images (left column) and
segmented images (right column) at neonatal period and preschool years. In segmented images,
each abdominal adipose tissue compartment is color coded: red denotes superﬁcial
subcutaneous tissue, green denotes the deep subcutaneous tissue, and blue denotes the internal
adipose tissue.
There was a substantial increase in abdominal adipose tissue for all three compartments at
preschool years compared to the neonatal period. At neonatal period (A and B), the intraperitoneal fat within internal abdominal adipose tissue such as mesenteric fat (fat around
intestines), liver and pancreas was minimal compared to retro-peritoneal fat but increase
substantially at preschool years (C and D), and is indicated in yellow arrow.

1A

1B

