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Abstract
Aims:To explore the glucose-overload hypothesis of artefactual gestational diabetes (GDM) diagnosis in shorter women during oral glucose tolerance testing (OGTT), by investigating associations between height and maternal glycemia; and GDM and pregnancy complications in height-groups.
Methods:Women from GUSTO (n=1100, 2009-2010) and NUH (n=4068, 2017-2018) cohorts underwent a two and three time-point mid-gestation 75g 2-hour OGTT, respectively. GDM-related complications (hypertensive disorders of pregnancy, preterm delivery, emergency cesarean section, neonatal intensive care unit admission, macrosomia, birthweight) were compared within shorter and taller groups, dichotomized by ethnic-specific median height.
Results:Using WHO-1999 criteria, 18.8% (GUSTO) to 22.9% (NUH) of women were diagnosed with GDM-1999; and by WHO-2013 criteria, 21.9% (NUH) had GDM-2013. Each 5-cm height increment was inversely associated with GDM-1999 (adjusted odds ratio [aOR, 95%CI]=0.81 [0.76-0.87], 2h-glycemia (adjusted β  [95%CI]=-0.171mmol/L [-0.208,-0.135]) and 1h-glycemia (aβ=-0.160mmol/L [-0.207,-0.112]). The inverse association between height and 2h-glycemia was most marked in “Other” ethnicities (Eurasians/Caucasians/mixed/other Asians) and Indians, followed by Chinese, then Malays. Compared with non-GDM, GDM-1999 was associated with preterm delivery (aOR=1.76 [1.19-2.61]) and higher birthweight (aβ=57.16g [20.95,93.38]) only among taller but not shorter women.
Conclusions:Only taller women had an increased odds of GDM-related pregnancy complications. An artefactual GDM diagnosis due to glucose-overload among shorter women is plausible.
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Abbreviations: 
1hPG: 1-h post-challenge plasma glucose
2hPG: 2-h post-challenge plasma glucose
aβ: adjusted beta coefficient
aOR: adjusted odds ratio
BMI: body mass index
FPG: fasting plasma glucose
GDM: gestational diabetes mellitus
GUSTO: Growing Up in Singapore Towards healthy Outcomes
KKH: KK Women’s and Children’s Hospital
NICU: neonatal intensive care unit
NUH: National University Hospital
OGTT: oral glucose tolerance test
OR: odds ratio


Introduction
Gestational diabetes mellitus (GDM), defined as glucose intolerance first diagnosed in pregnancy[1], affects approximately 16% of pregnancies worldwide, with the highest prevalence of 27% in the South-East Asian region as compared to 21% in the North American and the Caribbean regions in 2019[2]. These population differences could be due to genetic, social and environmental factors[3]. Several known risk factors for GDM include increasing maternal age, ethnicity, obesity, poor diet, sedentary lifestyle, family history of diabetes, excessive gestational weight gain, and previous history of GDM[1,3,4].
Standing height has been inversely associated with increased risks of GDM[5] and type 2 diabetes[6,7]. Adult height per se is unlikely to have a causal effect on the development of glucose intolerance. Earlier hypothesis suggests that height and metabolic risk are both determined by a complex interplay of genetic traits and environmental factors[8,9], thus, height likely acts as a proxy marker that reflects these underlying exposures.
On average, Western populations have a taller stature than Asian populations[10]. Whether this is predominantly due to genetic or environmental influences remains unclear. Apart from shared early life etiologies for both shorter stature and GDM, a plausible alternative explanation for higher GDM risks among shorter women is an artefact (false-positive) secondary to glucose overload from the fixed load 75-g oral glucose tolerance test (OGTT)[11]. If so, a disproportionately higher proportion of shorter women would be misdiagnosed as “GDM” and may not truly have impaired glucose regulation. Whether this phenomenon contributes to the high incidence of GDM among Asian women, who are generally of shorter height, is unknown. If confirmed, it would prompt reconsiderations of methodologies used to diagnose GDM, interpretation of results and management of GDM in populations of shorter stature in order to avoid over-intervention and unnecessary strain on healthcare resources. While there is limited clinical harm in over-diagnosing shorter women with false-positive diagnosis of GDM since treatment in the form of self-blood glucose monitoring, diet and lifestyle changes are not in themselves harmful; this could impact healthcare delivery resources and burden patients unnecessarily. 
Published evidence suggested that shorter maternal height and GDM could each independently increase risks of pregnancy and neonatal complications[12,13]. We postulated that shorter women misdiagnosed as “GDM” due to glucose overload during OGTT would not be expected to have additional risks associated with GDM over and above those associated with shorter stature; and this has not been studied previously.
Our first hypothesis was that shorter women would have increased odds of being labelled “GDM” because of an OGTT post-challenge artefact. Our second hypothesis was that being shorter and labelled with “GDM” would not be associated with an increased risk of GDM-related pregnancy complications compared with women of similar height without GDM. Thus, within an Asian setting we aimed to: (i) examine the association of height and maternal glycemia; and (ii) compare the odds of pregnancy complications in GDM and non-GDM cases in different height groups.

Methods
Study populations
Data was obtained from two cohorts: the Growing Up in Singapore Towards healthy Outcomes (GUSTO) mother-offspring cohort study[14] and the National University Hospital (NUH) cohort.
Briefly, GUSTO is a prospective mother-offspring cohort designed to examine early-life developmental pathways to non-communicable diseases. Pregnant women attending a first trimester dating ultrasound scan (<14 weeks) at the KK Women’s and Children’s Hospital (KKH) and NUH were enrolled in 20092010 (n=1,247). Eligibility was restricted to the three major ethnic groups in Singapore: Chinese, Indian and Malay, and excluded women with type 1 diabetes, and those receiving chemotherapy or psychotropic drugs. Ethical approval was obtained from the National Health Care Group Domain Specific Review Board (reference D/09/021) and the SingHealth Centralized Institutional Review Board (reference 2009/280/D). Written informed consent was obtained from all participants.
A separate NUH-only cohort encompassed all women who received antenatal care and delivered in the hospital in 20172018 (n=5,500), a period when universal OGTT screening for GDM was already being practiced. This cohort comprised of Chinese, Indian, Malay and “Other” (Eurasians, White Caucasians, mixed Asians, other Asians) ethnicities. Use of this anonymized dataset extracted from clinical records was ethically approved with waiver of consent granted by the National Health Care Group Domain Specific Review Board (reference 2019/01172).
As shown in the study flowchart (Supplementary Figure S1), only singleton pregnancies were included, and women from the GUSTO and NUH cohorts who did not have an OGTT (known pre-existing Type 1 and Type 2 diabetes mellitus or declined OGTT) were excluded. A total of 1,100 and 4,068 women from the GUSTO and NUH cohorts, respectively, with valid information on height, ethnicity, maternal age, booking weight and glucose concentrations measured during an OGTT were analyzed.
Main exposures and outcomes
In GUSTO, maternal standing height was measured at 26–28 weeks’ gestation in duplicate using a manually-read portable stadiometer (SECA 213). In the NUH cohort, maternal height was measured at the first antenatal clinic visit using the hospital ultrasonic stadiometer (Avatech) that provides digital readings. A two and three time-point 75 g mid-gestation OGTT was conducted in the GUSTO and NUH cohorts, respectively. Fasting plasma glucose (FPG) was measured after an overnight fast during a morning visit. Two diagnostic criteria were applied retrospectively to define GDM for this specific study: (1) GDM-1999: World Health Organization (WHO) 1999 criteria of FPG ≥7.0 mmol/L and/or 2-h post-challenge plasma glucose (2hPG) ≥7.8 mmol/L[15], (2) GDM-2013: WHO 2013 criteria of FPG ≥5.1 mmol/L and/or 1-h post-challenge plasma glucose (1hPG) ≥10.0 mmol/L and/or 2hPG ≥8.5 mmol/L. During pregnancy, GDM-1999 and GDM-2013 were used in the GUSTO and NUH cohort, respectively, to diagnose GDM. 
The following GDM-related maternal/neonatal complications, chosen based on published literature [16] were studied: (1) hypertensive disorders of pregnancy (including pre-eclampsia and pregnancy-induced hypertension), (2) preterm delivery (<37 completed weeks’ gestation), (3) emergency cesarean section, (4) admission to neonatal intensive care unit (NICU), (5) macrosomia ≥4.0 kg, (6) low birthweight (<2.5 kg), and (7) birthweight as a continuous variable.
Covariates
In GUSTO, standardized questionnaires were administered to collect participant characteristics (age, ethnicity, parity, previous cesarean section). Clinical information of the index pregnancy was extracted from medical records. Maternal booking weight was recorded at the first antenatal visit (≤14 weeks’ gestation). Gestational age was calculated using the Hadlock crown-rump length curves measured by ultrasound scan at 7-12 weeks[17]. For the NUH cohort, all data were obtained anonymously from databases populated by information available in medical records.
Statistical analysis
To analyze the association between height and maternal glycemia, multiple logistic and linear regression was used to model categorical (GDM) and continuous (FPG, 1hPG, 2hPG) outcome variables, respectively, with height as an exposure variable. Odds ratios (OR) or beta coefficients (β) and their corresponding 95% CI are reported for each 5-cm height increment. All models were adjusted for maternal age, booking weight and ethnicity. The interaction between height and ethnicity on maternal glycemia was explored. A two-sided P value<0.05 was considered statistically significant.
Next, we explored the associations of GDM-1999 with pregnancy complications in combined cohorts following stratification into shorter and taller groups. The median maternal height of each ethnic group was used to categorize women into shorter and taller groups (median height [interquartile range, cm] of Chinese, n=2,229: 159.0 [155.2-163.0]; Malay, n=1,426: 157.0 [153.0-161.0]; Indian, n=854: 158.0 [154.6-162.0]; Caucasian, n=72: 166.0 [162.0-170.0]; Eurasian, n=6: 161.5 [156.0-163.0]; Others, n=581: 157.0 [154.0-162.0]). Multiple logistic regression was used to examine the odds of complications for each height group using different models according to the outcomes; covariates used for adjustment are detailed at the bottom of each table. Missing values were not imputed and only cases with complete datasets were used. 
The group without GDM-1999 was used as the reference group across each height strata. Similar analyses were conducted for GDM-2013 using the NUH cohort. Additionally, the association between FPG and 2hPG as continuous variables with each pregnancy complication within each height strata was examined. To account for multiplicity, a two-sided P value<0.007 (0.05/7 outcomes) was considered statistically significant.
Sensitivity analyses were performed excluding those with elevated FPG (i.e. not due to glucose overload and therefore genuine GDM) and categorizing GDM-1999 or GDM-2013 solely based on an elevated 1hPG or 2hPG within each height strata.
All analyses were performed using Stata 15 software (College Station, TX: StataCorp LLC) and forest plots generated using the R package “forestplot”[18]. 

Results
Characteristics of women across cohorts (the GUSTO, NUH and combined cohorts; Table 1) and in ethnic or GDM groups (Supplementary Tables S1-S2) are described. Increasing height was associated with reduced odds of GDM-1999 and GDM-2013, with differences being more apparent following adjustment for age, weight and ethnicity: a 19% reduction in GDM odds per 5-cm height increment among all women across cohorts (Figure 1). Significant interactions between ethnicity and height on GDM-1999 were found in the combined cohorts and on GDM-2013 in the NUH cohort. The inverse association was most marked in the “Other” ethnic group, with a 37% reduction in GDM-2013 odds for every 5-cm height increment. An odds reduction of 24-25% and 14% in Indians and Chinese, respectively, were observed for GDM-1999 and GDM-2013 per 5-cm height increment across cohorts; while a non-significant trend of a reduction in the odds of GDM was observed in Malays.
When glycemia was analyzed as a continuous variable (Figure 2), increasing height was associated with decreasing post-challenge glycemia  both 1hPG and 2hPG, in adjusted analyses in all ethnic groups except in Malays where 1hPG showed no association with height. The magnitude of reduction in post-challenge glycemia with every 5-cm height increment was largest in women of “Other” ethnicity, followed by Indians, then Chinese and lastly Malays. The association between height and FPG was less consistent, with demonstrations of a positive or no association in unadjusted analysis, but a more negative association after adjusting for age, weight and ethnicity across ethnic groups. Analyses performed for each cohort separately showed similar results (Supplementary Figures S2-S3).
With regard to pregnancy complications, overall in combined cohorts each 5-cm increase in maternal height was associated with reduced odds of emergency cesarean section (aOR=0.81, 95% CI: 0.75-0.87) after adjusting for maternal age, ethnicity, body mass index (BMI), parity, and previous cesarean section. There was no association between each 5-cm increase in maternal height and hypertensive disorders of pregnancy (aOR= 0.94, 0.83-1.07) or preterm delivery (aOR=0.90, 0.82-1.00) following adjustment for maternal age, ethnicity, BMI, and parity.
Next, the combined cohorts were stratified into shorter and taller groups by ethnic-specific median heights to assess associations of GDM with pregnancy complications (Table 2).  In all women and within each ethnic group, the odds of GDM were in general lower among taller women than among shorter women (Supplementary Table S3). Despite showing lower odds of GDM overall, taller women diagnosed with GDM-1999 were more likely to deliver preterm (aOR=1.76, 1.19-2.61) and have newborns with greater birthweight (aβ=57.16 g, 95% CI: 20.95-93.38) compared with taller women without GDM in adjusted analyses. Meanwhile the associations of GDM-1999 with preterm delivery (aOR=1.39, 1.00-1.93) and birthweight (aβ=31.72 g, 0.10-63.33) were weaker among shorter women. No differences were observed in the odds of hypertensive disorders of pregnancy or emergency cesarean section with GDM-1999 in either shorter or taller women. Similar trends were observed with GDM-2013 criteria.
Further analyses were conducted using FPG alone (Table 3), which better reflects basal metabolic/glycemic state, and to dissociate this from the potential glucose overload effect, which would be reflected in “GDM” diagnosis and post-challenge glycemia. The association of glycemic level as a continuous variable and pregnancy complications within each height group was assessed. Increased odds of hypertensive disorders of pregnancy with increasing FPG (aOR=1.47, 1.24-1.74) were observed only among taller but not shorter women. Increased odds of preterm delivery (aOR=1.22, 1.04-1.43) and emergency cesarean section (aOR=1.17, 1.03-1.33) with increasing FPG were also observed in only taller women but the associations did not reach the pre-specified significance level of 0.007 taking multiple testing into account. To contrast FPG findings with those of post-challenge glycemia, which would include both appropriately and potentially artefactually-elevated (from glucose overload) measures, we examined the associations of complications with 2hPG (Table 3). Increased odds were observed only for the complication of preterm delivery among taller (aOR=1.33, 1.12-1.57) but less so in shorter women (aOR=1.15, 1.01-1.32). Similarly, there was a trend of increased odds of emergency cesarean section among taller (aOR=1.17, 1.02-1.33) but not shorter women (aOR=1.07, 0.97-1.19).
With respect to neonatal outcomes, both increasing maternal height and FPG was each associated with higher birthweight (aβ [95% CI]: 53.11 [45.03-61.21] g per 5-cm increment and 53.52 [43.35-63.69] g per standard deviation increment in glucose, respectively), after adjusting for maternal age, ethnicity, BMI, parity, and gestational age.
When stratified into height groups, FPG was associated with an increased odds of macrosomia and increasing birthweight in both shorter and taller groups (Table 3). As for 2hPG, a positive association was observed with birthweight in both shorter and taller women, but trends of an association with macrosomia (aOR=1.33, 1.02-1.74) and low birthweight (aOR=0.78, 0.63-0.98) was only observed among taller but not shorter women (macrosomia, aOR=1.07, 0.74-1.56 and low birthweight, aOR=0.95, 0.82-1.10) (Table 3).
There was no significant difference in NICU admissions with GDM or glycemia in either height group.
In sensitivity analyses conducted for GDM-1999 and GDM-2013 (Supplementary Table S4) which excluded GDM cases diagnosed by an elevated FPG (and therefore exclude likely true positives not due to artefactual glucose overload), similar trends and associations between GDM and pregnancy complications were observed in the taller but not shorter group.

Discussion
We observed inverse associations of maternal height with odds of GDM and post-challenge 
glucose concentrations. There were ethnic differences in the effect size of associations, with “Other” ethnicities (inclusive of non-Asians) showing the greatest reduction with increasing height, followed by Indians, then Chinese, and lastly Malays. There was no clear association between height and FPG. The novelty of our study is that we did not only examine GDM or maternal glycemia in relation to height, but also investigated GDM-associated complications. Interestingly, a GDM/“GDM” diagnosis was associated with increased odds of GDM-related complications including preterm delivery, increased birthweight, and an increased trend of macrosomia, in taller but not shorter women. Shorter women, who are more likely to be labelled as “GDM”, as a group, did not display any increase in GDM-related complications compared with non-GDM cases of similar height. This potentially suggests that the adverse implications of GDM in shorter women may be diluted by false-positive cases misdiagnosed as “GDM” possibly due to the artefact of glucose overload in an OGTT.
The prevalence of GDM in Singapore has remained relatively stable over the study period (2009-2010 vs. 2017-2018). The slightly higher incidence of GDM-1999 in the NUH cohort compared with the GUSTO cohort may be partly due to older age, higher BMI and different ethnic mix. Similarly, previous studies have shown that greater height was associated with lower GDM risks among women of various ethnicities[5,11,19,20].  The magnitude of association in our study (OR: 0.79-0.81) was comparable to previous studies on height and GDM risk. For example, the ethnic group with the strongest magnitude of association for GDM risk was Asian/Pacific Islander Americans (OR for each 5-cm increment in height: 0.76), followed by whites (OR: 0.78), Hispanics (OR: 0.83) and non-Hispanic blacks (OR: 0.86)[5]. Different from previous studies, another novelty of our study resides in the further breakdown of the Asian ethnicities, demonstrating a gradient of effect sizes  strongest for Indians, followed by Chinese, then Malays. Such ethnic-variability in the magnitude of associations may be due to the genetically-determined physiological differences. It was reported that the propensity for fat accumulation varies with ethnicity, affecting the development of insulin resistance and diabetes[20–22].
Epidemiological evidence has linked shorter height with several non-communicable diseases including type 2 diabetes and cardiovascular diseases[23,24]. Taller height has been associated with increased insulin sensitivity and lower levels of liver fat[25,26]. Impaired prepubertal growth has been implicated in the development of a shorter stature, hypothesized to be attributable to several pathways during early development such as undernourishment[23,27], deficiency in hormonal factors (e.g. insulin-like growth factor-I)[28,29], and intrauterine growth retardation[30]. Each of these pathways has also been implicated in the development of future cardiometabolic risk[31], of which GDM is an example. Thus, the clear association between height and glycemia may not be surprising. Nonetheless, the most interesting observation here is that this association is most markedly and clearly observed for post-challenge glycemia rather than for FPG. The association between height and FPG was substantially influenced by age, weight and ethnicity, and our demonstrations of a negative association between height and FPG would not be influenced at all by the glucose load.
The method of assessing glucose tolerance using a fixed glucose load in all adults regardless of body size, in a standard OGTT may itself result in bias. It can be supposed that taller individuals may have more muscle mass, which is the major tissue responsible for glucose uptake[32], and thus may have a better glucose profile in response to the OGTT for a given level of insulin sensitivity. Another possible explanation is the dilution effect of increased total body water in taller individuals[11]. These factors could result in disproportionately more women of shorter stature being labelled as “GDM” in whom there is no real impaired glucose regulation, and hence no increased risk of pregnancy complications over non-GDM women of similar height. The possibility of the elevated glycemia being a function of the glucose load and hence represents an artefact generated by glucose overload in the OGTT, cannot be dismissed in light of our findings of no increased GDM-related complication risks among shorter women.
Even though the pregnancy complications we investigated are not specific to the diagnosis of GDM and are multifactorial; still, our results indicate that GDM and 2hPG were associated with preterm delivery in taller women but not shorter ones. Although controversy exists about whether there is an association between GDM and prematurity, our findings are in line with previous studies from China[33], the USA[34], and Austria[35]. Maternal height has also been linked to other neonatal phenotypes such as increased abdominal aortic diameter, which may occur independently of GDM[36].
An elevated FPG cannot be attributed to glucose overload in an OGTT and is reflective of basal metabolic status primarily hepatic glucose production through gluconeogenesis. Yet associations of FPG with hypertensive disorders of pregnancy, and a non-significant trend for preterm delivery and emergency cesarean section only occurring in taller but not shorter women suggest that there is an alternative hypothesis to glucose overload in shorter women. Since taller women demonstrate increased insulin sensitivity compared with shorter ones[26,29], plausibly, a GDM diagnosis in taller women and elevated FPG may be indicative of more severe glucose dysregulation[37] and hence greater pregnancy adversity. It is also possible that management of GDM during pregnancy may have blunted the association between GDM and maternal or neonatal complications, but this would have been expected to occur to the same degree in both shorter and taller women.
The finding that FPG and 2hPG were associated with birthweight and with increasing odds of macrosomia in both shorter and taller women is not surprising since this continuum of effect across the glycemic range is well documented[38]. A positive association between GDM and the rate of macrosomia has been described in taller Finnish women (≥168 cm) but not in shorter women[37]. While it is well-established that GDM increases the risk of macrosomia[39], and that taller women deliver larger babies[40], it has not always been recognized that having GDM in addition to being tall are two independent risk factors that may interact to influence offspring birthweight. The expected association between GDM and macrosomia in our study was not evident among shorter and taller women as the number of macrosomia cases in the cohorts was low, hence this data should be interpreted with caution. 
A limitation of this study is the potential biases attributable to unmeasured covariates. We have also not accounted for genetic differences and early life factors that may be associated with GDM development. Furthermore, only a limited number of adverse outcomes were examined as possible indicators of the presence of true GDM pathology. Another limitation is that we could not determine the true positives of GDM among shorter women, and that their results were analyzed as a group; therefore, the adverse effects of true GDM on pregnancy complications would be diluted out by the false-positives. 
Notwithstanding these limitations, strengths of our study included a relatively large sample size of multi-ethnic, predominantly Asian pregnant women where the GDM risk is thought to be amongst the highest worldwide. All women underwent universal OGTT and standardized protocols using validated measurements of GDM, which enabled us to explore the possible glucose overload theory in shorter women. Further studies with adequate sampling of different ethnic groups are warranted to confirm our findings. 

Conclusion
Shorter height is a strong and independent risk factor predictive of GDM, and ethnic differences in the strength of association were observed. The strongest association is observed for non-Asian and mixed Asian ethnicities living in Singapore, followed by Indians, then Chinese and lastly Malays. In addition to shorter stature being a marker of early life health adversity associated with poorer metabolic outcomes, our finding that height only clearly associated with reductions in post-challenge glycemia and not FPG is supportive of the glucose overload hypothesis in a fixed-load OGTT leading to a disproportionately higher number of shorter women artefactually labelled with “GDM”. This could explain our novel findings on the association of GDM with the pregnancy complications of preterm delivery and increasing birthweight only amongst taller but not shorter women in a multi-ethnic Asian cohort. This raises the need to consider the role of height in OGTT administration, especially in pregnant populations of generally shorter stature. Possible overdiagnosis of GDM in populations of shorter stature has significant implications on healthcare resource as well as patient-burden. However, the longer term effects of an apparent “GDM” diagnosis on offspring of shorter women needs to be investigated and understood before any changes to clinical practice should be considered.
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Table 1. Participant characteristics for the GUSTO and NUH cohorts, and both cohorts combined
	Characteristics
	Combined GUSTO+NUH
	GUSTO

	NUH

	P*

	
	(n=5,168)
	(n=1,100)
	(n=4,068)
	

	Age (year), mean (SD)
	32.8 (4.7)
	31.2 (5.1)
	33.3 (4.4)
	<0.001

	Ethnicity, n (%)
	
	
	
	<0.001

	Chinese
	2,229 (43.1)
	628 (57.1)
	1,601 (39.3)
	

	Malay
	1,426 (27.6)
	276 (25.1)
	1,150 (28.3)
	

	Indian
	854 (16.5)
	196 (17.8)
	658 (16.2)
	

	Others
	659 (12.8)
	-
	659 (16.2)
	

	Height (cm), mean (SD)
	158.4 (6.1)
	158.3 (5.6)
	158.4 (6.2)
	0.521

	Early pregnancy weight (kg), mean (SD)
	61.6 (12.7)
	59.3 (12.4)
	62.3 (12.7)
	<0.001

	Early pregnancy BMI (kg/m2), mean (SD)
	24.6 (4.9)
	23.6 (4.7)
	24.8 (4.9)
	<0.001

	Glucose measures (mmol/L), mean (SD)
	
	
	
	

	FPG
	4.4 (0.5)
	4.4 (0.5)
	4.4 (0.5)
	0.993

	1hPG†
	-
	-
	8.2 (1.8)
	

	2hPG
	6.7 (1.6)
	6.5 (1.5)
	6.8 (1.6)
	<0.001

	GDM, n (%)
	
	
	
	

	WHO 1999 criteria
	1,140 (22.1)
	207 (18.8)
	933 (22.9)
	0.003

	WHO 2013 criteria
	-
	-
	889 (21.9)
	

	GDM-related complications, n (%)
	
	
	
	

	Hypertensive disorders of pregnancy
	184 (3.6)
	68 (6.2)
	116 (2.9)
	<0.001

	Preterm delivery (<37 weeks)
	330 (6.4)
	81 (7.4)
	249 (6.1)
	0.133

	Emergency cesarean section
	727 (14.1)
	106 (9.6)
	621 (15.3)
	<0.001

	NICU admission
	334 (6.5)
	72 (6.6)
	262 (6.4)
	0.900

	Macrosomia (≥4 kg)
	85 (1.7)
	19 (1.7)
	66 (1.6)
	0.808

	Low birthweight (<2.5 kg)
	433 (8.4)
	94 (8.6)
	339 (8.3)
	0.821


†Only available in the NUH cohort with oral glucose tolerance test at three time-point.
*Significant difference between GUSTO and NUH cohorts using independent samples t-test for continuous data and Chi-square test for categorical data.
1hPG, 1-h plasma glucose; 2hPG, 2-h plasma glucose; FPG, fasting plasma glucose; GDM, gestational diabetes mellitus; NICU, neonatal intensive care units; SD, standard deviation
Table 2. Association of GDM and pregnancy complications in two different strata of height (shorter and taller stratified by ethnic-specific median height)

	
	
	GDM-1999
	GDM-2013

	Complications
	Group
	Events/Total
	aOR (95% CI)
	P
	Events/Total
	aOR (95% CI)
	P

	Hypertensive disorders of pregnancya
	Shorter; no GDM
	77/2,036
	Ref.
	
	101/1,609
	Ref.
	

	
	Shorter; GDM
	32/653
	1.21 (0.78, 1.88)
	0.388
	42/494
	1.04 (0.68, 1.61)
	0.841

	
	Taller; no GDM
	57/1,989
	Ref.
	
	81/1,566
	Ref.
	

	
	Taller; GDM
	18/487
	1.07 (0.62, 1.87)
	0.800
	36/393
	1.54 (0.96, 2.46)
	0.075

	Preterm deliverya
	Shorter; no GDM
	134/2,036
	Ref.
	
	101/1,610
	Ref.
	

	
	Shorter; GDM
	60/653
	1.39 (1.00, 1.93)
	0.047
	49/495
	1.56 (1.08, 2.26)
	0.017

	
	Taller; no GDM
	96/1,988
	Ref.
	
	70/1,566
	Ref.
	

	
	Taller; GDM
	40/487
	1.76 (1.19, 2.61)
	0.004*
	29/394
	1.69 (1.06, 2.68)
	0.026

	Emergency cesarean sectionb
	Shorter; no GDM
	314/2,033
	Ref.
	
	101/1,609
	Ref.
	

	
	Shorter; GDM
	131/652
	1.19 (0.94, 1.52)
	0.149
	42/494
	1.02 (0.78, 1.35)
	0.870

	
	Taller; no GDM
	215/1,986
	Ref.
	
	81/1,566
	Ref.
	

	
	Taller; GDM
	66/487
	1.21 (0.88, 1.65)
	0.239
	36/393
	1.35 (0.97, 1.88)
	0.080

	NICU admissionc
	Shorter; no GDM
	132/2,036
	Ref.
	
	101/1,609
	Ref.
	

	
	Shorter; GDM
	49/651
	0.94 (0.63, 1.40)
	0.769
	42/494
	1.04 (0.68, 1.61)
	0.841

	
	Taller; no GDM
	132/2,036
	Ref.
	
	81/1,566
	Ref.
	

	
	Taller; GDM
	49/651
	0.98 (0.62, 1.55)
	0.920
	36/393
	1.54 (0.96, 2.46)
	0.075

	Macrosomiad
	Shorter; no GDM
	24/2,036
	Ref.
	
	16/1,609
	Ref.
	

	
	Shorter; with GDM
	4/651
	0.56 (0.19, 1.63)
	0.286
	4/494
	0.80 (0.26, 2.49)
	0.702

	
	Taller; no GDM
	40/1,988
	Ref.
	
	33/1,566
	Ref.
	

	
	Taller; GDM
	17/486
	1.85 (1.02, 3.36)
	0.044
	13/393
	1.97 (0.97, 3.98)
	0.060

	Low birthweightd
	Shorter; no GDM
	202/2,036
	Ref.
	
	157/1,609
	Ref.
	

	
	Shorter; GDM
	74/651
	0.99 (0.69, 1.42)
	0.945
	60/494
	1.00 (0.67, 1.50)
	0.987

	
	Taller; no GDM
	124/1,988
	Ref.
	
	94/1,566
	Ref.
	

	
	Taller; GDM
	33/486
	0.66 (0.39, 1.10)
	0.108
	28/393
	0.71 (0.40, 1.25)
	0.231

	
	
	n
	aβ (95% CI)
	P
	n
	aβ (95% CI)
	P

	Birthweight (continuous outcome; g)d
	Shorter; no GDM
	2,036
	Ref.
	
	1,609
	Ref.
	

	
	Shorter; GDM
	651
	31.72 (0.10, 63.33)
	0.049
	494
	8.56 (-27.53, 44.66)
	0.642

	
	Taller; no GDM
	1,988
	Ref.
	
	1,566
	Ref.
	

	
	Taller; GDM
	486
	57.16 (20.95, 93.38)
	0.002*
	393
	42.03 (1.65, 82.41)
	0.041


Adjusted odds ratio or beta coefficients for GDM compared with no GDM.
Shorter and taller group stratified by ethnic-specific median maternal height.
aModel 1: Adjusted for age, ethnicity, BMI, and parity
bModel 2: Model 1 adjusted additionally for previous cesarean section
cModel 3: Model 1 adjusted additionally for low birthweight <2.5 kg and gestational age
dModel 4: Model 1 adjusted additionally for gestational age
*A two-sided P value<0.007 (0.05/7 outcomes) was considered statistically significant to account for multiplicity.
aOR, adjusted odds ratio; aβ, adjusted beta coefficient; GDM-1999, gestational diabetes diagnosed by WHO 1999 criteria; GDM-2013, gestational diabetes diagnosed by WHO 2013 criteria; NICU, neonatal intensive care units

Table 3. Association of FPG and 2hPG with pregnancy complications in two different strata of height (shorter and taller stratified by ethnic-specific median height)
	
	
	
	FPG (mmol/L)
	Associations with standardized FPG† 
	2hPG (mmol/L)
	Associations with standardized 2hPG†

	Complications
	Group
	n
	Median (IQR)
	aOR (95% CI)
	P
	Median (IQR)
	aOR (95% CI)
	P

	Hypertensive disorders of pregnancya
	Shorter
	2,689
	4.3 (4.0-4.6)
	1.09 (0.93, 1.28)
	0.276
	6.6 (5.8-7.7)
	1.17 (0.99, 1.39)
	0.069

	
	Taller
	2,476
	4.3 (4.1-4.6)
	1.47 (1.24, 1.74)
	<0.001*
	6.5 (5.6-7.4)
	1.04 (0.82, 1.32)
	0.736

	Preterm deliverya
	Shorter
	2,689
	4.3 (4.0-4.6)
	1.10 (0.97, 1.25)
	0.148
	6.6 (5.8-7.7)
	1.15 (1.01, 1.32)
	0.039

	
	Taller
	2,475
	4.3 (4.1-4.6)
	1.22 (1.04, 1.43)
	0.014
	6.5 (5.6-7.4)
	1.33 (1.12, 1.57)
	0.001*

	Emergency cesarean sectionb
	Shorter
	2,685
	4.3 (4.0-4.6)
	1.02 (0.93, 1.13)
	0.651
	6.6 (5.8-7.7)
	1.07 (0.97, 1.19)
	0.170

	
	Taller
	2,473
	4.3 (4.1-4.6)
	1.17 (1.03, 1.33)
	0.014
	6.5 (5.6-7.4)
	1.17 (1.02, 1.33)
	0.020

	NICU admissionc
	Shorter
	2,687
	4.3 (4.0-4.6)
	1.14 (1.00, 1.30)
	0.048
	6.6 (5.8-7.7)
	1.03 (0.88, 1.20)
	0.718

	
	Taller
	2,474
	4.3 (4.1-4.6)
	1.11 (0.94, 1.31)
	0.213
	6.5 (5.6-7.4)
	1.00 (0.82, 1.21)
	0.988

	Macrosomiad
	Shorter
	2,687
	4.3 (4.0-4.6)
	1.36 (1.12, 1.65)
	0.002*
	6.6 (5.8-7.7)
	1.07 (0.74, 1.56)
	0.720

	
	Taller
	2,474
	4.3 (4.1-4.6)
	1.40 (1.11, 1.76)
	0.004*
	6.5 (5.6-7.4)
	1.33 (1.02, 1.74)
	0.036

	Low birthweightd
	Shorter
	2,687
	4.3 (4.0-4.6)
	0.82 (0.69, 0.97)
	0.018
	6.6 (5.8-7.7)
	0.95 (0.82, 1.10)
	0.474

	
	Taller
	2,474
	4.3 (4.1-4.6)
	0.81 (0.65, 1.01)
	0.059
	6.5 (5.6-7.4)
	0.78 (0.63, 0.98)
	0.030

	
	
	
	
	aβ (95% CI)
	P
	
	aβ (95% CI)
	P

	Birthweight (continuous outcome; g)d
	Shorter
	2,687
	4.3 (4.0-4.6)
	57.44 (44.12, 70.76)
	<0.001*
	6.6 (5.8-7.7)
	27.20 (13.90, 40.50)
	<0.001*

	
	Taller
	2,474
	4.3 (4.1-4.6)
	42.86 (27.39, 58.32)
	<0.001*
	6.5 (5.6-7.4)
	34.06 (18.85, 49.26)
	<0.001*


†Adjusted odds ratio or beta coefficients per standard deviation increase in glucose. 
Shorter and taller group stratified by ethnic-specific median maternal height.
aModel 1: Adjusted for age, ethnicity, BMI, and parity
bModel 2: Model 1 adjusted additionally for previous cesarean section
cModel 3: Model 1 adjusted additionally for low birthweight <2.5 kg and gestational age
dModel 4: Model 1 adjusted additionally for gestational age
*A two-sided P value<0.007 (0.05/7 outcomes) was considered statistically significant to account for multiplicity.
2hPG, 2-h plasma glucose; aOR, adjusted odds ratio; aβ, adjusted beta coefficient; FPG, fasting plasma glucose; IQR, interquartile range; NICU, neonatal intensive care unit

Figure legends
Figure 1. Crude and adjusted odds ratio of GDM associated with height (per 5-cm increment) among all women and when stratified by ethnic groups. 
†Adjusted for maternal age, booking weight (and ethnicity for “All” women analyses).
P-interaction denotes the P value for the interaction effects between height and ethnicity on GDM. 
*P<0.05; **P<0.01; ***P<0.001. 
aOR, adjusted odds ratio; GDM-1999, gestational diabetes diagnosed by WHO 1999 criteria; GDM-2013, gestational diabetes diagnosed by WHO 2013 criteria; OR, odds ratio; P-int, P-interaction

Figure 2. Crude and adjusted beta coefficients of plasma glucose (mmol/L) associated with height (per-5cm increment) among all women and when stratified by ethnic groups. 
†Adjusted for maternal age, booking weight (and ethnicity for “All” women analyses). 
P-interaction denotes the P value for the interaction effects between height and ethnicity on plasma glucose. 
*P<0.05; **P<0.01; ***P<0.001.
1hPG, 1-h plasma glucose; 2hPG, 2-h plasma glucose; aβ, adjusted beta coefficient; FPG, fasting plasma glucose; P-int, P-interaction
