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Assessing the relationship 
between pregravid body mass 
index and risk of adverse maternal 
pregnancy and neonatal outcomes: 
prospective data in Southwest 
China
Yue Chen1, Ke Wan2, Yunhui Gong3, Xiao Zhang1, Yi Liang4, Xiaoyu Wang1, Ping Feng1, 
Fang He1, Rong Zhou3, Dagang Yang4, Hong Jia5, Guo Cheng6* & Toshio Shimokawa7 

The relevance of pregestational body mass index (BMI) on adverse pregnancy outcomes remained 
unclear in Southwest China. This study aimed to investigate the overall and age-category specific 
association between pre-gestational BMI and gestational diabetes mellitus (GDM), preeclampsia, 
cesarean delivery, preterm delivery, stillbirth, macrosomia, and small-for-gestational age (SGA) or 
large-for-gestational age (LGA) neonates in Southwest China. Furthermore, it explores the relative 
importance of influence of pregravid BMI and maternal age on pregnancy outcomes. 51,125 Chinese 
singleton pregnant women were recruited as study subjects. Multiple logistic regression models 
were used to examine the influence of pre-pregnancy BMI on adverse pregnancy outcomes. Gradient 
boosting machine was used to evaluate the relative importance of influence of pregravid BMI and 
maternal age on pregnancy outcomes. It is found that women who were overweight or obese before 
pregnancy are at higher risk of adverse pregnancy outcomes except for SGA neonates, while pre-
pregnancy underweight is a protective factor for GDM, preeclampsia, cesarean delivery, macrosomia 
and LGA, but not SGA. Younger mothers are more susceptible to GDM and macrosomia neonates, 
while older mothers are more prone to preeclampsia. Pre-pregnancy BMI has more influence on 
various pregnancy outcomes than maternal age. To improve pregnancy outcomes, normal BMI weight 
as well as relatively young maternal ages are recommended for women in child-bearing age.

For decades, the prevalence of overweight or obesity in the Chinese adult population has been increasing1,2. 
Meanwhile, the bodyweight of women in childbearing age has also increased3. Accumulated evidence shows 
that pregestational overweight or obesity may increase the risk of adverse pregnancy outcomes4–7. Several large 
prospective studies have been performed in China6,7. One considered 536,098 pregnant women in rural China, 
and found significant relationships between pre-pregnancy body mass index (BMI) and five adverse outcomes 
in their children6. In another analysis of 14,451 women in Beijing city (0.02 million km2, 13.5 million residents8), 
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pre-pregnancy BMI was shown to be related to seven adverse maternal outcomes7. However, few studies have 
focused on Southwest China. Furthermore, previous studies have explored the effect of elevated pregravid BMI 
on single adverse pregnancy outcome9 or particular outcomes, such as maternal complications10 and neonatal 
outcomes4, but only few have examined pregnancy outcomes on both maternal and neonatal sides with the risk 
of increased BMI11, especially in Southwest China.

Recently, there has been a noticeable rise in the maternal age of Chinese women12. A nationwide descriptive 
comparative study in China suggested that since the announcement of the universal two child policy, women 
giving birth in China have been more likely to be aged 35 and over13. Meanwhile, adverse pregnancy outcomes 
are reportedly related to increasing maternal age14. Elevated pre-pregnancy BMI was found to increase the risk 
of gestational diabetes mellitus (GDM), particularly in advanced maternal age15. Whether maternal age have 
any effects on the relationships between pre-gestational maternal BMI and various adverse pregnancy outcomes, 
however, remained unclear.

Thus, the aim of this study is to investigate whether pre-gestational BMI is associated with GDM, preeclamp-
sia, cesarean delivery in mothers, and preterm delivery, stillbirth, macrosomia, small-for-gestational age (SGA) 
and large-for-gestational age (LGA) neonates. The study also examines the potential impact of maternal age as 
well as the relative influence of pregravid BMI and maternal age on selective pregnancy outcomes.

Results
General characteristics of the participants are shown in Table 1. The mean maternal age of the 51,125 women is 
30.7. 22.6% of the women are categorized as overweight or obese based on pre-pregnancy BMI and 15.3% being 
underweight before pregnancy. Around one fifth of the participants developed GDM, and 1.6% had preeclampsia 
during pregnancy. Notably, up to 58.1% of the participants gave birth by cesarean section. After exclusion of 
588 (1.2%) stillborn births, of the rest 51,044 live births, 51.9% were girls. 5.2% neonates were delivered pre-
term. Around one fifth of the children developed intrauterine overgrowth such as macrosomia (4.1%) and LGA 
(14.5%). Moreover, 3.3% of the children were SGA infants.

Table 2 presents pregravid BMI characteristics of the participants. The majority of mothers gave birth between 
the ages of 25 and 35 (76.5%); only 4.6% born children when they were younger than 25. Compared with moth-
ers younger than 30 when they delivered, those over 30 show an opposite pregravid BMI prevalence trend: the 
prevalence of being underweight before pregnancy decreased with increasing maternal age.

Odds ratio (OR) for maternal and neonatal outcomes by pre-gestational BMI categories are shown in Table 3. 
Adjusted for potential confounders, there were significant relationships between pre-pregnancy BMI and adverse 
maternal outcomes such as GDM, preeclampsia and cesarean delivery. Compared with those in normal weight 
category, women with pre-pregnancy overweight or obesity are at higher risk of GDM (OR 2.16), preeclampsia 
(OR 2.89) and cesarean delivery (OR 1.58). Meanwhile, women with pre-gravid underweight are at decreased risk 
of GDM (OR 0.62), preeclampsia (OR 0.64) and cesarean delivery (OR 0.66). Infants with mothers categorized 

Table 1.   General characteristics of the study participants Values are means (SD) or frequencies. a Pregravid 
body mass index, categorized by WHO Asian29. b Diagnosed by IADPSG criteria37.

Characteristics Values 

Mothers (n) 51125

Maternal age (years) 30.7 (4.2)

Primiparous (n (%)) 34876 (68.2)

Single mother (n (%)) 1380 (2.7)

Pregravid BMIa (kg/m2) 21.1 (2.7)

Normal weight 31787 (62.2)

Under weight 7805 (15.3)

Overweight or obese 11533 (22.6)

Gestational weight gain (kg) 13.1 (4.2)

Gestational diabetes mellitusb (n (%)) 10361 (20.3)

Preeclampsia (n (%)) 804 (1.6)

Cesarean delivery (n (%)) 29720 (58.1)

Offspring (n) 51044

Sex, female (n (%)) 26506 (51.9)

Preterm delivery (n (%)) 2645 (5.2)

Stillbirth (n (%)) 588 (1.2)

Gestational age at delivery (weeks) 39.0 (1.9)

Birth weight (kg) 3.3 (0.5)

Birth length (cm) 49.4 (2.6)

Macrosomiac (n (%)) 2104 (4.1)

Small for gestational age (n (%)) 1691 (3.3)

Large for gestational age (n (%)) 7423 (14.5)
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as overweight or obese based on pregravid BMI are at higher risk of preterm delivery (OR 1.38), stillbirth (OR 
1.69), macrosomia (OR 1.92) and LGA (OR 1.80), but at lower risk of SGA (OR 0.65). Likewise, children with 
underweight mothers have a lower risk of neonatal macrosomia (OR 0.40), LGA (OR 0.60), but increased risk 
for SGA (OR 1.74).

The risks of underweight, overweight, or obese pre-pregnancy on maternal pregnancy outcomes are exhibited 
in Fig. 1, stratified by maternal age. The significant association between elevated pre-gestational BMI and higher 
risk of GDM exist across all age ranges, but was much more evident in mothers younger than 30 years. Within 
the higher age categories, there is an increasing trend in the risk of pre-pregnancy overweight or obesity on 
preeclampsia. The protective effect of underweight, however, was merely significant in mothers of the youngest 
age category. Despite the age categories, pregravid overweight or obesity are risk factors for conducting a cesarean 

Table 2.   Pregravid BMI characteristics of the study participants.

Maternal age 
category

Pregravid BMI category according to WHO Asian

Overall (n = 51,125)
Normal weight 
(n = 31,787)

Underweight 
(n = 7805)

Overweight 
(n = 10,334) Obese (n = 1199)

< 25 years 2336 (4.6) 1324 (4.2) 698 (8.9) 280 (2.7) 34 (2.8)

25–29 years 19,601 (38.3) 12,409 (39.0) 3943 (50.5) 2933 (28.4) 316 (26.4)

30–35 years 19,513 (38.2) 12,304 (38.7) 2460 (31.5) 4253 (41.2) 496 (41.4)

> 35 years 9675 (18.9) 5750 (18.1) 704 (9.0) 2868 (27.8) 353 (29.4)

Table 3.   Odds ratio for maternal and neonatal outcomes by pre-gestational BMI categories. a Data are OR with 
95% confidence intervals. Normal weight group is the reference group. Logistic regression analysis was applied 
to calculate adjusted ORs, and Wald’s test was used. b Model adjusted for maternal age, gestational weight gain, 
parity, gestational age, infant’s sex, marital status. c Model adjusted for maternal age, gestational weight gain, 
parity, gestational age, infant’s sex, marital status, gestational diabetes mellitus, preeclampsia. d Model adjusted 
for maternal age, gestational weight gain, parity, gestational age, infant’s sex, marital status, gestational diabetes 
mellitus.

Adverse pregnancy outcomes

Categories of pre-gestational BMI

PaNormal weight (n = 31,787) Under weight (n = 7805) Overweight or obese (n = 11,533)

Maternal outcomes

Gestational diabetes mellitusb 1 0.62 (0.57, 0.66) 2.16 (2.05, 2.26) < 0.001

Preeclampsiab 1 0.64 (0.48, 0.84) 2.89 (2.50, 3.35) < 0.001

Caesarean deliveryc 1 0.66 (0.62, 0.69) 1.58 (1.51, 1.65) < 0.001

Neonatal outcomes

Preterm deliveryc 1 1.04 (0.93, 1.17) 1.38 (1.26, 1.51) < 0.001

Stillbirthc 1 1.00 (0.78, 1.28) 1.69 (1.41, 2.02) < 0.001

Macrosomiad 1 0.40 (0.33, 0.48) 1.92 (1.75, 2.11) < 0.001

Small for gestational aged 1 1.74 (1.54, 1.95) 0.65 (0.56, 0.75) < 0.001

Large for gestational aged 1 0.60 (0.55, 0.65) 1.80 (1.70, 1.90) < 0.001

A        Gestational diabetes mellitus B               Preeclampsia C             Cesarean delivery 
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Figure 1.   Pre-gestational BMI and risks of maternal pregnancy outcomes stratified by maternal age. Figures 
(A–C) show the age specific odds ratio and 95% CI for pre-pregnancy BMI on maternal outcomes. Models were 
adjusted for maternal age, gestational weight gain, parity, gestational age, infant’s sex and marital status, and 
models in (C) were additional adjusted for GDM and preeclampsia.
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delivery, but the odds ratio peaked in mothers between 25 and 29. Apart from women of advanced maternal 
age (> 35), women who was underweight before bearing children were least likely to undergo cesarean delivery.

Figure 2 displays risks of pre-pregnancy underweight, overweight, or obesity on infant outcomes, stratified 
by maternal age. With higher maternal age, there is a slightly decreased trend in the risk of higher pre-pregnancy 
BMI on preterm delivery, and its odds ratio reached a low point at the maternal age of 30–35. Meanwhile, cat-
egorized as underweight based on pre-pregnancy BMI is also a risk factor for preterm delivery in the highest 
maternal age category. Across all maternal age categories, there are positive associations between increasing pre-
gestational BMI and macrosomia and LGA. Negative associations were observed between pre-gestational BMI 
and SGA in infants whose mother’s age was over 25. Children with pre-pregnancy overweight or obese mothers 
were at higher risk of stillbirth in the same maternal age categories.

As shown in Table 4, pregravid BMI indicates more influence on GDM, preeclampsia, stillbirth, macrosomia, 
SGA and LGA, while maternal age is more relevant on cesarean delivery. After further examination as explana-
tory variable, preeclampsia has the most significant influence on preterm delivery compared to pre-pregnancy 
BMI, maternal age and GDM.
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Figure 2.   Pre-gestational BMI and risks of infant outcomes stratified by maternal age. Figures (A–E) show the 
age specific odds ratio and 95% confidence intervals for pre-pregnancy BMI on infant outcomes. Models were 
adjusted for maternal age, gestational weight gain, parity, gestational age, infant’s sex, marital status, GDM, and 
models in (A,B) were additionally adjusted for preeclampsia.

Table 4.   Variable importance using Gradient Boosting Machine. Gradient Boosting Machine (GBM) is one 
of the statistical machine learning methods with the best prediction accuracy proposed by Friedman (2001)36. 
The variable importance is a measure expressed in a relative scale, when most influence variable for adverse 
pregnancy outcome is set to 10. a Gestational diabetes mellitus.

Adverse pregnancy outcomes

Variable importance

Pregravid BMI Age GDMa Preeclampsia

Maternal outcomes

GDMa 100.0 60.3 – –

Preeclampsia 100.0 12.2 – –

Cesarean delivery 32.2 100.0 0.5 3.8

Neonatal outcomes

Preterm delivery 17.2 29.9 11.3 100.0

Stillbirth 100.0 45.7 20.2 46.7

Macrosomia 100.0 2.3 0.6 0.2

Small for gestational age 100.0 8.6 0.3 52.3

Large for gestational age 100.0 8.9 2.0 0.4



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7591  | https://doi.org/10.1038/s41598-021-87135-9

www.nature.com/scientificreports/

Discussion
The results show that women with pre-pregnancy overweight or obesity are at higher risk of GDM, cesarean 
delivery, preeclampsia, preterm delivery, stillbirth, and delivering macrosomia or LGA neonates. The protective 
effect of underweight, however, are only clear in certain maternal age categories. Furthermore, pre-pregnancy 
BMI has more influence on pregnancy outcomes than maternal age. Several trends that were observed in this 
study and their respective hypotheses are discussed below.

GDM is related to higher pre-pregnancy BMI, which was in line with the conclusion of a meta-analysis that 
used data from low- and middle- income countries16. The risk effects of elevated pre-pregnancy BMI on GDM 
seems to be weaker in Chinese populations than in Western populations. In an Australian cohort17, the odds 
for overweight or obesity were 2.7 and 6.5 respectively, which was 4.25 and 6.28 in a Dutch cohort11, whereas 
two Chinese cohorts displayed 1.917 and 2.1918 odds ratios for pre-gravid overweight or obesity on GDM, cor-
responding with 2.16 in the current study. Furthermore, the risk effect of pre-gestational overweight or obesity 
on GDM was almost 1.5-fold in mothers under 30 compared to older ones. Normally, increase in both age and 
pre-pregnancy BMI result in higher risks of developing GDM19. In this study’s population, however, the risk 
effect of pregravid overweight or obesity on GDM decreased with increasing maternal age. A possible explana-
tion might be that there was a contrary distribution of pre-gravid BMI categories on mothers with maternal 
age < 30 or > 30 in the population.

Regarding preeclampsia, there is an increased risk of elevated maternal BMI in mothers with maternal 
age > 25. This is probably because of the relatively small proportion of participants under 25 (4.6%).

Over half of the women in this study gave birth by cesarean deliveries, which is dramatically higher than 
that in Western countries (12.3% in Netherlands11, 19% in an Australian cohort17 and 22% in an American birth 
cohort4). Since information of pregnancy outcomes were derived from the Medical Birth Registry, it was unclear 
under which circumstances participants underwent cesarean deliveries. Besides, the protective impact of pre-
gravid underweight was only pronounced in women with maternal age under 35, indicating a better preventive 
effect for maternal complications of weight management in younger mothers.

Pre-pregnancy BMI is strongly associated with neonatal outcomes20. Some10,21 but not all22 cohort studies 
found that pre-gestational BMI is positively correlated to higher risk of preterm delivery. Both pre-pregnancy 
overweight or obesity as well as underweight could result in higher risk of preterm delivery in advanced mater-
nal age in this study’s population. Pre-pregnancy overweight or obesity is a risk factor for stillbirth as well. This 
might be due to the altered lipid metabolism in women with obesity that may cause a reduction in prostacyclin 
secretion and increase thromboxane production23. This increases the risk of placental thrombosis24, a common 
cause of stillbirth25.

A slightly decreased trend of risk for pre-pregnancy BMI on macrosomia was found in older mothers. In 
consideration of higher maternal age and its likelihood of adverse pregnancy outcomes26, both mothers and 
gynecologists pay increased attention to maintaining healthy pregnancies compared to younger mothers who 
are less likely to develop such outcomes. The risk of developing macrosomia may thus decrease with the increas-
ing maternal age.

Furthermore, this study explored and quantified the relative importance of the influence of pregnancy BMI 
and maternal age on each pregnancy outcomes. It is found that maternal age, instead of pre-gestational BMI, 
has the most significance on cesarean delivery, while the latter has more influence on the other seven pregnancy 
outcomes. Moreover, since gestational glucose status and blood pressure play important roles in pregnancy-
related endocrine homeostasis, the importance of GDM and preeclampsia were further checked with respect to 
cesarean delivery and neonatal birth outcomes. Previous evidence has suggested relevance of gestational diabetes 
on various pregnancy outcomes27. However, this study found the influence of GDM on birth outcomes is far less 
obvious than maternal age, preeclampsia, and especially pregravid BMI. Interestingly, though the direct influ-
ence of pregravid BMI on preterm delivery is not high, preeclampsia, one of the pregnancy outcomes influenced 
mostly by pre-pregnancy BMI, has the most influence for preterm delivery, which indicates that pregravid BMI 
has correlational influence on preterm delivery.

For stillbirth, though maternal age has a relatively important impact, the influence of pregravid BMI, which 
combined the impact from pre-gestational BMI itself and preeclampsia together, is almost threefold to the influ-
ence from maternal age. Pregestational BMI, on one hand, has an original prominent influence on GDM, preec-
lampsia, stillbirth, macrosomia, SGA and LGA, and on the other, has an indirect influence on preterm delivery.

To facilitate their career and family life, despite gynecologist’s advice of initiating reproduction at a younger 
age, modern women tend to have children at an older age26. Therefore, one limitation of this analysis is the rela-
tively small proportion of mothers with maternal age < 25, and thus the lower statistical power to find accurate 
results. Another important limitation lays on the pre-gestational BMI calculated by self-reported pregravid 
weight. As women participants weren’t recruited until they are found pregnant, pre-pregnant weight was hard 
to be accurately measured, which might cause the recall bias to this analysis. Besides, cesarean deliveries per-
formed under any condition was taken into account in this study. The potential confounding of different modes 
of cesarean delivery might interfere its association with pregravid BMI. Furthermore, the information of level of 
glucose control after GDM diagnoses was also unavailable, which might have caused some confounding effect 
to this analysis. As an advantage, both overall and age category-specific relevance between maternal BMI and 
pregnancy outcomes were looked at as one previous meta-analysis suggested28, as well as originally explored 
the relative influence of pregravid BMI and maternal age on selective outcomes. Some new ideas have been sug-
gested for modern women to consider regarding appropriate timing for both positive pregnancy outcomes and 
better careerdevelopment.
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In summary, a mother who is underweight or overweight/obese before a pregnancy could result in higher 
risk of adverse maternal and neonatal outcomes. To improve pregnancy outcomes, normal BMI weight as well 
as relatively young maternal ages are recommended before women plan to have children.

Methods
Study design and population.  A prospective cohort study initiated in 2013 was conducted in Southwest 
China (Sichuan province, Yunnan province and Guizhou province, 0.49 million km2, 144.1 million residents8) to 
investigate the relevance of maternal nutrition status before and during pregnancy, such as pre-pregnancy BMI 
and gestational weight gain, for maternal and neonatal health outcomes. A representative sample of pregnant 
women and their children were recruited from community health care centers and public hospitals using a sam-
pling design stratified by urban and rural locations in Southwest China. Two or three community health care 
centers or public hospitals were randomly selected within each location. The study was approved by the Ethics 
Committee of the Sichuan University, and all methods used in this study were performed in accordance with the 
relevant guidelines and regulations. All participants provided written informed consent for all examinations as 
well as for linkage of their data from the Medical Birth Registry.

Pregnant women who had lived in their current residence for at least 2 years were invited to participate in 
the study at their first routine ultrasound examination in gestational week 9–11. Overall, data collection was 
conducted three times [the first routine ultrasound examination (phase 1 (P1), gestational weeks 20–22 (P2) and 
gestational weeks 33–35 (P3)]. At P1, each woman was asked to complete a self-administered questionnaire on 
birth history and demographic characteristics. Details on anthropometric measures, clinical measures, as well 
as information on current and past pregnancy outcomes recorded in the Medical Birth Registry were linked to 
the study database.

For the current analysis, maternal pre-pregnancy anthropometry and pregnancy outcomes derived from the 
Medical Birth Registry were used to investigate the relationship between maternal pregravid BMI and adverse 
pregnancy outcomes. Only singleton pregnant mothers and their children were included in this analysis since 
mothers who experienced a twin pregnancy have different pregnancy metabolism. 52,221 pregnant women with-
out diabetes mellitus or hypertension before pregnancy were recruited between 2013 and 2018. After the exclu-
sion of 1096 participants with missing value of GDM, preeclampsia, stillbirth, infant’s sex and pre-gestational 
BMI, 51,125 women and their children formed this study’s final sample.

Maternal demographic characteristics and other information.  A self-administered questionnaire 
was used to collect information on age, residence, occupation, education level and personal income of the par-
ticipants at P1. In addition, reproductive history, medical history, and family history of chronic diseases were 
assessed by this questionnaire. Gestational age (GA) was assessed during the first ultrasound scan (Eub 5500, 
Hitachi; Eub 7500, Hitachi; Logiq E9, GE) on the day of registration. GA was estimated by combining ultra-
sonography data with self-reports on the last menstrual period. If both measures were available and they were in 
agreement (± 14 days) then self-reported data were used, otherwise ultrasound data were used.

Measurement of pre‑pregnancy BMI.  Weight before pregnancy were self-reported by mothers, while 
weight during pregnancy was measured with an ultrasonic meter (Dingheng, Zhengzhou, China) to the nearest 
100 g at enrollment and at regular intervals (every 4 weeks from enrollment to week 25, every 2 weeks until week 
33, and weekly thereafter until birth). Pregravid height was measured with a studio meter to the nearest 0.1 cm. 
Pre-pregnancy BMI was calculated as weight/height2 (kg/m2). It was categorized according to WHO BMI cat-
egorization criteria recommended for Asian population29, in which BMI of < 18.5 kg/m2 BMI is recommended as 
underweight, 18.5–22.9 kg/m2 is normal weight, 23–24.9 kg/m2 is overweight and ≥ 25 kg/m2 is obese. Since only 
2.3% pregnant women in the study were obese before pregnancy, overweight or obese categories were merged 
in the analysis.

Measurement of maternal outcomes.  Information on maternal adverse pregnancy outcomes, such 
as GDM, preeclampsia and cesarean delivery, were derived from the medical birth registries. Examinations 
and diagnoses of pregnancy outcomes were conducted by trained doctors from each study center according 
to acknowledged criteria. GDM was diagnosed from 2-h 75-g oral-glucose-tolerance tests at 24–28 weeks of 
gestation. Patients of GDM was identified if at least one of the following plasma glucose levels was met: 0 h 
(fasting), ≥ 5.1 mmol/L; 1 h, ≥ 10.0 mmol/L; and 2 h, ≥ 8.5 mmol/L30. The following criteria were used to identify 
women with preeclampsia: systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg after 
20 weeks of gestation in previously normotensive women, along with the presence of proteinuria (two or more 
dipstick readings of 2+ or greater, one catheter sample reading of 1+ or greater, or a 24-h urine collection con-
taining at least 300 mg of protein)31. Blood pressure was measured on the right upper arm after a 5–10 min rest in 
a quiet environment by the mercurial blood pressure device (HEM-7117, OMRON, Japan). Cesarean deliveries 
performed under any condition were included.

Measurement of neonatal outcomes.  Information of body weight and length of children were drawn 
from the medical birth registries. Anthropometric measurements of neonates were conducted by trained medi-
cal workers in each study center according to standard procedures. Recumbent length of children were meas-
ured to the nearest 0.1 cm with a stadiometer, and weight was assessed to the nearest 100 g. Preterm birth was 
defined as < 37 weeks of gestation32. Stillbirth was defined as the death of the fetus after 24 weeks of gestation 33. 
A body weight of over 4000 g regardless of gestational week was considered as fetal macrosomia34. Small and 
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large for gestational age at birth were defined as sex- and gestational age-adjusted birth weight < 10th percentile 
and > 90th percentile, respectively35.

Statistical analysis.  The influence of pre-pregnancy BMI (WHO Asian BMI categorization) on related 
diseases [gestational diabetes mellitus, preeclampsia, cesarean delivery, preterm delivery, stillbirth, macrosomia, 
small for gestational age (SGA), and large for gestational age (LGA)] were examined by odds ratios and 95% 
confidence intervals estimated using logistic regression analysis (P values correspond to Wald test).

For calculation of adjusted odds ratio of BMI with stratification according to maternal age (< 25 years, 
25–29 years, 30–34 years, > 35 years), multiple logistic regression models were adjusted for maternal age, gesta-
tional weight gain, parity, gestational age, infant’s sex, and maternal marital status. Models for cesarean deliv-
ery, preterm delivery and stillbirth were additionally adjusted for GDM and preeclampsia. The optimal model 
selection was performed by using the backward stepwise procedure with Akaike’s Information Criteria (AIC) 
as evaluation criteria.

In addition, variable importance based on the gradient boosting machine36 was used to assess the influence 
of pre-pregnancy BMI (continuous variable) and material age (continuous variable) for adverse pregnancy out-
comes. GDM and preeclampsia were additionally used in the gradient boosting machine for cesarean delivery, 
preterm delivery, stillbirth, macrosomia, SGA, and LGA. The maximum number of base learners for the gradi-
ent boosting machine was set to 2,000, and the optimal number of base learners was selected using the 10-hold 
cross-validation.

All data were analyzed using R version 3.6.0 (The R Foundation for Statistical Computing) and JMP Pro ver-
sion 13.0.0 (SAS Institute Inc.), at a two-tailed alpha level of 0.05.

Data availability
To learn more about this cohort and explore potential collaborations with data, please contact the principle 
investigator of this study: Prof. Guo Cheng: (gcheng@scu.edu.cn).

Received: 14 February 2020; Accepted: 11 March 2021

References
	 1.	 Wang, H. J. et al. Trend of distribution of body mass index among Chinese adults in some provinces from 1989 to 2000. J. Hyg. 

Res. 35, 794–797 (2006).
	 2.	 Mi, Y. J. et al. Prevalence and secular trends in obesity among Chinese adults, 1991–2011. Am. J. Prev. Med. 49, 661–669. https://​

doi.​org/​10.​1016/j.​amepre.​2015.​05.​005 (2015).
	 3.	 Wang, H., Du, S., Zhai, F. & Popkin, B. M. Trends in the distribution of body mass index among Chinese adults, aged 20–45 years 

(1989–2000). Int. J. Obes. 2005(31), 272–278. https://​doi.​org/​10.​1038/​sj.​ijo.​08034​16 (2007).
	 4.	 Averett, S. L. & Fletcher, E. K. Prepregnancy obesity and birth outcomes. Matern. Child Health J. 20, 655–664. https://​doi.​org/​10.​

1007/​s10995-​015-​1865-0 (2016).
	 5.	 Santos, S. et al. Impact of maternal body mass index and gestational weight gain on pregnancy complications: An individual par-

ticipant data meta-analysis of European, North American and Australian cohorts. BJOG 126, 984–995. https://​doi.​org/​10.​1111/​
1471-​0528.​15661 (2019).

	 6.	 Pan, Y. et al. Investigating the association between prepregnancy body mass index and adverse pregnancy outcomes: A large cohort 
study of 536 098 Chinese pregnant women in rural China. BMJ Open 6, e011227. https://​doi.​org/​10.​1136/​bmjop​en-​2016-​011227 
(2016).

	 7.	 Wei, Y. M. et al. Risk of adverse pregnancy outcomes stratified for pre-pregnancy body mass index. J. Matern. Fetal Neonatal Med. 
29, 2205–2209. https://​doi.​org/​10.​3109/​14767​058.​2015.​10811​67 (2016).

	 8.	 Department of Urban Surveys National Bureau of statistic of China. China City Statistical Yearbook 2017. (China Statistics Press, 
2017). https://​www.​china​yearb​ooks.​com/​tags/​china-​city-​stati​stical-​yearb​ook.

	 9.	 Magnus, M. C. et al. Paternal and maternal obesity but not gestational weight gain is associated with type 1 diabetes. Int. J. Epide-
miol. 47, 417–426. https://​doi.​org/​10.​1093/​ije/​dyx266 (2018).

	10.	 Ding, X. X. et al. Maternal pre-pregnancy BMI and adverse pregnancy outcomes among Chinese women: Results from the C-ABCS. 
J. Obstet. Gynaecol. 36, 328–332. https://​doi.​org/​10.​3109/​01443​615.​2015.​10506​52 (2016).

	11.	 Gaillard, R. et al. Risk factors and outcomes of maternal obesity and excessive weight gain during pregnancy. Obesity (Silver Spring, 
Md.) 21, 1046–1055. https://​doi.​org/​10.​1002/​oby.​20088 (2013).

	12.	 Shan, D. et al. Pregnancy outcomes in women of advanced maternal age: A Retrospective Cohort Study from China. Sci. Rep. 8, 
12239. https://​doi.​org/​10.​1038/​s41598-​018-​29889-3 (2018).

	13.	 Li, H. T. et al. Association of China’s universal two child policy with changes in births and birth related health factors: National, 
descriptive comparative study. BMJ (Clin. Res. Ed.) 366, l4680. https://​doi.​org/​10.​1136/​bmj.​l4680 (2019).

	14.	 Lean, S. C., Derricott, H., Jones, R. L. & Heazell, A. E. P. Advanced maternal age and adverse pregnancy outcomes: A systematic 
review and meta-analysis. PLoS ONE 12, e0186287. https://​doi.​org/​10.​1371/​journ​al.​pone.​01862​87 (2017).

	15.	 Dong, B. et al. The effect of pre-pregnancy body mass index and excessive gestational weight gain on the risk of gestational diabetes 
in advanced maternal age. Oncotarget 8, 58364–58371. https://​doi.​org/​10.​18632/​oncot​arget.​17651 (2017).

	16.	 Rahman, M. M. et al. Maternal body mass index and risk of birth and maternal health outcomes in low- and middle-income 
countries: A systematic review and meta-analysis. Obes. Rev. 16, 758–770. https://​doi.​org/​10.​1111/​obr.​12293 (2015).

	17.	 Doherty, D. A., Magann, E. F., Francis, J., Morrison, J. C. & Newnham, J. P. Pre-pregnancy body mass index and pregnancy out-
comes. Int. J. Gynaecol. Obstet. 95, 242–247. https://​doi.​org/​10.​1016/j.​ijgo.​2006.​06.​021 (2006).

	18.	 Gao, X. et al. The mutual effect of pre-pregnancy body mass index, waist circumference and gestational weight gain on obesity-
related adverse pregnancy outcomes: A birth cohort study. PLoS ONE 12, e0177418. https://​doi.​org/​10.​1371/​journ​al.​pone.​01774​
18 (2017).

	19.	 Laine, M. K. et al. Gestational diabetes in primiparous women-impact of age and adiposity: A register-based cohort study. Acta 
Obstet. Gynecol. Scand. 97, 187–194. https://​doi.​org/​10.​1111/​aogs.​13271 (2018).

	20.	 Liu, P. et al. Association between perinatal outcomes and maternal pre-pregnancy body mass index. Obes. Rev. 17, 1091–1102. 
https://​doi.​org/​10.​1111/​obr.​12455 (2016).

	21.	 Ju, A. C., Heyman, M. B., Garber, A. K. & Wojcicki, J. M. Maternal obesity and risk of preterm birth and low birthweight in Hawaii 
PRAMS, 2000–2011. Matern. Child Health J. 22, 893–902. https://​doi.​org/​10.​1007/​s10995-​018-​2464-7 (2018).

https://doi.org/10.1016/j.amepre.2015.05.005
https://doi.org/10.1016/j.amepre.2015.05.005
https://doi.org/10.1038/sj.ijo.0803416
https://doi.org/10.1007/s10995-015-1865-0
https://doi.org/10.1007/s10995-015-1865-0
https://doi.org/10.1111/1471-0528.15661
https://doi.org/10.1111/1471-0528.15661
https://doi.org/10.1136/bmjopen-2016-011227
https://doi.org/10.3109/14767058.2015.1081167
https://www.chinayearbooks.com/tags/china-city-statistical-yearbook
https://doi.org/10.1093/ije/dyx266
https://doi.org/10.3109/01443615.2015.1050652
https://doi.org/10.1002/oby.20088
https://doi.org/10.1038/s41598-018-29889-3
https://doi.org/10.1136/bmj.l4680
https://doi.org/10.1371/journal.pone.0186287
https://doi.org/10.18632/oncotarget.17651
https://doi.org/10.1111/obr.12293
https://doi.org/10.1016/j.ijgo.2006.06.021
https://doi.org/10.1371/journal.pone.0177418
https://doi.org/10.1371/journal.pone.0177418
https://doi.org/10.1111/aogs.13271
https://doi.org/10.1111/obr.12455
https://doi.org/10.1007/s10995-018-2464-7


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7591  | https://doi.org/10.1038/s41598-021-87135-9

www.nature.com/scientificreports/

	22.	 Heude, B. et al. Pre-pregnancy body mass index and weight gain during pregnancy: Relations with gestational diabetes and hyper-
tension, and birth outcomes. Matern. Child Health J. 16, 355–363. https://​doi.​org/​10.​1007/​s10995-​011-​0741-9 (2012).

	23.	 Eldor, A. Thrombophilia and its treatment in pregnancy. J. Thromb. Thrombolysis 12, 23–30 (2001).
	24.	 Stone, J. L. et al. Risk factors for severe preeclampsia. Obstet. Gynecol. 83, 357–361 (1994).
	25.	 Bukowski, R. et al. Causes of death among stillbirths. JAMA 306, 2459–2468. https://​doi.​org/​10.​1001/​jama.​2011.​1823 (2011).
	26.	 Sauer, M. V. Reproduction at an advanced maternal age and maternal health. Fertil. Steril. 103, 1136–1143. https://​doi.​org/​10.​

1016/j.​fertn​stert.​2015.​03.​004 (2015).
	27.	 Monteiro, L. J., Norman, J. E., Rice, G. E. & Illanes, S. E. Fetal programming and gestational diabetes mellitus. Placenta 48(Suppl 

1), S54-s60. https://​doi.​org/​10.​1016/j.​place​nta.​2015.​11.​015 (2016).
	28.	 Yu, Z. et al. Pre-pregnancy body mass index in relation to infant birth weight and offspring overweight/obesity: A systematic review 

and meta-analysis. PLoS ONE 8, e61627. https://​doi.​org/​10.​1371/​journ​al.​pone.​00616​27 (2013).
	29.	 Consultation., W. E. Appropriate body-mass index for Asian populations and its implications for policy and intervention strategies. 

Lancet (London, England) 363, 157–163, https://​doi.​org/​10.​1016/​s0140-​6736(03)​15268-3 (2004).
	30.	 Yang, H. X. Diagnostic criteria for gestational diabetes mellitus (WS 331–2011). Chin. Med. J. 125, 1212–1213 (2012).
	31.	 Coolman, M. et al. Medical record validation of maternally reported history of preeclampsia. J. Clin. Epidemiol. 63, 932–937. 

https://​doi.​org/​10.​1016/j.​jclin​epi.​2009.​10.​010 (2010).
	32.	 Tucker, J. & McGuire, W. Epidemiology of preterm birth. BMJ (Clin. Res. Ed.) 329, 675–678. https://​doi.​org/​10.​1136/​bmj.​329.​7467.​

675 (2004).
	33.	 Nguyen, R. H. & Wilcox, A. J. Terms in reproductive and perinatal epidemiology: I. Reproductive terms. J. Epidemiol. Commun. 

Health 59, 916–919. https://​doi.​org/​10.​1136/​jech.​2004.​023457 (2005).
	34.	 Araujo, E., Peixoto, A. B., Zamarian, A. C., Elito, J. & Tonni, G. Macrosomia. Best Pract. Res. Clin. Obstet. Gynaecol. 38, 83–96. 

https://​doi.​org/​10.​1016/j.​bpobg​yn.​2016.​08.​003 (2017).
	35.	 Zhu, L. et al. Chinese neonatal birth weight curve for different gestational age. Chin. J. Pediatr. 53, 97–103 (2015).
	36.	 Friedman, J. Greedy function approximation: A gradient boosting machine. Ann. Stat. https://​doi.​org/​10.​1214/​aos/​10132​03451 

(2000).
	37.	 Diagnosis and classification of diabetes mellitus. Diabetes Care 35(Suppl 1), S64–S71. https://​doi.​org/​10.​2337/​dc12-​s064 (2012).

Acknowledgements
This study was supported by National Natural Science Foundation of China (81673158) and by Study of Diet and 
Nutrition Assessment and Intervention Technology (No.2020YFC2006300) from Active Health and Aging Tech-
nologic Solutions Major Project of National Key R&D Program. All participates and their families in this study 
are gratefully acknowledged. We also thank all colleagues working in the study for their continuing valuable help.

Author contributions
G.C. and X.Z. conceived and designed the project. K.W. and G.C. performed the statistical analyses. Y.C. and 
Y.G. wrote the manuscript. X.Z. and Y.C. provide critical input on the original manuscript. X.W., P.F. and F.H. 
provide critical input on the data analysis and data interpretation. Y.L., R.Z., D.Y. and H.J. coordinated the study 
centers. T.S. supervised statistical analysis. G.C. supervised the study. All authors were involved in writing the 
paper and had final approval of the submitted and published versions.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1007/s10995-011-0741-9
https://doi.org/10.1001/jama.2011.1823
https://doi.org/10.1016/j.fertnstert.2015.03.004
https://doi.org/10.1016/j.fertnstert.2015.03.004
https://doi.org/10.1016/j.placenta.2015.11.015
https://doi.org/10.1371/journal.pone.0061627
https://doi.org/10.1016/s0140-6736(03)15268-3
https://doi.org/10.1016/j.jclinepi.2009.10.010
https://doi.org/10.1136/bmj.329.7467.675
https://doi.org/10.1136/bmj.329.7467.675
https://doi.org/10.1136/jech.2004.023457
https://doi.org/10.1016/j.bpobgyn.2016.08.003
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.2337/dc12-s064
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessing the relationship between pregravid body mass index and risk of adverse maternal pregnancy and neonatal outcomes: prospective data in Southwest China
	Results
	Discussion
	Methods
	Study design and population. 
	Maternal demographic characteristics and other information. 
	Measurement of pre-pregnancy BMI. 
	Measurement of maternal outcomes. 
	Measurement of neonatal outcomes. 
	Statistical analysis. 

	References
	Acknowledgements


