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Abstract 

Introduction: The goal of this study was to evaluate the association between maternal pre-pregnancy body mass index (BMI), gestational weight gain (GWG) and risk of childhood asthma/wheeze by conducting a meta-analysis of cohort studies.

Methods: A systematic literature search of several databases was conducted through January 2020 to identify relevant studies. The exposure of interest was maternal pre-pregnancy BMI (e.g., underweight, overweight, obesity, and continuous BMI) and GWG (e.g., inadequate GWG, excessive GWG, GWG < 9 kg, GWG > 15 kg, and continuous GWG). Random-effects models were used to calculate the pooled odds ratios (ORs) and their 95% confidence intervals (CIs).

Results: Twenty-one cohort studies were included (N = 150,198 mother-child pairs). Age of children was 3 months to 16 years. Maternal overweight (OR = 1.13; 95% CI: 1.07 - 1.19) and obesity (OR = 1.39; 95% CI: 1.23 - 1.58) were associated with higher odds of childhood asthma/wheeze; each 1-kg/m2 increase in maternal pre-pregnancy BMI was associated with a 4% increase in the odds of childhood asthma/wheeze. GWG < 9 kg (OR = 1.08; 95% CI, 1.01 - 1.14) was slightly associated with higher odds of childhood asthma/wheeze. Subgroup analyses have identified several variables associated with the between-study heterogeneity.
Conclusions: Maternal overweight and obesity are associated with an elevated risk of childhood asthma/wheeze, suggesting that maternal pre-pregnancy BMI need to be considered in studies on the early origins of asthma. Further studies are needed to confirm the association between GWG and risk of childhood asthma/wheeze.

Key Words: Body mass index; Gestational weight gain; Childhood; Asthma; Wheeze; Meta-analysis.
Introduction 

Asthma is a common chronic respiratory disease worldwide, currently affecting ∼334 million individuals 1. The prevalence of asthma is increasing, especially among children 2, 3. Asthma has been globally recognized as one of the most costly respiratory disorders which has caused substantial disability, impairing quality of life and deaths among children 4. Approximate one third to half of children with moderate to severe asthma may persist to adulthood, which has exerted heavy burden on family and health care system 5.

Previous study suggests that many chronic pediatric respiratory diseases, such as asthma, originate in early life 6. The Barker hypothesis describes that maternal lifestyle and disease factors can influence fetal growth and development, and may be related to adverse effects of offspring on health outcomes 7, 8. Thus, the prenatal condition and environment of the fetus are of great significance to the development of asthma or wheeze 9. Potential environmental risk factors during gestation including maternal smoking, inadequate dietary intake, fetal malnutrition, obesity, vitamin D deficiency, and air pollution are identified 9-13. In addition, there are some hypotheses for the association between maternal pre-pregnancy body mass index (BMI), gestational weight gain (GWG) and childhood asthma or wheeze over the past years 14-16. However, no consensus has been reached even today. Several studies have shown associations between maternal overweight, obesity and risk of childhood asthma/wheeze 16-18, whereas some other studies have not found a significant association 19-21. The role of GWG has received much less attention, and the findings were not entirely consistent 18, 22-25. Notably, even in studies providing a supportive evidence, the effect sizes varied greatly. Given the increasing prevalence of asthma and wheeze, it is necessary to summarize the existing evidence of the association of maternal pre-pregnancy BMI, GWG and childhood asthma/wheeze through an updated systematic review and meta-analysis. 
To this end, in this study, the aim was to conduct an updated meta-analysis concerning the association between maternal pre-pregnancy BMI, GWG and childhood asthma/wheeze. As early as in utero, a better understanding of risk factors for asthma and wheeze could provide an opportunity for primary prevention.

Methods 

This systematic review was performed following the proposed Systematic Reviews and Meta-analyses (PRISMA) 26 and Meta-analysis of Observational Studies in Epidemiology (MOOSE) 27 reporting guidelines (details see Supplementary file 1). 

Search strategy
Studies published in English from inception to January 8, 2020 were independently identified by two authors. Embase, PubMed, and Web of Science were systematically searched to identify studies that reported childhood asthma/wheeze outcomes of maternal pre-pregnancy BMI or GWG. The search terms used were as follows: 1) maternal, parental, perinatal, gravidity,  pregnancy, trimester, gestational, pregnant, gestation, conception, preconception, child bearing, pre-conception, and pre-pregnancy; 2) weight gain, weight change, weight increase, weight growth, obesity, obese, overweight, adiposity, body mass index, waist circumference, body weight, BMI, body fat, and skinfold; and 3) asthma, wheeze, and wheezing. Also, the reference lists of relevant articles missed during the initial search were manually searched and identified by the authors.

Exposure and outcomes 

The exposure of interest was maternal pre-pregnancy BMI and GWG. As recommended by the WHO, BMI was classified as normal weight (BMI 18.5 - 24.9 kg/m2), underweight (BMI < 18.5 kg/m2), overweight (BMI 25.0 - 29.9 kg/m2), and obesity (BMI ≥ 30.0 kg/m2). GWG was classified as inadequate GWG, adequate GWG, and excessive GWG by classification criteria proposed by the Institute of Medicine (IOM) which was based on pre-pregnancy BMI 28. In addition, classifying the GWG in a different way (such as <9 kg, 9-15 kg, and >15kg) than the IOM criteria was also of interest to us.

Outcomes of interest were childhood asthma/wheeze, including current and ever asthma/wheeze. The “Current” was defined as having had symptoms within the past year. Asthma or wheeze was determined by self-report and medical records or physician's diagnosis.
Study selection 

We purposely expanded the inclusion criteria to obtain any relevant study when screening titles and abstracts. First, studies written in English that reported on asthma or wheeze outcomes were regarded for inclusion and then we reviewed the full texts. Studies were considered eligible for inclusion if 1) they were original study, 2) outcomes were measured between birth and 18 years old, 3) they provided enough information to calculate an accurate risk estimate, and 4) full-length article available. Studies were excluded if they 1) were conference abstracts, review papers, experimental studies, case reports, or qualitative studies, 2) had unclear or incomplete data, or 3) were duplicate publications. 

Data extraction

The data was extracted independently with a self-designed data abstraction form by two reviewers. Where cases of disagreements in results arose, it was resolved through discussions in the group committee. The following data were extracted: year of publication, first author, study period, geographic region, ascertainment of exposure and outcome, age and gender of children, adjustments or matches made, sample size, reported outcomes, and risk estimates with 95% confidence intervals (CIs) (the adjusted ones were collected when available).

Study quality assessments 

The methodological quality of studies was evaluated using the Newcastle-Ottawa quality assessment Scale (NOS) for cohort studies by two researchers (RW/TTW) independently. The NOS consists of eight items. It ranged from 1 to 9 stars and evaluated the quality of each study according to three modules: selection, comparability, and outcome. A final score ≥ 6 (median) was considered high quality.
Statistical analyses 

The odds ratio (OR) was used to measure of the association between maternal pre-pregnancy BMI, GWG, and risk of childhood asthma/wheeze. The Comprehensive Meta-Analysis version 2.2 and RevMan version 5.3 (Nordic Cochrane Center) were used to perform all analyses in this study. Heterogeneity of ORs across studies was assessed by Cochran Q test (p < 0.1 represents statistically significant heterogeneity) and the I2 statistic. The I2 statistic was used to determine statistically low, moderate, substantial, and high heterogeneity (≤ 25%, 26 - 50%, 51 - 75%, and 76 - 100%, respectively). A random-effects model was used to calculate the overall pooled ORs and 95% CIs 29. We used Begg’s test to evaluate publication bias (p < 0.05 represents statistically significant differences). For maternal pre-pregnancy BMI, subgroup analyses were conducted according to geographic region (European countries versus Non-European countries), age of children (≤ 5 years versus > 5 years), ascertainment of BMI (self report versus non-self report), ascertainment of outcome (self-report versus medical records) and type of outcomes (ever asthma/wheeze versus current asthma/wheeze). Then, a Q-test for heterogeneity was used to compare the subgroup differences under the random-effects model (p < 0.05 indicated statistically significant differences). Sensitivity analysis was performed to examine the influence of each study on the overall ORs by repeating the meta-analysis after the exclusion of individual studies. We were unable to conduct subgroup analysis or sensitivity analysis for GWG due to the limited number of studies. 

Results 

Identification and characteristics of studies 

In total, 1,088 unique citations were identified after an initial search. Of these, 1,043 were excluded after titles and abstracts were screened, mainly because they were duplications, reviews, or unrelated to our study (Figure 1). Then, the full texts of 45 articles were reviewed, a total of 21 14-24, 30-39 studies were considered to be eligible and included in this meta-analysis. 

The characteristics of the 21 cohort studies with a total of 150,198 mother-child pairs are shown in Table 1. All studies were published between 2007 and 2018. Thirteen studies (61.9%) were conducted in Europe, six (28.6%) in North America, one (4.8%) in Asia and one (4.8%) in South America. There was a large variance in sample sizes (261 to 38,874). Age of children was 3 months to 16 years. More than half (50.7%) of children were male. Twenty studies reported maternal BMI (continuous or categorical) were included in the analysis of maternal pre-pregnancy BMI; six studies were included in the analysis of GWG. For maternal pre-pregnancy BMI, 12 studies used maternal self-report of height or weight, and 8 used medical records or directly measured. For GWG, 3 studies used maternal self-report of weight, while the others used medical records or directly measured. In terms of ascertainment of outcomes, 9 studies were determined by self-report and 12 studies were determined by medical records. All studies adjusted for some possible confounding factor, such as child’s gender and maternal age.

The quality of the 21 studies included here was evaluated using the NOS as shown in Supplemental Table 1. The quality of those studies was generally good as all studies got 6 to 9 stars. 

Maternal pre-pregnancy BMI and childhood asthma/wheeze 
The risk estimates of childhood asthma/wheeze associated with maternal underweight, overweight, and obesity are summarized in Figure 2. Compared with children from mothers of normal weight, those whose mothers were overweight (OR = 1.13; 95% CI: 1.07, 1.19) and obese (OR = 1.39; 95% CI: 1.23, 1.58) had higher odds of asthma/wheeze. Maternal underweight was not associated with asthma/wheeze (OR = 1.00; 95% CI: 0.91, 1.09). Moderate heterogeneity was detected across studies regarding the risk estimates for maternal underweight (I2 = 35%, p = 0.13) and overweight (I2 = 35%, p = 0.10), while significant heterogeneity was found for maternal obesity (I2 = 74%, p < 0.001). No evidence of publication bias was detected by using the Begg’s tests (maternal underweight: Z = 0.089, p = 0.929; maternal overweight: Z = 0.305, p = 0.760; maternal obesity: Z = 1.039, p = 0.299). Sensitivity analyses were performed to examine the influence of individual studies on the overall risk estimate (Supplemental Table 2). Exclusion of any single study did not materially alter the overall combined OR, with a range from 0.97 to 1.03 for maternal underweight, 1.09 to 1.16 for maternal overweight, and 1.34 to 1.43 for maternal obesity.

Subgroup analyses for risk estimates of childhood asthma/wheeze associated with maternal pre-pregnancy underweight, overweight, and obesity are presented in Table 2. Overall, maternal pre-pregnancy underweight was not associated with childhood asthma/wheeze in all subgroups (all p > 0.05). For maternal pre-pregnancy overweight and obesity, the risk estimates of childhood asthma/wheeze increased further when data were restricted to studies conducted in non-European countries (overweight: OR = 1.18, 95% CI: 1.05, 1.33; obesity: OR = 1.49, 95% CI: 1.15, 1.92); when data were restricted to studies evaluated the occurrence of outcomes among children more than 5 years old (overweight: OR = 1.20, 95% CI: 1.14, 1.27; obesity: OR = 1.43, 95% CI: 1.17, 1.73); when data were restricted to studies with self report as the exposure ascertainment (overweight: OR = 1.16, 95% CI: 1.07, 1.25; obesity: OR = 1.61, 95% CI: 1.34, 1.93); when data were restricted to studies with medical records as the outcome ascertainment (overweight: OR = 1.16, 95% CI: 1.05, 1.27; obesity: OR = 1.47, 95% CI: 1.24, 1.74); and when data were restricted to studies having ever asthma/wheeze as the outcome of interest (overweight: OR = 1.16, 95% CI: 1.07, 1.24; obesity: OR = 1.45, 95% CI: 1.24, 1.70).

Figure 3 shows the pooled analysis by continuous BMI and asthma/wheeze. In this analysis, continuous BMI was significantly associated with higher odds of asthma/wheeze (OR = 1.04 per each 1 kg/m2 increase; 95% CI: 1.03, 1.05; I2 = 0, p = 0.61). No evidence of publication bias was detected by using the Begg’s test (Z = 1.699, p = 0.089). Sensitivity analyses were performed and exclusion of any single study did not materially alter the overall combined OR (Supplemental Table 2). When stratified by geographic region, age of children, ascertainment of BMI, ascertainment of outcome, and type of outcomes, the association of continuous BMI with childhood asthma/wheeze were still significant (all p < 0.05) (Table 2).

Gestational weight gain and childhood asthma/wheeze 
The risk estimates of childhood asthma/wheeze associated with GWG are summarized in Figure 4. Basing on the IOM criteria, the associations between maternal GWG including inadequate GWG (OR = 1.04; 95% CI: 0.92, 1.17; I2 = 0, p = 0.72) and excessive GWG (OR = 0.95; 95% CI: 0.86, 1.05; I2 = 0, p = 0.33) and childhood asthma/wheeze were not statistically significant, nor was the association between continuous GWG (OR = 1.04; 95% CI: 0.95, 1.15; I2 = 90%, p < 0.01) and asthma/wheeze. When dividing maternal GWG based on a different criterion than the IOM, GWG < 9 kg (OR = 1.08; 95% CI, 1.01, 1.14; I2 = 0, p = 0.75) and > 15 kg (OR = 1.10; 95% CI, 1.00, 1.21; I2 = 63%, p = 0.03) were slightly associated with higher odds of childhood asthma/wheeze. 
Discussion 
Our meta-analysis of cohort studies suggested that children whose mothers were overweight, or obese, as well as children whose mothers had a GWG of less than 9 kg were at higher risk of asthma/wheeze. However, maternal underweight, inadequate GWG and excessive GWG were not associated with asthma/wheeze in childhood. To our knowledge, this study is the most comprehensive meta-analysis evaluating the relationship between maternal pre-pregnancy BMI, GWG and risk of childhood asthma/wheeze, which can provide useful information for parents and clinicians, and contribute to primary prevention programs of asthma and wheeze. 

Consistent with previous studies 15, 17, 25, 30, we found an increased risk of asthma/wheeze in offspring of obese mothers when compared with normal weight mothers. Moreover, we found that maternal overweight was also associated with asthma/wheeze. But inconsistent with our study, a meta-analysis in 2014 showed that trends in maternal overweight and childhood risk of asthma/wheeze were not significant 25, this inconsistency may be attributed to the inclusion of different studies. On the one hand, the meta-analysis published in 2014 included one case-control study 40, which is not included in the present meta-analysis due to the possible recall bias and relatively small sample size (n = 262). On the other hand, the meta-analysis was published earlier than eight large cohort studies from the Netherlands 30, 31, USA 17, 22, United Kingdom 23, Japan 19, Sweden 20 and Brazil 32, all of which were included in our study and their risk estimates were higher than that of the meta-analysis published in 2014. 

Nevertheless, the exact mechanism underlying the link between maternal pre-pregnancy BMI and the risk of childhood asthma/wheeze is still not fully understood. There are several possible mechanisms, including epigenetic changes, the role of inflammation and inflammatory markers in addition to leptin, and microbiome effects on pregnancy. First, common genetic polymorphisms or epigenetic changes caused by maternal obesity may lead to the increased risk of asthma/wheeze in offspring 25. Then, higher BMI is related to higher leptin levels in pregnant women 41. The present study demonstrates that leptin receptors are present in the fetal lung and may promote intrauterine lung development 42. Besides, leptin stimulates the production of pro-inflammatory cytokines, which may influence fetal immune system development 41. Finally, the study on the relationship between pre-pregnancy maternal weight and the intestinal microbiome of newborns showed that the microorganisms related to maternal weight can be transmitted to infants during vaginal delivery 43. During in utero development, the maternal microbiome begins to influence the child’s microbiome and subsequent immune development 44.

Only a limit number of studies have been published on the association between maternal GWG and asthma/wheezing. Our results were suggestive of a slightly association between GWG < 9 kg and asthma/wheeze. However, when GWG was classified according to IOM categories, which are based on the mother’s pre-pregnancy BMI, maternal inadequate GWG and excessive GWG did not appear to increase the risk of asthma/wheeze in offspring. A meta-analysis published by Forno et al showed that asthma in offspring was related to a high GWG 25, but the studies on GWG included in their meta-analysis used different methods to classify GWG and they combined the results together. This could bring an element of bias to the results of their study. In our study, we analyzed the two GWG classification criteria separately in order to obtain more accurate estimates of GWG and risk of asthma/wheeze. In a large Danish study 18, Harpsøe et al found in an adjusted model that a U-shaped association between asthma and GWG, despite a significant relationship was found only for extreme high gestational weight gain (>25 kg). Although the mechanisms by which high GWG affects childhood asthma may be associated with a specific inflammatory state 25, the potential effects of low GWG may involve different pathways. For example, low GWG is related to suboptimal fetus nutrition and intrauterine growth restriction 9, 45, which are risk factors for decreased lung function and respiratory disease in the offspring 46. Considering the important prevention opportunities that occur early in life 47, 48, the potential mechanisms of GWG in childhood asthma/wheeze deserves further study.

The strength of our study lies in the large sample size from contemporary studies with 150,198 mother-child pairs which contributes to improve statistical power to provide precise and reliable risk estimates. To identify relevant studies, we used a comprehensive search strategy at the beginning of the study. All included original studies used a cohort study design, which reduces selection and recall biases. And all included studies have controlled for some underlying confounders. In addition, the process, including study search, screening and data extraction, was completed independently by two authors. Sensitivity analyses supported the robustness of the relationship between maternal pre-pregnancy BMI and childhood asthma/wheeze.  

However, several limitations should be acknowledged. Firstly, we included only articles published in English for analysis, which may not be representative of all studies on this topic. Secondly, substantial heterogeneity was found among studies for the association between maternal obesity, GWG > 15 kg and risk of asthma/wheeze. It was not surprising due to the difference in characteristics of populations and study design. Fortunately, two variables related to the between-study heterogeneity were identified in our subgroup analyses, including ascertainment of BMI and age of children. Lastly, potentially unmeasured confounders may have caused the observed association. While all original studies included in this study have attempted to control for some underlying confounders, few studies have fully controlled all the risk factors that may cause asthma, such as maternal smoking, preterm birth, birthweight and parental history of asthma. 

We observed associations of two perinatal factors (maternal pre-pregnancy BMI and GWG) with a higher risk of childhood asthma/wheeze, which supports the early origins hypothesis of asthma. As a variable risk factor, preconception overweight and obesity should be the goal of pre-pregnancy programs to promote optimal pre-pregnancy weight and help women maintain a healthy weight throughout pregnancy. Given the influence of childhood asthma on morbidity and medical costs, the causal pathway between maternal weight and asthma is critical for public health. Thus, further study is needed to identify long-term consequences and potential mechanisms.

Conclusions 

Maternal overweight and obesity are associated with an elevated risk of childhood asthma/wheeze, suggesting that maternal pre-pregnancy BMI need to be considered in studies on the early origins of asthma. Further studies are needed to confirm the association between GWG and risk of childhood asthma/wheeze.
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Figure Legends

Figure 1. Flow chart of study selection. 

Figure 2. Risk of childhood asthma/wheeze associated with maternal underweight, overweight and obesity. (CI = confidence interval; IV = inverse variance; SE = standard error). 

Figure 3. Risk of childhood asthma/wheeze associated with continuous BMI. (CI = confidence interval; IV = inverse variance; SE = standard error; BMI = body mass index). 

Figure 4. Risk of childhood asthma/wheeze associated with gestational weight gain. (CI = confidence interval; IV = inverse variance; SE = standard error; GWG = gestational weight gain). 
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