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Background: The impact of birth weight on lung function and risk of asthma remains contentious. Our aim was to investigate the specific association of birth weight with lung function and the risk of asthma in children.

Methods: We performed cross-sectional analyses of 3,295 children aged 6–15 years who participated in the 2007–2012 National Health and Nutrition Examination Survey (NHANES). After controlling for potential covariates other than gestational diabetes, maternal asthma and obesity, the linear and non-linear associations of birth weight with lung function metrics and the risk of asthma were evaluated by a generalized linear model and generalized additive model, respectively.

Results: We observed a non-linear association of birth weight with FEV1 %predicted, FEV1/FVC %predicted and FEF25 − 75 %predicted (P for non-linearity was 0.0069, 0.0057, and 0.0027, respectively). Further threshold effect analysis of birth weight on lung function detected the turning point for birth weight was 3.6 kg. When the birth weight was < 3.6 kg, birth weight was significantly positively associated with all pulmonary function metrics. However, negative associations were found in FEV1 %predicted, FEV1/FVC %predicted and FEF25 − 75 %predicted when the birth weight was ≥3.6 kg. These results were consistent in the stratified and sensitivity analyses. Additionally, a possible non-linear relationship was also detected between birth weight and the risk of asthma.

Conclusion: Although not all maternal factors were accounted for, our findings provided new insight into the association of birth weight with lung function. Future studies are warranted to confirm the present findings and understand the clinical significance.
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Background

Convincing evidence supports the notion that factors affecting intrauterine and early life could influence subsequent health and disease in later childhood and adulthood (1). Among these factors, birth weight is recognized as an important indicator of intrauterine development (2). Epidemiological studies have suggested that there may be associations between birth weight and a wide range of health outcomes, ranging from metabolic diseases, cardiovascular diseases and cardiovascular risk factors, various cancers, and respiratory diseases (3–5). As for respiratory health, numerous studies have shown that birth weight was positively correlated with children's lung function—children with lower birth weight have poorer lung function (6, 7). However, most of the previous studies focus on the adverse effects of low birth weight and the linear relationship between birth weight and lung function (8, 9). Furthermore, results about the association of birth weight with the risk of asthma are conflicting (10, 11). Considering the influence of many factors on health outcomes is not a simple linear relationship but exists the phenomenon of a threshold effect, the specific association of birth weight with lung function and asthma warrants further exploration.

In the current study, we used the generalized linear models and generalized additive models to investigate the relationship between birth weight and lung function during childhood in a large sample that was representative of the U.S. population. Moreover, we also evaluated whether birth weight was associated with the risk of asthma.



Methods


Study population

The NHANES is designed by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention, which applies a complex sampling frame to attain a sample representative of the United States population (12). We collected publicly available data for 30,442 participants assessed during the 2007–2012 survey cycles. A total of 4,523 participants were aged 6–15 years consisting of birth weight and eligible spirometry data. Following exclusions for missing data on interviews or exams, 3,295 participants were included in our final analysis (Figure 1). Interviews of children aged 6–11 were conducted accompanied by the assistance of an adult familiar with the situation of children. Participants aged 12–15 answered by themselves. The NHANES was approved by the ethics review board of the National Center for Health Statistics of the Centers for Disease Control and Prevention (CDC). All participants provided written informed consent and the study was performed in accordance with ethical standards of supervising institutional review boards of all centers involved.
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FIGURE 1
 Flow diagram of the study population.




Birth weight

Participants aged birth to 15 years were eligible for the birth weight via the NHANES Early Childhood Questionnaire (ECQ). Birth weight was recorded in pounds and ounces as reported by the adult proxy and later converted to kilograms (kg). Fetal macrosomia was defined as birth weight >4 kg (13).



Lung function measurements

Participants aged 6 and older were eligible for spirometry examination in the NHANES 2007–2012, which is a routinely used clinical pulmonary function test. A standardized protocol was used to assess lung function according to the recommendations of the American Thoracic Society (ATS). Participants were required to repeat the test until the spirogram was acceptable and reproducible. Then the three best spirometry readings were rated A-F in line with ATS criteria and recorded (14). In this study, we focused our analysis on four pulmonary function metrics, which consisted of forced expiratory volume in one second (FEV1), forced vital capacity (FVC), FEV1/FVC and forced expiratory flow between 25 and 75% (FEF25 − 75), and only participants with FEV1 and FVC values grade A to C were included. The above four spirometric values were converted to %predicted according to the Global Lung Function Initiative 2012 equations (15) or NHANES III equations (16), which consider the participants' age, gender, height, and race/ethnicity.



Covariates

All covariates included in the models were selected a priori according to prior empirical evidence. The participant information on age, gender, race/ethnicity, education level, family income, mother's age at birth of children and mother's smoking status during pregnancy was self-reported via interview questionnaires. The ratio of family income to poverty (PIR) was calculated by dividing family income by the poverty guidelines. PIR is a measure of socioeconomic status and >1 means at or above the poverty level (17). Current asthma status was defined by respondents giving a positive response to one question: “Has a doctor or other health professional ever told you that you had asthma?.”



Statistical analysis

The descriptive statistical analysis summarized demographic characteristics and lung function according to birth weight quartiles. To investigate the association of birth weight with lung function, our statistical analysis consisted of three main steps. Step 1: We used a generalized linear regression model to assess the association of birth weight with lung function, including a crude model and an adjusted model with all covariates presented in Table 1. Step 2: We conducted a generalized additive model to test non-linearity using penalized smoothing regression splines with a degree of 3. If non-linearity was detected, we first calculated the turning point using likelihood-ratio tests and then constructed a 2-piecewise model on both sides of the turning point. We determined the best fit model (1-line linear regression model vs. piecewise model) based on the P-values for the log-likelihood ratio test. Step 3: The subgroup analyses were performed using the generalized linear regression model. Tests for effect modification by subgroup were based on interaction terms between subgroup indicators. Also, we performed the same analysis in step 1 and 2 to assess the relationship between birth weight and the risk of asthma.


TABLE 1 Characteristics of participants aged 6–15 in NHANES 2007–2012 by birth weight (n = 3,295).
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To ensure the robustness of the results, we performed the following sensitivity analysis. (1) We rerun all models for the relationship between birth weight and lung function, limiting our analysis to participants with FEV1 and FVC values grade A or B. (2) We rerun all models for the association of birth weight and lung function with the percentage of predicted indicators using the NHANES criteria.

All models were adjusted for age (continuous), gender (boys/girls), height, race/ethnicity (Mexican American/Other Hispanic/Non-Hispanic White/Non-Hispanic Black/Other Race), mother's age at birth of children (continuous), PIR (≤ 1/>1), education level (≤ 5 grade/6–8 grade or 9–12 grade), asthma (yes/no), maternal smoking during pregnancy (yes/no) and survey cycles (2007–2008, 2009–2010, or 2011–2012).

All analyses were performed using R (version 4.1.0; R Development Core Team). P-values of < 0.05 were considered to be statistically significant.




Results


Participant characteristics

In total, 3,295 children (aged 6–15 years) were included in the present study. The characteristics of the study participants based on the quartiles of birth weight are shown in Table 1. Overall, the mean age (SD) of the participants was 10.48 (2.77) years and 1,692 (51.4%) were boys. 18.6% of the children reported current asthma, 9.1% were macrosomia, and 12.5% were exposed to maternal smoking during pregnancy. The mean (SD) for percentages of predicted FEV1, FVC, FEV1/FVC, and FEF25 − 75 were 98.52% (14.62), 98.97% (13.78), 98.76% (7.15), and 100.38% (29.77), respectively. Additionally, the range of birth weight across 1st−4th quartiles were < 2.95, 2.92–3.32, 3.32–3.66, and >3.66 kg, respectively. There was no substantial difference in demographic and lifestyle characteristics between included and excluded children (Supplementary Table 1).



Association of birth weight with lung function

The linear associations of birth weight with lung function were summarized in Table 2. We found that birth weight, when treated as a continuous variable, was positively associated with all lung function metrics both in the unadjusted and adjusted models (all P for trend < 0.05). When birth weight was treated as a categorical variable, the results of FEV1 %predicted, FVC %predicted and FEF25 − 75 %predicted were similar to those seen in the continuous variable model structure (all P for trend < 0.05). Compared to the reference group (birth weight < 2.95 kg), the positive association between birth weight and FEV1/FVC %predicted was only found in the fourth quantile of birth weight (>3.6 kg). The linear trend was also found between birth weight and FEV1/FVC %predicted although this was not statistically significant in the adjusted model (P for trend = 0.253). Then, we conducted a generalized additive model to test non-linearity using penalized smoothing regression splines with a degree of 3. The fully adjusted model showed a non-linear association of birth weight with FEV1 %predicted, FEV1/FVC %predicted, and FEF25 − 75 %predicted (P for non-linearity was 0.0069, 0.0057, and 0.0027, respectively) (Figure 2). We further conducted a threshold effect analysis of birth weight on lung function, and detected the turning point for birth weight was 3.6 kg. When the birth weight was < 3.6 kg, the adjusted change in FEV1 %predicted per 1 kg birth weight was 2.43 (95% CI 1.36 to 3.51), in FVC %predicted was 1.80 (95% CI 0.79 to 2.82), in FEV1/FVC %predicted was 0.70 (95% CI 0.09 to 1.31), in FEF25 − 75 %predicted was 4.24(95% CI 2.20 to 6.29). However, when the birth weight was ≥3.6 kg, per 1 kg increase in birth weight was significantly associated with lower FEV1 %predicted (β = −1.58, 95% CI −3.58 to −0.03), lower FEV1/FVC %predicted (β = −1.36, 95% CI −2.48 to −0.25), and lower FEF25 − 75 %predicted (β = −3.99, 95% CI −7.92 to −0.06), respectively. In addition, no significant association was found between birth weight and FVC% predicted when the birth weight was ≥3.6 kg (Table 3).


TABLE 2 The linear association of birth weight (per 1 kg increase) with lung function in children aged 6–15 in the NHANES 2007–2012 survey (n = 3,295).
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FIGURE 2
 Non-linear relationship between birth weight and lung function. Relationship between birth weight and FEV1 %predicted (A), FVC %predicted (B), FEV1/FVC %predicted (C) and FEF25 − 75 %predicted (D) in all the participants aged 6–15. Adjusted for age (continuous), race/ethnicity, sex, height, PIR, education level, mother's age at birth of children, maternal smoking during pregnancy as well as NHANES cycle.



TABLE 3 Threshold effect analysis of relationship between birth weight and lung function using two-piecewise regression models in children aged 6–15 in the NHANES 2007–2012 survey (n = 3,295).
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We further performed exploratory subgroup analyses to assess the association between birth weight and lung function in two groups of participants divided at the turning point of birth weight was 3.6 kg. All subgroup variables included age (< 11 vs. ≥11 years), gender (boys vs.girls), maternal smoking during pregnancy (yes vs. no), PIR (>1 vs. ≤ 1) and asthma (yes vs. no). We did not find any evidence of effect modification for the association of birth weight and lung function by these variables (all P for interaction >0.05) (Supplementary Figures 1–4). Moreover, the non-linear association was robust when we restricted our analysis to participants with FEV1 and FVC values grade A or B, or when the percentage of predicted indicators used the NHANES criteria (Supplementary Figures 5, 6).



Association of birth weight with the risk of asthma

We also investigated the relationship between birth weight and the risk of asthma. When birth weight was treated as a continuous variable, no association was found whether in the crude model or in the adjusted model. After adjustment for all covariates, in comparison with the reference group (birth weight < 2.95 kg), only children in the third quartile (3.32–3.66 kg) had a 24% lower risk of asthma [OR 0.76, 95% CI (0.59–0.98)], indicating a possible non-linear association of birth weight with the risk of asthma. No significant non-linear relationship was found in the fully adjusted generalized additive model (Table 4). However, we could also observe some differences when birth weight was divided at 3.6 kg. The increase in birth weight was borderline significant with the risk of asthma [OR 0.81, 95% CI (0.67–1.01)] when birth weight was < 3.6, and no association was found when birth weight was ≥3.6 kg (Figure 3).


TABLE 4 The linear association between birth weight and asthma in children aged 6–15 in the NHANES 2007–2012 survey (n = 3,295).
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FIGURE 3
 Non-linear relationship between birth weight and asthma in children aged 6–15 (the cut-off point was 3.6 kg). Adjusted for age (continuous), race/ethnicity, sex, height, PIR, education level, mother's age at birth of children, maternal smoking during pregnancy as well as NHANES cycle.





Discussion

To the best of our knowledge, this is the first study to examine the non-linear relationship between birth weight and lung function in a large and representative sample of children from the U.S. population. We observed a non-linear relationship between birth weight and lung function in school-age children. Moreover, we also found some evidence for the non-linear association of birth weight with the risk of asthma. These findings refine and extend previous knowledge about the association of birth weight with lung function, and remind us of the need for early lung function assessment not only in children with low birth weight, but also with high birth weight.

Our findings on the linear effects of birth weight on children's lung function metrics are in line with previous reports. A large meta-analysis including data from 18 cohorts with 26,069 children found strong evidence of an association between birth weight and adult FVC, with a 59.4 mL (95% CI: 43.3–75.5) higher FVC in adulthood per 1 kg increase in birth weight (18). Higher birth weight was also associated with greater FEV1, FVC and FEF25 − 75 in children at age 10 and 18 years (19). Interestingly, other than these indexes, our current analysis also found the linear relationship between birth weight and FEV1/FVC %predicted, although only in the unadjusted model. More studies are needed to confirm this finding.

It can be seen that earlier studies only investigated the linear relationship between birth weight and lung function. However, it is not appropriate to use a generalized linear model to analyze the correlation once the non-linear relationship is identified. For the first time, we systematically assessed the non-linear association of birth weight with lung function metrics using smoothing curve analysis and stratified analysis. We found an interesting phenomenon that the relationship between birth weight and FEV1 %predicted, FEV1/FVC %predicted, and FEF25 − 75 %predicted both present a non-linear function, with the positive association when the birth weight is < 3.6 kg and the negative association when the birth weight is ≥3.6 kg. The World Health Organization defined the cutoff of low birth weight as < 2.5 kg, which is based on the epidemiological evidence that infants with birth weight < 2.5 kg had a higher mortality risk than ≥2.5 kg (20). However, it may not be the optimal threshold for the determination of respiratory health. Consistent with our results, a recent study suggested that birth weight of between 3.43 and 3.80 kg might represent a potential threshold for reducing hypertension risk (21). Also, the combined available evidence from observational studies supports that the risk of childhood acute myeloid leukemia may be elevated at both high and low extremes of birth weight (22). Therefore, previous knowledge about the linear relationship between birth weight and lung function should be re-examined, and more information about the effects of birth weight is worth exploring further in the future.

Our findings showed that higher birth weight is associated with airflow obstruction and small airway dysfunction, indicated by a decrease in FEV1/FVC %predicted and FEF25 − 75 %predicted with an increase in birth weight (≥3.6 kg). In addition, the non-linear trend between birth weight and childhood asthma also existed, although it is not statistically significant. Several studies have illustrated the effects of birth weight on the risk of asthma, but the results are inconsistent. A retrospective cohort study found that low birth weight is not associated with asthma in childhood in the absence of smoking in pregnancy (23). However, meta-analysis results suggested that low birth weight is associated with an increased risk of asthma both in children and adults, and high birth weight was not associated with an increased risk of asthma (11, 24). Similarly, another study showed that low birth weight is a risk factor for asthma independently of gestational age, sex, birth length and Apgar score. Taken together, the observation that asthma is associated with both increased and reduced birth weight suggested a complex underlying mechanism. In the current analysis, our results showed that only children in the third quartile (3.32–3.66 kg) had a 24% lower risk of asthma when compared with the reference group (birth weight < 2.95 kg). Furthermore, our findings also indicated a possible inflection point for birth weight was 3.6 kg, which might represent a potential threshold for reducing asthma risk. Diabetes during pregnancy, maternal obesity and asthma are also important factors for the association between birth weight and children asthma (25, 26), however, these factors are unavailable in our analysis. Therefore, we should not overinterpret the results, future studies are warranted to verify this result.

The biological mechanisms underlying birth weight affecting lung function are complex and remain equivocal. There is an indication that birth weight, as a prenatal or early post-natal environment, may impact lung function in childhood by influencing the lung structure and development, which may have potential implications for later chronic lung disease (8). Moreover, exposures that result in retarded fetal growth, including low birth weight, may irrecoverably constrain the growth of an individual's airways and result in poorer lung function that persists into adulthood (27). Beyond lung structure, low birth weight also has implications for immunocompetence and increasing vulnerability to insults in later life (28). Animal studies also found that low birth weight could disrupt lung angiogenic signaling, elastic fiber formation, and microvascular formation in a time-dependent manner in an experimental rat model (29). On the other hand, some potential explanations have been suggested for the association between high birth weight and respiratory health. The first explanation relates to lung mechanics, such as the disadvantage of respiratory muscle function because of obesity. Second, obesity may influence immune development, altering the risk of developing chronic asthma (30).

The strength of the present study benefits from the large and nationally representative population sample, which rendered our findings generalizable. However, several limitations also need to be noted. First of all, the birth weight was recalled by an “adult proxy” which could be subject to recall bias, nonetheless, there is evidence that only 1.6% of birth weight might have been misclassified into low, normal or high birth weight (31). Second, our analysis only included smoking during pregnancy and the mother's age at birth of children as potential maternal confounders, and data on other maternal factors (such as gestation age, diabetes, lung disease, and maternal diet) were not available in the NHANES database. This and other potential confounders such as allergic sensitization, use of asthma mediation, and exposure to air pollution (32, 33) could have biased the results presented. Last, our present results were only limited to U.S. children, so the findings still need to be confirmed in other populations.

In summary, although not all maternal factors were accounted for, we reported for the first time a non-linear association between birth weight and lung function, and we determined an inflection point for birth weight among 6–15 years old children. Moreover, our results also raised the possibility of a non-linear association of birth weight with the risk of asthma. Given the development of lung function may be affected by hypogenesis in utero, further studies are warranted to verify our results and explore underlying mechanisms.
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