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Abstract

Rationale: The prevalence of childhood asthma has been
increasing worldwide in parallel with childhood obesity.

Objectives: We investigated whether there is a temporal
relationship between early life weight gain (reflecting growth
velocity) and early life body mass index (BMI) attained status
(reflecting accumulative weight) with future risk of asthma in the
Boston Birth Cohort.

Methods: This report includes 1,928 children from the Boston
Birth Cohort with a mean age of 7.8 years (standard deviation,
3.3 yr), enrolled at birth and followed prospectively. Asthma was
defined using physician diagnosis code (International Classification
of Diseases, Ninth Revision, Clinical Modification code 493 .xx) in
children 2 years and older. We categorized the children by their
weight gain trajectory on the basis of changes in z-scores: slow (less
than —0.67), on track (—0.67 to 0.67), rapid (0.67-1.28), and
extremely rapid (>1.28); and by their BMI attained status
(underweight, normal weight, and overweight) during the first 4, 12,
and 24 months. Poisson regression models with robust variance

estimation were applied to examine the relationship between early
life weight gain/attained BMI and asthma.

Results: During the first 4 months of life, 37% had on-track weight
grain, 22% had slow weight gain, 15% had rapid weight gain, and
26% had extremely rapid weight gain. At 4 months, 61% were
normal weight, 7% were underweight, and 32% were overweight. In
adjusted analyses, extremely rapid early life weight gain during
the first 4 and 24 months of life were each associated with increased
risks of asthma (risk ratio, 1.34 for extremely rapid weight gain at
4 months; 95% confidence interval [CI], 1.06-1.70; risk ratio, 1.32
for extremely rapid weight gain at 24 months; 95% CI, 1.00-1.75)
Similarly, overweight at 4, 12, and 24 months were each associated
with an increased risk of asthma. Analyses that further adjusted for
birthweight or preterm birth showed similar findings.

Conclusions: In this predominantly urban U.S. low-income
minority birth cohort, excessive early life weight gain and
overweight status were both associated with an increased risk of
asthma in childhood.
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ORIGINAL RESEARCH

Over the past several decades, the prevalence
of childhood asthma has increased
worldwide (1). In parallel, an emerging
epidemic of obesity has affected all age
groups, including young children (2). The
combined data reveal that both asthma
and obesity disproportionally affect urban,
low-income minorities in the United
States (1, 3, 4).

A body of cross-sectional and retrospective
studies has documented positive associations
between low birthweight and/or rapid weight
gain in early life and the subsequent
development of childhood atopy and asthma,
mainly among European populations (5, 6).
However, the temporal relationship between
early life weight gain and childhood asthma
remains inconsistent. For example, a meta-
analysis including 147,252 European children
in 31 birth cohort studies found that rapid
weight gain in infancy was positively
associated with childhood asthma outcomes
(7). In contrast, a prospective birth cohort
study suggested that being overweight in
infancy reduced the risk of childhood asthma
(8). These inconsistent findings may be
partially due to differences in study designs,
study populations, and definitions of early
life weight gain or asthma outcomes across
studies (8, 9). To date, there remains a
particular lack of large prospective birth
cohort studies on this topic in U.S.
populations.

To address this gap, we sought to
examine the association between early life
weight gain and asthma in an African
American-dominant birth cohort, a
population with a high risk of obesity and
asthma. Our aims were to simultaneously
evaluate the associations of both early life
weight gain (reflecting growth velocity) and
early life BMI attained status (reflecting
accumulative weight) with asthma. We
also aimed to determine whether these
associations differed by the strata of known
risk factors for asthma, including preterm
birth (PTB), birth weight, and birth weight
for gestation.

Methods

Study Population

The study population included 1,928
maternal-infant pairs who were part of the
Boston Birth Cohort (BBC), a prospective
birth cohort study of a predominately
African American, urban, low-income
minority population initiated in 1998
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under rolling enrollment at Boston Medical
Center (BMC) (10). Participants were a
subset of children born between 1998 and
2012 who received care during at least
one postnatal pediatric visit at BMC as
documented in their electronic medical
record (EMR). Exclusion criteria included:
1) children who were not enrolled in the
original BBC at birth, and 2) children who
did not receive postnatal pediatric care at
BMC. A detailed description of the study
exclusion criteria can be found in our
previous reports (11, 12). The selection
process for study participants is shown in
Figure 1. The baseline characteristics of the
included and excluded participant samples
are provided in Table E1 in the online
supplement. Epidemiologic data were
collected from the study mothers using a
standardized questionnaire that inquired
about demographic information,
socioeconomic status, maternal asthma
history, reproductive history, smoking, and
alcohol drinking. Pertinent maternal and
child clinical data were obtained from their
medical records, including birth outcomes,
weight and height measurements, and
physician diagnosis and International
Classification of Diseases, Ninth Revision,
Clinical Modification (ICD-9-CM) codes.
The Institutional Review Boards of BMC,
the Massachusetts Department of Public
Health, and the Johns Hopkins Bloomberg

School of Public Health approved the study
protocol. All maternal participants gave
written informed consent.

Weight Gain Measurement

We followed study participants who were
recruited to the BBC and received pediatric
primary care at BMC from birth up to age
16 years during the period from 2004 to
2014. Child’s height and weight at age 4, 12,
and 24 months were ascertained from
well-child visits based on standard clinical
procedures. All study children had weight
measured by trained pediatric staff using a
standard clinical scale and following the
same clinical protocol at all time points.
Specifically, older children were measured
without shoes and wearing only a t-shirt and
underwear, and for infants only a diaper was
allowed. Previous related studies have
defined early life weight gain during various
time intervals (10). To look for consistency
of the associations across different early life
periods, our study defined change in
weight gain z-scores during three different
time periods: from birth to the first 4, 12,
and 24 months. For each time period, we
calculated weight-for-age z-scores, using
the Stata program for Child Growth
Standards developed by the World

Health Organization (13), and the change
in weight-for-age z-scores during the
corresponding period. For each time period,

‘ Enroliment period 7,813 eligible

1998-2012

pairs were enrolled at BMC

mother-infant .
Reasons for exclusion

Follow-up period
2004-2014

4,876 did not receive
pediatric care at BMC

ﬂ{

postnatal follow-up at BMC

‘ 2,934 children

are eligible for

1,006 were further excluded due to:
740 w/o a well-child visit at the first
four months of life;

226 w/o a medical care visit during
2—7 years;

40 w/ missing data for key variables

1,928 children are selected and
included in this study

Figure 1. Flow chart of enrollment and postnatal follow-up of the Boston Birth Cohort in this study.

BMC = Boston Medical Center.
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we further classified change in weight gain
z-scores into four groups: 1) slow weight
gain, defined as a weight gain z-score less
than —0.67; 2) on track, defined as a weight
gain z-score between —0.67 and 0.67; 3)
rapid weight gain, defined as a weight gain
z-score between 0.67 and 1.28; and 4)
extremely rapid weight gain, defined as a
weight gain z-score greater than 1.28 (10).
BMI attained status for the first 4, 12, and
24 months, separately, were grouped as
underweight, normal weight, and
overweight, corresponding to BMI z-scores
of less than fifth, fifth to 85th, and greater
than or equal to 85th percentiles,
respectively (14).

Outcome Assessment

We identified BBC children with asthma on
the basis of physician diagnosis (ICD-9-CM
code, 493.xx) as documented in the EMR at
the BMC during the period from 2004 to
2014, which included outpatient visits,
emergency department visits, and
hospitalizations. The main outcome
measure in this study was prevalent asthma.
Ever asthma was defined as an asthma
diagnosis code documented at any time at or
after the age of 2 years. In a sensitivity
analysis, we used four other definitions of
asthma. Recurrent asthma diagnosis was
defined based on an asthma diagnosis ICD
code documented at two or more clinical
visits after 2 years of age (15), ever asthma
after 6 years of age was defined as an asthma
diagnosis code documented after 6 years of
age, recurrent asthma after 6 years of age
was defined as an asthma diagnosis code
documented two or more times after 6 years
of age, and asthma after 6 years of age in
2 consecutive years was defined as an
asthma code documented in two
consecutive years after 6 years of age.

Potential Confounders

We examined a number of pre-, peri-, and
postnatal potential confounding variables.
Prenatal variables included maternal age,
ethnicity, educational level, smoking status
during pregnancy (none, ever, and
continuous smokers), parity, prepregnancy
BMI, maternal history of asthma,
hypertensive disorders, and gestational
diabetes. Peri- and postnatal risk variables
included preterm birth versus term, birth
weight for gestation (small for gestational
age, appropriate for gestational age, and
large for gestational age), birthweight
(<2,500 g vs. =2,500 g), breastfeeding

status (formula only, exclusively breastfed,
and both), child’s sex, and child’s age.

Data Analysis

Demographic and clinical characteristics of
the study participants were reported as
counts and percentages or as means and
standard deviations (SDs). Given that the
primary outcome of asthma was common in
the BBC, the calculation of an odds ratio
would overestimate the relative risk of early
life weight gain on asthma. Thus, we
performed Poisson regression with robust
variance estimation, with and without
adjustment for known prenatal and
postnatal risk factors as described above, to
examine the relationships between early life
weight gain and asthma. Early life weight
gain was treated as a categorical variable and
classified into four groups (slow, on track,
rapid, and extremely rapid weight gain)

in the models. In recognizing that PTB,
gestational age, and birthweight are known
risk factors that contribute to early life
weight gain and asthma, we performed
stratified analyses to explore the potential
modifying effects of PTB, birth weight for
gestation, and birthweight, respectively. We
also examined early life BMI attained status
as a categorical variable: underweight,
normal weight, and overweight. To examine
whether the influence of early life weight
gain on asthma was independent of
childhood attained BMI, childhood BMI at
the last well-child visit was treated as a
covariate and adjusted in our models.
Sensitivity analyses were applied to examine
various asthma definitions, preterm birth,
birthweight, and birthweight for gestation.
Each measure of association was reported as
a risk ratio (RR) with a 95% confidence
interval (CI). A P value less than 0.05 was
the cutoff for statistical significance. All data
analyses were conducted using STATA 14.2
software (StataCorp).

Results

Characteristics of the

Study Participants

A total of 1,928 children were included in
this study. Table 1 presents the prenatal and
postnatal characteristics investigated in this
study, grouped by the four early life weight
gain categories. During the first 4 months of
life, 37% had on-track weight gain, 22% had
slow weight gain, 15% had rapid weight
gain, and 26% had extremely rapid weight
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gain. At 4 months, 61% were normal weight,
7% were underweight, and 32% were
overweight. In terms of maternal
characteristics, the distributions of
prepregnancy BMI, hypertensive disorder,
and maternal smoking during pregnancy
were different across exposure groups.

In terms of child characteristics, the
distributions of birthweight, gestational age,
PTB, birth weight for gestation, and asthma
status were different across exposure groups.

Association of Early Life Weight Gain
Trajectory with Asthma

Extremely rapid early life weight gain group
during the first 4, 12, and 24 months of life
was found to be associated with an increased
risk of asthma compared with being in the
on-track group (adjusted RR, 1.44; 95%
CI, 1.19-1.75 for the first 4 months; adjusted
RR, 1.40; 95% CI, 1.11-1.77 for the first 12
months; and adjusted RR, 1.28; 95% CI,
1.02-1.62 for the first 24 months; Table 2).
In addition, early life attained BMI during
the first 4, 12, and 24 months of life were
each associated with increased risks of
asthma (Table 2). Of note, we did not
observe a substantial mediation effect of
childhood BMI attained status when BMI
attained status at the last well-child visit was
included in the models, indicating that the
associations of early life weight gain and
early life BMI attained status with asthma
were independent of childhood BMI
(Table 2). These findings persisted in
adjusted analyses, albeit with smaller effect
estimates and, in the case of extremely rapid
weight gain at 12 months, loss of statistical
significance (Table 2). Sensitivity analyses
using different definitions of asthma showed
similar findings (Table E2). Additional
analyses that further adjusted for
birthweight or preterm birth showed similar
findings (Table E3). Likewise, similar
associations of early life weight gain at the
first 4 and 24 months with asthma across
each strata were observed (Table E4).

Associations of Early Life Weight Gain
with Asthma Stratified by Preterm
Birth and Birthweight

Analyses stratified on preterm birth and
on birthweight showed generally similar
findings, although some findings were not
statistically significant among preterm
children and among those with birthweight
less than 2,500 g. (Table 3). Analyses
stratified on fetal growth status showed
significant associations only in the
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Table 1. Characteristics of 1,928 mother—infant pairs in the Boston Birth Cohort

Variables On Track* Slow Weight
(n =706) Gain (n =420)
Maternal characteristics

Maternal age, yr, mean (SD) 28.8 (6.7) 28.3 (6.6)
Prepregnancy BMI, kg/m?, mean (SD) 26.6 (6.7) 27.2 (6.5)
Prepregnancy BMIT

<25.0 325 (46.0) 178 (42.4)

25.0-29.9 205 (29.0) 97 (23.1)

=30.0 144 (20.4) 119 (28.3)

Missing 32 (4.5) 26 (6.2)
Null parity 312 (44.3) 154 (36.8)
Breast versus formula feeding

Formula only 172 (25.0) 114 (28.0)

Exclusively breastfed 60 (8.7) 27 (6.6)

Both 456 (66.3) 266 (65.4)
Maternal history of asthma, yes 85 (12.5) 51 (12.8)
Gestational diabetes, yes 36 (5.1) 20 (4.8)
Hypertensive disorder, yes 35 (5.0) 21 (5.1)
Education

High school or less 614 (87.0) 371 (89.2)

College or higher 92 (13.0) 45 (10.8)
Maternal smoking during pregnancy

Never 581 (83.4) 357 (85.6)

Quitter 48 (6.9) 29 (7.0)

Current smoker 68 (9.8) 31 (7.4)
Maternal alcohol drinking during pregnancy, yes 43 (6.3) 27 6.7)

Child characteristics

Child age, yr, mean (SD)* 7.6 (3.1) 8.7 (3.8)
Sex, male 366 (51.8) 204 (48.6)
Birthweight, g, mean (SD)* 3,146.3 (597.6) 3,470.0 (586.5)
Gestational age, wk, mean (SD)* 38.8 (2.3) 39.4 (1.6)
Preterm birth (gestational age < 37)" 99 (14.0) 25 (6.0)
Ever asthma, yes' 149 (21.1) 96 (22.9)
Birth weight for gestation™

Small for gestational age 71 (10.1) 35 (8.3)

Appropriate for gestational age 560 (79.3) 298 (71.0)

Large for gestational age 75 (10.6) 87 (20.7)

Rapid Weight Extremely Rapid
Gain (n =295) Weight Gain (n = 507)
27.9 (6.2) 28.9 (6.5)
25.5 (5.8) 27.1 (6.9)
161 (54.6) 215 (42.4)
70 (23.70) 143 (28.2)
49 (16.6) 123 (24.3)
15 (6.1) 26 (5.1)
127 (43.2) 228 (45.0)
61 (21.0) 120 (24.1)
23 (7.9) 40 (8.0)
207 (71.1) 339 (67.9)
42 (14.5) 73 (14.8)
11 3.7) 23 (4.6)
18 (6.1) 52 (10.3)
251 (85.7) 439 (87.1)
42 (14.3) 65 (12.9)
243 (83.2) 385 (76.2)
22 (7.5) 53 (10.5)
27 (9.3) 67 (13.3)
27 9.9) 43 (8.7)
7.5 (3.1) 7.7 3.2
151 (61.2) 254 (50.1)
2,819.7 (670.1) 2,220.5 (799.3)
37.8 (2.9 34.9 (4.4)
80 (27.1) 303 (59.9)
76 (25.8) 189 (37.3)
54 (18.3 85 (16.8)
232 (78.6) 406 (80.1)
9 (3.1) 16 (3.2)

Definition of abbreviations: BMI = body mass index; SD = standard deviation.

Data presented as n (%) unless otherwise noted.

*Weight gain was classified based on the weight gain in the first 4 months.

TP < 0.05 across four exposure categories.

*Child age was computed based on their last visit.

appropriate for gestational age group (Table
E5). In addition, we also stratified study
children by various known risk factors,
including maternal history of asthma,
maternal smoking status during pregnancy,
maternal ethnicity, and child’s sex. We
found comparable associations between
early life weight gain and asthma across
those strata, suggesting that those factors did
not modify the association between early life
weight gain and asthma in our study
population.

Discussion

To our knowledge, this is one of the largest
prospective birth cohort studies of U.S.
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urban, low-income minority children, an
African American—dominant population,
to investigate the temporal relationship
between early life excessive weight gain and
asthma. Our results suggest that excessive
weight gain as well as early life BMI attained
status in the first 4, 12, and 24 months of
life were all associated with an increased risk
of childhood asthma in the BBC. The
association of excessive weight gain in
infancy with asthma remained after
adjustment for PTB, birthweight, and birth
weight for gestation. In addition, our
findings also indicate that early life weight
gain is an independent risk factor for
asthma, even after adjusting for childhood
BMI. Moreover, the findings remained
robust when we used different definitions of

asthma. Our findings, if further confirmed,
underscore the need for pediatricians and
parents to pay attention to and ensure
optimal early life weight gain in the first

2 years of life.

These findings add to the current
knowledge base in several ways: first, most
previous relevant studies were conducted in
European populations, whereas limited
studies have been conducted in minority
populations such as blacks, even though
there is a plethora of evidence showing that
this population is at high risk for obesity
and asthma. We have filled in this gap in the
data by evaluating the relationship between
early life weight gain and asthma in a
predominantly urban, low-income minority
population. Second, although previous
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confidence interval; Ref = reference group; RR =risk ratio.

; N2 number of individuals in each exposure group.

body mass index; Cl

Significant results are in boldface type.

, education, race, smoking, parity, prepregnancy BMI, maternal history of asthma, hypertensive disorders, gestational diabetes, preterm status, birth weight for

Adjusted for maternal age, education, race, smoking, parity, prepregnancy BMI, maternal history of asthma, hypertensive disorders, gestational diabetes, preterm status, birth weight for

gestation, child’s age, child’s sex, breastfeeding status, and BMI attained status at the last well child visit.

estation, child’s age, child’s sex, and breastfeeding status.
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studies observed an association between
asthma and obesity in children, the temporal
relationship was not clear. As a prospective
birth cohort, the BBC allows us to evaluate
the prospective associations of early life
weight gain (reflecting growth velocity) and
early life BMI attained status (reflecting
accumulative weight) during the first 4, 12,
and 24 months of life with asthma. Third,
we further clarified the relative importance
of early life weight gain versus childhood
BMI status in relation to asthma risk. Our
findings provide evidence that early life
weight gain categories and/or early life
BMI attained status are independently
associated with asthma risk, even after
adjusting for childhood BML. If the
association between extremely rapid weight
gain and childhood asthma is proved to
be causal, understanding and preventing
extremely rapid early life weight gain would
be the next steps in research and
translation, which is beneficial not only to
future cardiometabolic health but also to
mitigation of future asthma risk.

To the contrary, a lack of association
between early childhood weight gain
patterns and the development of asthma has
been reported by other studies (8, 16, 17).
For example, in a birth cohort study of 3,756
children enrolled in the Prevention and
Incidence of Asthma and Mist Allergy study,
Scholtens and colleagues reported that a
greater BMI among children younger than
5 years of age was not associated with an
elevated risk of asthma symptoms, whereas
children 6 years of age or older with a
high BMI had an increased risk of
developing asthma symptoms (16).
Another prospective birth cohort study
indicated that being overweight in infancy
decreased the risk of childhood asthma (8).
However, most studies did not account
for the effect of PTB and other potential
confounding factors present during the first
few years of life.

Accumulating evidence indicates that
children born preterm have an increased
risk of developing wheezing and asthma
in childhood (7, 15). In parallel, it has
been shown in previous studies that low
birthweight is associated with an increased
risk of subsequent asthma (18, 19), but so
far the results of these studies have been
inconclusive (5, 20). Because PTB is highly
correlated with low birthweight and
influencing early life weight gain, it is
necessary to account for the impact of PTB/
low birthweight when investigating the
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with increased measures of airway
obstruction (23).

The results of this study may be
explained at several levels. First, extremely
rapid weight gain, especially in the first few
months of life, might adversely affect
structural remodeling of the lung with
changes in alveolar formation and
maturation of immune responses (30).
Turner and colleagues indicated that infants
born with normal birth weight experienced
excessive early life weight gain due to a
calorie-rich dietary intake that might lead to
less favorable growth of the airway wall and,
as a result, impair their pulmonary function
(29). Second, previous reports showed that
adverse changes in maturation of the
immune system during early life
development due to extremely rapid weight
gain might increase the risk of childhood
asthma (30, 31). In parallel, previous studies
documented that childhood obesity was
related to dysfunction of the immune
response via altering the release of
adipokines and cytokines (32). Because early
weight gain increased the risk of childhood
obesity, it is possible that excessive weight
gain in infancy may adversely modify
immunological development and,
subsequently, lead to childhood asthma.
Third, early life weight gain is a risk factor
for overweight and obesity in later life,
which is known to be associated with asthma
and compromised lung function in both
children and adults (16, 33).

Several limitations of this study should
be noted. Asthma usually is diagnosed by
physicians in clinical practice but is not
based on the results of a precise biochemical
test. In this study, we defined incident
asthma on the basis of EMR data; hence, the
reliability and accuracy of the asthma
diagnoses were dependent on the accurate
recording of physicians. To examine the
robustness of the diagnoses, we performed
sensitivity analyses on the basis of various

diagnostic algorithms for asthma. The
comparable results from our sensitivity
analyses support the robustness of our study
findings across various asthma diagnoses
used in this study. Although some outcome
misclassification may have occurred, it
would be undifferentiated by weight gain
status and would reduce the estimated risk.
Although we adjusted for several important
confounding factors, residual confounding
by unmeasured factors, such as individual
genetic susceptibility, early life living
environment, maternal diet during
pregnancy, age of introduction of solids, and
early life dietary intake, might still remain
(34, 35). We also accounted for potential
confounding period effects, but this might
not have been fully controlled for even if we
included birth year in the analyses (Table
E6). In addition, it was difficult to measure
weight precisely in the clinic, especially for
infants, although measurement error should
be random in terms of outcome and as a
result would likely decrease the power but
would not change the association direction,
and any measurement errors should be
nondifferential. Metabolic biomarkers, for
example, leptin and adiponectin, were not
examined in this study, and further
investigation into whether similar
associations could be found between
metabolic biomarkers and asthma in
childhood should be considered. We only
investigated the influence of early life weight
gain on asthma, but because asthma is
commonly comorbid with other atopic
diseases, such as eczema and allergic rhinitis,
it would be of interest to further investigate
the relationship between early life weight
gain and other atopic diseases in addition to
asthma.

As noted, in contrast to previous
studies conducted mostly in European
populations, our study was conducted in an
African American-dominant, high-risk
population for obesity and asthma. In this

context, our findings have research, clinical,
and public health implications. Our study
lent further support to similar findings in
European populations, strengthening the
evidence of a true association. If so, our
findings link two major U.S. health
disparities (obesity and asthma) under a life
course perspective and underscore the
importance of ensuring optimal early
childhood weight gain, which is important
both for future cardiometabolic health and
for reducing the risk of asthma. Our findings
are directly relevant to high-risk U.S.
populations and may be relevant to other
populations with characteristics similar to
the BBC.

In summary, the findings from this
study suggest that excessive weight gain
in the first 4, 12, and 24 months of life
was significantly and independently
associated with childhood asthma in this
predominantly urban, low-income minority
prospective U.S. birth cohort. Our findings
warrant additional investigation in
independent birth cohorts, especially U.S.
minority cohorts. It would also be of
importance to examine biological
mechanisms underlying the link between
excessive weight gain in early life and
asthma. This line of research has important
clinical and public health implications, given
that weight gain before 2 years of age is a
modifiable risk factor. M
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