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ABSTRACT
Background Rapid postnatal weight gain has been
associated with wheezing and asthma in children, but it
remains unclear whether it acts independently of
overweight. We aimed to disentangle the roles of
infant’s size and weight gain velocity in the development
of wheezing in early childhood using a novel method
that allows for mutual adjustment for different aspects
of growth.
Methods Data were obtained from the NINFEA
questionnaires where weight measurements from birth
up to 18 months of age were assessed in 4492 term
singletons. Wheezing was deﬁned as at least one
episode of wheezing/whistling in the chest occurring
between 6 and 18 months of age. The SuperImposition
by Translation And Rotation model was used to estimate
individual weight trajectories deﬁned by three childspeciﬁc parameters: size, velocity and tempo, that is age
at peak weight velocity. These parameters were
standardised and related to wheezing using logistic
regression with effects expressed as an increase of
one SD.
Results A median of ﬁve weight measurements per
child were obtained. Infant size (OR=1.28; 95% CI 1.12
to 1.46) and weight gain velocity (OR=1.30; 95% CI
1.15 to 1.48) were independently positively associated
with wheezing. We found no evidence of an effect of
tempo on infant wheezing. The estimates were changed
only minimally after adjustment for potential
confounders.
Conclusions Faster growth and larger size in the ﬁrst
18 months of life are both independently associated with
an increased risk of wheezing. These ﬁndings suggest
that early growth patterns play a role in shaping the
occurrence of wheezing.

INTRODUCTION

▸ http://dx.doi.org/10.1136/
thoraxjnl-2016-209061

To cite: Popovic M, Pizzi C,
Rusconi F, et al. Thorax
2016;71:1091–1096.

Early-life exposures have been found to play an
important role in the development of respiratory
morbidity in children and adults.1 2 In recent years,
a number of studies reported positive associations
between early rapid weight gain and the development of childhood wheezing and asthma.3–11
However, other studies did not replicate these ﬁndings,12–14 and the association between rapid weight
gain and lung function was inconsistent.6 9 15 16 In
addition to overweight and obesity,17 postnatal
growth velocity is therefore considered to be a
potential, yet unconﬁrmed, important factor in the
development of respiratory diseases in children.

Key messages
What is the key question?

▸ Do infant size and weight gain velocity act
independently on the development of wheezing
in early childhood?

What is the bottom line?
▸ Larger size and postnatal weight gain velocity
are independent risk factors for the
development of wheezing in children aged
≤18 months.

Why read on?

▸ This study provides evidence, obtained using a
novel growth modelling approach, that fast
weight gain and large size in infancy increase
the risk of early childhood wheezing
independently.

The increased risk of wheezing in overweight
children could be explained by a direct mechanical
effect on the lungs and/or by a low-grade systemic
inﬂammation caused by abnormal circulating levels
of pro-inﬂammatory factors, such as leptin and adiponectin, associated with overweight.17 Conversely,
the mechanisms underlying the association between
early rapid growth and respiratory disorders are
less clear and might reﬂect confounding by fetal
exposures or a direct adverse effect of an unbalanced somatic versus lung growth.
As different growth features are entangled
aspects of the overall growth pattern, it remains
unclear whether child’s size and its changes over
time act as independent risk factors for the development of wheezing or are just two correlated indicators. Many studies addressing this issue were
based on rather simple growth modelling,3 5 6 8 12 14 15
evaluating the difference in two growth measurements, usually expressed as change in weight/
weight for length or body mass index (BMI) SD z
scores. Some other studies used more complex
growth models considering different patterns of
early growth trajectories.4 7 9 10 11 13 16 In order to
assess whether the effect of early growth on the
occurrence of asthma-like conditions was mediated
through current weight/BMI status, some studies
accounted for weight/BMI at the age of outcome
assessment. However, weight measured at one time
point represents only a snapshot of the individual’s
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Infant weight trajectories and early childhood
wheezing: the NINFEA birth cohort study

Respiratory epidemiology

METHODS
Study population
The NINFEA study is an ongoing internet-based birth cohort
established in 2005 in Italy (http://www.progettoninfea.it).21 22
The cohort consists of children born to mothers who have
access to the internet and enough knowledge of Italian to complete online questionnaires. The recruitment is conducted
actively, through obstetrics clinics, and passively, via internet and
the media.23 Approximately 75% of participants are recruited
actively, 20% passively and 5% comprise both modes. A baseline
questionnaire on general health and exposures before and
during pregnancy is completed by mothers at enrolment, which
may occur at any time during pregnancy. Further follow-up
information is obtained with repeated questionnaires completed
6 and 18 months after delivery and when children turn 4 and
7 years. For the present study, we retrieved weight measurements, information on the occurrence of wheezing and potential
confounding factors from the ﬁrst three questionnaires using the
2016.02 version of the NINFEA database. The response rate at
the 18-month questionnaire is 82.5%.
The study population consisted of 4492 term singletons with
at least one weight measurement within the ﬁrst 18 months of
life and information on the occurrence of wheezing in the
18-month questionnaire. We examined only infants born at
term (at least 37 weeks of gestation) as wheezing and postnatal
growth patterns related to prematurity likely have different
mechanisms compared with those of full-term infants.8
The study was approved by the Ethical Committee of the San
Giovanni Battista Hospital and CTO/CRF/Maria Adelaide Hospital
of Turin (approval N.0048362 and following amendments) and all
the participants gave informed consent at enrolment.

An internal validation study comparing self-reported birth
weight from the NINFEA cohort and information from the
Piedmont Birth Registry available for 1160 children showed
good agreement across all the levels of birth weight.25

Outcome and confounding factors
Wheezing was assessed from the 18-month questionnaire and
was deﬁned as at least one episode of wheezing or whistling in
the chest that occurred between 6 and 12 months of age. As we
used parent-reported wheezing, mothers were additionally asked
if a paediatrician conﬁrmed the symptoms, with 90.1% of
mothers conﬁrming a doctor’s diagnosis of wheezing.
For the subset of children enrolled after the revision of the
questionnaires (N=3006), information on the medications used
to treat wheezing, reported by mothers as free text, was also
available. Medications were coded as bronchodilators, corticosteroids and other medications, and only children who had
wheezing treated with inhaled bronchodilators, corticosteroids
or both were coded as cases (9.8%).
The following potential confounding factors were preselected and included in the ﬁnal models: maternal age at delivery, maternal educational level (low—primary school or less,
medium—secondary school, and high—university degree),
maternal nationality (Italian or other), maternal history of
asthma, maternal pre-pregnancy body mass index (BMI), maternal smoking during pregnancy, child’s sex, gestational age, siblings, lower respiratory tract infections (bronchitis, bronchiolitis
and pneumonia) between 6 and 18 months of age and maternal
smoking in the ﬁrst 18 months after delivery as a proxy of
child’s exposure to passive smoking.

Statistical analyses

Child’s birth weight and weights at 3 and 6 months of age were
ascertained from the 6-month questionnaire, while weights at
12 and 18 months of age were obtained from the 18-month
questionnaire. After the enrolment of the ﬁrst 1500 mothers,
the NINFEA questionnaires were revised and additional questions on child’s weight at the exact time of the completion of
each questionnaire were included. This led to a median of ﬁve
measurements per child (range 1–6).
Although childhood growth is usually assessed by both weight
and height/length measurements, in this study we focused on
weight only due to its rapid change in the ﬁrst years of life.24
Moreover, in the NINFEA cohort the response rate for weight
was higher compared with the length/height measurements.
Children in Italy are measured regularly by health professionals
who, in most of the Regions, record weights in children’s personal
health booklets. Mothers enrolled after the revision of the questionnaires also reported how weight measurements were recalled.
The percentage of mothers who used booklets to report child’s
weight varied from 85.0% for the measurement at 3 months of
age to 62.1% for the measurement at 18 months of age.

Statistical analyses comprised two stages. The ﬁrst stage involved
growth modelling by using the SITAR method,18–20 while the
associations between growth parameters and infant wheezing
were estimated in the second stage using standard methods.
Individual weight trajectories were identiﬁed using the SITAR
method,18 19 which has already been applied to the NINFEA
cohort data.20 26 This is a shape invariant random-effects model
that estimates a population growth curve using a spline function
and a set of three subject-speciﬁc growth parameters: size,
tempo and velocity. These three parameters transform the
average growth curve to match each individual’s growth trajectory. In order to meet the distributional assumptions of the
model, weight was log transformed, and thus, size is expressed
in the units of log-grams. Tempo is expressed in months, while
velocity is a fractional multiplier and therefore is scale free.
Brieﬂy, size represents an up/down shift of each curve and takes
positive values for children heavier than the population ‘average
child’; tempo is a left/right shift of the curve and corresponds to
earlier or later timing of the peak weight velocity; while velocity
is a shrinking/stretching of the age scale that alters the slope and
is positive for children with faster growth across the entire
period.19
Due to the lack of measurements between birth and 3 months
of age in the NINFEA cohort, the model that included size,
tempo and velocity did not lead to estimation convergence. To
adapt the SITAR method to the NINFEA weight data, we had to
introduce a constraint on the ﬁxed effect of the tempo parameter by setting it to be equal to zero, as previously described.20 26
The estimated individual growth trajectories were adjusted for
child’s sex and the natural cubic spline function of age (with
B-spline basis) was ﬁtted by placing three internal knots at tertiles of the age distribution. For each child the estimated size,
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overall size and might not capture its full effect on the relationship between early weight gain and respiratory outcomes.
The aim of the present study was to examine the effects of
child’s size and velocity of weight gain over the ﬁrst 18 months
of life on the development of wheezing between 6 and
18 months of age. We addressed this by modelling weight data
with the SuperImposition by Translation And Rotation (SITAR)
method18–20 that estimates individual weight trajectories
through three biologically interpretable subject-speciﬁc parameters—child’s size, and velocity and tempo of weight growth.

Respiratory epidemiology

RESULTS

Table 1

Characteristics of the study population

Child’s characteristics
Gestational age (weeks)
Birth weight (kg)
Weight at 3 months (kg)
Weight at 6 months (kg)
Weight at 12 months (kg)
Weight at 18 months (kg)
Sex
Male
Female
Siblings
Yes
No
Missing values
Wheezing from 6 to 18 months
Yes
No
Lower respiratory tract infections†
Yes
No
Maternal characteristics
Age (years)
Pre-pregnancy BMI
<18.5
18.5–24.99
25+
Missing values
Nationality
Italian
Other
Educational level‡
Low
Medium
High
Missing values
Smoking during pregnancy
Yes
No
Missing values
Smoking after delivery§
Yes
No
Missing values
Asthma diagnosis
Yes
No
Missing values

N*

Mean (SD) or %

4488
4388
3739
3086
3946
2883

39.8 (1.2)
3.3 (0.4)
5.8 (0.8)
7.6 (0.9)
9.7 (1.1)
11.2 (1.3)

2303
2189

51.3%
48.7%

1237
3253
2

27.5
72.5
–

776
3716

17.3%
82.7%

913
3579

20.3%
79.7%

4492

33.6 (4.2)

390
3164
833
105

8.9%
72.1%
19.0%
–

4290
202

95.5%
4.5%

194
1466
2793
39

4.4%
32.9%
62.7%
–

347
4092
53

7.8%
92.2%
–

588
3869
35

13.2%
86.8%
–

350
4015
127

8.0%
92.0%
–

A complete case approach was used with 4254 subjects included
in the analyses. The percentage of missing data was below 5%
for all the explanatory variables (table 1). The children excluded
from the analyses because of missing data were more likely to
be born from mothers with an asthma diagnosis ( p<0.001)
compared with the rest of the study population.
The main characteristics of the study population are summarised in table 1. The prevalence of early childhood wheezing
was 17.3%.
The estimated population weight and velocity curves modelled with the SITAR method and stratiﬁed by gender are shown
in ﬁgure 1A. These curves represent the ﬁxed effects, that is,
when all the random effects are zero. To simplify the understanding of the subject-speciﬁc random effects, in panel B of
ﬁgure 1 we present the growth parameters for a selected male
participant whose overall weight was high ( positive size parameter), who reached the peak weight velocity considerably late
( positive tempo parameter) and whose growth velocity was
negative, indicating slower weight gain compared with the
population average. It can be seen that when removing the positive size parameter, the individual weight curve (dotted thick
line) shifts downward (solid thin line), then, after removing the
positive tempo parameter, it shifts to the left (solid medium
thick line) and, after removing the negative velocity parameter,
it ﬁnally shrinks (solid thick line) matching the population predicted growth curve (dotted thin line).
The SD and correlations of the three growth parameters’
random effects estimated by the SITAR method are presented in
table 2. There was a positive correlation between size and

tempo, implying that heavier infants have a later peak in weight
gain velocity. On the contrary, the estimated correlations
between size and velocity and between velocity and tempo were
both negative, suggesting that heavier infants experience slower
weight gain velocity, while those with faster growth reach their
peak weight gain velocity at an earlier age.
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*Total numbers may vary across variables due to missing values.
†Lower respiratory tract infections (bronchitis, bronchiolitis and pneumonia) between
6 and 18 months of age.
‡Low—primary school or less; medium—secondary school; and high—university
degree.
§Maternal active smoking in the first 18 months after delivery.
BMI, body mass index.
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tempo and velocity random effects were then extracted, standardised and used as explanatory variables for the second stage of
the analysis.
In the second stage of the analysis, we used logistic regression to estimate the associations between the derived growth
parameters and infant wheezing. Since mothers could participate in the NINFEA cohort with more than one pregnancy,
robust variance was estimated using clustered sandwich estimators to allow for intra-group correlation. To account for the
uncertainty arising from the two-stage analysis, ORs and corresponding 95% CIs were calculated by using the mean and SD
of 1000 bootstrap replications. Two models were ﬁtted: the
minimally adjusted model (the growth parameters mutually
adjusted and adjusted for child’s sex in the ﬁrst stage analysis);
and the fully adjusted model (the minimally adjusted model
additionally adjusted for the pre-selected confounding factors).
The growth-wheezing effects estimated in the second stage of
the analysis are expressed as an increase of one SD.
To test the performance of the SITAR model with richer data,
the analyses were also performed on subjects for whom at least
ﬁve weight measurements were available (N=3196). A possible
nonlinear relationship between the growth parameters and the
risk of wheezing was modelled using restricted cubic splines
(with three knots). Interactions between size, tempo and velocity
were assessed by introducing the interaction term into the
regression models. To test whether being born small for gestational age had an impact on the relationship between growth
parameters and infant wheezing, we performed a sensitivity analysis by excluding 481 children born small for gestational age
(birth weight <10th percentile for gestational age).
The analyses were conducted with the statistical programmes
R package 3.1.1 (R Foundation for Statistical Computing,
Vienna) and STATA V.13.
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The associations between the three estimated growth parameters and infant wheezing are presented in table 3. Both size
(OR=1.28; 95% CI 1.12 to 1.46) and weight gain velocity
(OR=1.30; 95% CI 1.15 to 1.48) were positively associated with
the occurrence of wheezing. There was no effect of the tempo
parameter on early childhood wheezing (OR=1.03; 95% CI
0.91 to 1.16). Adjustment for multiple confounding factors led
to minimal changes in the estimates (table 3) and the associations
remained robust even after exclusion of children born small for
gestational age (data not shown). The results were similar when
only subjects with a minimum of ﬁve weight measurements were
analysed (see online supplementary table S1). The three-knot
restricted cubic splines analysis revealed a linear relationship
between the three growth parameters and the risk of early childhood wheezing (see online supplementary ﬁgure S1) and there
was no evidence of interaction between size, tempo and velocity
on their effect on wheezing ( p values for interaction >0.47).
A sensitivity analysis where wheezing treated with bronchodilators and/or corticosteroids was used as an outcome revealed
stronger effects of infant size and weight gain velocity (for size,
adjusted OR=1.41; 95% CI 1.13 to 1.75; for velocity, adjusted
OR=1.46; 95% CI 1.19 to 1.80; for tempo, adjusted
OR=1.14; 95% CI 0.91 to 1.43).

Table 2 Summary statistics of the growth parameters’ random
effects estimated by the SITAR method
Random effects
Correlations
Growth parameters*

SD

Size

Tempo

Size (log(kg))
Tempo (months)
Velocity (fractional)
Residual (kg)†

0.16
0.74
0.32
0.37

–
0.75
−0.77
–

–
–
−0.66
–

*Model adjusted for sex with three internal knots for the spline curve.†The value is
obtained by multiplying the estimated residual by the geometric mean of weight.
SITAR, SuperImposition by Translation And Rotation.
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Table 3 Estimated ORs and 95% CIs for the association between
growth parameters and wheezing
Wheezing
Growth parameters*

OR

95% CI

ORadjusted†

95% CI

Size
Tempo
Velocity

1.28
1.03
1.30

1.12 to 1.46
0.91 to 1.16
1.15 to 1.48

1.29
1.07
1.30

1.11 to 1.49
0.92 to 1.24
1.14 to 1.49

*Growth parameters are standardised (the effects are expressed as an increase in one
SD) and adjusted for sex, with three internal knots for the spline curve.
†Adjusted for child’s sex, gestational age, siblings, lower respiratory tract infections
(bronchitis, bronchiolitis and pneumonia), maternal asthma, maternal pre-pregnancy
BMI, maternal smoking during pregnancy and after delivery, maternal nationality, age
and education at delivery.
BMI, body mass index.

DISCUSSION
We evaluated whether growth patterns are associated with the
occurrence of wheezing in 18-month-old infants using the
SITAR method to model infant weight trajectories. This model
enabled us to investigate the independent contributions of speciﬁc growth features to the development of wheezing, namely
the child’s average size (size parameter), weight gain velocity
(velocity parameter) and the age at peak weight velocity (tempo
parameter). A larger weight over the ﬁrst 18 months of life was
associated with a greater risk of wheezing, and this association
remained unchanged after controlling for weight gain velocity,
age at peak weight velocity and the potential confounding
factors. Furthermore, weight gain velocity was positively associated with wheezing, independently of child’s relative size. We
found no evidence of an effect of the age at peak weight velocity on infant wheezing.
Several previous studies reported effects of rapid weight gain
and larger weight on the development of wheezing in children,3–11 27 28 but other studies have failed to replicate these
ﬁndings.12–14 Discrepancies between studies could be partially
due to methodological issues, such as different outcome deﬁnitions, growth modelling methods and periods of exposure and
outcome assessment. Difference in weight/BMI between two
Popovic M, et al. Thorax 2016;71:1091–1096. doi:10.1136/thoraxjnl-2015-208208
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Figure 1 Weight and velocity curves modelled with the SuperImposition by Translation And Rotation (SITAR) method. (A) The NINFEA population
weight and velocity curves stratiﬁed by gender. (B) Transformation of the subject-speciﬁc weight curve to a population weight curve for a selected
male participant. By removing the positive effect of size parameter the individual weight curve (dotted thick line) shifts downward (solid thin line);
after removing the positive effect of tempo parameter, it shifts to the left (solid medium thick line); and after removing the negative effect of
velocity parameter, it shrinks (solid thick line), matching the population-predicted curve (dotted thin line).
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wheezing. Although some studies suggested that fast weight
gain in the ﬁrst 3 months of life might be particularly relevant
for the development of childhood wheezing/asthma,5 6 9 other
studies also found the same effect when assessing different
periods of growth, mostly over the ﬁrst 2 years of
life.3 4 7 8 10 11
We relied on self-reported data when deﬁning infant wheezing, an approach that is not free from criticism but is widely and
consistently used in the context of large epidemiological studies.
Although it is reliable in determining asthma symptoms in the
past 12 months,35 this approach might introduce an overreporting of the outcome as parents might label other respiratory symptoms as wheezing. It is reassuring that in the NINFEA
cohort most of the cases of wheezing were conﬁrmed by a physician. Moreover, analyses restricted to children who had wheezing treated with inhaled bronchodilators and/or corticosteroids
strengthen the results for infant size and weight gain velocity.
Child’s weight and the occurrence of wheezing were in part
measured concurrently so there is, at least in theory, the possibility of reverse causation. However, the size and weight velocity
are estimated over the whole period and it is unlikely that
wheezing occurring between 6 and 18 months of age could
affect child’s growth to the extent that would change its overall
trajectory for the ﬁrst 18 months of life.
Finally, in our cohort, as in many other cohort studies, participants mainly originate from a population with high education
and socioeconomic status. However, it has been extensively
shown that baseline selection does not imply biased associational estimates in cohort studies.22 36 37
In conclusion, our ﬁndings suggest that both child’s size and
early weight gain velocity are independently associated with
early childhood wheezing. Although from a biological perspective overweight and rapid weight gain are strongly related and
may act concurrently in the development of wheezing, these
ﬁndings might offer new insights into possibly different
mechanisms underlying these associations. As overweight and
fast weight gain in the ﬁrst years of life are modiﬁable risk
factors, adequate early interventions could considerably contribute to the reduction of the burden of respiratory diseases in children yielding important long-term health beneﬁts.
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