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ABSTRACT The objective was to assess associations between duration of total and exclusive
breastfeeding and lung function up to adolescence.

A birth cohort (Melbourne Atopy Cohort Study) of 620 infants with a family history of allergic disease
was recruited. Mothers were encouraged to breastfeed exclusively for 6 months. Lung function was
assessed at 12 and 18 years of age. Associations between breastfeeding and lung function were investigated
using multivariable linear regression and path analysis was used to assess the potential mediating factors.

Duration of breastfeeding (total and exclusive) was not associated with most assessed lung function
outcomes. However, there was a trend for increased pre-bronchodilator mid-expiratory flow (MEF) at both
12 (adjusted mean difference (95% CI) per week of breastfeeding of 10 (—1-20) mLs™) and 18 years
(11 (=1-22) mL-s™") (p-values of 0.07 and 0.08, respectively). There was a strong indirect effect of height
on these observed associations.

Duration of breastfeeding does not appear to greatly influence lung function outcomes in children with
a family history of allergic diseases. Longer duration of exclusive breastfeeding may be associated with an
increase in MEF, partly due to greater attained height of the child.
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Introduction

Most newborns receive breast milk as their first food [1]. There are proven benefits of breastfeeding for
both mother and child, in developing and developed countries [2]. A number of studies have observed an
association between prolonged breastfeeding and an increase in subsequent lung function [3-8]. However,
there is variability between studies in the lung function parameters that have been shown to be enhanced
by breastfeeding; with improvement in forced vital capacity (FVC) being most commonly identified [8].
Only one study failed to identify any beneficial effects of breastfeeding on lung function [9].

The mechanism to explain the improved lung function associated with breastfeeding remains unclear, but
a number of theories have been proposed. It has been suggested that breastfeeding enhances lung growth
and function via an immune mediated pathway [10], and breast milk has been shown to contain a host of
immunologically active substances [11]. Longer duration of breastfeeding is associated with reduced weight
gain in infancy [12]. Higher weight gain during infancy has been associated with early childhood wheeze
[13], which is known to be associated with asthma and reduced lung function in childhood [14]. Height is
also a predictor of lung function and breastfeeding has been associated with greater attained height [15].
In addition, a reduction in the incidence of respiratory tract infections has been found in exclusively
breastfed infants [16]. Early life respiratory infections have been associated with both increased risk of
childhood asthma [17] and poorer lung function [18].

Despite the plausibility of these associations, only three studies have attempted to identify which mediators
may explain the relationship between breastfeeding and lung function, and no strong evidence of
mediation has been identified [4, 5, 19]. Furthermore, there is a paucity of data to demonstrate if the
beneficial effects of breastfeeding are related to the type of breastfeeding (total versus exclusive duration).
To date, most of the studies of breastfeeding have been observational in nature, as it is logistically and
ethically impossible to randomise individual children to breastfeeding or formula feeding. Consequently,
these associations may be due to residual confounding, particularly related to socioeconomic status and
early life environmental tobacco smoke exposure.

A number of factors have been proposed to modify the effect of breastfeeding on lung growth. The
primary factor, although highly controversial, is whether maternal asthma may modify the beneficial
effects of breastfeeding [3, 4, 6]. Of the studies to examine this issue, one showed an increase of FVC and
forced expiratory volume in 1s (FEV1) with increased duration of breastfeeding but only in children of
mothers with asthma [4]. In contrast, another study found that, in children of mothers with asthma,
breastfeeding for a total of more than 4 months was associated with reduced lung function (forced
expiratory ratio (FER; defined as FEV1/FVC) and forced expiratory flow at 25-75% of FVC (FEF25-75%)/
FVC) [3]. The remaining study did not show any modification of the relationship between breastfeeding
duration and lung function by maternal asthma or atopy [6].

To date, the findings available are inconsistent. Here we aimed to investigate the associations between
breastfeeding (total and exclusive) and lung function at ages 12 and 18 years while: 1) accounting for
potential confounders, 2) investigating the effect of potential mediators that might explain this relationship
(height, body mass index (BMI), sensitisation and respiratory tract infections), and 3) investigating effect
modification by maternal asthma.

Methods

Study design and population

The Melbourne Atopy Cohort Study (MACS) commenced as a randomised controlled trial
(ACTRN12609000734268) of three infant formulas, which recruited 620 unborn babies with a family
history of allergic disease between 1990 and 1994 from Melbourne, Australia [20]. Although the
participants were randomly assigned to a formula group, the mothers were encouraged to breastfeed their
child as long as possible. The formula was only to be used once the mother had decided cease, or partially
cease, breastfeeding. As randomisation was not associated with disease outcomes [20] we have analysed
MACS as a longitudinal birth cohort study [21]. The Mercy Maternity Hospital, Royal Children’s Hospital
and University of Melbourne Ethics Committees granted approval at different stages. Written informed
consent was obtained from all mothers, and from all participants at the 18-year follow-up.

Data collection
Surveys were performed every 4 weeks from birth to 64 weeks, at 78 weeks, 2 years and then annually until
the age of 7 years, and thereafter at the ages of 12 and 18 years.

Skin prick testing was performed to six allergens (cows’ milk, egg white, peanut, house dust mite, rye grass
and cat dander) at 6, 12 and 24 months, according to standard techniques [22].
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Spirometry was performed on each participant at 12 (pre-bronchodilator) and 18 years of age (pre- and
post-bronchodilator). The American Thoracic Society (ATS) (1994) or ATS/European Respiratory Society
guidelines (2005) were followed (please refer to the online supplementary material for further details) [23].

Primary exposures

Duration of exclusive and total breastfeeding was defined according to the World Health Organization
(WHO) definitions [24]. Based on the questionnaire responses in the first 2 years of life, exclusive
breastfeeding was defined as the period when the child was given only breast milk. Total breastfeeding was
defined as the overall duration of the period when the child was given breast milk, regardless of intake of
other liquids or solids.

Mediators and confounders

The following were considered as potential mediators: the number of upper respiratory tract infections
during the first year of life was modelled as a continuous variable; and the presence of any lower
respiratory tract infections during the first year of life and skin prick test reactivity within the first 2 years
of life to any of the tested allergens (>3 mm wheal) were considered as dichotomous variables. The child’s
height (cm) and BMI (kg~m_2) at 12 years and 18 years were modelled as continuous variables.

Potential confounders were: maternal and paternal smoking status, maternal and paternal education,
socioeconomic status of the family, eczema and cough rattle or wheeze-according to baseline data (please
refer to the online supplementary material for further details). Maternal asthma and the allocated formula
group were identified a priori as potential effect modifiers.

Statistical analysis

Multivariable linear regression models were used to investigate the associations between breastfeeding
(measured as a continuous exposure in weeks) and lung function as continuous measures outcomes (FVC
in mL, FEV1 in mL, mid-expiratory flow (MEF) in mL-s™' and FER %). Nonlinearity of the associations
was assessed using fractional polynomials, but no evidence of nonlinearity was observed. The potential for
modification of the effect of breastfeeding by maternal asthma and the randomly allocated formula group
was assessed by comparing models with and without interaction terms using likelihood ratio tests (the
cut-off p-value for interaction was 0.05). A path analysis was developed, using our previously hypothesised
causal pathway [8], in order to explore the interrelated influence of the variables where possible
associations were observed, and to assess if the relationship between breastfeeding and lung function was
direct or indirect via our proposed mediators (described under the heading: mediators and confounders).
The fit of this model was assessed using a comparative fit index (CFI) comparing the fitted model with a
baseline model (CFI >0.95), a Chi-squared test comparing the fitted model with a saturated model
(p-value=0.3), and a root mean squared error of approximation (RMSEA) that penalises the model for
excessive complexity (RMSEA<O0.05) [25]. Statistical analysis was performed using STATA (Version 13;
Stata Corp, College Station, TX, USA), and complete case analysis was used to handle missing values.

Results

The participants of MACS were generally from well-educated families with a high socioeconomic status.
87% of mothers and 83% of fathers were born in Australia, while 59% of mothers and 61% of fathers had
attended university. Of the MACS participants 51% were males. Further demographic features of the
MACS cohort have been described elsewhere [26]. By the 2-year follow-up 93% (575 subjects) were still
under observation, but this had dropped to 59% and 66% of the original sample at the 12- and 18-year
follow-ups, respectively (table 1).

Of the original 620 participants, 325 underwent spirometry at 12 years of age (median (interquartile
range (IQR)) age 11.5 (10.0-12.9) years), while at the 18-year follow-up visit (median (IQR) age 17.9
(16.9-18.8) years), 409 underwent both pre- and post-bronchodilator spirometry. The mean height at the
12-year follow-up was 149 cm (IQR: 140-159 cm) and at 18 years was 171 cm (IQR: 165-179 cm).

At the 12-year follow-up, there was some evidence that longer duration of exclusive breastfeeding was
associated with increased MEF (table 2). There was a 9.5 mL-s™* (95% CI —0.7-19.7; p=0.07) increase in the
estimated mean of MEF per week of exclusive breastfeeding. To put this into context, when compared with a
child who was never exclusively breastfed, a child who received 4 months (~17 weeks) of exclusive
breastfeeding had, on average, ~160 mL-s™' greater MEF. The positive association between exclusive
breastfeeding and MEF was maintained at the 18-year follow-up for the pre-bronchodilator parameters
(105mLs™ (95 % CI —1.2-222); p=0.08), but there was no evidence of an association when
post-bronchodilator outcomes were assessed. At 18 years of age the duration of exclusive breastfeeding was
also associated with a very small increase in pre-bronchodilator FER (0.1% (95% CI 0.0-0.2); p=0.06), but
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TABLE 1 Breastfeeding practices and demographic characteristics

Characteristic At baseline 12 years follow-up* 18 years follow-upT

p-value p-value

Exclusive breastfeeding

<17 weeks 373 (60.5) 209 (57.3) 231 (56.2)

18-<26 weeks 225 (36.5) 149 (40.8) 172 (41.8)

>27 weeks 16 (2.6) 7(1.9) 8(1.9)

Median (IQR) weeks 14 (2-20) 15 (2-21) 0.03 15 (2-21) 0.02
Total breastfeeding

<17 weeks 154 (24.8) 80 (21.9) 88 (21.4)

18-<26 weeks 42 (6.8) 18 (4.9) 24 (5.8)

27-<52 weeks 196 (31.6) 126 (34.5) 132 (32.1)

>53 weeks 209 (33.7) 141 (38.6) 167 (40.6)

Median (IQR) weeks 43 (16-60) 48 (20-64) <0.01 46 (20-64) <0.01
Sex

Male 317 (51.1) 189 (47.2) 0.66 207 (50.5) 0.69
Maternal asthma

Yes 269 (43.3) 157 (43.1) 0.96 169 (41.3) 0.19
Maternal atopy

Yes 349 (68.5) 243 (69.2) 0.63 250 (69.8) 0.34
Maternal age (IQR) years 31 (29-34) 32 (29-35) <0.01 32 (29-34) <0.01
Paternal age (IQR) years 33 (30-36) 34 (31-37) <0.01 33 (31-37) 0.02

Data are presented as n (%), unless otherwise stated. IQR: interquartile range. Missing data: period of
exclusive breastfeeding n=4; period of total breastfeeding n=20. The given p-values are for the group
followed up compared with the group who did not attend the follow-up. #: 59% of the original sample;
7. 66% of the original sample.

there was no increase in post-bronchodilator FER at 18 years or pre-bronchodilator FER at 12 years (table 2).
Total duration of breastfeeding was not associated with any of the lung function parameters at either 12 or
18 years of age (table 2).

One child was exclusively breastfed for 40 weeks, which was much longer than any other child in this
study. A sensitivity analysis was conducted excluding this child, and results of the association between
MEF at 12 years and exclusive breastfeeding were marginally attenuated (mean difference of 10.1 mL-s™"

TABLE 2 Multivariable associations between breastfeeding lung function outcomes

Lung function Exclusive breastfeeding Total breastfeeding
Effect per week (95% CI) p-value Effect per week (95% Cl) p-value
Pre-bronchodilator at age 12 years®
FVC mL -0.6 (-5.2-3.9) 0.78 —-0.9 (-2.5-0.6) 0.23
FEV1 mL —0.5 (—4.6-3.4) 0.79 —-0.9 (-2.2-0.5) 0.21
MEF mL-s™" 9.5 (-0.7-19.7) 0.07 0.4 (-3.5-3.6) 0.98
FER % 0.0 (-0.1-0.1) 0.10 0.0 (0.0-0.0) 0.89
Pre-bronchodilator at age 18 years"
FVC mL -3.8 (-10.1-2.5) 0.23 -1.5(-3.7-0.6) 0.17
FEV1 mL 0.2 (-5.4-5.8) 0.95 -1.1(-3.0-0.8) 0.24
MEF mL-s~" 10.5 (-1.2-22.2) 0.08 -1.8(-5.8-2.2) 0.37
FER % 0.1 (0.0-0.2) 0.06 0.0 (0.0-0.0) 0.91
Post-bronchodilator at age 18 years™
FVC mL —4.0 (-=10.1-2.0) 0.19 —1.4 (-3.5-0.7) 0.18
FEV1 mL -2.1(-7.2-3.0) 0.43 -2.8(-6.7-1.1) 0.16
MEF mL-s™" 2.7 (-8.9-14.2) 0.65 -1.2 (-2.9-0.6) 0.18
FER % 0.0 (0.0-0.1) 0.43 0.0 (0.0-0.0) 0.86

Effects expressed as the mean change in lung function associated with each additional week of breastfeeding, for both exclusive and total duration
of breastfeeding. Values are adjusted for age, sex, height at age of lung function assessment, maternal and paternal education status, maternal and
paternal smoking status and socioeconomic status (according to the father’s occupation). Values in bold indicate p<0.1. FVC: forced vital capacity;
FEV1: forced expiratory volume in 1's; MEF: mid-expiratory flow; FER: forced expiratory ratio, FEV1/FVC. #: n=364; 1: n=409; *: n=399.
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per week (95% CI —0.71-20.9); p=0.067) (model 3), and breastfeeding with pre-bronchodilator MEF at
18 years was moderately attenuated (6.55 mL-s™" (95% CI —5.71-18.8) (model 3) when this participant
was omitted.

Potential mediators of the association between breastfeeding and lung function

Both longer duration of exclusive breastfeeding and total breastfeeding were associated with a small
increase in mean height at 18 years (table S4). There was also a small reduction of mean BMI associated
with longer total duration of breastfeeding at 12 years.

Longer duration of total breastfeeding was associated with a reduced number of upper respiratory tract
infections (p=0.04). There was no evidence of an association between breastfeeding and sensitisation at
6, 12 or 24 months or odds of a lower respiratory tract infection in the first 2 years of life.

Direct and indirect associations

The path analysis (figure 1) represents a theoretical causal pathway drawn to identify confounders and
mediators of the relationship between exclusive breastfeeding and MEF at 18 years of age [8]. Exclusive
breastfeeding was directly associated with pre-bronchodilator MEF at 18 years (9 mL-s~" per week (95% CI
—3-20)) and indirectly associated via height (4 mL-s~* per week (95% CI 0.1-7.8)) in this setting.

Tables S1 and S2 show the associations with removal of height from the model (model 5), and the
strength of association between exclusive breastfeeding and MEF increases slightly, particularly at 18 years
(association per week increase of breastfeeding: 13.7 m-s~" (95% CI 1.6-25.5)) with a p-value of 0.03.

Effect modification

We did not observe any interactions between duration of breastfeeding (either exclusive or total) and a history
of maternal asthma (measured at baseline) with lung function outcomes at either 12 or 18 years (table S5).
The associations between breastfeeding and lung function did not differ between allocated formula groups.

There was limited evidence that any of the assessed factors confounded the associations between
breastfeeding and lung function. Data on birth weight were available for 226 children. In this subset of
data there was no evidence that birth weight confounded the association between breastfeeding and lung
function (table S6).

Discussion

In this study of children with a family history of allergic disease, we observed few associations between
duration of breastfeeding and lung function outcomes at 12 and 18 years. There was some evidence of a
beneficial effect of exclusive breastfeeding on pre-bronchodilator MEF at both 12 and 18 years. We did not
observe any clear evidence of associations with other lung function outcomes, or with total duration of

-14(-15--12) cm 56 (45-69) mL-s™!
Height at 18 years in cm

Female gender

A4

A

0.071(0.002-0.140) cm

Exclusive 9 (=3-20) mL-s-!
breastfeeding emes Mid expiratory
(per week]) flow at 18 years
y 2 A mL-s™!
4 (2-6) weeks Maternal tertiary level 323 (96-549) mL-s-! ¥
education®

Any maternal smoking
during pregnancy

0.15.(=1.96-2.27) weeks 83 (-162-329) mL-s~!

0.008 (-0.038-0.053) weeks -4.9 (-10.2-0.4) mL-s™!

Socioeconomic status
(ANUS3 classification)

FIGURE 1 The path analysis model for factors influencing mid-expiratory flow at 18 years. Estimated mean
differences (95% Cl) are presented. The solid arrows indicate paths with p<0.05 and the dotted arrows
indicate the hypothesised paths with p>0.05. #: Maternal education has been dichotomised as completed
3years of tertiary education versus less; T: Australian National University (ANU) 3 scale (0-100) based on
father’s occupation at baseline.
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breastfeeding. However, a weak direct association was observed between exclusive breastfeeding and
pre-bronchodilator MEF, but was strongly mediated by height at 18 years. That is, a slight increase in MEF
associated with longer duration of exclusive breastfeeding appeared to be partly mediated by increased
height of the child.

While a number of previous studies have examined the associations between breastfeeding and lung
function outcomes, there are a number of limitations with this work. The categorisation of breastfeeding
behaviour has not been consistent between studies and the most commonly measured lung function
outcome parameter has been FEV1 [3-7, 9, 19, 27, 28], but the associations with this outcome have been
mixed. A more consistent association between breastfeeding and increased FVC has been observed [3, 5, 6],
while MEF has been rarely assessed in previous research [3, 4].

Many theories have been proposed for potential pathways between breastfeeding and lung function;
however, the mechanism remains unclear [29]. Possibilities include decreasing respiratory tract infections
or allergic sensitisation via immune mediated pathways [30, 31], a reduction in obesity or increasing
attained height in childhood [5]. Only two studies have examined potential mediating effects between
breastfeeding and lung function outcomes. TENNANT et al. [19] examined a range of potential factors,
including breastfeeding, that may influence FEV1 in much older participants (age 49-51 years), and
possible mediating effects between these associations. While breastfeeding for <4 weeks was associated with
reduced adult FEV1, no evidence of mediation by attained height or number of respiratory tract infections
was identified [19]. Unfortunately, no other lung function parameters were examined in this study.
Soro-Ramirez et al. [5] found breastfeeding was associated with reduced weight gain in the first year of life
and greater weight gain during this period was associated with an increased FVC at 10 years.
Unfortunately, we did not have birth weights or weight at 1 year available for all participants, so we could
not replicate this finding. However, in this cohort we did find some evidence of both a direct association
between exclusive breastfeeding and pre-bronchodilator MEF and an indirect association via height at
18 years. That is, the increase in MEF associated with longer duration of exclusive breastfeeding appeared
to be partly mediated by increased height of the child. The previous findings were from population based
studies whereas our results are based on a high-risk cohort, which may explain these possible differences
in results.

Our finding of a possible association between breastfeeding and MEF, but not FEV1 or FEV1/FVC ratio,
may indicate that MEF is a more sensitive marker of small airway obstruction than FEV1 [32, 33]. In
children with asthma, MEF can be reduced with normal FEV1 [33]. It is plausible that breastfeeding has a
greater impact on the development of the smaller airways, which is better identified by MEF. In support of
this, of the two studies which looked at the association between breastfeeding and MEF [3, 34], one study
found breastfeeding was associated with improved MEF [34], while the other found that the ratio between
MEF to FVC was higher in those children with a longer duration of breastfeeding [3].

Strengths and limitations

There are number of strengths to our study. MACS is a birth cohort of children with prolonged duration
of follow-up (up to 18 years). Details of dietary history were collected prospectively with 18 surveys up to
the age of 24 months, including breastfeeding behaviour and complementary feeding. Therefore, there was
minimal potential for recall bias. Lung function was assessed at two time-points during the follow-up and
with post-bronchodilator parameters only at the 18-year follow-up. Details of mediators and effect
modifiers were also assessed during the prospective data collection and we examined both direct and
indirect effects using path analysis.

As with all prospective cohorts, it is possible that selective attrition may have occurred, and for this to
have biased the associations observed. However, for serious bias to have occurred there would need to be a
systematic difference between lung function in those who were lost and those who remained under
observation, and this would need to be different based on breastfeeding duration. That is, there would
need to be an interaction between loss to follow-up and breastfeeding behaviour on lung function
outcomes. While possible, this does not seem likely.

As with all birth cohort studies, MACS participants were lost to follow-up over time: 40% at 12 years and
34% at 18 years of age (table 1). While these are reasonably high rates of follow-up for a study of this
duration, this loss to follow-up allows some potential for selection bias. Also the study included only
allergy risk children, so the results cannot be directly applied to general populations. All mothers were
encouraged to establish breastfeeding according to breastfeeding guidelines. Almost all children established
breastfeeding after birth. As very few children did not receive any breast milk, it was not possible to
examine the effect of any versus no breastfeeding. Furthermore participants who persisted in the study
during this long follow-up may have health seeking behaviours that might impact on the results.
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In conclusion, among children with a family history of allergic disease, duration of total and exclusive
breastfeeding was not related to FVC and FEV1 at age 12 and 18 years. There was weak evidence that
longer duration of exclusive breastfeeding was associated with improved MEF and that this association
may be mediated by increased height, but this finding needs to be replicated. A reduced risk of respiratory
tract infections or adiposity associated with breastfeeding do not appear to fully explain this association.
Breastfeeding should continue to be promoted, particularly exclusive breastfeeding, as it has multiple
health benefits.
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