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1 | INTRODUCTION

Over the past two decades, numerous investigators have reported
an association between caesarean delivery and asthma develop-
ment. Proposed mechanisms for this association include differ-

ences by delivery mode in microbial colonisation™? and neonatal
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Abstract

Background: Numerous studies indicate caesarean delivery is associated with child-
hood asthma. Sex-specific associations were reported in four of these studies, and in
all four studies, the estimated association between caesarean delivery and asthma
was of greater magnitude among girls, although most report a lack of evidence of
multiplicative interaction.

Methods: We assessed potential effect modification by sex, on the additive and mul-
tiplicative scales, of the association between caesarean delivery and asthma by ages
2 through 6 in up to 17 075 racially diverse children from a retrospective birth co-
hort, the Kaiser Air Pollution and Pediatric Asthma (KAPPA) Study. We also con-
ducted a random-effects meta-analysis, combining our sex-stratified results (using
the odds ratio for compatibility with previous studies) with previously published
results.

Results: Adjusted risk differences for caesarean delivery and asthma in the KAPPA
cohort were higher among girls than boys at every follow-up age. By age 5, caesarean
delivery was associated with an absolute 3.8% (95% confidence interval [Cl] 0.4%,
7.3%) higher asthma risk among girls and a 1.9% (95% Cl -1.7, 5.4) higher risk among
boys. The summary odds ratio from the meta-analysis for caesarean delivery and
asthma among girls was 1.26 (95% Cl 1.14, 1.39) and 1.08 (95% Cl 0.98, 1.20) among
boys (P = 0.036).

Conclusions: Higher, but imprecise, estimates for females across five studies should
motivate investigators to estimate sex-specific associations for caesarean delivery
and asthma and to explore biological mechanisms or sex-dependent biases that could

explain this possible heterogeneity.
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respiratory morbidity.S’6 Three separate meta-analyses have con-
cluded that asthma risk is approximately 20% higher in children
delivered by caesarean than those delivered vaginally.7'9 In the lit-
erature on the association between caesarean and asthma, to our
knowledge, only four studies have reported sex-specific associations

between caesarean and asthma or persistent wheezing, and all four
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reported higher point estimates among girls than boys.}°*® Only

one'? of the four studies'®®

reported evidence of multiplicative
interaction. The consistency of stronger associations among girls is
noteworthy, particularly in the light of the frequently limited power
for tests of interaction,** and known sex differences in the epidemi-
ology and natural history of childhood asthma. For example, asthma
prevalence is higher among boys until puberty when prevalence be-
comes higher among girls. Observed sex differences in airway size,
lung growth, and immunology are thought to play a role in higher
prevalence among young boys; sex hormones are thought to play a
role in the increase among girls after puberty.t®

We conceptualise three potential explanations for why the asso-
ciation between caesarean delivery and asthma appears stronger in
girls than boys. First, estimates in one sex could be more biased than
the other, for example, due to differential sources or magnitude of
confounding (eg, if maternal asthma was a risk factor for childhood
asthma only among female offspring). Second, the four studies to
observe stronger associations among girls all used ratio measures of
association. Given the known higher baseline risk of asthma among
young boys than young girls, if the effect of caesarean on asthma is
additive rather than multiplicative, ratio measures could make the
associations appear stronger in girls. Third, caesarean may truly be a
more frequent cause of asthma among girls than boys.

The provocative but limited evidence on sex differences in the
association between caesarean delivery and asthma motivated us to
test this hypothesis. We addressed whether observed differences
by sex could be explained by sex differences in confounding by mea-
sured variables for caesarean and asthma (sex-dependent associa-
tions between covariates and caesarean or asthma), or the use of
ratio measures of association instead of difference measures. We
also conducted meta-analyses stratified by sex, combining results
from our study with those published in the literature, to summarise

the evidence on this association.

2 | METHODS

The Kaiser Air Pollution and Pediatric Asthma Study (KAPPA) is a
retrospective birth cohort of 24 608 racially diverse children in-
sured by Kaiser Permanente Georgia (KPGA) Health Maintenance
Organization for at least the first year of life (allowing up to 90-day
enrolment gaps) and born between 2000 and 2010. KPGA and Emory
University Institutional Review Boards approved this study. Children
in the KAPPA cohort were followed from birth until KPGA enrolment
ended, or until September 2013 if that occurred first. Mode of deliv-
ery was determined using Georgia birth certificates and dichotomised
as vaginal or caesarean. Linkage to birth certificates was completed
by KPGA through maternal information (ie, name, date of delivery,
and address). There were 7533 children from the KAPPA study ex-
cluded from this analysis due to missing mode of delivery informa-
tion. Mode of delivery was missing for three reasons: inability to link
children to mothers in KPGA (n = 2817), inability to link children to
birth certificates on maternal information (n =3208), and missing

data from birth certificates due primarily to an administrative issue
involving a change in variable names (n = 1508). Figure S1 provides
details on this linkage. Information from KPGA medical records was
available for all children included in this analysis and their mothers.
We examined cumulative asthma incidence by ages 2 through
6, classifying a child as having asthma if after the first year of life
they received at least one asthma diagnosis (ICD-9 493.XX) and
one asthma-related medication dispensing (including steroid and
non-steroid relievers and controllers). Once a child was classified
as asthmatic, they were classified as such at every subsequent
age. There is no one widely accepted case definition for early-life
asthma due to the difficulty of diagnosing asthma in young children
and the transience of childhood asthma. As a secondary outcome,
we examined persistent asthma at age 5, defined as a child with
incident asthma by age 5 who also had at least one asthma diag-
nosis or one asthma-related medication dispensing between his or
her 4th and 5th birthdays; for this analysis, we excluded children
who met the definition of incident asthma but had no evidence of
asthma morbidity between age 4 and 5. Age 5 was selected be-

cause diagnoses of asthma become more reliable around age 5.

2.1 | Statistical analysis

The association between caesarean and cumulative asthma inci-
dence was assessed using binomial generalised linear regression.
The risk difference (binomial model with an identity link function)
and risk ratio (log-binomial regression) were the primary and second-
ary measures of association of interest, respectively. We calculated
both measures to investigate whether the measure used affected
conclusions. Cumulative risk of asthma was assessed in successively
longer time periods among children enrolled to each follow-up age:
1- to 2-year risk, 1- to 3-year risk, 1- to 4-year risk, 1- to 5-year risk,
and 1- to 6-year risk. Models were estimated using generalised es-
timating equations with robust variance estimation to account for
correlation between siblings.

Models were adjusted for sex (male, female), birth year (indicator
variables for 2000-2010), maternal age (linear splines using tertile [29,
34] cut points), maternal education (<12th grade, high school/GED,
some college or more, missing), race (white, black, other/unknown),
ethnicity (Hispanic, non-Hispanic), maternal asthma (21 diagnosis of
asthma [ICD-9 code 493.XX]), maternal atopy (21 diagnosis of allergic
rhinitis [ICD-9 code 477.X] or atopic dermatitis [ICD-9 code 691.8]),
and preterm birth (<37 weeks’ gestation determined from last
menstrual period). Effect modification by sex was assessed in sex-
stratified models and by the addition of a product term to models.

2.2 | Meta-analyses

We conducted a literature search of papers published through
February 2017 in PubMed and Web of Science with the search terms
(cesarean section OR C-section OR mode of delivery) and (asthma OR
wheeze). Abstracts were screened to identify studies that estimated

the association between mode of delivery and asthma or wheeze
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among children. Only articles in English were included, and we con-
firmed that all studies included in meta-analyses on this topic”” were
captured. We then reviewed the results sections of included articles
on the association between caesarean and asthma to identify any
reported sex-specific associations. To summarise the evidence for
potential effect modification of the association between caesarean

TABLE 1 Overall cohort characteristics
among 17 075 children from the KAPPA

b T W1 LEY-
and asthma by sex, we performed random-effects meta-analyses
combining our sex-specific results with those from previous stud-
ies. We used the odds ratio as the measure of association for the
meta-analyses because it was used by the majority of previous stud-
ies on this topic. This and another study did not use the odds ratio
as a measure of association in their analysis: (a) for our study, we

Caesarean delivery Caesarean delivery

KAPPA Cohort among males among females
cohort and number and per cent
. n n (%) n (%)
caesarean delivery among males
(n = 8729) and females (n = 8346) All 17 075 2858 (33) 2466 (30)
Race/ethnicity
Black 6363 1180 (36) 1025 (33)
White 8299 1284 (30) 1096 (27)
Other?® 2370 392(32) 331(29)
Unknown 43 2 (20) 14 (42)
race
Hispanic 1591 266 (33) 223 (29)
ethnicity

Preterm birth (birth at <37 wks of gestation)

Yes 1839 481 (49) 402 (47)

No 15236 2377 (31) 2064 (28)
Low birthweight (birthweight <2500 g)

Yes 1367 383 (58) 363 (51)

No 15708 2475 (31) 2103 (28)
Maternal education

<12th grade 290 38(25) 36 (26)

High school/ 2605 439 (33) 332 (26)

GED

Some 13143 2194 (33) 1919 (30)

college or

more

Missing 1037 187 (37) 179 (34)
Maternal asthma®

Yes 2075 409 (38) 296 (30)

No 15000 2449 (32) 2170 (29)
Maternal atopy®

Yes 6254 1130 (35) 961 (32)

No 10821 1728 (31) 1505 (28)
Maternal age at delivery

<25 1509 183(23) 114 (16)

25 to <30 4934 700 (27) 590 (25)

30 to <35 6364 1086 (33) 928 (30)

35 to <40 3494 701 (41) 651 (37)

240 774 188 (49) 183 (47)

Includes Asian, American Indian, Alaska Natives, Native Hawaiian or other Pacific Islander, and
children identifying with more than one racial group.

PMaternal asthma defined as one or more diagnosis of asthma (ICD-9 code 493.XX).

‘Maternal atopy defined as one or more diagnosis of allergic rhinitis (ICD-9 code 477.X) or atopic
dermatitis (ICD-9 code 691.8).



4 : -
‘L wiLEy- o2 EEE—

PENNINGTON ET AL.

TABLE 2 Risk differences, risk ratios, and 95% confidence intervals for asthma incidence by ages 2-6 and caesarean delivery; full cohort

and stratified by sex

Risk difference

Both sexes Male Female
Cohort Unadjusted RD (95% Cl) Unadjusted RD (95% Cl) Unadjusted RD (95% Cl)
Age 2 1.7% (0.5, 2.9) 1.6% (-0.2, 3.4) 1.7% (0.1, 3.3)
Age 3 2.0% (0.3, 3.6) 1.4% (-1.0, 3.7) 2.4%(0.2,4.7)
Age 4 3.1%(1.0,5.1) 2.7% (-0.3, 5.6) 2.9%(0.1,5.7)
Age 5 4.2% (1.7, 6.7) 3.5% (-0.0, 7.1) 4.2% (0.7, 7.6)
Age 6 5.5% (2.6, 8.5) 4.9% (0.7, 9.0) 5.2% (1.1, 9.4)
Both sexes Male Female
Cohort Adjusted RD (95% ClI) Adjusted RD (95% ClI) Adjusted RD (95% ClI)
Age 2 0.9% (-0.3, 2.1) 0.6% (-1.1,2.3) 1.2% (-0.3, 2.7)
Age 3 1.3% (-0.4,2.9) 0.2% (-2.2, 2.5) 2.2% (0.0, 4.4)
Age 4 2.3%(0.2,4.4) 1.5% (-1.4, 4.5) 2.9%(0.1,5.7)
Age 5 2.9% (0.4, 5.5) 1.9% (-1.7,5.4) 3.8% (0.4, 7.3)
Age 6 41% (1.1,7.1) 3.2% (-0.9,7.4) 4.7% (0.5, 8.8)
Risk ratio
Both sexes Male Female
Cohort Unadjusted RR (95% CI) Unadjusted RR (95% Cl) Unadjusted RR (95% Cl)
Age 2 1.17 (1.05, 1.29) 1.13(0.99, 1.28) 1.21(1.02, 1.43)
Age 3 1.11 (1.02, 1.21) 1.06 (0.96, 1.18) 1.17 (1.02, 1.34)
Age 4 1.13(1.04, 1.23) 1.10(0.99, 1.22) 1.15(1.01, 1.32)
Age 5 1.16 (1.06, 1.26) 1.11(1.00, 1.24) 1.18(1.03, 1.35)
Age 6 1.18 (1.08, 1.29) 1.14 (1.02, 1.28) 1.20(1.04, 1.38)
Both sexes Male Female
Cohort Adjusted RR (95% Cl) Adjusted RR (95% Cl) Adjusted RR (95% ClI)
Age 2 1.08 (0.97, 1.20) 1.06 (0.93, 1.20) 1.15(0.97,1.37)
Age 3 1.05(0.97,1.15) 1.01 (0.91, 1.13) 1.15(1.00, 1.33)
Age 4 1.08 (0.99, 1.18) 1.06 (0.95, 1.18) 1.14(1.00, 1.31)
Age 5 1.08(1.00, 1.18) 1.05(0.94, 1.17) 1.14 (1.00, 1.31)
Age 6 1.11(1.02,1.22) 1.08(0.97,1.21) 1.14 (0.99, 1.32)

RD = risk difference. RR = risk ratio. Adjusted models control for sex (excluded from stratified models), race, ethnicity, year of birth, maternal asthma,

maternal atopy, maternal education, maternal age, and preterm birth.

re-calculated the age 5 adjusted analyses using logistic regression;
(b) for one previously published study, we approximated odds ratios
from risk ratios.!® Publication bias assessment was completed using
funnel plots and Egger’s test.'” Analyses were completed in SAS 9.4

(SAS Institute Inc., Cary, NC) and R 3.1.

3 | RESULTS

Of the 17 075 children from the KAPPA study, 31.2% were deliv-
ered by caesarean. Preterm birth and maternal age of 40 or more

were strongly associated with increased risk of caesarean. There

was a trend of increasing proportion of deliveries by caesarean over
time, from 23% among children born in 2000 to 34% among children
bornin 2010; no temporal trend was observed for asthma incidence.
Boys were more likely to be delivered by caesarean than girls (33%
vs 30%, Table 1) and also were more likely to have asthma at every
age (Table S1). Distributions of caesarean and asthma were similar
between children lost to follow-up and children retained in the co-
hort. The strongest predictors of childhood asthma were male sex,
maternal asthma, and preterm birth (Table S2).

Overall risk differences for caesarean and asthma incidence
were positive in both unadjusted and adjusted models and increased

with follow-up age (Table 2); associations combining the sexes are
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presented for comparison with previous studies. When adjusting for
covariates, the overall association between caesarean and asthma
ranged from an absolute 0.9% (95% Cl -0.3, 2.1) increase in asthma
risk by age 2 (ie, nine more asthma cases per 1000 deliveries) to a
4.1% (1.1, 7.1) increase in asthma risk by age 6 (ie, 41 more asthma
cases per 1000 deliveries).

Stratifying by sex, unadjusted risk differences were similar be-
tween sexes, but slightly larger among girls than boys. In adjusted
results, differences by sex were more pronounced, with stronger
evidence of an association between caesarean and asthma among
girls than among boys at every follow-up age (Table 2). For exam-
ple, among girls by age 5, caesarean was associated with a 3.8%
(95% Cl 0.4, 7.3) higher risk of asthma while among boys caesar-
ean was associated with a 1.9% (95% Cl -1.7, 5.4) higher risk. Sex-
specific risk differences calculated using a cross-product term
between caesarean and sex (Table S3) were very similar to risk
differences from stratified models (Table 2), as were models con-
trolling for low birthweight instead of preterm birth. When using
the risk ratio, effect estimates did not increase with follow-up age,
but otherwise, the pattern of results was similar to those observed
using risk differences (Table 2). Tests for interaction were not
statistically significant (P-values >0.2 for interaction in adjusted
models). We examined the individual and joint effects of male
sex and caesarean, each relative to the referent group of females
born vaginally for both the risk difference and risk ratio for cu-
mulative asthma incidence of asthma by age 5. For both additive
and multiplicative measures, the interaction parameter male*cae-
sarean was imprecise, but in the direction of sub-additive and sub-
multiplicative (negative interaction) (Table S4).

When we assessed the outcome of persistent asthma at age 5
(cases restricted to those with evidence of asthma morbidity be-
tween ages 4 and 5), results were similar to results for incident
asthma. In adjusted models, the RD for persistent asthma at age 5
was 3.4% (95% Cl 0.2, 6.6) for girls and 0.8% (95% CI -2.5, 4.2) for
boys.

Assessment of individual covariates and their impact on sex-
specific results indicated that preterm birth and maternal asthma
were confounders of the association between caesarean and asthma
for both males and females; however, preterm birth was a stronger
predictor of asthma for boys (risk increase of 12% for boys vs 5%
for girls by age 5, Table S2), and therefore, adjustment for preterm
birth (which is also associated with caesarean, Table 1) reduced the
estimates more for boys than girls. We defined full-term births as
births 237 weeks of gestation and observed similar results when
restricting analyses to full-term births. Maternal asthma and atopy
were similarly predictive of asthma incidence in males and females
(risk differences from age 5 models in males: maternal asthma 13.4%
[8.6, 18.2], maternal atopy 4.7% [1.4, 8.0]; females: maternal asthma
14.0% [9.1, 18.8], maternal atopy 4.2% [1.1, 7.2]). However, mater-
nal asthma increased the caesarean rate by 6% for boys, and only
1% for girls, relative to non-asthmatics (Table 1), so adjustment for
maternal asthma had a greater impact on estimated associations
for boys. These findings are consistent with our DAG (Figure 2)
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highlighting assumptions about relationships between key variables
in our analysis.

We identified 60 studies that assessed the relationship be-
tween delivery mode and childhood asthma. Five of these studies
indicated that they explored interaction by sex, and four reported
separate estimates for males and females®?*® (Table 3). One
study®® did not provide estimates, but indicated they observed no
interaction by sex when assessed by a Wald test. Inrandom-effects
meta-analyses combining stratified results from the KAPPA study
with those from previous studies, the summary odds ratio for the
association between caesarean and asthma among girls was 1.26
(95% CI 1.14, 1.39) and 1.08 (95% CI 0.98, 1.20) among boys. We
observed no evidence of heterogeneity (Figure 1) or publication
bias (Figure S2) for either meta-analysis. The summary odds ratios

for males and females were different (P = 0.036).

4 | COMMENT

4.1 | Principal findings

This is the fifth study to report stronger estimated associations be-
tween caesarean delivery and asthma among girls than boys. Within
our study and in three of the four previous studies, there was no
strong evidence of sex differences, but the consistency of higher es-
timates among girls across the five studies that report sex-specific
associations is noteworthy. The meta-analysis showed a 26% in-
crease in odds of asthma for caesarean among girls compared to an
8% increase among boys, and it provided stronger evidence of a sex
difference. Higher estimated associations among girls on both addi-
tive and multiplicative scales indicated that differences observed on
the multiplicative scale are not due to the higher baseline asthma risk
among young boys. In our study, adjusting for potential confounders

led to larger differences between the sexes.

4.2 | Interpretation

Differences by sex were first reported in 2005 among children en-
rolled in Kaiser Permanente Northwest Region with an odds ratio
of 1.53 (95% CI 1.11, 2.10) in girls and 1.08 (95% Cl 0.81, 1.43) in
boys.?2 When researchers restricted their exposure to repeat cae-
sareans (used as a proxy for deliveries least likely to include the
transfer of vaginal flora, a proposed mechanism of effect’?), there
was stronger evidence of multiplicative interaction between cae-
sarean and sex. Two additional publications, on cohorts in Denmark
and Brazil, presented stronger associations between caesarean and
asthma or persistent wheezing among girls than boys, but with con-
fidence intervals including the null for both sexes.**"*® Finally, the
Norwegian mother and child cohort study of 37 171 children re-
ported risk ratios for caesarean and asthma of 1.32 (95% CI 1.09,
1.60) among girls and 1.09 (95% CI 0.93, 1.27) among boys (P = 0.13
for interaction).'® In four out of five studies that assessed these sex-

specific associations (including ours), statistical tests of interaction



* LwiLEy- ok EERE.

PENNINGTON ET AL.

TABLE 3 Characteristics of results for the association between caesarean delivery and asthma stratified by sex from current and

previous studies included in meta-analysis (results shown in Figure 1)

First author,
year, country

Magnus, 2011,
Norway

Menezes, 2011,

Brazil

Pennington,
2018, USA

Renz-Polster,
2005, USA

Werner, 2007,
Denmark

Study design

Prospective cohort study

Prospective cohort study

Retrospective cohort study

Retrospective cohort study

Prospective cohort study

Analytic

sample size

37171

855

6478

7872

7119

Outcome, age at assessment

Maternal report of asthma,

36 mo

Maternal/child report of

persistent wheezing, 4 and

21 asthma diagnosis and 21

asthma-related medication
dispensing after the first

year of life, 5 yb

21 asthma diagnosis, 6-10 y

Maternal report of child ever
being diagnosed with

asthma, 15 to 18 y©

Model covariates

Premature rupture of membranes,
gestational age, birthweight, breast feeding,
early day care attendance, pregnancy
complications, maternal variables (parity,
age, previous caesarean delivery, education,
prepregnancy body mass index, smoking,
chronic conditions, preference for
caesarean delivery, atopy)

Birthweight, gestational age, intrauterine
growth restriction, skin colour, birth order,
maternal variables (age, education, smoking,
wheezing), paternal smoking and wheezing,
socio-economic position

Race, ethnicity, year of birth, preterm birth,
maternal variables (age, education, asthma,
atopy)

Diagnosis age, birthweight, birth order,
antibiotics exposure, ethnicity, multiple
gestation, maternal variables (age,
education, marital status, smoking, asthma
and/or hay fever medication use)

Restricted to full-term births 22500 g, Apgar
score 27 (5 min), no model covariates
indicated; however, adjustment for breast
feeding, maternal age, smoking, education,
previous deliveries, and sex did not
meaningfully change overall caesarean
estimate (sexes combined)

@Persistent wheezing results were also reported for ages 11 and 15. We included results for this age range in our meta-analysis because it is more
consistent with early childhood.

POur study examined outcomes at ages 2-6, but results at age 5 were included in the meta-analysis.

‘While the age at outcome assessment was after childhood, participants were asked about their child ever being diagnosed with asthma. Since many of
these diagnoses were likely during childhood we included this article.

Study

Magnus et al 2011 1.
Menezes et al 2011 1.
Pennington et al 2018 1
Renz-Polster et al 2005 1
Werner et al 2007 1

Random-effects model

Girls Boys
OR[95% CI] Weight (%) OR[95% CI] Weight (%)
35 [1.11; 164] 253 - ;1.300 424
54 [051; 464] 08 : ;2071 18
22 [1.01; 148] 255 Hil- ;1.29] 376
23[1.06; 143] 418 B ;1431 136
27 [080: 185 67 = ;1.38] 46
126 [1.14; 1.39] 100 ¢ > 1.08 [0.98; 1.20] 100

[ T I | I T T 1

0305 1 2 5 0305 1 2 5

OR OR

FIGURE 1 Meta-analysis for the association between caesarean delivery and childhood asthma, stratified by sex [Tests of heterogeneity

results: Girls: 12 =

0%,12=0,Q=0.8,df = 4, P =0.94. Boys: I* =

2.10, df = 1, P value = 0.036]

0%,1%>=0,Q = 1.2, df = 4, P = 0.88. Z-test for comparison between sexes:
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were not significant (ie, P < 0.05). However, tests of interaction fre-
quently have low power to detect modest heterogeneity, as studies
are typically powered only to detect the main effects of interest.
The limited but consistent higher estimates reported among girls
thus far on this topic should motivate future studies to report sex-
specific estimates for caesarean and asthma regardless of whether
the tested interaction is significant.

The well-documented sex differences in the natural history of
asthma lend credence to the possibility that caesarean may be an
asthma risk factor of differential importance for males and females.
Biological differences that contribute to differences in asthma sus-
ceptibility may start in utero, where lung development occurs more
rapidly in females, and are evident in structural differences between
male and female respiratory systems at birth.2”2° In childhood, asthma
prevalence is higher among males, but after puberty, the prevalence
is higher among females, potentially due to hormonal changes among
other factors.’>2! Moreover, there is some evidence of other risk
factors for asthma and wheeze that differ by sex.?>*® One proposed
mechanism for an association between caesarean and asthma, relat-
ing to the hygiene hypothesis, is that children who are not delivered
vaginally have altered microbial colonisation which could influence
immune system development and asthma susceptibility.l'2 A sec-
ond proposed mechanism is that neonatal respiratory morbidity, for
which children delivered by caesarean are at an increased risk,%> may
subsequently increase asthma risk.® Although the underlying mech-
anisms that drive sex differences in asthma are poorly understood, it
is possible that a greater proportion of girls are vulnerable to these
hypothesised mechanisms for caesarean and asthma.

An alternative to true effect modification by sex is the possibility
that the association for one sex is more affected by biases such as un-
measured confounding or misclassification. We were unable to adjust
for maternal body mass index, birth order, and breast feeding all of which
may influence the association between caesarean and asthma.''? To
explain any observed heterogeneity by sex, unmeasured confounders
would also have to be associated with sex (ie, be a stronger confounder
for one sex than the other). We note previous studies reporting sex-
specific associations controlled for the factors listed above 1°1?

We controlled for gestational age based on our DAG (Figure 2)
assuming that preterm birth and caesarean share an unmeasured
common cause (U) related to underlying fetal or maternal health.
Preterm birth can alternatively be considered on the causal path-
way between caesarean and asthma; under these latter conditions,
our results do not estimate the total effect of caesarean, but rather
the effect of caesarean on asthma not mediated through preterm
birth. This is consistent with previous studies which typically control
for gestational age to focus on pathways between caesarean and
asthma independent of gestational age.

We chose to conduct sex-stratified analyses to allow relation-
ships between all variables to be modelled separately by sex and
thus account for sex differences in confounding by measured co-
variates. As shown in a recent simulation by Buckley et al,?* when
confounding is sex-dependent, the common approach of including
a single product term between sex and exposure can yield biased

b T W1 LEY-
estimates. Despite the apparent sex differences in the magnitude of
confounding, our sex-specific estimates from stratified models and
our sex-specific estimates based on interaction models were ulti-
mately very similar yielding the same conclusions.

One possible non-causal explanation for the association be-
tween caesarean delivery and asthma is uncontrolled confounding
by treatment-seeking behaviour (eg, treatment-seeking behaviour
leads to the decision to have both a caesarean and a child asthma
diagnosis). There is some evidence of differences in asthma sever-
ity and diagnosing by sex,’® and if treatment-seeking behaviour was
more common among parents of girls, this could lead to a stron-
ger positive bias in the caesarean-asthma association among girls.
Differences in disease misclassification by sex could also lead to ap-
parent sex heterogeneity in this association. For example, greater
disease misclassification among boys could lead to underestimation

of the caesarean-asthma association for boys.

4.3 | Strengths of the study

This study uses a mother-child linked cohort, estimates associations
on both the additive and multiplicative scales, and uses medical re-
cords for asthma classification. Following the suggestion by Magnus

10

and colleagues,”™ we assessed the association between caesarean

and asthma at several ages. Birth records were used to classify mode
of delivery which is one of the more accurate birth record fields.?>2¢
The meta-analysis of this study’s findings with those from the litera-
ture summarises the state of the knowledge on potential sex differ-

ences in the association between caesarean and asthma.

4.4 | Limitations of the data

Due to missing mode of delivery data, 30.6% (n=7533) of the
KAPPA cohort was excluded from this analysis. For the children
whose data were missing because of the administrative issue with
the pulling of birth record data (n = 1508, Figure S1), we do not ex-
pect them to be systematically different than those retained on fac-
tors other than birth year. Comparing children who were included

and excluded from the analysis due to missing birth mode, asthma

Maternal asthma

=

Caesarean delivery

e

> Chlldhood asthma

\ Preterm birth

Sex

FIGURE 2 Simplified directed acyclic graph highlighting
variables that were important in our analysis of sex heterogeneity
[hollow arrows represent relationships that differed by sex, U
represents obstetric factors that are indications for preterm birth
via caesarean delivery]



PENNINGTON ET AL.

ﬂ_w | ¥ Paediatric and

ILEY
rates were similar, although this is insufficient evidence to rule out
selection bias. Of children included in the analysis, there were mini-
mal differences in caesarean proportion or earlier asthma diagno-
ses between children followed to age 6 and children who were not.
Many of the children were not followed until the older ages due to
censoring at the time of study completion (eg, children born in 2010
could be at most 3 years old when follow-up ended in 2013).

We could not determine whether caesarean deliveries were
planned or emergency, which can be used to approximate whether
caesareans occurred after labour or membrane rupture. If caesarean
causes asthma due to the prevention of gut colonisation by vagi-
nal flora, one would expect to see a stronger association between
caesarean and asthma in caesareans that do not involve membrane
rupture. Future studies could assess how the type of caesarean im-
pacts sex differences. Identifying children with asthma in early life
is challenging, and outcome measurement error is likely in our study.

The meta-analysis was limited to sex-specific results authors
chose to report in their publications on caesarean and asthma. It
is plausible that the sex-stratified results reported in the literature
are not a random sample of sex-stratified results in all studies; some
studies may have examined heterogeneity by sex but not reported
such results if the estimates were similar between sexes. This po-
tential for reporting bias could lead to the spurious appearance of
effect modification by sex. Nonetheless, we believe it is unlikely
that investigators who estimated sex-specific associations preferen-

tially reported them only when estimates were higher for females.

4.5 | Conclusions

Attempting to elucidate the potential link between caesarean deliv-
ery and asthma is an active area of research. Due to an emerging pat-
tern of stronger associations among girls, we encourage researchers
to present results stratified by sex, regardless of their findings.
Further study of sex differences in this association may advance our
understanding of the nature of the association between caesarean
delivery and asthma and shed light on sex differences in the aetiol-
ogy of asthma in early life.
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Table S1. Cumulative asthma incidence among those followed to age 2-6, stratified by sex

Cumulative asthma incidence’
n (%)

Age 2 (n=13,450 followed until age 2)

Female (n=6,576) 569 (9)

Male (n=6,874) 904 (13)
Age 3 (n=10,795 followed until age 3)

Female (n=5,298) 798 (15)

Male (n=5,497) 1,195 (22)
Age 4 (n=8,340 followed until age 4)

Female (n=4,111) 817 (20)

Male (n=4,229) 1,158 (27)
Age 5 (n=6,478 followed until age 5)

Female (n=3,213) 775 (24)

Male (n=3,265) 1,051 (32)
Age 6 (n=4,973 followed until age 6)

Female(n=2,433) 669 (28)

Male (n=2,540) 905 (36)

! Cumulative asthma incidence (at least one asthma diagnosis (ICD-9 493.XX) and one asthma-related
medication dispensing after the first year of life) calculated among children enrolled until each follow-up
age. Reduction in sample size across follow-up due to HMO enrollment attrition and shorter follow-up
time available for children born in later years of the study.



Table S2. Cohort characteristics and asthma incidence by age 5 in 6,478 children from the KAPPA cohort,
stratified by sex

Female Male
(n=3,213) (n=3,265)
n with incident n with incident
asthma (%) asthma (%)
Al 775 (24) 1051 (32)
Mode of delivery
Caesarean delivery (n=1,921) 237 (27) 358 (35)
Vaginal delivery (n=4,557) 538 (23) 693 (31)
Race/Ethnicity
Black (n=2,741) 372 (27) 474 (35)
White (n=3,022) 327 (22) 466 (30)
Other' (n=712) 76 (21) 111 (31)
Hispanic ethnicity (n=380) 43 (24) 55 (27)
Preterm Birth (birth at <37 weeks gestation)
Yes (n=731) 101 (29) 161 (43)
No (n=5,747) 674 (24) 890 (31)
Low Birthweight (birthweight <2500 grams)
Yes (n=533) 86 (30) 105 (43)
No (n=5,945) 689 (24) 946 (31)
Maternal Education
<12" grade (n=102) 16 (30) 16 (33)
High school/GED (n=902) 91 (20) 159 (35)
Some college or more (n=5,168) 629 (25) 834 (32)
Missing (n=306) 39 (25) 42 (28)
Maternal Asthma®
Yes (n=972) 166 (37) 226 (44)
No (n=5,506) 609 (22) 825 (30)
Maternal Atopy®
Yes (n=3,081) 408 (28) 576 (36)
No (n=3,397) 367 (21) 475 (29)
Maternal Age at Delivery
<25 (n=492) 59 (24) 71 (29)
25 -<30 (n=1,669) 204 (25) 292 (34)
30 - <35 (n=2,492) 289 (24) 424 (33)
35 - <40 (n=1,473) 177 (24) 222 (31)
240 (n=352) 46 (25) 42 (25)

Asthma incidence by age 5 defined as at least one asthma diagnosis (ICD-9 493.XX) and one asthma-related
medication dispensing after the first year of life and by the fifth birthday.

YIncludes Asian, American Indian, Alaska Native, Native Hawaiian or other Pacific Islander, and children
identifying with more than one racial group

> Maternal asthma defined as one or more diagnosis of asthma (ICD-9 code 493.XX).

* Maternal atopy defined as one or more diagnosis of allergic rhinitis (ICD-9 code 477.X) or atopic dermatitis (ICD-
9 code 691.8)



Table S3. Risk differences and 95% confidence intervals for asthma incidence by ages 2-6 and caesarean
delivery: results from adjusted models with an interaction term between sex and caesarean delivery

Cohort Male Female P-value for interaction term between
RD (95% ClI) RD (95% Cl) caesarean and sex

Age 2 0.7% (-1.0, 2.4) 1.1% (-0.4, 2.6) 0.71

Age 3 0.4% (-2.0, 2.7) 2.0% (-0.1, 4.2) 0.30

Age 4 1.8% (-1.2,4.7) 2.7% (-0.1, 5.5) 0.64

Age 5 1.9% (-1.6, 5.4) 3.9% (0.4, 7.3) 0.42

Age 6 3.0%(-1.1,7.1) 5.2% (1.1, 9.2) 0.46

RD = risk difference. Models control for sex, race, ethnicity, year of birth, maternal asthma, maternal atopy,
maternal education, maternal age, and preterm birth.



Table S4. Individual and joint risk differences and risk ratios (and 95% confidence intervals) for male sex
and caesarean delivery and risk of asthma by age 5 (relative to females born vaginally) [Note,
parameters differ slightly from those presented in Table 2 because they are estimated using a product
term and not sex-stratified models].

RISK DIFFERENCE
Vaginal Delivery Caesarean Delivery
RD (95% CI) RD (95% Cl)
Female 0 3.9% (0.4, 7.3)
Male 8.3% (5.8, 10.8) 10.2% (6.8, 13.6)
male*caesarean 8 = -0.020 (95% Cl -0.067, 0.028; p=0.42)
RISK RATIO
Vaginal Delivery Caesarean Delivery
RR (95% Cl) RR (95% Cl)
Female 1 1.15(1.01, 1.32)
Male 1.36 (1.23, 1.49) 1.42 (1.27, 1.59)
male*caesarean e® = 0.91 (95% C10.77, 1.07; p=0.25)




Figure S1. Linkage of children from the Kaiser Air Pollution and Pediatric Asthma (KAPPA) Study to mode
of delivery information

| 24,608 childrenin KAPPA cohort ‘

2,817 children not linked to mothers {e.g. mother
notenrolled in Kaiser Permanente Georgia)

v

v

| 21,791 children linked to mothers |

3,208 children notlinked to birth certificates due
to the inability to find a maternal match on
maternal name, date of delivery, and residential
address

v

18,583 children linked to birth certificates

1,508 children with missing mode of delivery
information due primarily to an administrative

»| issuewiththe implementation of the 2003 U.S.
birth certificate revision. This issueresultingin
pulling incompletedelivery information for these
children.

v
17,075 childrenincluded in analysis




Figure S2. Results of the publication bias assessment of meta-analyses included in Figure 1
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