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Abstract

Background

The proportion of births via cesarean section (CS) varies worldwide and in many countries

exceeds WHO-recommended rates. Long-term health outcomes for children born by CS

are poorly understood, but limited data suggest that CS is associated with increased infec-

tion-related hospitalisation. We investigated the relationship between mode of birth and

childhood infection-related hospitalisation in high-income countries with varying CS rates.

Methods and findings

We conducted a multicountry population-based cohort study of all recorded singleton live

births from January 1, 1996 to December 31, 2015 using record-linked birth and hospitalisa-

tion data from Denmark, Scotland, England, and Australia (New South Wales and Western

Australia). Birth years within the date range varied by site, but data were available from at

least 2001 to 2010 for each site. Mode of birth was categorised as vaginal or CS (emer-

gency/elective). Infection-related hospitalisations (overall and by clinical type) occurring

after the birth-related discharge date were identified in children until 5 years of age by pri-

mary/secondary International Classification of Diseases, 10th Revision (ICD-10) diagnosis
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codes. Analysis used Cox regression models, adjusting for maternal factors, birth parame-

ters, and socioeconomic status, with results pooled using meta-analysis. In total, 7,174,787

live recorded births were included. Of these, 1,681,966 (23%, range by jurisdiction 17%–

29%) were by CS, of which 727,755 (43%, range 38%–57%) were elective. A total of

1,502,537 offspring (21%) had at least 1 infection-related hospitalisation. Compared to vagi-

nally born children, risk of infection was greater among CS-born children (hazard ratio (HR)

from random effects model, HR 1.10, 95% confidence interval (CI) 1.09–1.12, p < 0.001).

The risk was higher following both elective (HR 1.13, 95% CI 1.12–1.13, p < 0.001) and

emergency CS (HR 1.09, 95% CI 1.06–1.12, p < 0.001). Increased risks persisted to 5

years and were highest for respiratory, gastrointestinal, and viral infections. Findings were

comparable in prespecified subanalyses of children born to mothers at low obstetric risk and

unchanged in sensitivity analyses. Limitations include site-specific and longitudinal varia-

tions in clinical practice and in the definition and availability of some data. Data on postnatal

factors were not available.

Conclusions

In this study, we observed a consistent association between birth by CS and infection-

related hospitalisation in early childhood. Notwithstanding the limitations of observational

data, the associations may reflect differences in early microbial exposure by mode of birth,

which should be investigated by mechanistic studies. If our findings are confirmed, they

could inform efforts to reduce elective CS rates that are not clinically indicated.

Author summary

Why was this study done?

• Health outcomes beyond the neonatal period for children born by cesarean section (CS)

are not well understood.

• CS may be associated with an increased risk of severe childhood infection requiring hos-

pitalisation, but data are limited.

• Whether CS is associated with increased risk of overall infection or only certain types of

infection and whether the risk differs for emergency versus elective CS is unclear.

What did the researchers do and find?

• Using total population birth and hospitalisation data from Denmark, Scotland, England,

and Australia (New South Wales and Western Australia), we followed all recorded sin-

gleton live births from January 1, 1996 to December 31, 2015, for up to 5 years to deter-

mine whether children were admitted to hospital with an infection.

• We estimated risk of overall and clinical type of infection by mode of birth, vaginal, or

CS (emergency/elective).
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• Among 7.17 million births, children born by elective CS, compared to vaginally born

children, had a 13% increased risk for an infection-related hospitalisation and emer-

gency CS-born children had a 9% increased risk.

• Increased risks persisted to 5 years of age and were highest for respiratory, gastrointesti-

nal, and other viral infections.

What do these findings mean?

• In our large multinational study, we observed a consistent association between birth by

CS and infection-related hospitalisation in early childhood.

• Limitations include site-specific and longitudinal variations in clinical practice.

• The associations may reflect differences in early microbial exposure by mode of birth,

which should be investigated by mechanistic studies.

• These findings may contribute to the global effort to reduce the rates of elective CS that

are not medically indicated.

Introduction

Cesarean section (CS) may be a lifesaving intervention for women and babies and is the most

common major surgical procedure in many countries. Since 2000, the global proportion of CS

births has nearly doubled, but this increase may not be medically justified [1]. An estimated

6.2 million nonmedically indicated CSs are performed annually worldwide [2]. Recent esti-

mates of the proportion of births by CS vary markedly by region: 4% in sub-Saharan Africa,

20% to 30% in Europe, United States, and Australia, over 40% in some regions of China, and

over 70% in some private hospitals in Vietnam and Brazil [1,3–5].

CS has short- and long-term health implications for both mother and child; the increasing

rates warrant population-level analyses of potential risks. A study in low- and middle-income

countries reported disproportionately high rates of maternal and perinatal death following CS

[6]. Many suggested long-term adverse outcomes in CS-born children, including increased

risk of asthma, allergy, juvenile idiopathic arthritis, and inflammatory bowel disease, relate to

altered immune development, and risk may vary depending on CS type (elective or emer-

gency) [2,7,8]. Differences in the newborn microbiome by mode of birth determine early

immune responses [9,10] and may influence the risk of immune-related outcomes, including

infection.

There are limited data on the relationship between mode of birth and common childhood

infections beyond the neonatal period. An increased risk of specific infection-related hospitali-

sations, mainly lower respiratory tract and gastrointestinal infections, has been associated with

CS [11,12]. An Australian study of term singleton births (n = 212,068) found an 11% and 20%

increased risk of hospitalisation with bronchiolitis in children aged<12 months and 12 to 23

months, respectively [13], and a Danish study (n = 750,569) reported similarly increased risk

for lower respiratory tract infection [7]. CS has also been associated with increased risk of

childhood gastroenteritis [14]. A recent Israeli study among uncomplicated pregnancies and

births (n = 138,910) estimated a 10% and 23% increased risk of hospitalisations with infection
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up to age 18 years among term-only and preterm-only elective CS births, respectively [15].

These studies are from single jurisdictions where population-specific characteristics and

obstetric practice may have unknown effects. It is unclear if CS is associated with increased

risk of overall infection-related hospitalisation or only certain infection types, whether risk dif-

fers for emergency versus elective CS, and if the associations may partly represent confounding

by indication.

We investigated the association between mode of birth and infection-related hospitalisation

in 5 populations from 4 countries with varying CS rates. Follow-up was until 5 years of age, the

period of greatest infection burden [16,17]. We hypothesised that the risk of infection-related

hospitalisation would be highest for (1) children born by elective CS who are not exposed to

maternal vaginal microbiome during delivery; and (2) for infections of sites such as respiratory

tract and gastrointestinal where direct inoculation of maternal vaginal microbiome may con-

tribute to optimal early mucosal immune responses.

Methods

Study population

Data were from population-level databases in Denmark, Scotland, England, and Australia

(New South Wales and Western Australia) and comprised linked administrative (including

birth and death) and hospital data [18–23]. All recorded live-born singletons were identified

from each site (S1 Fig). Birth years ranged from January 1, 1996 to December 31, 2015, with

data from at least 2001 to 2010 available from each site. Children with congenital malforma-

tions (International Classification of Diseases, 10th Revision (ICD-10) codes Q00–Q99) were

excluded as some conditions may be associated with mode of birth and postnatally with

increased infection risk.

Exposure and outcomes

Mode of birth was categorised as vaginal or CS and by type (emergency or elective) based on

recorded data in the birth databases (S1 Table). Children were classified as having an infec-

tion-related hospitalisation if they had an inpatient hospital admission with 1 or more primary

or secondary infection-related discharge codes (ICD-10), at least 1 day after the birth-related

discharge and were less than 5 years old at discharge. Date of onset was defined as the first

recorded day of contact with the hospital when patients were hospitalised. Rehospitalisation

for infection within 7 days was considered as a single admission. ICD-10–coded infections

were classified a priori into 7 clinical groups: invasive bacterial, skin and soft tissue, genitouri-

nary, upper respiratory tract, lower respiratory tract, viral infections, and gastrointestinal, as

previously described [16].

Additional variables

Maternal factors and birth parameters are shown in Table 1. Gestational age range was 24 to

43 weeks, with the exception of England where gestational age data for <30 and >42 weeks

were not deemed reliable and excluded [24]. Birth weight range was 500 to 5,500 grams for all

sites. Measures of socioeconomic status for the year closest to birth were based on either area

level deprivation (quintiles) for Scotland, England, and Australia, or parents’ highest level of

completed education [“low” (high school education or less), “middle” (college or vocational

training), or “high” (graduate-level education)] for Denmark. Data on hypertensive disorders

or diabetes mellitus during pregnancy and labour onset were from birth and hospital data col-

lections (data on labour onset were unavailable for England and Scotland) (S1 Table).
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Statistical analysis

Each site followed a standardised protocol for data coding and analysis to generate site-specific

risk estimates for each study population, modelling risk of infection-related hospitalisation

over time by mode of birth (S1 Analysis Plan). Children were followed from their birth-related

hospital discharge date until an infection-related hospitalisation (up to the first 3 hospitalisa-

tions), death, emigration (where data were available), fifth birthday, or end of study period

(which varied with years of available data, Table 1), whichever occurred first. Potential con-

founders were identified with directed acyclic graphs, which provide a visual representation of

causal assumptions. Variables were defined as potential confounders if they were associated

with exposure but not affected by the exposure, i.e., not an intermediate on the causal pathway,

and if they were independent risk factors for the outcome. Multivariable analyses included

smoking during pregnancy (no/yes), maternal age at birth (<20, 20 to<25, 25 to<30, 30 to

<35,�35 years), parity (0, 1, 2,�3), gestational age (<28, 28 to<32, 32 to<34, 34 to<36, 36

to<38, 38 to 40,>40 weeks), birth weight (gestational age- and sex-specific z-score percen-

tiles:�10,>10 to 25,>25 to 75,>75 to 90,>90), sex, birth year, season of birth (winter,

spring, summer, and autumn), socioeconomic status (as described), and recorded hypertensive

disorders or diabetes mellitus during pregnancy (no/yes). Adjusted hazard ratios (HRs) and

95% confidence intervals (CIs) were estimated using multivariate Cox proportional hazard

regression models for time to first event and by Prentice, Williams, and Peterson models for

recurrent events data. Recurrent events were limited to the first 3 hospitalisations as risk sets

for additional hospitalisations were very small, which may result in unreliable estimates [25].

For England, smoking data were unavailable, and 30% of parity data were missing. Sensitivity

analyses were conducted in the English data with and without adjusting for parity in the mod-

els and in all sites with and without adjusting for smoking. In the English data, models that did

not adjust for parity were run in both the total population and in the population restricted to

those with known parity status (to help disentangle any effect of parity as a confounder from

any effect of missing data). For all other sites, covariates had few missing data, and no imputa-

tions were warranted.

The overall and interactive effects of labour were examined. Sites estimated infection-

related hospitalisation risk for the 7 clinical infection groups. To examine how infection risk

varied by child age, risks were estimated for different age periods (0 to 3, 4 to 6, 7 to 12 months,

1 to<2, 2 to<5 years of age). Finally, each site estimated infection-related hospitalisation risk

in a maternal subpopulation considered at low risk for adverse outcomes, defined as cephalic-

presenting infants born�37 weeks gestational age, with birth weight between the 10th and

90th percentiles for gestational age and sex, born to women aged 20 to 34 years without any

reported hypertensive disorders or diabetes preceding or during pregnancy.

Site-specific estimates were combined in a meta-analysis. Summarised estimates included

fixed and random effects models. Meta-analyses used estimates from recurrent events models,

unless otherwise specified.

Sensitivity analyses assessed robustness of results. First, as we previously observed associa-

tions between prenatal antibiotic use, CS births, and childhood infection-related hospitalisa-

tion risk, we used additional variables only available in the Danish data and adjusted overall

models for antibiotic use 3 months prior to and/or during pregnancy [17]. Second, to quantify

unmeasured risk resulting from the lack of data on births 24 to<30 weeks gestational age in

England, we restricted the Danish analysis to births�30 weeks gestational age. Third, as miss-

ing data were a historical issue with the English data (1998 to 2003), we compared the full

English results (1998 to 2010) with restricted English results (2003 to 2012, when the issue of

missing data improved). Fourth, to consider if asthma, which may be associated with CS birth
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[26], was an underlying cause for the observed associations, we estimated the association

between mode of birth and the separate outcomes of infection-related hospitalisation with and

without a concurrent diagnosis for asthma and/or wheeze using the Western Australia data.

Fifth, to examine whether the association between mode of birth and infection-related hospita-

lisations was similar by birth year, we estimated the overall risk stratified by birth year in

4-year intervals in the Western Australia data. Lastly, to address potential unmeasured con-

founding, we calculated site-specific E-values [27]. E-values estimate the minimum strength of

association that an unmeasured confounder would need to have with both the exposure and

outcome in order to fully explain away the observed association. Similarly, we estimated the

association between mode of birth and the negative control outcome of trauma in the Western

Australia data, where these hospital data were readily available and have been validated. We

hypothesised that if bias or unmeasured confounding is present, we might observe an increase

in risk for noninfection-related trauma admissions.

We calculated site-specific population attributable fractions to quantify the percentage and

number of infection-related hospitalisations attributable to CSs.

Site-specific analyses were performed in SAS (SAS Institute, Cary, North Carolina, USA),

Stata (StataCorp, College Station, Texas, USA), and R (R Core Team, Vienna, Austria),

depending on the site. Meta-analyses were performed in Stata SE 16.0.

This study is reported as per the REporting of studies Conducted using Observational Rou-

tinely-collected Data (RECORD) guideline (S1 Checklist).

Ethics statement

Site-specific data use was approved by the Danish Data Protection Agency, National Health

Service (NHS) Scotland Public Benefit and Privacy Panel, Central and South Bristol Multi-

Centre Research Ethics Committee, New South Wales Population and Health Services

Research Ethics Committee, Western Australian Department of Health Human Research Eth-

ics Committee, Western Australian Aboriginal Health Ethics Committee, University of West-

ern Australia Human Research Ethics Committee, and Royal Children’s Hospital Human

Research Ethics Committee.

Results

In total, 7,174,787 children were identified and followed from birth-related hospital discharge

until a maximum age of 5 years. Site-specific study characteristics are presented in Table 1.

Overall, 1,681,966 (23%, range by jurisdiction 17% to 29%) were by CS, and of these, 727,755

(43%, range 38% to 57%) were elective. During the study period, the rates of emergency and

elective CS increased in all populations. Parity, gestational age, and socioeconomic status dis-

tributions varied slightly by site (Table 1).

During follow-up, 1,502,537 children (21%) had at least 1 infection-related hospitalisation.

Compared to vaginally born children, risk of infection-related hospitalisation was greater

among CS-born children (HR from random effects model, HR 1.10, 95% CI 1.09 to 1.12,

p< 0.001). The risk was higher following both elective (HR 1.13, 95% CI 1.12 to 1.13,

p< 0.001) and emergency CS (HR 1.09, 95% CI 1.06 to 1.12, p< 0.001), compared with vagi-

nal births (Fig 1). The increased risk associated with CS birth persisted through early child-

hood, with the highest risks for infection-related hospitalisation occurring during the first 6

months of life in children born by elective CS (Fig 2).

A higher relative risk was observed when labour did not occur compared with births follow-

ing labour (HR 1.12, 95% CI 1.12 to 1.13, p< 0.001) (S2 Fig). When mode of birth and labour

onset were jointly considered, the relative risks across exposure combinations, compared with
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vaginal births, were similar in size to the overall findings (S2 Table). In the low-risk maternal

subpopulation, the overall relative risk of infection-related hospitalisation in children born by

CS was similar to overall findings (elective CS HR 1.14, 95% CI 1.12 to 1.15, p< 0.001; emer-

gency CS HR 1.08, 95% CI 1.04 to 1.12, p< 0.001) (Fig 3).

Increased risks for hospitalisation were observed in all clinical infection groups. For upper

and lower respiratory tract, viral, gastrointestinal infections, and genitourinary infections, the

highest risk estimates were for elective CS (Fig 4).

Fig 1. Site-specific and meta-analysis HRs for infection-related hospitalisations. Estimates are from recurrent events models fitted for total time. Models adjusted for

sex, gestational age, birth weight z-score, smoking during pregnancy, maternal age at birth, parity, area level deprivation, birth year, medical indication for type of delivery,

and season of birth. Reference is vaginal births. CI, confidence interval; D+L, DerSimonian and Laird random effects model; HR, hazard ratio; I-V, inverse-variance

weighted fixed effects model.

https://doi.org/10.1371/journal.pmed.1003429.g001
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No substantial differences were observed in sensitivity analyses (S3 and S4 Tables, S3 Fig).

Analyses restricted to infection-related hospitalisations either with or without a concurrent

asthma and/or wheeze diagnosis were similar to the overall analyses that included all infec-

tion-related hospitalisations (S5 Table). Risks for infection-related hospitalisation stratified by

birth year were similar with overlapping CIs (S6 Table). Based on the E-values, an unmeasured

confounder would need a moderate association of at least 1.20 (depending on the study site

and type of CS) with both mode of birth and infection-related hospitalisation in the child, in

order to explain away the observed associations (S7 Table). As a reference point from the Dan-

ish data, maternal age has an association of 1.27 with mode of birth, yet the association with

infection in the child is only 0.90. Similarly, the association of smoking during pregnancy with

mode of birth is 0.97, but with infection in the child is 1.28. Hypertensive disorders and diabe-

tes during pregnancy is strongly associated with mode of birth (2.69) and moderately associ-

ated with infection in the child (1.19). In the analysis of mode of birth and the negative control

outcome of trauma admissions, we did not observe an association (S8 Table).

Population attributable fractions are provided in S9 Table. If the associations are causal, 2%

to 3% of children with infection-related hospitalisations could attribute their infection to being

born by CS. Among the 1,502,537 children who had an infection-related hospitalisation in our

study, about 14,000 calculated children had infections that could be attributed to being born

by emergency CS and 18,500 to being born by elective CS.

Fig 2. Site-specific and meta-analysis HRs for infection-related hospitalisations by age at first occurrence. Estimates are

from first event models adjusted for sex, gestational age, birth weight z-score, smoking during pregnancy, maternal age at

birth, parity, area level deprivation, birth year, medical indication for type of delivery, and season of birth. Reference is

vaginal births. Estimates for England based on follow-up time until first infection-related hospitalisation admission as data

on exact date of birth were not available. CI, confidence interval; D+L, DerSimonian and Laird random effects model; HR,

hazard ratio; I-V, inverse-variance weighted fixed effects model.

https://doi.org/10.1371/journal.pmed.1003429.g002
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Fig 3. Site-specific and meta-analysis HRs for infection-related hospitalisations in children born to a low-risk population of mothers. Estimates are from recurrent

events models fitted for total time. Models adjusted for sex, gestational age, birth weight z-score, smoking during pregnancy, maternal age at birth, parity, area level

deprivation, birth year, medical indication for type of delivery, and season of birth. Reference is vaginal births. Low-risk population of births defined as cephalic presenting

infants born�37 weeks gestational age, with birth weight between the 10th and 90th percentiles for gestational age and sex, born to women aged 20 to 34 years without

any reported medical conditions during pregnancy. CI, confidence interval; D+L, DerSimonian and Laird random effects model; HR, hazard ratio; I-V, inverse-variance

weighted fixed effects model.

https://doi.org/10.1371/journal.pmed.1003429.g003
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Discussion

In this multinational, population-based study, CS was associated with an approximately 10%

increased risk of infection-related hospitalisation in offspring up to 5 years of age compared

with vaginal birth. Across the 5 populations, risk estimates were comparable, and both elective

and emergency CS were associated with infection-related hospitalisation, with the highest

increased risk (13%) following elective CS. The findings point to causal determinants of sus-

ceptibility to infection shared by CS-born children, regardless of underlying indications.

The current study population is drawn from comparable high-income settings where paedi-

atric hospital care is free, but which vary considerably with respect to obstetric practice, CS

rates, proportion of emergency and elective CS, and the use of public and private obstetric

care. We used a standardised protocol to eliminate methodological differences and the use of

total population data reduces selection bias. In regression models, the results were not

explained by known risk factors for infection, including maternal smoking, socioeconomic sta-

tus, parity, birth weight, gestational age, or season of birth, and this is corroborated by similar

results across populations where the distribution of these factors vary.

Our findings are in keeping with smaller population-level, single-jurisdiction studies that

largely focus on specific infection outcomes, such as lower respiratory tract and gastrointesti-

nal infections and which show that CS is associated with increased infection-related hospitali-

sation, and (where data are available) with greater risk following elective CS [11–15]. In

contrast to previous studies, we attempted to address potential confounding by a series of

Fig 4. Site-specific and meta-analysis HRs for infection-related hospitalisations by clinical infection group. Estimates

are from recurrent events models fitted for total time. Models adjusted for sex, gestational age, birth weight z-score, smoking

during pregnancy, maternal age at birth, parity, area level deprivation, birth year, medical indication for type of delivery, and

season of birth. Reference is vaginal births. CI, confidence interval; D+L, DerSimonian and Laird random effects model; HR,

hazard ratio; I-V, inverse-variance weighted fixed effects model.

https://doi.org/10.1371/journal.pmed.1003429.g004
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sensitivity analyses. We analysed a predefined subpopulation considered at low obstetric risk

in whom findings were similar to the overall cohort, indicating that confounding by indication

was unlikely to be responsible for the observed associations. In addition, where data were avail-

able, we analysed a negative control outcome (hospitalisation with trauma) and observed no

association with mode of birth, which gives confidence that our findings are not reflective of

bias or unmeasured confounding. We adjusted for concomitant asthma and/or wheeze, which

has been repeatedly associated with CS birth [26], and which may contribute to the observed

associations between birth mode and infections; findings were largely unchanged. Finally, in

the Danish population, where pregnancy antibiotic data were available, we adjusted for antibi-

otic exposure prior to and/or during pregnancy and the findings were unchanged (S4 Table).

Our study has a number of additional strengths. We restricted infection-related hospitalisa-

tions to readmission following the birth-related discharge to avoid bias from suspected neona-

tal sepsis that may result from direct microbial exposure during birth. The outcome was

infection-related hospitalisation, which minimises differences observed in primary care or

emergency department presentations that may reflect social gradients in health literacy,

health-seeking behaviour, or physician management rather than clinical severity [28]. We

acknowledge important limitations. Models were adjusted for confounders and we performed

extensive sensitivity analyses, but residual, unmeasured confounding is possible. However, as

illustrated in Fig 1, there was not a consistent pattern across the 4 countries that associations

weaken upon adjustment. Second, there have been changes in clinical practice and diagnostic

coding, demographics, and lifestyle that cannot be fully measured or accounted for over the

study period. These include changes in obstetric guidelines, use of antenatal steroids in threat-

ened preterm delivery and elective CS, timing of antibiotic prophylaxis relative to cord clamp-

ing at CS, and differences in covariate definitions, such as socioeconomic status. Guidelines

for the use of prophylactic antibiotics at CS changed during the study period, but we were

unable to quantify any impact. In Denmark, United Kingdom, and Australia, perioperative

broad-spectrum antibiotics are recommended for CS, and after 2010, guidelines changed from

administration after cord clamping to preincision. The UK National Institute for Health and

Care Excellence (NICE) guidelines changed in 2011 [29], Danish guidelines in 2012 [30], and

current Australian guidelines [31] support use of preincision antibiotics but are less prescrip-

tive. Peripartum antibiotics may have relatively subtle microbial effects for the infant [32]. In

our study, 83% of CS births occurred before 2011 and offspring would not have been exposed

to antibiotics at delivery. Third, availability and definitions of some data varied between cen-

tres. We addressed these differences with sensitivity analyses where possible, and results were

essentially unchanged. Categorisation of emergency and elective CSs was based on available

data in the birth databases. Timing of CS relative to onset of labour was not available for

England, Scotland, or New South Wales. However, Scottish national coding rules state that

scheduled elective CSs that occur during labour should be recorded as emergency CSs. Fourth,

although the approximate proportion of births in public versus private facilities is known for

each country (e.g., 26% of births are in private hospitals in Australia [33] compared to virtually

none elsewhere), individual-level facility data were unavailable, and the relationship with

mode of birth is unknown. Finally, data on infections managed in primary care or in emer-

gency departments and on postnatal factors that influence infection risk, such as infant feed-

ing, vaccination status, and postnatal smoke exposure, were unavailable. If these varied by

mode of birth, then this may affect the observed associations.

The current study did not address the mechanisms underlying the epidemiological observa-

tions, but our findings inform future research directions. Further studies in other settings, par-

ticularly low- and middle-income countries, are needed and should include data on

modifiable postnatal exposures. Mechanistic studies may guide the development of
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interventions. Differences in initial microbial exposure by mode of birth, which may persist

for months or possibly years [34], may contribute to the increased risk of infection-related hos-

pitalisation following CS by effects on the development of postnatal immune responses. The

composition and function of the early microbiome have been linked to a range of adverse

short- and longer-term immune-mediated outcomes [9], although we are not aware of studies

that have directly linked the postnatal microbiome with risk of common childhood infections.

Infection-related hospitalisation was increased after elective CS, when membranes are usually

intact at delivery, and for infections of sites where direct inoculation of maternal microbiome

during vaginal delivery may be important in early protective mucosal immunity in the gastro-

intestinal and respiratory tracts [10,35]. Additional explanations include possible effects of

short-term antenatal corticosteroids given to mothers delivering via CS to reduce infant respi-

ratory morbidity, which was recommended practice in all jurisdictions (apart from Denmark)

during the latter part of the study period. Corticosteroids are broadly immunosuppressive, but

there is little evidence that antenatal steroids affect the incidence of postnatal infection and

individual-level data on corticosteroid exposure were unavailable. Finally, unmeasured herita-

ble and shared environmental factors may contribute to the observed associations.

Our findings have implications for clinical practice and public health policy. CS rates are

increasing and exceed international recommendations [1]. In 2010, WHO estimated the cost

of “excess” CSs to be approximately US$2.32 billion [36]. Infection is the leading cause of early

childhood hospitalisation, and this potential risk should be considered when discussing obstet-

ric management, especially if vaginal birth is clinically safe and appropriate. In addition,

healthcare costs of potentially avoidable childhood infection-related hospitalisation are likely

to be considerable.

In conclusion, in a large multinational study, children born by CS were at increased risk of

infection-related hospitalisation until age 5 years. These findings may contribute to the global

effort to reduce the rates of CS that are not medically indicated.
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