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Background: Chronic inflammatory diseases in childhood and early adult life share aetio-
logical factors operating from birth and onwards. In this study, we use data from the national
Danish health registers to evaluate the risk of developing four common, immune-mediated
hospital-diagnosed childhood chronic inflammatory diseases.

Methods: A national population-based registry study. Data from the Danish Medical Birth
Registry and the Danish National Patient Registry from January 1973 to March 2016 were
linked at a personal level to evaluate any potential associations between caesarean section
and development of Inflammatory bowel diseases, rheumatoid arthritis, coeliac disease and
diabetes mellitus among the offspring. A model adjusted for parental age at birth, decade of
birth, gender of child, and parents’ chronic inflammatory disease status was used.

Results: This register-based national cohort study of 2672708 children with information on
delivery mode found an increased risk of diabetes, arthritis, coeliac disease, and inflamma-
tory bowel disease for both girls and boys after caesarean section compared with vaginal
delivery. The higher risk was present at least 40 years after delivery. In a subgroup analysis,
both acute and elective caesarean section was associated with an increased risk of developing
a chronic inflammatory disease.

Conclusions: Being born by caesarean section leads to increased host susceptibility for
chronic inflammatory diseases that last for decades. This finding should be further addressed
in future studies with the aim to support the development of new strategies for prevention,
treatment, and maybe even cure.

Keywords: caesarean delivery, population study, vaginal birth, chronic inflammatory

disease, inflammatory bowel diseases, rheumatoid arthritis, coeliac disease

Key Messages
1. This study found an increased risk of four common, immune-mediated
hospital-diagnosed childhood chronic inflammatory diseases (inflammatory
bowel diseases, theumatoid arthritis, coeliac disease, and diabetes mellitus)

both as separate diseases and when combined as chronic inflammatory
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diseases, in children after delivery by caesarean
section compared to vaginal delivery.

2. The increased risk was detectable in the offspring
for at least 40 years of follow-up from birth for all
four diseases.

3. The risk was increased for both girl and boys for all
four diseases.

4. The risk of developing a chronic inflammatory dis-
ease was increased for both elective and acute cae-
sarean section, as compared with vaginal delivery.

Introduction
Chronic inflammatory diseases (CIDs) include such disparate
diseases as inflammatory bowel diseases (IBD, including
Crohn’s disease' and ulcerative colitis®), rheumatoid arthritis
(RA),? coeliac disease (CD)* and diabetes mellitus (DM).?
CIDs are lifelong, frequently with onset early in life. CIDs
affect the quality of life of patients and their families includ-
ing aspects like participation in educational programs, family
planning, and leisure activities. With a high lifetime risk of
40% at some locations in the world, ® CIDs impact society
through work productivity losses and increased health sys-
tem expenses caused by frequent visits, hospitalizations, and
medications.’ This burden is expected to increase markedly
in coming years due to a predicted rise in the number of CID
patients.® '3 Thus, there is an urgent need for further
improvements in the treatment of CIDs and even for identi-
fying ways to cure and prevent these diseases.

Since all CIDs involve immune-mediated aetiological

15,16

mechanisms,'* including both common genetics and

1720 the identification

environmental susceptibility factors,
of shared and individual risk factors may improve the under-
standing of disease causation. Caesarean section (CS) has
been associated with increased risk of CIDs of the offspring,
possibly as a consequence of increased host susceptibility for
CIDs mediated by alterations in the microbial exposure, and
a delayed establishment of the gut microbiota that may
impair the maturation of the mucosal immune system.?' In
contrast to planned CS (elective CS), acute CS will often be
performed after initiation of the labour, where an open birth
canal might potentially give access to the vaginal microbial
community. Studies have addressed the risk of developing
IBD,*>*’ DM,>"° CD,*'? and RA.** CS, and in particular
elective CS has been associated with risk of CIDs in some
studies,?>**?732 but not all.>6*%2°

The hypothesis for the present study is that CIDs share
a common aetiological component associated with being
born by CS and that the risk is higher for elective than

planned CS. The aim of the present study was to evaluate
the risk of developing CIDs (including four common hospi-
tal-diagnosed childhood CIDs) after being born by caesarean
delivery, taking advantage of the National Danish registries

completeness, size, and long follow-up.>>*

Materials and Methods

Study Cohort

The Danish Medical Birth Register (MBR), and the
Danish National Patient Registry (NPR)**~* was used to
identify children born in Denmark (N=2701 408) from
January 1973 to March 2016 from the MBR. The linkage
between information from the various registries was per-
formed using the unique individual personal identification
number assigned to every Danish citizens.® Data were
specified by the authors and extracted by the Danish
Health and Medicines Authority. After exclusion of chil-
dren with missing birth date (N=1929) and children with
missing information on parents in the Danish Civil
Registration System (CRS), (N=26,771) the cohort com-
prised of 2672 708 children (Supplemental Figure 1).

Assessment of Familial Exposures

Parents of newborns were identified from the person-wise
linkage of data from CRS and the health registries using the
unique personal identification number assigned to each inha-
bitant of Denmark at birth or immigration.*” Cases of CIDs in
the parents were ascertained by the first occurrence of relevant
ICD diagnosis codes (Supplemental Table 1) from the NPR.
Parental age at delivery of the child was derived from the CRS.

Exposures

A delivery was classified as a CS if the mother was regis-
tered with procedure codes corresponding with CS during
a hospital admittance around the day of birth of the child,
and as vaginal delivery, if no such procedure was registered.
As data were not available from the NPR started prior to
1977, we used data on registered CS in the MBR?” for the
period 1973-1976. For the years 1991-2016, information
on acute versus elective CS was available from MBR, but
no data were available to distinguish between acute and
elective CS for the period 1973-1990.

Outcomes
Outcomes in the offspring were identified as the first
occurrence of ICD diagnosis codes for the CIDs under
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study (Supplemental Table 1) in the NPR.*® Data on vital
status and emigrations were obtained from the CRS.*®

Statistical Analysis
We investigated the risk of developing each of the four
CIDs separately, as well as the risk of developing at least
one of the four diseases. The risk was calculated by using
the Kaplan Meier method as well as Cox regression to
compare vaginal delivery, acute CS and elective CS,
respectively, for the period (1991-2016), while limiting
the analysis to vaginal delivery and CS for the observation
period 1973-2016. Censoring events included emigration
and end-of-follow-up. We evaluated the proportional
hazards assumption by estimating Schoenfeld residuals.
We applied a univariate model containing the only mode
of delivery as the exposure, a model adjusted for parental
age at birth, decade of birth and gender of the child, and
a model furthermore adjusted for the presence of CIDs in
the parents. A sensitivity analysis was conducted testing
interactions between exposures and sex of the child, as
well as the decade of birth. Furthermore, we investigated if
adjusting for year of birth in 1-year groups instead of
decades changed the results. Moreover, we carried out
subanalysis only including children born at gestational
age at least 37 weeks to investigate the effect of premature
birth.

Analyses were conducted using Stata version 15.0
(Stata Corp LP, College Station, TX).

Results

Among 2672 708 children liveborn in Denmark from
January 1977 through March 2016, 2271 913 (85.0%) were
born by vaginal delivery and 400 795 (15.0%) by CS.
Characteristics of this cohort are shown in Table 1. For
observations after 1990, it was possible to discriminate
between children born by acute and elective CS. After
excluding 5952 births with an unknown type of section
from the analyses investigating elective and acute section
separated 1598 834 births, 1312 522 (82.1%), 122 419
(7.7%), and 163 893 (10.3%) children were born by vaginal
delivery, elective and acute CS, respectively. Characteristics
of this subcohort are shown in Supplemental Table 2.

Kaplan-Meier curves for the incidence of the four out-
come diseases by the delivery method are shown in Figure 1,
indicating an increased incidence of all diseases in children
born by CS with the difference notable from childhood but
most clear in early adulthood.

Table | Counts and Proportions of Chronic Inflammatory Diseases
by Mode of Delivery

Full Period 1973-2016
(N=2,672,708 Births)

Vaginal CSs

Delivery
Total 2,271,913 (85.0%) | 400,795 (15.0%)
DM 20,936 (87.7%) 2,932 (12.3%)
RA 9,075 (86.7%) 1,395 (13.3%)
Cb 6,085 (85.3%) 1,047 (14.7%)
Crohn’s disease 8,051 (87.9%) 1,104 (12.1%)
Ulcerative colitis 11,436 (88.9%) 1,428 (11.1%)

IBD (Crohn'’s disease +

ulcerative colitis)

17,293 (88.5%) | 2,240 (11.5%)

Combined (at least one) 51,926 (87.5%) 7,405 (12.5%)

DM & RA 225 (89.6%) 26 (10.4%)
DM & CD 400 (83.2%) 81 (16.8%)
DM & IBD 383 (89.1%) 47 (10.9%)

RA & CD 58 (87.9%) 8 (12.1%)

RA & IBD 227 (91.5%) 21 (8.5%)

CD & IBD 202 (86.7%) 31 (13.3%)
Dead 25,067 (79.7%) 6,392 (20.3%)
Emigrated 73,661 (87.4%) 10,661 (12.6%)

Notes: The disease combinations do not sum up to the “Combined” count, as
35 persons in the full cohort experienced more than two of the diseases.
Abbreviations: CD, Coeliac disease; CS, Caesarean section; DM, Diabetes melli-
tus; IBD, Inflammatory bowel disease; RA, Rheumatoid arthritis.

The hazard ratios (HRs) for the association between
mode of delivery and disease development are shown in
Figure 2 and Supplemental Tables 3-5 (for both genders

combined, girls and boys, respectively). Figure 2 includes
the fully adjusted estimates (adjusted for the decade of
birth, child’s sex, mother’s and father’s age and mother’s
and father’s DM, RA, DC, and IBD). Compared to being
born vaginally, being born by CS was associated with
development of DM (HR=1.08 (95% confidence interval
(CI): 1.04, 1.12)), RA (HR=1.07 (95% CI: 1.02, 1.14)),
CD (HR=1.10 (95% CI: 1.03, 1.18)), and IBD (HR=1.07
(95% CI: 1.02, 1.12)). Furthermore, we observed an asso-
ciation for the combined outcome (HR=1.08 (95% CI:
1.05, 1.10)) (Figure 2 and Supplemental Tables 3).
Compared with vaginal delivery the risk estimates for

elective as well as acute CS were elevated for DM with
HRs of 1.14 (95% CI: 1.03, 1.25) and 1.05 (95% CI: 0.96,
1.14), respectively. The similar HRs for RA were 1.14
95% CI: 1.02, 1.27) and 1.09 (95% CI: 0.99, 1.20),
respectively, for CD 1.04 (95% CI: 0.92, 1.19) and 1.15
(95% CI: 1.03, 1.29), and for IBD 1.16 (95% CI: 1.03,
1.30) and 1.06 (95% CI: 0.95, 1.18). For the combined
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Figure 2 Forest plot of HR from Cox regressions (95% Cls) for associations between
caesarean section and development of diabetes, arthritis, coeliac disease, inflammatory
bowel disease, and combined for the combined cohort as well as by sex.

outcome we observed associations for both elective
(HR=1.13 (95% CI: 1.07, 1.20)) and acute CS (HR=1.08
(95% CI: 1.03, 1.14)) (Supplemental Tables 6).

Among girls, the risk estimates for CS were ele-
vated for DM (HR=1.09 (95% CI: 1.03, 1.15)), RA
(HR=1.10 (95% CI: 1.02, 1.18)), CD (HR=1.15 (95%
CI: 1.05, 1.25)), and IBD (HR=1.05 (95% CI: 0.99,
1.12)). Furthermore, we observed an association for the
combined outcome (HR=1.08 (95% CI: 1.05, 1.12))
(Figure 2 and Supplemental Table 4). Furthermore,

the risk estimates for both elective and acute CS were

elevated for DM with HRs of 1.16 (95% CI: 1.02,
1.32) and 1.14 (95% CI: 1.01, 1.29), respectively. The
similar HRs for RA were 1.12 (95% CI: 0.97, 1.30) and
1.13 (95% CI: 0.99, 1.29), for CD 1.07 (95% CI: 0.91,
1.27) and 1.26 (95% CI: 1.09, 1.45), and for IBD 1.25
(95% CI: 1.07, 1.46) and 0.97 (95% CI: 0.82, 1.14),
respectively. For the combined outcome we observed
associations for both elective (HR=1.15 (95% CI: 1.07,
1.24)) and acute CS (HR=1.13 (95% CI: 1.06, 1.22))
(Supplemental Tables 7).

Among boys, the risk estimates for CS were elevated
for DM with a HR of 1.07 (95% CI: 1.01, 1.13)), RA with
a HR of 1.04 (95% CI: 0.95, 1.14)), CD with a HR of 1.04
(95% CI: 0.94, 1.16)), and IBD with a HR of 1.09 (95%
CI: 1.02, 1.16)). Furthermore, we observed an association
for the combined outcome (HR=1.07 (95% CI: 1.03, 1.11))
(Figure 2 and Supplemental Table 5). In addition, the risk

estimates for both elective and acute CS were elevated for
DM with HRs of 1.11 (95% CI: 0.97, 1.27) and 0.97 (95%
CI: 0.86, 1.10), respectively. The similar HRs for RA were
1.17 (95% CI: 0.98, 1.39) and 1.03 (95% CI: 0.89, 1.20),
for CD 1.01 (95% CI: 0.81, 1.25) and 1.00 (95% CI: 0.83,
1.20), and for IBD 1.07 (95% CI: 0.90, 1.27) and 1.14
(95% CI: 0.99, 1.32), respectively. For the combined out-
come we observed association for elective (HR=1.11 (95%
CI: 1.02, 1.21)) but not for acute CS (HR=1.03 (95% CI:
0.96, 1.11)) (Supplemental Tables 8).
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Adjusting the Cox models generally decreased the HR
towards 1, indicating that this adjustment accounted for
possible confounding. The sensitivity analyses investigat-
ing interactions between mode of delivery and decade of
birth or sex of the child did not result in significant inter-
actions (data not shown). The sensitivity analysis adjusting
for a birth year in 1-year groups resulted in estimates very
similar to the main analysis (data not shown). The sub-
analyses of children born at term resulted in similar esti-
mates, although lower for CD (Supplemental Tables 9).

Discussion

This register-based national cohort study of 2672 708
children found an increased risk of DM, RA, CD, and
IBD for girls as well as for boys after CS, compared
with birth by vaginal delivery. The increased risk was
detectable at least 40 years after delivery.

The main strength of this observational study is the
inclusion of more than 2.5 million nationwide births with
complete ascertainment and with an overall rate of CS of
15%. This, together with a follow-up of until 40 years of
age and high data quality, has provided sufficient power to
analyse the associations between delivery mode and dis-
ease risk. The chosen diseases, DM, RA, CD, and IBD, are
common in childhood and they have immune-mediated
etiologies. Furthermore, since they are managed at hospi-
tals both diagnostic accuracy and ascertainment probabil-
ity are assumed to be high. This is in contrast to eg astma
and allergy that may also be treated at the general practi-
tioner in Denmark to a large extent. As further strength,
we have been able to adjust for known susceptibility
factors including the presence of CIDs in the parents.

The main weakness is that the study, by means of the
observational design, cannot infer causality from positive
associations. Although we found, in general, a higher risk
of CID by being born by elective CS compared with acute
CS, we cannot from the data available provide insight into
possible underlying mechanisms, for example the involve-
ment of the vaginal or gut microbial environment.
Furthermore, even though we have attempted to adjust
for relevant confounders we cannot exclude the possibility
of residual confounding in the analysis. We were, for
example, not able to adjust for genetic susceptibility
among the children. However, we did adjust for the pre-
sence of CIDs among the parents. Whereas it may be
considered a strength to use already existing register
data, produced for other purposes than that of the present
study, the validity of the data may be affected by missing

registrations and coding errors.** Such errors could
potentiate any residual confounding. Overall, although
the results are very consistent, the estimated associations
are small and we cannot exclude that they may be wholly
or partly explained by residual confounding.

Large nation-wide populations based studies have eval-
uated whether the risk of CIDs was increased in CS com-
pared to vaginal delivery.?>2%3334 First, an increased risk of
IBD was found among 2 mio. children in the Danish
population (1973-2008 and 1977-2009, respectively).?**>
Next, Dydensborg et al found a non-statistically increased
risk of Crohn’s Disease among 1 mio children in the Danish
population (1.11 (95% CI: 0.96-1.29)) (1995-2010), though
the risk was not found among 0.5 mio. children in
the Norwegian population with a shorter follow-up
(2004-2012) included in the same study. In contrast, CS
was not associated with DM in a Danish study of 1.7 mio.
children born between 1982-2010.%® In large Swedish case-
control studies of 11,748 CD and 9376 DM case, respec-
tively, no association with SC was found.”~* Smaller
studies resulted in conflicting findings.***>?"2°>! In con-
trast to the previous studies, the present study evaluated
DM, RA, CD, and IBD simultaneously, and found children
born by CS to have an increased risk of receiving
a diagnosis of at least one of all the investigated CID,
compared to vaginal delivery. Secondly, the present study
has a long follow-up period of up to 40 years, enabling
identification of CID cases beyond childhood and young
adulthood. Our study found an increased risk for both
genders in concordance with a previous IBD study.”
Previous studies have suggested that the risk of CID is
higher for elective than for acute section.”’*> Whereas our
study has confirmed an increased risk for both acute and
elective section, our data is too limited to test for any
possible differential risk in the two modes of CS, although
the overall estimate is higher for elective CS.

The finding of an increased risk for CID by being
born by SC aligns with the hypothesis that CIDs share
a common aetiological component associated with being
born by CS. Even though the association is statistically
highly significant, the absolute increased disease risk by
being born by caesarean section is low. Our results may
generate hypotheses on shared disease mechanisms in
CIDs which may be tested in future studies and thereby
lead to improved understanding of biological mechan-
isms underlying CIDs. Future studies should in-depth
explore the causal pathways underlying the disease risk
conferred by CS since such knowledge may support the
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development of prevention and optimised treatment stra-
tegies in CIDs.
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