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Abstract

Background: Population-based administrative data have rarely been used to compare
the birth prevalence, risk factors for occurrence, and mortality of congenital diaphrag-
matic hernia (CDH) subtypes.

Objectives: We used a national birth cohort to identify CDH subtypes and compared
their birth prevalence, relationship with maternal age after accounting for sociodemo-
graphic factors, and 1-year mortality rates.

Methods: Linked hospital admission and death records were used to identify isolated
and complex CDH cases (involving additional anomalies) among singleton livebirths in
England between 2002 and 2018. The prevalence of each CDH subtype per 10,000
livebirths was estimated overall and by infant, birth and maternal characteristics. The
relationship between maternal age and each subtype relative to no CDH was exam-
ined using multivariable log-binomial regression to estimate risk ratios (RRs). One-year
mortality rates were examined using Kaplan-Meier curves and the hazard ratio (HR)
of complex versus isolated CDH was calculated using Cox regression.

Results: Among 9.5 million livebirths, we identified 1285 with isolated CDH and 1150
with complex CDH. The overall prevalence of isolated and complex CDH was 1.4
(95% confidence interval [CI] 1.3, 1.4) and 1.2 (95% CI 1.1, 1.3) per 10,000 livebirths,
respectively. Only complex CDH was associated with maternal age. Compared with
maternal age 25-34 years, complex CDH risk was elevated for maternal age <20years
(RR 1.31, 95% CI 1.00, 1.72). Risk was highest for maternal age >40years (RR 1.61,
95% Cl 1.21, 2.15) although accounting for chromosomal anomalies attenuated the
risk (RR 1.39, 95% Cl 1.00, 1.92). The 1-year mortality rate for complex CDH (33.1%,
95% Cl 30.5, 35.9) was slightly higher than for isolated CDH (29.7%, 95% Cl 27.3, 32.3)
(HR 1.10, 95% Cl 0.96, 1.27).

Conclusions: Mechanisms of occurrence differed between and within CDH subtypes

and 1-year mortality of complex CDH was slightly higher than for isolated CDH.
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1 | BACKGROUND

Congenital diaphragmatic hernia (CDH) is a rare condition with high
mortality that affects 2.2-4.9 of every 10,000 births in England‘l'2
Treatment involves surgical repair of the diaphragm and, although
there is no established timeframe, the consensus is for surgery to
occur electively following cardiorespiratory stabilisation.> CDH can
occur in isolation or alongside other congenital anomalies (‘com-
plex CDH’), but the epidemiology of these subtypes is not well
understood.'?

Birth prevalence estimates for CDH subtypes have rarely been
reported.? There is also a lack of evidence on their birth prevalence
over time and by infant, birth and maternal characteristics.»*> Such
evidence can help identify populations with greater burdens of dis-
ease, anticipate support needs and plan services.

Subtype aetiology is uncertain although genetic and maternal
factors are likely involved.*” Advanced maternal age increases
the risk of chromosomal anomalies, which are estimated to affect
10% of CDH cases.! Young maternal age is associated with factors
related to social disadvantage, such as smoking or delayed ante-
natal care, that may increase the risk of certain congenital anom-
alies.®*2 Four US population-based studies found no evidence of
an association between maternal age and isolated CDH while no
consensus emerged for complex CDH.**%"1° This has not been ex-
plored in the United Kingdom, and studies elsewhere may not be
generalisable because maternal age is a proxy for reproductive, so-
ciodemographic and behavioural risk factors with country-specific
distributions.*

Despite frequent assertions that CDH subtypes differ in mortal-
ity rates, the evidence base is sparse. A specialist registry study using
data from UK paediatric surgical centres did not find evidence of an
association between additional anomalies and 1-year mortality of
CDH but would miss cases born elsewhere that died before transfer.!”
Conversely, older population-based regional registry studies in the
United Kingdom found greater 1-year mortality among infants with
additional anomalies, but study populations were small and case ascer-
tainment by voluntary notifications could miss less severe cases. 820

To address these limitations, we analysed all livebirths in England
between 2002 and 2018 using linked hospital admission and death
records which, unlike registry data, can explore the epidemiology of
rare CDH subtypes at a national level while avoiding ascertainment
bias. We described the birth prevalence of subtypes overall and by
infant, birth and maternal characteristics. We assessed maternal
age as a risk factor for each CDH subtype relative to no CDH after
accounting for other sociodemographic factors. We also examined
subtype mortality at 1 and 10years of age, by birth period and by
surgery status.

Synopsis
Study Question
How do congenital diaphragmatic hernia (CDH) subtypes

compare in their birth prevalence, occurrence across dif-

ferent maternal age groups and mortality?

What is Already Known?

Few epidemiological studies have described the birth prev-
alence of subtypes of CDH or examined potential risk fac-
tors for their occurrence. Current mortality estimates for
subtypes are limited by the use of registry data, which may
be subject to ascertainment bias.

What this Study Adds?

We identified differences in the association of CHD sub-
types with maternal age after accounting for sociodemo-
graphic factors which suggest different mechanisms of
occurrence. We estimated 1-year mortality rates for sub-

types and examined mortality before and after surgery.

2 | METHODS
2.1 | Datasources

We used linked Hospital Episode Statistics (HES) and Office for
National Statistics (ONS) death records. HES contains data from
all state-funded hospital admissions in England; 97% of births (live-
births and stillbirths) are captured and subsequent admissions of
live-born infants are linked.?! Linked maternal birth admissions
can enhance information on maternal and birth characteristics.?
Diagnoses and procedures are encoded using the International
Classification of Diseases 10th Revision (ICD-10) and Classification
of Interventions and Procedures 4th Revision (OPCS-4), respectively.
Linked death records include dates and all causes of death encoded

using ICD-10.

2.2 | Study population

We carried out a retrospective study using a national cohort of sin-
gleton livebirths delivered between April 2002 and March 2018 to
linked mothers resident in England.?? Follow-up started at delivery
and ended on the earliest of death, the first birthday (or tenth for the
analysis of 10-year mortality), or 31 March 2019.
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2.3 | Congenital diaphragmatic hernia definition

Infants were defined as having CDH if a diagnosis and repair were
recorded in HES, or if CDH was recorded on the death certificate
(Table S1). Infants with a sole diagnosis or repair in HES were consid-
ered cases if they had supportive evidence such as lung hypoplasia
(Table S2). As CDH requires repair, those with a diagnosis but no
repair during the first year of life also had their records reviewed by
SL, a paediatric surgeon, to assess supportive evidence for inclusion.
Infants were excluded if they were potentially misdiagnosed hiatus
hernia cases or if CDH was incidental to exomphalos, gastroschisis
or oesophageal malformations (Table S3).

Records of infants with CDH were searched for additional con-
genital anomaly diagnoses. The ICD-10 codes used to define these
were part of a wider code-list developed by Hardelid et al (2013)
to identify conditions requiring clinical follow-up (Table $4).% The
Hardelid code list was developed iteratively with clinicians and un-
derwent internal validation using HES.2>?* Infants with CDH were
classified into two groups. The ‘isolated’ group included infants
without additional anomalies, or with related digestive or respiratory
anomalies that occur as a sequence following developmental disrup-
tion of surrounding tissues. The ‘complex’ group included those with
additional anomalies in other systems.

2.4 | Other covariates

Data on birth year as well as infant, birth and maternal character-
istics were available. Birth year was grouped into 4-year periods.
Infant characteristics included sex and ethnic group. Birth char-
acteristics included gestational age at delivery and birthweight.
Maternal characteristics included maternal age, maternal dep-
rivation quintile (derived by allocating small-area-level Index of
Multiple Deprivation scores to maternal residential post-codes at
delivery),?> and maternal region of residence, which may represent
community and infrastructural influences on health not captured

elsewhere.

2.5 | Statistical analyses

Infant, birth and maternal characteristics of the study population
were described by CDH status (none, any, isolated and complex).
Overall birth prevalence per 10,000 livebirths was calculated for
any, isolated and complex CDH. Birth prevalence of isolated and
complex subtypes were reported by birth period, infant, birth and
maternal characteristics.

Risk ratios (RRs) for isolated or complex CDH compared with
none were estimated for maternal age groups using univariable
and multivariable log-binomial regression, with the latter account-
ing for birth period, infant ethnicity (a proxy for parental ethnicity
which may be associated with maternal age and CDH occurrence),
maternal deprivation and region (Box S1). The analyses restricted to
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infants for whom maternal age and these four potential confounders
were recorded involved 82.4% (n = 7,807,310) of the original popu-
lation (N = 9,473,825) and, thus, could be affected by selection bias.
We, therefore, also performed multiple imputation (further details
below); however, because missingness affected all variables similarly

h2¢ which can only be

and is thought to relate to poor infant healt
partly captured by the available information, results may still be af-
fected by selection bias.

Multicollinearity between ethnicity, deprivation and region
was evaluated by monitoring the standard errors of their coeffi-
cients. To assess how much of the association between maternal
age and complex CDH was accounted for by chromosomal anom-
alies we repeated the analysis excluding cases with chromosomal
conditions.

The cumulative probability of death up to 1year (1-year mortal-
ity rate) for infants with isolated and complex CDH was estimated
using Kaplan-Meier curves to account for varying follow-up. The
mortality hazard ratio (HR) and 95% confidence interval (95% Cl) for
complex versus isolated CDH was calculated using univariable Cox
regression. One-year mortality rates by birth period were examined
by plotting separate Kaplan-Meier curves. Ten-year mortality rates
were also estimated.

The proportion of infants with each CDH subtype who died with
and without surgical repair was calculated with 95% Cls. To assess
the impact of surgery on mortality rates we fitted a proportional
hazard model where surgery was treated as a time-varying covari-
ate.”’ The proportional hazard assumption was evaluated graphi-
cally. Median days from birth to death and/or repair were estimated
alongside interquartile ranges (IQRs).

2.6 | Missing data

Missing data in the study population were observed for the fol-
lowing characteristics: infant sex (0.1%), infant ethnicity (15.9%),
maternal age (2.1%), maternal deprivation (0.3%), gestational age
(19.2%) and birth weight (14.6%). Analyses of maternal age and
CDH occurrence were repeated using multiple imputations (under
an assumption of missingness at random) with 10 imputed data-
sets generated using chained equations. The imputation model
included all variables involved in the analysis of maternal age and
CDH occurrence as well as gestational age and birth weight as
missingness in birth characteristics was correlated with missing-

ness of maternal age.

2.7 | Sensitivity analyses

Missingness of infant, maternal and birth characteristics in HES may
correlate with poorer infant health as clinical staff may have fewer
opportunities to record these characteristics when infants have
high-care needs.? Our complete record analysis of maternal age and
risk of CDH subtypes included only individuals with complete infant
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and maternal characteristics. To assess whether these infants rep-
resented a healthier section of the CDH population, we compared
them with the full CDH population. We repeated the comparison to
the full CDH population with infants who had complete birth charac-
teristics in addition to complete infant and maternal characteristics.
The expectation was that these infants would be an even healthier
section of the full CDH population. We conducted a sensitivity anal-
ysis for the risk of occurrence of CDH subtypes by maternal age in
which we restricted to infants with complete infant, maternal and
birth characteristics. Any changes in estimates would indicate the
direction of bias in primary analyses restricted to infants with com-
plete infant and maternal records.

2.8 | Ethics approval

We have a data sharing agreement with National Health Service
(NHS) Digital to use a de-identified extract of HES linked to ONS
death records; therefore, we did not require ethics approval to use

English data sets.

3 | RESULTS

3.1 | Study population

We identified 2435 CDH cases among 9,473,825 live-born single-
tons (Figure 1). CDH birth prevalence was 2.6 (95% Cl 2.5, 2.7) per
10,000 livebirths. Of the identified CDH cases, 47.2% (n = 1150)

were considered complex due to the presence of additional con-
genital anomalies outside of the respiratory and digestive systems
(Table 1). Cardiac anomalies were the most common additional
anomaly and affected 40% (n = 973) of infants with CDH, followed
by nervous system (4.6%, n = 112) and chromosomal anomalies
(4.5%, n = 110) (Table 2).

3.2 | Birth prevalence of congenital diaphragmatic
hernia subtypes

The overall birth prevalence of isolated and complex CDH were 1.4
(95% Cl 1.3, 1.4) and 1.2 (95% CI 1.1, 1.3) per 10,000 livebirths, re-
spectively (Table 1). Compared with infants born before 2010, those
born later had a lower prevalence of isolated CDH but a higher
prevalence of complex CDH. Both subtypes were more prevalent
in males than females, with a male-to-female ratio of 3:2. Compared
with white infants, both subtypes were less prevalent among Black
infants, but only complex CDH was more prevalent among South
Asian infants. Both subtypes were more prevalent among infants
born preterm compared with infants born at or after term, with dif-
ferences more pronounced for complex CDH.

Isolated CDH prevalence did not vary by maternal age, but com-
plex CDH prevalence was greater for maternal age 240years com-
pared with 25-34years (Table 1). Isolated CDH prevalence also did
not vary by maternal deprivation whereas complex CDH was more
prevalent among infants born to the most deprived mothers com-
pared with the least deprived. Some regional variation in birth prev-
alence was observed for both subtypes. Compared with London, for

(N =10,953,369)

Infants with any hospital admission in the 1% year of life between April 1, 2002 and March 31, 2019

J

J

Infants with a CDH diagnosis, CDH repair or CDH
recorded as any cause of death
(n=4262)

Infants who were part of the national birth cohort® and
delivered to resident mothers -
(n=9,473,825)

1507 infants excluded:

958 born before April 1, 2002 or after March 31, 2018
416 not part of the national birth cohort®

132 born to mothers not resident in England

1 inconsistent linkage between HES and death registration

Potentially eligible CDH population
(n=2755)

320 infants excluded:

31 with a major oesophageal malformation
28 with exomphalos
9 with gastroschisis

201 with only a CDH diagnosis recorded in HES and no supportive evidence
42 with only a CDH repair recorded in HES and no supportive evidence

9 with hiatus hernia and no accompanying evidence of respiratory compromise

(n =2435)

Infants with evidence of any CDH in the final study population

<! FIGURE 1 Derivation of the study
population. ?Live-born singletons

J J

delivered between April 1, 2002 and

Infants with evidence of isolated CDH
(n=1285,52.8%)

Infants with evidence of complex CDH
(n=1150, 47.2%)

March 31, 2018. CDH, congenital
diaphragmatic hernia; HES, Hospital

Episode Statistics
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TABLE 1 Characteristics and birth prevalence of CDH cases per 10,000 livebirths

No CDH

Any CDH

Isolated CDH

5 iatri 5
b T Wi ey

Complex CDH

No. infants (%)

Total 9,471,390

Infant birth period
2002-2005 2,152,911 (22.7)
2006-2009 2,417,348 (25.5)
2010-2013 2,503,684 (26.4)
2014-2017 2,397,447 (25.3)

Infant sex
Male 4,853,471 (51.2)
Female 4,609,449 (48.7)
Unknown 8470(0.1)

Infant ethnicity
White 6,083,478 (64.2)
South Asian 847,931 (9.0)
Black 428,432 (4.5)
Other 256,553 (2.7)
Mixed 352,350 (3.7)
Unknown 1,502,646 (15.9)

Infant gestational age (weeks)
Term (237) 7,207,994 (76.1)
Preterm (<37) 447,644 (4.7)
Unknown 1,815,752 (19.2)

Infant birthweight (g)
Normal (22500) 7,639,978 (80.7)

Low (<2500) 452,585 (4.8)
Unknown 1,378,827 (14.6)
Maternal age (years)
<20 502,198 (5.3)
20-24 1,670,309 (17.6)
25-34 5,255,260 (55.5)
35-39 1,501,096 (15.8)
240 339,358 (3.6)
Unknown 203,169 (2.1)

Maternal deprivation

Least deprived 1,467,818 (15.5)

quintile
4 1,531,746 (16.2)
8 1,731,731 (18.3)
2 2,084,053 (22.0)
Most deprived 2,625,322 (27.7)
quintile
Unknown 30,720 (0.3)
Maternal region
London 1,787,986 (18.9)
North East 436,869 (4.6)

No. infants (%)
2435

510 (20.9)
598 (24.6)
649 (26.7)
678 (27.8)

1465 (60.2)
968 (39.8)
2(0.1)

1639 (67.3)
342 (14.0)
78(3.2)
82(3.4)
70(2.9)
224(9.2)

1454 (59.7)
410 (16.8)
571(23.4)

1539 (63.2)
463 (19.0)
433 (17.8)

133 (5.5)
422 (17.3)
1242 (51.0)
400 (16.4)
104 (4.3)
134 (5.5)

352 (14.5)

328 (13.5)
466 (19.1)
535 (22.0)
743 (30.5)

11 (0.5)

450 (18.5)
145 (6.0)

Prevalence
(95% Cl)

2.6(2.5,2.7)

2.4(2.2,2.6)
2.5(2.3,2.7)
2.6(2.4,2.8)
2.8(2.6,3.0)

3.0(2.9,3.2)
2.1(2.0,2.2)

2.7(2.6,2.8)
4.0(3.6,4.5)
1.8(1.4,2.3)
3.2(2.5,4.0)
2.0(1.5,2.5)

2.0(1.9,2.1)
9.2(8.3,10.1)

2.0(1.9,2.1)
10.2(9.3,11.2)

2.6(2.2,31
2.5(2.3,2.8
24(2.2,2.5)
2.7(2.4,2.9)
3.1(2.5,3.7)

)
)

2.4(2.2,2.7)

2.1(1.9,2.4)
2.7(2.5,2.9)
2.6(2.4,2.8)
2.8(2.6,3.0)

2.5(2.3,2.8)
3.3(2.8,3.9)

No. infants (%)
1285

332(25.8)
365 (28.4)
320 (24.9)
268 (20.9)

785 (61.1)
499 (38.8)
1(0.1)

884 (68.8)
149 (11.6)
39 (3.0)
42(3.3)
45 (3.5)
126 (9.8)

786 (61.2)
187 (14.6)
312(24.3)

871 (67.8)
176 (13.7)
238 (18.5)

68(5.3)
223(17.4)
661 (51.4)
210 (16.3)
50(3.9)
73(5.7)

198 (15.4)

203 (15.8)
257 (20.0)
278 (21.6)
344 (26.8)

5(0.4)

242 (18.8)
81 (6.3)

Prevalence
(95% Cl)

1.4(1.3,1.4)

1.5(1.4,1.7)
1.5(1.4,1.7)
1.3(1.1,1.4)
1.1(1.0,1.3)

1.6(1.5,1.7)
1.1(1.0,1.2)

1.5(1.4,1.6)
1.8(1.5,2.1)
0.9 (0.6,1.2)
1.6(1.2,2.2)
1.3(0.9,1.7)

1.1(1.0,1.2)
4.2(3.6,4.8)

1.1(1.1,1.2)
3.9(3.3,4.5)

4(1.1,1.7)
3(1.2,1.5)
3(1.2,1.4)
4(1.2,1.6)

5(1.1,1.9)

1.3(1.2,1.6)

1.3(1.1,1.5)
1.5(1.3,1.7)
1.3(1.2,1.5)
1.3(1.2,1.5)

1.4(1.2,1.5)
1.9 (1.5,2.3)

No. infants (%)
1150

178 (15.5)
233(20.3)
329 (28.6)
410 (35.7)

680 (59.1)
469 (40.8)
1(0.1)

755 (65.7)
193 (16.8)
39 (3.4)
40 (3.5)
25(2.2)
98 (8.5)

668 (58.1)
223(19.4)
259 (22.5)

668 (58.1)
287 (25.0)
195 (17.0)

65(5.7)
199 (17.3)
581 (50.5)
190 (16.5)
54 (4.7)
61(5.3)

154 (13.4)

125 (10.9)
209 (18.2)
257 (22.3)
399 (34.7)

6(0.5)

208 (18.1)
64 (5.6)

Prevalence
(95% ClI)

1.2(1.1,1.3)

0.8 (0.7, 1.0)
1.0(0.8,1.1)
1.3(1.2,1.5)
1.7 (1.5,1.9)

1.4(1.3,1.5)
1.0(0.9,1.1)

1.2(1.2,1.3)
2.3(2.0,2.6)
0.9 (0.6,1.2)
1.6(1.1,2.1)
0.7 (0.5, 1.0)

0.9 (0.9,1.0)
5.0(4.3,5.7)

0.9 (0.8,0.9)
6.3(5.6,7.1)

3(1.0,1.6)
1.2(1.0,1.4)
1(1.0,1.2)
1.3(1.1,1.5)
1.6(1.2,2.1)

1.0(0.9,1.2)

0.8(0.7,1.0)
1.2(1.0,1.4)
1.2(1.1,1.4)
1.5(1.4,1.7)

1.2(1.0,1.3)
1.5(1.1,1.9)

(Continues)
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TABLE 1 (Continued)
No CDH Any CDH Isolated CDH Complex CDH
Prevalence Prevalence Prevalence
No. infants (%) No. infants (%) (95% Cl) No. infants (%) (95% Cl) No. infants (%) (95% Cl)
North West 1,251,348 (13.2) 331 (13.6) 2.6(2.4,2.9) 139 (10.8) 1.1(0.9,1.3) 192(16.7) 1.5(1.3,1.8)
Yorkshire & 939,193 (9.9) 245 (10.1) 2.6(2.3,3.0) 115 (8.9) 1.2(1.0,1.5) 130(11.3) 1.4(1.2,1.6)
Humber
East Midlands 758,447 (8.0) 202 (8.3) 2.7(2.3,3.1) 117 (9.1) 1.5(1.3,1.8) 85(7.4) 1.1(0.9,1.4)
West Midlands 1,019,576 (10.8) 300(12.3) 2.9(2.6,3.3) 136 (10.6) 1.3(1.1, 1.6) 164 (14.3) 1.6(1.4,1.9)
East of England 1,000,221 (10.6) 236 (9.7) 24(21,2.7) 142 (11.1) 1.4(1.2,1.7) 94(8.2) 0.9(0.8,1.2)
South East 1,458,447 (15.4) 335(13.8) 2.3(2.1,2.6) 197 (15.3) 14(1.2,1.6) 138(12.0) 0.9(0.8,1.1)
South West 819,303 (8.7) 191 (7.8) 2.3(2.0,2.7) 116 (9.0) 1.4(1.2,1.7) 75(6.5) 0.9 (0.7,1.1)

Abbreviations: CDH, congenital diaphragmatic hernia; Cl, confidence interval.

TABLE 2 Congenital anomalies outside of the respiratory and
digestive systems among congenital diaphragmatic hernia cases

No. infants (%)

Congenital anomaly type (N = 2435)
Cardiac 973 (40.0)
Nervous system 112 (4.6)
Ear, face and neck 29(1.2)
Orofacial 40 (1.6)
Genital 51(2.1)
Urinary 102 (4.2)
Musculoskeletal 101 (4.2)
Chromosomal 110 (4.5)
Other 72 (3.0)

example, isolated CDH birth prevalence was higher in the North East
while complex CDH prevalence was higher in the North West and
West Midlands.

3.3 | Maternal age as a risk factor for occurrence of
congenital diaphragmatic hernia subtypes

Neither univariable nor multivariable complete record analyses
suggested an association between maternal age and isolated CDH
(Table 3). Univariable analysis suggested an increased risk of com-
plex CDH for maternal age 240years compared with the reference
group of 25-34years. Maternal age <20years occurred more com-
monly in earlier study years when the birth prevalence of complex
CDH was lower. Accounting for birth period increased the risk of
complex CDH for maternal age <20years compared with the refer-
ence group. Compared with other ethnicities, South Asian infants
were overrepresented in the reference age group but underrepre-
sented among mothers aged <20 and 235 years. Accounting for eth-
nicity in addition to birth period increased the risk of complex CDH

for maternal age <20years and 35-39 years.

Accounting for deprivation and region attenuated the risk of
complex CDH for maternal age <20years although an indication of
increased risk remained. Conversely, after accounting for depriva-
tion and region there was a slight increase in the risk of complex CDH
among mothers aged 35-39 and240years. Results from multiple
imputation analyses were in agreement although effect estimates
were lower and evidence of an association between complex CDH
and maternal age < 20years was weaker (Table S5). Excluding infants
with chromosomal anomalies in both complete record and multiple
imputation analyses did not alter effect estimates for younger ma-
ternal age but reduced effect estimates for advanced maternal age,
although there was still some weak evidence to suggest increased
risk (Table 3 and Table S5).

3.4 | Mortality of congenital diaphragmatic hernia
subtypes in the first year of life

There were 34,235 deaths in the whole birth cohort during the first
year of life; 1.1% (n = 382) occurred among infants with isolated
CDH while a further 1.1% (n = 381) occurred among complex CDH
cases. The overall 1-year mortality rate for all livebirths with isolated
CDH was 29.7% (95% Cl 27.3, 32.3) and for complex CDH was 33.1%
(95% ClI 30.5, 35.9), with an indication of greater hazards in complex
versus isolated CDH (HR 1.10, 95% CI 0.96, 1.27) (Figure 2). One-
year mortality estimates did not differ considerably by birth period
or after including 26 additional deaths between the first and tenth
birthday (Figures S1 and S2).

Mortality rates in the first year of life for CDH subtypes were
highest around delivery (Figure 2). For both subtypes most deaths
occurred among those without a surgical repair (Table 4). The crude
proportion of infants with isolated CDH who died without repair
was 27.3% (95% Cl 24.9, 29.8) and was similar for complex CDH at
25.7% (95% Cl 23.2, 28.3). Crude mortality after repair was markedly
lower but differed between CDH subtypes. Just 2.4% of all infants
with isolated CDH died following a repair (95% Cl 1.6, 3.4) whereas
this was three-fold higher for complex CDH at 7.5% (95% Cl 6.0, 9.2).
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FIGURE 2 One-year mortality by CDH
subtype. CDH, congenital diaphragmatic
hernia; Cl, confidence interval
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TABLE 4 Mortality and repairs of CDH subtypes in the first year of life
Any CDH Isolated CDH Complex CDH
Total no. of infants 2435 1285 1150
Median no. days in hospital overall (IQR) 18 (6-38) 14 (4-28) 26 (9-53)
Median no. days in hospital during 1st continuous inpatient stay from birth (IQR) 17 (2-37) 13 (1-28) 23 (6-49)
No. of infants that died (%) 763 (31.3) 382(29.7) 381(33.1)
Median no. days from birth to death (IQR) 1(0-8) 1(0-2) 2 (0-16)
No. of infants that underwent surgical repair of CDH (%) 1676 (68.8) 868 (67.6) 808 (70.3)
Median no. days from birth to first repair (IQR) 4 (2-10) 4 (2-10) 5(3-10)
No. infants without repair of CDH that died (%) 646 (26.5) 351 (27.3) 295 (25.7)
Median no. days from birth to death among those without repair (IQR) 1(0-2) 1(0-2) 1(0-4)
No. infants without repair of CDH that did not die® (%) 113 (4.6) 66 (5.1) 47 (4.1)
No. infants with repair of CDH that died (%) 117 (4.8) 31(2.4) 86 (7.5)
Median no. days from birth to first repair among those who died (IQR) 6 (4-14) 5(3-14) 6 (4-14)
Median no. days from first repair to death (IQR) 32 (9-78) 21 (7-52) 42 (10-87)
No. infants with repair of CDH that did not die (%) 1559 (64.0) 837 (65.1) 722 (62.8)
Median no. days from birth to initial repair among those who did not die (IQR) 4 (2-10) 4 (2-10) 5(3-10)

Note: Proportions out of all infants in each column are shown and are crude estimates unadjusted for follow-up time.

Abbreviations: CDH, congenital diaphragmatic hernia; IQR, interquartile range.

20f these 113 infants, 14 had repairs after the first year of life, <10 died after the first year of life, some may have died and the death certificates may

have been delayed, and others may have been transferred to palliative care facilities not captured by Hospital Episode Statistics.

The estimated HR for surgery during follow-up for isolated CDH was
0.22 (95% Cl 0.14, 0.34) and for complex CDH was 0.34 (95% Cl
0.24, 0.47), indicating a strong protective effect of surgery in these
children.

The proportion of infants that underwent repair was similar for
both isolated and complex CDH (Table 4). For both subtypes, most
initial repairs were carried out within 10days of delivery and the
proportions readmitted for further repair were also similar for iso-
lated and for complex CDH. A small proportion of CDH cases had no

repair and no death in the year after delivery for both isolated and

for complex CDH.
3.5 | Sensitivity analyses
Congenital diaphragmatic hernia cases with more complete re-

cords had broadly similar characteristics to the wider CDH popula-
tion and a slight indication of lower mortality; however, similarities
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or differences in the mortality and repair of subtypes persisted
(Tables S6-S9). Sensitivity analyses examining maternal age and CDH
occurrence (restricted to infants with complete infant, maternal and
birth characteristics) did not differ notably from the main analysis
(restricted to infants with complete infant and maternal characteris-
tics) except for increased risk of complex CDH among mothers aged
<20vyears compared with the reference group (Table $10). Effect
estimates for this age group in the primary complete record analy-
sis may have been biased upward compared with the wider CDH
population, as partly indicated by the multiple imputation results
(Table S5).

3.6 | Comment
3.6.1 | Principal findings

Among a national cohort of 9.5 million livebirths, the prevalence of
isolated CDH and complex CDH were 1.4 and 1.2 per 10,000 live-
births, respectively. The risk of complex but not isolated CDH was
greater for maternal age > 35 years (compared with 25-34 years). The
association between advanced maternal age and complex CDH was
largely explained by chromosomal anomalies. The 1-year mortality
rate was only slightly higher for complex compared with isolated
CDH. Mortality for both subtypes was similar in the absence of sur-
gery and in the neonatal period, when most deaths occurred, but

was higher for complex than isolated CDH after surgery.

3.6.2 | Strengths of the study

A key strength of our study was the use of national, routinely-
collected administrative data. This enabled robust estimates of CDH
prevalence and mortality among live-born infants at a national scale.
Our study avoided the bias associated with specialist registries that
only include live-born infants who attend tertiary centres and miss
severely affected livebirths that die earlier. While population-based
regional registry studies can address this bias, these were only avail-
able for some areas in England until recently and studies were lim-
ited in size.®2° Postnatal ascertainment of congenital anomalies by
regional registries was variable when these studies occurred but has
likely improved since 2015 when regional registries were incorpo-
rated into a national registry, which receives electronic notifications

of cases from National Health Service Trusts.?%??

3.6.3 | Limitations of the data

Severe CDH cases are more likely to result in fetal death or termi-
nation but could not be examined using HES as antenatal diagno-
ses are unreliably recorded and stillbirth certificates are not linked.
Population-based registry data on CDH cases in England during the
study period suggested 3.9% were stillborn and 23.8% resulted in

5 iatri ?
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termination.®° Our birth prevalence and mortality estimates could
be influenced by differential antenatal screening, antenatal diagno-
sis, termination and fetal death. We had no data on prenatal inter-
ventions such as fetoscopic endotracheal occlusion, size of defect or
type of surgical approach and so could not assess how these might
impact birth prevalence or mortality. While our estimates are use-
ful for describing the burden of disease and overall prognosis of the
livebirth population, reasons for any differences were not examined.
For analyses examining maternal age and CDH occurrence, RRs
could be biased downwards for older maternal ages which are asso-
ciated with greater risk of fetal death and for younger maternal ages
which are associated with higher rates of termination.332
Incomplete data were a further limitation. Our findings from
multiple imputation analyses and sensitivity analyses restricted to
infants with completely recorded infant, maternal and birth charac-
teristics suggest we cannot preclude the possibility that in the wider
population of complex CDH (which includes infants with incomplete
records), the risk of complex CDH is not increased for young mater-
nal age. However, although infants with more complete records may
represent a healthier subset of CDH infants, comparison of mortality
or repairs between CDH subtypes produced similar results when re-

stricted to infants with completely recorded characteristics.

3.6.4 | Interpretation

The prevalence estimate of any CDH was consistent with previous
estimates, as were findings of a preponderance among males, pre-
term and low-birthweight infants and findings that cardiac, nervous
system and chromosomal anomalies were among the most frequent
additional anomalies.?”3334 The proportion of CDH cases identified
as complex in our study was higher than in registry data which may
not capture additional anomalies among early deaths or diagnosed
after the neonatal period.”’"2%% In line with the known prognosis,
approximately one-third of infants with CDH died in the first year of
life and few deaths occurred beyond this.*»2%36-39

Birth prevalence of complex CDH increased over time, consis-
tent with a European registry study.>* While this could represent
a true increase in occurrence, it could also be driven by improved
diagnosis or recording of additional anomalies. Compared with
white infants in our study, complex but not isolated CDH was more
prevalent among South Asian infants while both subtypes were less
prevalent among Black infants which is consistent with previous
studies.”? Ethnic differences in the birth prevalence of congenital
anomalies may be underpinned by deprivation, health inequities
including barriers to reproductive care or missed diagnoses and
cultural or community influences. Individual-level deprivation data
were not available but both subtypes were more prevalent in regions
associated with greater levels of deprivation,*® and complex CDH
was also more prevalent among mothers in the most deprived small-
area-level quintile.

Advanced maternal age was not associated with isolated CDH
but was associated with complex CDH, which suggested different
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mechanisms of occurrence. The genetics of isolated CDH remain
elusive but studies report it is more likely than complex CDH to be
associated with inherited, non-age-dependent genetic variants.*!
The increased risk of complex CDH for advanced maternal age was
reduced after excluding age-dependent chromosomal anomalies,
consistent with their known role in CDH aetiology.1 The remain-
ing association between advanced maternal age and complex CDH
may be explained by unexamined factors including de novo age-
dependent genetic abnormalities and other age-dependent factors
thought to be associated with congenital anomaly occurrence such
as parity, maternal chronic conditions and obesity.*>** There was
some weak evidence of an elevated risk of complex CDH for young
maternal age. While we accounted for area-level deprivation and re-
gion these indicators do not capture all dimensions of deprivation
and so residual social disadvantage could allow risk to remain ele-
vated. Our results are consistent with previous suggestions of multi-
ple causal mechanisms for CDH.%?

UK studies that compared 1-year mortality for isolated and com-
plex CDH reported conflicting results.’’2° We found 1-year mortal-
ity rates for complex CDH appeared only slightly higher than isolated
CDH and remained stable during the study period. One-year mortal-
ity rates concealed that mortality was greater among complex cases
after surgical repair or after the neonatal period (when most repairs
had taken place). Most deaths occurred among infants without re-
pair and affected similar proportions of each subtype. We found a
higher proportion of deaths before surgical repair than previously
estimated using data from surgical centres which miss deaths before

transfer for surgery.?’

4 | CONCLUSIONS

We quantified the national prevalence of isolated and complex
CDH among livebirths and described differences in their occur-
rence and prognosis. Young and advanced maternal age were as-
sociated with an increased risk of complex but not isolated CDH,
with chromosomal anomalies accounting for some of the increased
risk associated with advanced maternal age. The prognosis of sub-
types differed after surgical repair, with complex cases experienc-
ing higher mortality rates. Administrative data could be usefully
enhanced through linkage to specialist registry data (containing
information on genetic abnormalities, antenatal diagnoses, disease
severity, prenatal interventions and postnatal management) in order
to help further our understanding of the prevalence, aetiology and

prognosis of subtypes.
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