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Abstract

Introduction: Seasonal inactivated influenza vaccine (IIV) is routinely rec-

ommended during pregnancy to protect both mothers and infants from com-

plications following influenza infection. While previous studies have evaluated

the risk of major structural birth defects in infants associated with prenatal

administration of monovalent pandemic IIV, fewer studies have evaluated the

risk associated with prenatal seasonal IIV.

Methods: We conducted a population-based cohort study of 125,866 singleton

births between 2012 and 2016 in Western Australia. Birth registrations were

linked to the state's registers for congenital anomalies and a state prenatal vac-

cination database. We estimated prevalence ratios (PR) of any major structural

birth defect and defects by organ system. Vaccinated pregnancies were defined

as those with a record of IIV in the first trimester. Inverse probability treat-

ment weighting factored for baseline probability for vaccination. A Bonferroni

correction was applied to account for multiple comparisons.

Results: About 3.9% of births had a major structural birth defect. Seasonal IIV

exposure during the first trimester was not associated with diagnosis of any

major structural birth defect diagnosed within 1 month of birth (PR 0.98, 95%

CI: 0.77, 1.28) or within 6 years of life (PR 1.02, 95% CI: 0.78, 1.35). We identi-

fied no increased risk in specific birth defects associated with seasonal IIV.

Conclusion: Based on registry data for up to 6 years of follow-up, results sug-

gest there is no association between maternal influenza vaccination and risk of

major structural birth defects. These results support the safety of seasonal IIV

administration during pregnancy.
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1 | BACKGROUND

Physiologic and immunological changes during preg-
nancy place pregnant women at increased risk of severe
influenza infection and its complications, particularly in
the latter stages of pregnancy (Dodds et al., 2007). Deaths
observed among pregnant women during the 2009 H1N1
influenza pandemic highlighted the potential risk of
influenza to pregnant women (Pierce, Kurinczuk, Spark,
Brocklehurst, & Knight, 2011). Seasonal inactivated influ-
enza vaccine (IIV) administered during pregnancy has
been shown to protect both mothers and their infants
against influenza (Nunes & Madhi, 2018; Omer
et al., 2020). In Australia, as with many other high-
income countries, seasonal IIV is recommended during
any stage of pregnancy, and has been offered universally
to all women free of charge by the Australian govern-
ment since 2010 (Australian Technical Advisory Group
on Immunisation, 2018). Despite this, more than 40% of
women in Australia do not receive a seasonal IIV during
pregnancy and vaccine safety has been frequently cited
as a reason for vaccine refusal (Regan et al., 2016).

Many studies on the safety of antenatal influenza vac-
cines have commonly examined outcomes such as pre-
term birth, small for gestational age, and low
birthweight. Two systematic reviews encompassing
23 and 19 studies, respectively have collectively assessed
the prevalence of birth outcomes following administra-
tion of pandemic influenza vaccines (Nunes, Aqil,
Omer, & Madhi, 2016; Zhang, Wang, Liu, Zhang, &
Sun, 2018). Fewer studies have evaluated the risk of
major structural birth defects in infants following the
administration of IIV (Louik et al., 2013; McMillan,
Porritt, Kralik, Costi, & Marshall, 2015; Polyzos,
Konstantelias, Pitsa, & Falagas, 2015; Louik et al., 2016;
Kharbanda et al., 2017; Zhang et al., 2018; Peppa
et al., 2020). What studies do exist have been mostly
restricted to monovalent pandemic influenza vaccines
(Louik et al., 2013; McMillan et al., 2015; Polyzos
et al., 2015; Zhang et al., 2018), have included various
definitions of birth defect outcomes, and have often relied
on diagnostic codes from outpatient or inpatient health
records (Louik et al., 2016; Kharbanda et al., 2017; Peppa
et al., 2020). These records are less complete than a
legally mandated register dedicated to the capture of con-
genital anomalies and may lack granularity (Mburia-
Mwalili & Yang, 2014; Nembhard & Bower, 2016). Stud-
ies that have examined seasonal IIV support the safety of
influenza vaccination during pregnancy and did not find
an increased prevalence of major structural birth defects
in vaccinated women (Sheffield et al., 2012; Chambers
et al., 2016; Kharbanda et al., 2017; Peppa et al., 2020).

Our aim was to examine the association between
antenatal seasonal IIV and major structural birth defects

in offspring of women prenatally vaccinated, using data
from a legally mandated state-based register of congenital
anomalies diagnosed through 6 years of age among chil-
dren in Western Australia.

2 | METHODS

2.1 | Study design and setting

We conducted an observational, population-based cohort
study using probabilistically linked retrospective data col-
lected in state-wide administrative health databases in
Western Australia (WA). WA is the western-most state of
Australia and has a population of 2.3 million, of which
Aboriginal and Torres Strait Islander (hereafter referred
to as Aboriginal) people comprise 6.4% of the population
(Australian Bureau of Statistics, 2014). The winter respi-
ratory virus season typically spans from May to
September inclusive. The cohort included all registered
births (live and stillbirths) in WA with a date of birth
from April 1, 2012 to April 12, 2016.

2.2 | Data sources

Cohort records were probabilistically linked to the Mid-
wives Notification System, the WA Antenatal Vaccina-
tion Database (WAAVD), and the state's register for
congenital anomalies, the WA Register for Developmen-
tal Anomalies (WARDA), based on maternal informa-
tion, by the Data Linkage Branch of the Department of
Health Western Australia. The Midwives Notification
System is a statutory data collection with information on
pregnancy, labor, and birth, including maternal and
infant sociodemographic and health factors, and includes
information on 99% of births with gestational age ≥ 20
weeks and birthweight ≥400 g (where gestational age is
unknown) in WA (Anonymous, 2021). The WAAVD is a
state-wide database with collated information on vac-
cines administered during pregnancy between 2012 and
2016, including patient identifiers, vaccine brand, batch
number, and date of vaccination (Regan et al., 2015).
Information is submitted to the Department of Health
Western Australia by the provider administering a vac-
cine to a pregnant woman. Previous validation of
WAAVD has demonstrated specificity and positive pre-
dictive values exceeding 95% (Regan et al., 2015).
WARDA is a legally mandated register compiling records
of up to 10 major and minor birth defects per subject
diagnosed in utero, at, and following birth, and up to the
age of 6 years using active and passive case ascertain-
ment to provide accurate information in a timely man-
ner. Conditions diagnosed in utero require postnatal
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confirmation by specialist review and ultrasound
(Anonymous, 2015). The quality of data in WARDA has
been evaluated and is estimated to be high, with only
1.5% of missing data of the 20 essential variables collected
by WARDA (Nembhard & Bower, 2016).

2.3 | Exposure definition

Vaccination status was derived from the presence of a
vaccination record from the WAAVD. In our primary
analysis, “vaccinated” pregnancies were defined as those
with a record of seasonal IIV during the first trimester
(weeks 0–13 of pregnancy), similar to previous studies
that have used the first trimester as the exposure period
(McMillan et al., 2015; Louik et al., 2016; Kharbanda
et al., 2017). Unvaccinated pregnancies were defined as
women who had no record of exposure to seasonal IIV
during their pregnancy. Additional analyses were con-
ducted to consider specific periods of organogenesis for
each structural birth defect category, where we defined
“vaccinated” pregnancies as those with a record of IIV
during the critical window of fetal organogenesis (Buck
Louis, 2011).

2.4 | Outcome definitions

Our primary outcome was the presence of major struc-
tural birth defects among live and stillbirths, as recorded
in WARDA prenatally and/or through to 6 years of age.
We considered major structural defects in specific organ
systems, based on the 5-digit British Pediatric Association
extension of the International Classification of Diseases
version 9 (BPA-ICD9). WARDA is an affiliate world
member of EUROCAT and uses this coding to contribute
data as a Member of the International Clearing House of
Birth Defects Surveillance and Monitoring. Defects pri-
marily associated with prematurity are excluded from
WARDA.

2.5 | Covariates

Covariates included maternal age, Aboriginal status,
socioeconomic status, parity, and maternal preexisting
medical conditions (asthma, chronic hypertension,
pregestational diabetes), pregnancy complications (gesta-
tional diabetes, gestational hypertension, preeclampsia),
smoking status during pregnancy, and the gestational age
at the time of first antenatal care visit. Socioeconomic sta-
tus was based on the Socioeconomic Index for Areas
(SEIFA) Index of Relative Socioeconomic Advantage and

Disadvantage, which is an area-based measure of relative
access to resources for households within the same cen-
sus collection district (Australian Bureau of Statistics).
Socioeconomic status was represented as quintiles, with
Quintile 1 being the most disadvantaged and Quintile
5 being the least disadvantaged. All covariates were
selected a priori as known indicators of maternal influ-
enza vaccination and healthcare seeking behavior
(Yuen & Tarrant, 2014; Lutz, Carr, Cohn, &
Rodriguez, 2018; Mak, Regan, Vo, & Effler, 2018). Mater-
nal age, the presence of gestational and pregestational
diabetes, and smoking during pregnancy are all known to
be also associated with a higher prevalence of birth
defects (Harris et al., 2017).

2.6 | Exclusions

For this analysis, we excluded plural pregnancies, births
with chromosomal abnormalities, and births with con-
genital infections, from the cohort. As our analysis was a
safety study and our hypothesis was that antenatal vac-
cines were safe, we have been conservative in our exclu-
sions for this study and have opted to include congenital
developmental dysplasia of the hip (DDH) in our assess-
ment. However, given previous studies investigating the
association between IIV and birth defects have excluded
DDH, we considered additional analyses with DDH
excluded. Finally, we excluded births with missing covar-
iate information.

2.7 | Patient and public involvement

As this is a retrospective study of de-identified, linked
data, patients cannot be involved in the design, recruit-
ment, or conduct of the study. Consumer and community
input into the project was regularly sought by the WA
Healthy Pregnancies Reference Group at Curtin Univer-
sity. Research findings will be incorporated into commu-
nication materials for the community.

2.8 | Statistical analyses

Baseline demographic and health characteristics of the
cohort were compared by vaccination status and trimes-
ter of vaccination. The unadjusted odds of vaccination
compared the odds of first trimester seasonal IIV vaccina-
tion relative to unvaccinated women using univariate
logistic regression models.

We estimated the prevalence ratios (PR) with 95%
confidence intervals (CI) of major structural birth defect
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categories, comparing first trimester vaccinated to
unvaccinated pregnancies. Prevalence ratios were esti-
mated using a generalized linear model with binomial
family and log link. Robust variance estimators were cal-
culated using sandwich estimators to account for within-
mother correlation between observations (Rogers, 1994).
Outcomes with less than 5 cases were suppressed. Preva-
lence ratios were weighted using the inverse probability
treatment weighting (IPTW) to factor for baseline proba-
bility of influenza vaccination. Treatment weights were
derived using multivariate logistic regression to estimate
the probability of vaccination by maternal age at delivery,
season and year of birth, mother's race/ethnicity, parity,
smoking status, an indicator of antenatal care (first ante-
natal care visit in the first trimester), mother's medical
conditions (asthma, chronic hypertension, and
pregestational diabetes), and socioeconomic status. Stabi-
lized weights were derived by using z-scores
(Taylor, 2012). Covariate balance in the unweighted and
weighted sample was confirmed based on visual inspec-
tion of the standardized differences (Figure S1). Finally,
we conducted a post hoc analysis to account for multiple
comparisons using a Bonferroni correction. A post hoc
power analysis was also carried out (Table S1). Analyses
were conducted in Stata version 15 (College Station,
Texas).

2.9 | Sensitivity and quantitative bias
analyses

We conducted several sensitivity analyses to evaluate
whether our results were sensitive to different definitions
of our cohort, exposure, and outcomes. We performed
analyses to a cohort restricted to live births. To assess for
possible selection bias due to the exclusion of women
vaccinated in second or third trimester, we performed an
analysis which classified pregnancies where vaccination
occurred after the first trimester as “unvaccinated”. We
also performed an analysis which restricted the outcome
to diagnoses of major structural birth defects made
within the first month of life. This analysis is thought to
more closely align with previous research relying on diag-
nostic coding from birth records with a similar follow-up
time (Rubinstein et al., 2013; Cleary, Rice, Eogan, Met-
wally, & McAuliffe, 2014; Trotta et al., 2014). In other
sensitivity analyses, we restricted the cohort to a single
birth for each mother (Tables S5 and S6), and performed
an annual analysis for any congenital malformation
(Table S7), as the antigenic composition of seasonal influ-
enza vaccines can change year to year. Finally, we per-
formed quantitative bias analyses to consider the
potential influence of exposure misclassification on study
results using the episensr() package in R (Haine, 2021;

Figure S4). We considered both nondifferential and dif-
ferential sensitivity values for exposure measurement.
Inputs into the quantitative bias analysis were derived
from a previous validation study of the WAAVD (Regan
et al., 2015).

3 | RESULTS

3.1 | Study characteristics

Between April 2012 and April 2016, 138,051 live and
926 stillbirths were identified among 115,439 women. We
excluded 3,909 plural pregnancies from analysis. A fur-
ther 274 births with a postnatal diagnosis of chromosomal
anomalies and 23 births with a congenital infection
(rubella, syphilis, cytomegalovirus, varicella, herpes sim-
plex, and toxoplasma) were also excluded, as were 8,905
births with missing covariate information (Figure S2).
The final cohort included 125,866 singleton births, of
whom 4,864 (3.9%) were diagnosed with a major struc-
tural defect. The most frequent major structural defects
were musculoskeletal defects (51.7%), followed by uro-
genital defects (10.4%), cardiac defects (4.1%), and central
nervous system defects (2.7%) (Table S2).

The majority of central nervous system, cardiac, and
urogenital system defects were diagnosed during preg-
nancy, in contrast to musculoskeletal defects, eye, ear,
and skin defects which were diagnosed 6–12 months
after birth or more than 12 months after birth
(Figure S3). Over 60% of musculoskeletal defects were
diagnosed after 1 month of age.

Overall, 13,696 (10.9%) births occurred in women
with a record of seasonal IIV during pregnancy, 2,817
(20.6%) of whom received seasonal IIV in the first trimes-
ter, 5,650 (41.3%) received IIV in the second trimester,
and 5,229 (38.2%) in the third trimester. First trimester
vaccinated women were more likely to be older, primipa-
rous, nonsmokers, have received early antenatal care,
and be diabetic (Table 1).

Overall, seasonal IIV exposure during the first trimes-
ter was not associated with any major structural birth
defect (weighted PR 1.02, 95% CI: 0.84, 1.24). When
examined by organ system categories of major structural
birth defects, seasonal IIV exposure in the first trimester
was not associated with central nervous system, cardiac,
or urogenital organ system defects, and was associated
with musculoskeletal defects (PR 1.30, 95% CI: 1.01, 1.67;
Table 2). This increased prevalence was mainly due to an
increased prevalence of DDH (PR 1.37, 95% CI: 1.05,
1.79) but not for other musculoskeletal defects (PR 1.02,
95% CI: 0.51, 2.03). After adjusting for multiple compari-
sons using a Bonferroni correction, this association was
no longer significant.
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TABLE 1 Baseline characteristics of singleton pregnancies by receipt of seasonal inactivated influenza vaccine, Western Australia, April

2012–April 2016

Maternal
characteristic

Unvaccinateda

(n = 111,125)
n (%)

Vaccinated during first
trimester (n = 2,811)
n (%)

Vaccinated during
second or third trimester
(n = 10,879) n (%)

Unadjusted odds ratio of
vaccination in the first
trimesterb (95% CI)

Age at delivery, years

≤19 3,547 (3.2) 66 (2.3) 388 (3.6) 0.89 (0.68, 1.16)

20–24 15,218 (13.7) 318 (11.3) 1,392 (12.8) Referent

25–29 31,650 (28.5) 794 (28.3) 2,979 (27.4) 1.20 (1.05, 1.37)

30–34 37,661 (33.9) 1,022 (36.4) 3,853 (35.4) 1.30 (1.14, 1.47)

≥35 23,049 (20.7) 611 (21.7) 2,267 (20.8) 1.27 (1.11, 1.45)

Aboriginal or Torres Strait islander

Aboriginal 5,791 (5.2) 144 (5.1) 600 (5.5) 0.98 (0.83, 1.16)

Nonaboriginal 105,334 (94.8) 2,667 (94.9) 10,279 (94.5) Referent

Parity

Primiparous 33,732 (30.4) 948 (33.7) 3,555 (32.7) Referent

Multiparous (1
previous birth)

34,175 (30.8) 898 (32.0) 3,364 (30.9) 0.93 (0.85, 1.03)

Multiparous (>1
previous birth)

43,218 (38.9) 965 (34.3) 3,960 (36.4) 0.79 (0.73, 0.87)

Season of birth

Summer 28,709 (25.8) 1,274 (45.3) 969 (8.9) Referent

Autumn 30,156 (27.1) 325 (11.6) 1,583 (14.5) 0.24 (0.21, 0.27)

Winter 25,601 (23.0) 57 (2.0) 4,866 (44.7) 0.05 (0.04, 0.07)

Spring 26,659 (24.0) 1,155 (41.1) 3,461 (31.8) 0.98 (0.90, 1.06)

Month and year of birth

2012 (April–
December)

21,340 (19.2) 169 (6.0) 1,176 (10.8) Referent

2013 (January–
December)

27,729 (25.0) 729 (25.9) 2,290 (21.1) 3.32 (2.81, 3.93)

2014 (January–
December)

27,824 (25.0) 765 (27.2) 2,548 (23.4) 3.47 (2.94, 4.10)

2015 (January–
December)

25,870 (23.3) 776 (27.6) 4,520 (41.6) 3.79 (3.20, 4.48)

2016 (January–
April)

8,362 (7.5) 372 (13.2) 345 (3.2) 5.6 (4.68, 6.75)

Preexisting medical conditions

Essential
hypertension

1,464 (1.3) 48 (1.7) 199 (1.8) 1.30 (0.97, 1.74)

Preexisting
diabetes
mellitus

940 (0.9) 47 (1.7) 139 (1.3) 1.99 (1.48, 2.68)

Asthma 11,481 (10.3) 313 (11.1) 1,214 (11.2) 1.09 (0.97, 1.23)

Smoking status

Smoker 11,168 (10.0) 224 (8.0) 1,029 (9.5) 0.77 (0.68, 0.89)

Nonsmoker 99,957 (90.0) 2,587 (92.0) 9,850 (90.5) Referent

First antenatal care visit

First trimester 73,441 (66.1) 2,092 (74.4) 3,182 (29.3) Referent

Second or third
trimester

37,684 (33.9) 719 (25.6) 7,697 (70.8) 0.67 (0.62, 0.73)
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Based on our analysis restricted to diagnoses made
within 1 month of birth, we similarly observed no
increase in the prevalence of any major structural birth
defects (PR 0.98, 95% CI: 0.77, 1.28) or defects of specific
organ systems (Table 3). When we considered critical
window period of fetal organogenesis, we observed no
increase in the risk of any major structural birth defects
(PR 0.91, 95% CI: 0.66, 1.26) or defects of specific organ
systems (Table 4). We also did not observe an increase in
the prevalence of DDH (PR 1.27, 95% CI: 0.83, 1.95). Sim-
ilarly, antenatal seasonal IIV vaccination in the first tri-
mester was not associated with major birth defects in
children overall when stillbirths were excluded from the
cohort (PR 1.01, 95% CI: 0.83, 1.23). The prevalence of
DDH was higher among liveborn infants for vaccinated
births compared with unvaccinated births (PR 1.37, 95%
CI: 1.05, 1.79) (Table S3). As with our primary analysis,
when we accounted for multiple comparisons, this associ-
ation was no longer significant. We observed no associa-
tion between seasonal IIV vaccination and the prevalence
of any major structural birth defects when we classed
those vaccinated in second or third trimester of preg-
nancy as “unvaccinated” (PR 1.02, 95% CI: 0.84, 1.23)
(Table S4). We also did not observe an association with
DDH in these analyses (PR 1.32, 95% CI: 1.00, 1.72).

In sensitivity analyses restricted to a single birth for
each mother (Tables S5 and S6), results supported our
primary findings. As the antigenic composition of sea-
sonal influenza vaccines can change by year, we per-
formed an annual analysis for any congenital

malformation. Our results did not identify differences in
prevalence ratios by vaccine year (Table S7). Since our
sample size of diagnosed defects was poorly powered to
detect differences in specific defects by year, we did not
perform annual analyses for specific types of defects.

Quantitative bias analyses indicated that given
nondifferential exposure misclassification by outcome
status, the corrected PR comparing the prevalence of
birth defects among vaccinated versus unvaccinated preg-
nancies would be 1.12 (95% CI 0.82, 1.53). To change
study conclusions, the sensitivity of exposure measure-
ment would need to be 16% lower or 10% higher among
those without the outcome compared with those with the
outcome (Figure S4).

4 | DISCUSSION

4.1 | Main findings

Based on this cohort study of 125,866 births, our results
suggest seasonal IIV administered during pregnancy is
not associated with increased prevalence of major struc-
tural birth defects. One of the most common reasons that
women refuse or are reluctant to receive vaccines is con-
cerns about the safety of the vaccine for their unborn
child (Omer et al., 2020). Our results support the safety of
influenza vaccination during pregnancy for the develop-
ment of the infant. Given vaccination rates for pregnant
women remain suboptimal, these results can be used to

TABLE 1 (Continued)

Maternal
characteristic

Unvaccinateda

(n = 111,125)
n (%)

Vaccinated during first
trimester (n = 2,811)
n (%)

Vaccinated during
second or third trimester
(n = 10,879) n (%)

Unadjusted odds ratio of
vaccination in the first
trimesterb (95% CI)

Socioeconomic status index (SEIFA)c

Quintile 1 (most
disadvantaged)

21,896 (19.7) 478 (17.0) 2,082 (19.1) 0.76 (0.67, 0.86)

Quintile 2 22,958 (20.7) 561 (20.0) 2,317 (21.3) 0.85 (0.76, 0.95)

Quintile 3 23,358 (21.0) 559 (19.9) 2,246 (20.7) 0.83 (0.74, 0.93)

Quintile 4 22,128 (19.9) 615 (21.9) 2,176 (20.0) 0.97 (0.86, 1.08)

Quintile 5 (least
disadvantaged)

20,786 (18.7) 598 (21.3) 2,058 (18.9) Referent

Any major birth defect

Yes 4,216 (3.8) 114 (4.1) 481 (4.4) 1.07 (0.89, 1.30)

No 106,909 (96.2) 2,703 (96.0) 10,398 (95.6) Referent

Note: Total does not add up to 125,866 as there were 1,051 women with indeterminate vaccination status.
Abbreviation: CI, confidence interval.
a“Unvaccinated” refers to women who had no record of vaccination with seasonal IIV during their pregnancy.
bUnadjusted odds of first trimester vaccination relative to unvaccinated.
cSEIFA stands for Socioeconomic Index for Areas, an index of relative socioeconomic advantage and disadvantage, and an area-based measure of relative
access to resources for households within the same census collection district (Australian Bureau of Statistics, 2016: https://www.abs.gov.au/ausstats/abs@.nsf/
Lookup/by%20Subject/2033.0.55.001�2016�Main%20Features�SEIFA%20Basics�5).
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support vaccine decision-making for pregnant women
and their healthcare providers.

4.2 | Interpretation

These results are in keeping with other studies that have
examined the safety profile of influenza vaccination dur-
ing pregnancy which have consistently shown no associ-
ation between seasonal or pandemic IIV vaccination

and the prevalence of major birth defects in offspring of
mothers vaccinated during the antenatal period
(Polyzos et al., 2015; Louik et al., 2016; Kharbanda
et al., 2017; Peppa et al., 2020). Previous studies have
provided similar estimates to ours, with prevalence
ratios that range from 0.5 to 1.5 and prevalence odds
ratios that ranged from 0.6 to 2.2, and imprecise confi-
dence intervals that crossed the null value (Polyzos
et al., 2015; Louik et al., 2016; Kharbanda et al., 2017;
Peppa et al., 2020).

TABLE 2 Prevalence ratios of major structural birth defects diagnosed prenatally or within 6 years of birth by receipt of seasonal

inactivated influenza vaccination during pregnancy, Western Australia, April 2012–April 2016

Birth defect

Unvaccinateda

(N = 111,125)
First trimester
vaccinateda (N = 2,811)

Unweighted
PRb (95% CI)

Weighted PRc

(95% CI)
Weighted PRc

(99.5% CI)d
n (rate per 1,000
births) n (rate per 1,000 births)

Any major defects 4,216 (37.9) 114 (40.6) 1.07 (0.89, 1.28) 1.02 (0.84, 1.24) 1.02 (0.78, 1.35)

Central nervous
system defects

302 (2.7) 5 (1.8) 0.65 (0.27, 1.58) 0.62 (0.24, 1.57) 0.62 (0.16, 2.36)

Cardiac system
defects

440 (4.0) 11 (3.9) 0.99 (0.54, 1.79) 0.80 (0.44, 1.47) 0.80 (0.34, 1.91)

Musculoskeletal
system defects

2,129 (19.2) 72 (25.6) 1.34 (1.06, 1.69) 1.30 (1.01, 1.67) 1.30 (0.91, 1.86)

Hip dysplasia 1,709 (15.2) 63 (22.4) 1.45 (1.13, 1.88) 1.37 (1.05, 1.79) 1.37 (0.94, 2.01)

All other
musculoskeletal
defects

420 (3.7) 9 (3.2) 0.85 (0.44, 1.64) 1.02 (0.51, 2.03) 1.02 (0.38, 2.73)

Eye defects 35 (0.3) 0 (0) –e –e –e

Ear, face, head, or
neck defects

24 (0.2) <5 –e –e –e

Urogenital system
defects

1,177 (10.6) 26 (9.2) 0.87 (0.59, 1.28) 0.80 (0.53, 1.20) 0.80 (0.45, 1.43)

Defects of the
ureter/bladder

303 (2.7) 6 (2.1) 0.78 (0.35, 1.75) 0.72 (0.31, 1.69) 0.72 (0.21, 2.44)

Hydronephrosis 369 (3.3) 11 (3.9) 1.17 (0.65, 2.14) 1.01 (0.55, 1.89) 1.01 (0.42, 2.47)

Gastrointestinal
system defects

274 (2.5) <5 –e –e –e

Integumentary
system defects

22 (0.2) <5 –e –e –e

Respiratory system
defects

81 (0.7) <5 –e –e –e

Other defects or
conditions

152 (1.4) <5 –e –e –e

Abbreviations: CI, confidence interval; PR, prevalence ratio.
aVaccinated in the first trimester, defined as weeks 0–13 of gestation for the analysis; Unvaccinated defined as women who had no record of IIV during their
pregnancy.
bPrevalence ratios and corresponding 95% confidence intervals were calculated using a generalized linear model with binomial family and log link.
cWeighted prevalence ratios were weighted by the inverse probability of treatment weight based on the estimated probability for vaccination. Treatment
weights accounted for the probability of vaccination by maternal age, mother's ethnicity, parity, season of birth, smoking status, sex, antenatal care indicator,
mother's medical conditions, and disadvantage.
d99.5% confidence intervals reflect a Bonferroni correction for multiple comparisons.
eEstimates were not calculated due to small cell size (n < 5).
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Although we observed no association between sea-
sonal influenza vaccination and major structural birth
defects overall, when we considered specific defects, we
did, however, observe a slightly elevated prevalence of
musculoskeletal defects among children of women vacci-
nated in the first trimester. The majority of these major
birth defects were unilateral or bilateral DDH. Develop-
mental hip dysplasia refers to a range of developmental
hip disorders and is a common congenital deformation

(Dezateux & Rosendahl, 2007), particularly in first preg-
nancies, large babies, and breech presentations, all fac-
tors which reduce the amount of space in the womb
(Dezateux & Rosendahl, 2007). In Western Australia,
diagnoses of DDH are increasingly made on the basis of
ultrasound imaging and have been increasing in recent
years—the reasons for which are at present unknown
(Anonymous, 2015). A recent review concluded there
was insufficient evidence to support universal screening,

TABLE 3 Prevalence ratios of major structural birth defects diagnosed prenatally or within 1 month of birth by receipt of seasonal

inactivated influenza vaccination during pregnancy, Western Australia, April 2012–April 2016

Birth defect

Unvaccinateda

(N = 112,125)
First trimester
vaccinateda (N = 2,811)

Unweighted
PRb (95% CI)

Weighted PRc

(95% CI)
Weighted PRc

(99.5% CI)d
n (rate per 1,000
births) n (rate per 1,000 births)

Any major defects 2,491 (22.4) 62 (22.1) 0.98 (0.77, 1.26) 0.98 (0.77, 1.28) 0.98 (0.68, 1.43)

Central nervous
system defects

220 (2.0) <5 –e –e –e

Cardiac system
defects

350 (3.1) 9 (3.2) 1.02 (0.52, 1.96) 0.82 (0.42, 1.59) 0.82 (0.31, 2.12)

Musculoskeletal
system defects

888 (7.9) 28 (10.0) 1.25 (0.86, 1.81) 1.30 (0.88, 1.92) 1.30 (0.74, 2.28)

Hip dysplasia 513 (4.6) 20 (7.1) 1.54 (0.99, 2.41) 1.53 (0.96, 2.45) 1.53 (0.79, 2.99)

All other
musculoskeletal
defects

375 (3.4) 8 (2.8) 0.84 (0.42, 1.70) 0.98 (0.47, 2.03) 0.98 (0.34, 2.78)

Eye defects 30 (0.3) 0 (0) –e –e –e

Ear, face, head, or
neck defects

21 (0.2) <5 –e –e –e

Urogenital system
defects

961 (8.6) 23 (8.2) 0.95 (0.63, 1.43) 0.88 (0.57, 1.37) 0.88 (0.48, 1.64)

Defects of the
ureter/bladder

246 (2.2) 5 (1.8) 0.80 (0.33, 1.95) 0.77 (0.30, 1.95) 0.77 (0.20, 2.92)

Hydronephrosis 357 (3.2) 10 (3.6) 1.11 (0.59, 2.07) 0.96 (0.50, 1.85) 0.96 (0.38, 2.46)

Gastrointestinal
system defects

201 (1.8) <5 –e –e –e

Integumentary
system defects

18 (0.2) 0 (0) –e –e –e

Respiratory system
defects

75 (0.7) <5 –e –e –e

Other defects or
conditions

127 (1.2) <5 –e –e –e

Abbreviations: CI, confidence interval; PR, prevalence ratio.
aVaccinated in the first trimester, defined as weeks 0–13 of gestation for the analysis; Unvaccinated defined as women who had no record of IIV during their
pregnancy.
bPrevalence ratios and corresponding 95% confidence intervals were calculated using a generalized linear model with binomial family and log link;
cWeighted prevalence ratios were weighted by the inverse probability of treatment weight based on the estimated probability for vaccination. Treatment
weights accounted for the probability of vaccination by maternal age, mother's ethnicity, parity, season of birth, smoking status, sex, antenatal care indicator,
mother's medical conditions, and disadvantage;
d99.5% confidence intervals reflect a Bonferroni correction for multiple comparisons;
eEstimates not calculated due to small cell size (n < 5).
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that strong evidence on the diagnosis of DDH was limited
and that ultrasound interpretation was prone to inter-
and intra-observer variability depending especially on
operator skill (Schaeffer, 2018). WARDA only ascertains
cases of DDH that have been followed up and confirmed
postnatally and that have required treatment with brac-
ing. It is worth mentioning that when we accounted for
multiple comparisons, the association between DDH and

maternal seasonal IIV vaccination was no longer statisti-
cally significant. Furthermore, when we considered only
vaccination during the critical window of development
for the musculoskeletal system, we did not identify an
association between vaccination and DDH. We also
assessed musculoskeletal malformations with and with-
out DDH, and both DDH and other musculoskeletal mal-
formations in the second and third trimester. When

TABLE 4 Prevalence ratios of major structural birth defects diagnosed prenatally or within 6 years of birth by receipt of inactivated

influenza vaccine during the critical window of fetal organogenesis, Western Australia, April 2012–April 2016

Birth defect
Window
(weeks)a

Unvaccinatedb

(N = 112,125)

Critical window
vaccinatedb

(N = 2,811)

Unweighted
PRc (95% CI)

Weighted
PRd(95% CI)

Weighted PRd

(99.5% CI)e
n (rate per
1,000 births)

n (rate per 1,000
births)

Any major defects 13 4,828 (38.7) 36 (35.2) 0.91 (0.66, 1.26) 0.91 (0.66, 1.26) 0.91 (0.58, 1.45)

Central nervous
system defects

16 329 (2.7) 9 (2.3) 0.84 (0.43, 1.62) 0.98 (0.47, 2.04) 0.98 (0.34, 2.80)

Cardiac systems 6 508 (4.1) <5 –f –f –f

Musculoskeletal
systems

7 2,491 (20.0) 24 (23.5) 1.18 (0.79, 1.75) 1.18 (0.79, 1.76) 1.18 (0.67, 2.08)

Hip dysplasia 7 2,023 (16.2) 21 (20.5) 1.27 (0.83, 1.94) 1.27 (0.83, 1.95) 1.27 (0.69, 2.34)

All other
musculoskeletal
defects

7 468 (3.7) <5 –f –f –f

Eye defects 8 39 (0.3) 0 (0) –f –f –f

Ear, face, head, or
neck defects

9 28 (0.2) <5 –f –f –f

Urogenital system
defects

9 1,306 (10.5) 9 (5.9) 0.56 (0.29, 1.08) 0.57 (0.30, 1.10) 0.57 (0.22, 1.46)

Defects of the
ureter/bladder

9 303 (2.7) <5 –f –f –f

Hydronephrosis 9 369 (3.3) <5 –f –f –f

Gastrointestinal
system defects

7 306 (2.5) 0 (0) –f –f –f

Integumentary
system defects

7 24 (0.2) <5 –f –f –f

Respiratory system
defects

7 89 (0.7) <5 –f –f –f

Other defects or
conditions

7 165 (1.3) 0 (0) –f –f –f

Abbreviations: CI: confidence interval; PR: prevalence ratio.
aBased on critical windows outlined in Reproductive and Perinatal Epidemiology, Buck Louis, 2011.
bVaccination in the first trimester, defined as weeks 0–13 of gestation for the analysis; Unvaccinated defined as women who had no record of IIV during their
pregnancy.
cPrevalence ratios and corresponding 95% confidence intervals were calculated using a generalized linear model with binomial family and log link.
dWeighted prevalence ratios were weighted by the inverse probability of treatment weight based on the estimated probability for vaccination. Treatment
weights accounted for the probability of vaccination by maternal age, mother's ethnicity, parity, season of birth, smoking status, sex, antenatal care indicator,
mother's medical conditions, and disadvantage.
e99.5% confidence intervals reflect a Bonferroni correction for multiple comparisons;
fEstimates not calculated due to small cell sizes (n < 5).
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restricted to a single birth for each mother, we no longer
see an association between vaccination and DDH. For
these reasons, we think that DDH ascertained by
WARDA is unlikely to be influenced by maternal vacci-
nation status. Previous studies examining the risk of
major structural birth defects after maternal seasonal IIV
vaccination where DDH has been specifically mentioned
have not identified an association between DDH and
maternal vaccination (Kharbanda et al., 2017; Peppa
et al., 2020). However, given 60% of musculoskeletal
defects were diagnosed after 1 month of age in our study,
it is likely that our study with the longer follow-up cap-
tured more musculoskeletal defects. As a result, although
there is no strong evidence to support an association
between DDH and maternal vaccination, further research
would be useful.

4.3 | Strengths and limitations

A major strength of our study is that major birth defects
were identified as recorded by a state-wide legally man-
dated register, rather than using ICD coding system algo-
rithms to identify defects (Louik et al., 2016; Kharbanda
et al., 2017; Peppa et al., 2020). The WARDA register
identifies children with major and minor birth defects
using both passive and active case ascertainment through
a legally mandated process, in multiple data sources,
including birth, death, hospitalization, and perinatal
data, antenatal ultrasonography, medical records, fetal
medicine departments, cytogenetic laboratories, specialty
clinics, the state newborn screening laboratory, and pedi-
atric surgery and pathology departments, and is thus
more comprehensive in capturing all possible birth defect
cases up to the age of 6 years (Nembhard &
Bower, 2016). The register was evaluated in 2016 using
the 2001 Guidelines for the evaluation of public health
surveillance systems (Anonymous, 2001), as well as the
“Standards for Birth Defects Surveillance” provided by
the National Birth Defects Prevention Network in the
United States as a framework (Anderka et al., 2015), and
was found to be of high quality and representative
(Nembhard & Bower, 2016). Prevalence rates from
WARDA were relatively comparable to the two other sur-
veillance systems, which indicates that the sensitivity of
WARDA is fairly similar to other active surveillance sys-
tems with extended case ascertainment periods
(Nembhard & Bower, 2016).

Another strength of our study is the use of a
population-based cohort, including stillbirths, which
would have minimized the influence of selection bias
(i.e., live birth bias). Prior research has mostly been
restricted to evaluation of major birth defects in cohorts

of live births (Polyzos et al., 2015; Louik et al., 2016;
Kharbanda et al., 2017; Peppa et al., 2020). Studies that
assess exposure effects on the risk of congenital anoma-
lies when restricted to live births only are prone to selec-
tion bias, termed “livebirth bias” (Khoshnood, 2020).
Finally, to control for the possible influence of health-
seeking behavior, our analytical approach accounted for
the propensity for vaccination, including covariates
known to influence health-seeking behavior (vaccina-
tion) in pregnant women (Lutz et al., 2018; Mak
et al., 2018).

Despite these strengths, our study has some limita-
tions. First, we did not have information on the use of
teratogenic medications or hazardous alcohol consump-
tion during pregnancy. Similarly, we did not have infor-
mation on folic acid and prenatal vitamin use. While we
did not identify children with fetal alcohol spectrum dis-
order (FASD) in our cohort, we acknowledge that FASD
is likely to be under-recognized and under-reported
(Burns, Breen, Bower, O'Leary, & Elliott, 2013). We did
not have information on pregnancy loss prior to 20 weeks
and although medical terminations at ≥20 weeks were
included in the dataset, we did not have the ability to
identify these losses. We were also limited by small num-
bers for some categories of major birth defects, such as
eye, ear, gastrointestinal, respiratory, skin structural birth
defect categories, and defects of the peripheral circulatory
system by vaccination status, as well as specific major
birth defects. Since defects of the same organ system can
have different etiologies, additional research with larger
cohorts with sufficient power to examine specific defects
is still needed. Third, although we believe outcome mis-
classification would be uncommon, given the high valid-
ity of our source of birth defect information, we cannot
exclude the possibility of exposure misclassification in
our analysis. Based on a prior validation study of the
WAAVD database, conducted at the inception of the
database and reflecting worst-case scenario, the specific-
ity and sensitivity values of the WAAVD for measuring
influenza vaccination during pregnancy was 99% and
46%, respectively (Regan et al., 2015). This indicates that
while misclassification of unvaccinated women as vacci-
nated was uncommon, but some vaccinated women may
have been misclassified as unvaccinated. Based on our
quantitative analysis, nondifferential exposure mis-
classification by outcome group would not have changed
our study findings and large differences in the validity of
exposure measurement by outcome group would be
needed to suggest a harmful or protective association
between vaccination and the prevalence of birth defects.
Finally, because this is an observational study, we cannot
entirely exclude the possible influence of residual con-
founding on our results—despite our application of
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propensity score analyses to balance the cohort of vacci-
nated and unvaccinated pregnant individuals and to
restrict the influence of confounding.

5 | CONCLUSIONS

The findings from this large cohort study, in which diag-
noses in children up to the age of 6 years were included,
are consistent with the results from other studies on the
safety of maternal influenza vaccination and support the
safety of current recommendations for influenza vaccina-
tion during pregnancy. Targeted efforts are needed to
improve influenza vaccination rates among pregnant
women, and such efforts will need to incorporate infor-
mation on the safety of vaccination for offspring. Find-
ings from this study are valuable in supporting vaccine
confidence and can be used by healthcare providers and
vaccination campaigns when communicating about the
importance and safety of recommended vaccinations for
pregnant women.
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