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ABSTRACT

OBJECTIVE

To estimate the effectiveness of maternal mRNA
covid-19 vaccination during pregnancy against delta
and omicron severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection and hospital
admission in infants.
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Community and hospital testing in Ontario, Canada.

PARTICIPANTS

Infants younger than six months of age, born between
7 May 2021 and 31 March 2022, who were tested for
SARS-CoV-2 between 7 May 2021 and 5 September
2022.

INTERVENTION

Maternal mRNA covid-19 vaccination during
pregnancy.

MAIN OUTCOME MEASURES

Laboratory confirmed delta or omicron infection

or hospital admission of the infant. Multivariable
logistic regression estimated vaccine effectiveness,
with adjustments for clinical and sociodemographic
characteristics associated with vaccination and
infection.

RESULTS

8809 infants met eligibility criteria, including 99
delta cases (4365 controls) and 1501 omicron cases
(4847 controls). Infant vaccine effectiveness from two

WHAT IS ALREADY KNOWN ON THIS TOPIC

SARS-CoV-2 neutralising antibodies are present in umbilical cord blood,
breastmilk, and infant serum specimens following both maternal infection and
vaccination during pregnancy

Emerging evidence suggests maternal covid-19 vaccination during pregnancy
may reduce the risk of SARS-CoV-2 infection and hospital admission in infants

WHAT THIS STUDY ADDS

Vaccination with a second mRNA covid-19 vaccine dose during pregnancy was
highly effective against delta and moderately effective against omicron infection
and hospital admission in infants younger than six months of age; receipt of a
third dose bolstered protection against omicron

Vaccine effectiveness of two doses decreased over time against omicron
infection with the greatest protection during the first eight weeks of life and
when maternal vaccination occurred in the third trimester of pregnancy
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maternal doses was 95% (95% confidence interval
88% to 98%) against delta infection and 97% (73% to
100%) against infant hospital admission due to delta
and 45% (37% to 53%) against omicron infection
and 53% (39% to 64%) against hospital admission
due to omicron. Vaccine effectiveness for three doses
was 73% (61% to 80%) against omicron infection
and 80% (64% to 89%) against hospital admission
due to omicron. Vaccine effectiveness for two doses
against infant omicron infection was highest with

the second dose in the third trimester (53% (42% to
62%)) compared with the first (47% (31% to 59%))

or second (37% (24% to 47%)) trimesters. Vaccine
effectiveness for two doses against infant omicron
infection decreased from 57% (44% to 66%) between
birth and eight weeks to 40% (21% to 54%) after 16
weeks of age.

CONCLUSIONS

Maternal covid-19 vaccination with a second dose
during pregnancy was highly effective against delta
and moderately effective against omicron infection
and hospital admission in infants during the first

six months of life. A third vaccine dose bolstered
protection against omicron. Effectiveness for two
doses was highest with maternal vaccination in the
third trimester, and effectiveness decreased in infants
beyond eight weeks of age.

Introduction

Although most cases of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) in infants
present with mild or no signs, rates of admission
to hospital and severe illness have been higher in
infants compared with older children, especially
when infection occurs during the first month of life
or is complicated by other medical conditions.!® The
increased severity in young infants might be related
to their small airways and limited energy reserves,
coupled with the naivety of the infant immune
system.” Covid-19 vaccines are highly effective against
severe infection;® ® however, these vaccines are not yet
licensed for infants younger six months of age and the
immunogenicity provided by new vaccine technologies
in this age group is unknown.

Passive immunity for infants through the transfer
of maternal antibodies after vaccination during
pregnancy is well established for preventing infections
such as pertussis, tetanus, and influenza.”® SARS-
CoV-2 neutralising antibodies are present in umbilical
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cord blood, breastmilk, and serum specimens obtained
from infants after natural maternal infection and
vaccination during pregnancy.’® '! Additionally,
emerging evidence suggests that maternal covid-19
vaccination during pregnancy might reduce the
risk of SARS-CoV-2 infection and hospitalisation in
infants.'”*> We sought to extend this evidence by
evaluating the effectiveness of maternal vaccination
with the primary (two doses) or primary plus booster
(three doses) mRNA covid-19 vaccine series during
pregnancy against delta and omicron SARS-CoV-2
infection and hospital admission of infants during
their first six months of life.

Methods

We followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
reporting guidelines for case-control studies.'®

Study design, setting, and participants

We conducted a population based, test negative design
study in Ontario, Canada’s most populous province
with 14.7 million residents and 140000 births each
year.'” '® We included infants younger than six months
of age who were born between 7 May 2021 and 31 March
2022 and who were tested for SARS-CoV-2 between 7
May 2021 and 5 September 2022. We excluded infants
who were part of a multiple birth, infants born at less
than 20 weeks’ gestation or who weighed less than
500 g at birth, those with birth records that could not
be linked to the administrative databases, those with
missing gestational age, birthweight, or postal code,
and infants of mothers younger than 12 years or older
than 50 years of age. The unvaccinated group was
defined as not having received a covid-19 vaccine dose
up to 14 days before the infant’s SARS-CoV-2 test; we,
therefore, excluded infants of mothers who received:
one or two mRNA covid-19 vaccine doses before
conception and no doses during pregnancy; a first or
second mRNA covid-19 vaccine dose less than 14 days
before delivery; or a first or second mRNA covid-19
vaccine dose postpartum and at least 14 days before
the infant’s SARS-CoV-2 test. We also excluded infants
of mothers who received a covid-19 vaccine that was
viral vector-based or not Health Canada approved.

Data sources
We used data from ICES, which is an independent,
non-profit research institute whose legal status under
Ontario’s health information privacy law allows it to
collect and analyse health care and demographic data,
without consent, for health system evaluation and
improvement. Databases contain clinical, laboratory,
billing, and sociodemographic data. We linked
databases using unique coded identifiers and analysed
them at ICES. Information on all databases used in
this study can be found in supplementary table S1,
appendix page 3.

We identified maternal-newborn pairs using the
Linked Delivering Mother and Newborns (MOMBABY)
database, which contains deterministically linked
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maternal and newborn hospital delivery records from
the Canadian Institute for Health Information Discharge
Abstract Database.”® Greater than 99% of hospital birth
records have been successfully linked in MOMBABY
and fewer than 1% of records contain missing data.'’

Measures

We derived information on maternal covid-19
vaccination from COVaxON, a centralised covid-19
vaccine registry that contains complete documentation
of all covid-19 vaccination events in Ontario.
BNT162b2 and mRNA-1273 became available to
Ontario residents at high risk who were aged 18 years
and older in December 2020.2° Pregnant women were
prioritised for vaccination in phase 2 of the covid-19
vaccination programme, which began in April 2021;
however, vaccines were available to pregnant women
in earlier priority groups, such as healthcare or other
frontline workers.?! Due to vaccine supply constraints,
the interval between the first and second dose of the
primary vaccine series varied over the study period
from three to 16 weeks.?? > Moreover, some people
received a heterologous mRNA vaccine series due
to fluctuating vaccine supplies.’* People who were
immunocompromised were eligible for a third vaccine
dose beginning in August 2021 and third dose
eligibility gradually expanded to all adults, including
pregnant women, in a stepwise manner based on risk
in December 2021.%

We defined maternal vaccination with the primary
covid-19 vaccine series during pregnancy as two
vaccine doses administered up to 14 days before
delivery, with at least one dose after the date of
conception.' We defined maternal vaccination with
the primary plus booster covid-19 vaccine series
as three vaccine doses administered up to 14 days
before delivery, with at least one dose after the date of
conception. Women were considered unvaccinated if
they received no vaccine doses preconception, during
pregnancy, or post partum between delivery and 14
days before their infant’s SARS-CoV-2 infection test.

Outcomes

We defined laboratory confirmed SARS-CoV-2 infection
of the infant as a positive real-time polymerase
chain reaction (PCR) test result on a respiratory
specimen, irrespective of severity or the presence of
signs. Omicron was first detected in Ontario on 22
November 2021 and circulation of delta after 2 January
2022 was limited. The prevalence of SARS-CoV-2
lineages in Ontario over the study period is shown
in supplementary figure S1, appendix page 7. Whole
genome sequencing and s-gene target failure screening
were used to classify variants as omicron or delta
during the six week transition period. If whole genome
sequencing or s-gene target failure screening results
were not available, all SARS-CoV-2 PCR tests before 3
December 2021 were classified as delta and all tests
after 20 December 2021 were classified as omicron
based on province-wide, representative surveillance
(supplementary table S2, appendix page 4). We
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excluded positive tests from the transition period that
could not be classified by whole genome sequencing,
s-gene target failure screening, or dates. We obtained
test results from the covid-19 Integrated Testing
Dataset and identified variants using the Public Health
Case and Contact Management Solution.

Between 31 May 2021 and 30 December 2021, SARS-
CoV-2 PCR testing had no restrictions for infants.?® Due
to high case volumes after this time, infant testing in
the community was restricted to the following groups
at high risk, beginning on 31 December 2021: infants
in households with healthcare workers or staff working
in other high risk settings; infants receiving emergency
medical care or other outpatient medical care, at the
discretion of the treating physician; First Nation,
Inuit, or Métis infants; in the context of a confirmed
or suspected outbreak; and within 24 h of birth and
repeated at 48 h if negative at 24 h, for infants born
to parents with confirmed covid-19 at the time of birth
or if test results are pending at the time of hospital
discharge.?® Inpatient SARS-CoV-2 PCR testing had no
restrictions throughout the study period.

13785

Infants born between 7 May 2021 and 31 March 2022 and

tested for SARS-CoV-2 between 31 May 2021 and 5 September 2022

Excluded

633 Mothers with less than 1 year health insurance
\y 653 Multiple births
44 Ineligible covid-19 vaccine
106 Missing gestational age, birthweight, or postal code
55 SARS-CoV-2 variants not sequenced, indeterminant
on s-gene target failure, and not categorised by dates

Infants

(EIID
Excluded
298 Preconception vaccination and no vaccination during pregnancy
128 First vaccine dose 0-13 days before birth
276 Second vaccine dose 0-13 days before birth
2362 First or second vaccine dose post partum and =14 days before

infant test
421 Only one vaccine dose during pregnancy and no preconception
doses
# 8809
Infants
{ - !
(§1600) #7209
Cases Controls
(§99) (ZED
Delta cases Delta controls
GED § 4847

Omicron cases Omicron controls

Fig 1 | Summary of study sample selection
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We considered infants who tested positive for delta
or omicron to be cases and infants who tested negative
to be controls. We used the date of respiratory specimen
collection as the index date. For infants with multiple
positive tests, which could represent a single episode
of infection, we used the date of the first positive test
as the index date. For infants with multiple negative
tests, we included a randomly selected negative test,
to reduce potential bias due to repeat asymptomatic
screening in infants at high risk of exposure. Because
the omicron and delta periods overlapped, some
infants with negative tests served as controls in the
vaccine effectiveness analyses for both variants.

We identified delta and omicron-related hospital
admissions using reportable disease data in the Public
Health Case and Contact Management Solution, which
contains information on the clinical course of patients
with a positive SARS-CoV-2 PCR test, including
admissions to hospital because of covid-19.” We
excluded cases of nosocomial covid-19. We used the
Canadian Institute for Health Information Discharge
Abstract Database as an additional source to identify
admissions to hospital with covid-19 as the most
responsible diagnosis (ie, International Statistical
Classification of Diseases and Related Health Problems,
10th Revision, Canada (codes U07.1-U07.3)) and a
positive SARS-CoV-2 PCR test within 14 days before up
to three days after the date of admission.’

Covariates

We selected covariates a priori based on their potential
association with study outcomes, covid-19 vaccination,
or both.”® We extracted these covariates from the
MOMBABY database: maternal age at birth, parity,
calendar date of conception, and infant gestational age,
birthweight, and sex. We ascertained the presence of
maternal pre-pregnancy medical conditions (diabetes
mellitus, hypertension, heart disease, asthma,
autoimmune diseases, and immunosuppression)
from multiple datasets using validated algorithms, as
previously described.?’ We categorised the adequacy of
prenatal care into five groups (intensive, intermediate,
adequate, inadequate, and no care) using the Revised
Graduated Prenatal Care Index (R-GINDEX), which
is derived from a combination of the gestational age
at birth, the trimester of pregnancy that prenatal
care began, and the number of prenatal visits.’® We
extracted information to calculate the R-GINDEX from
MOMBABY and the Ontario Health Insurance Plan
databases. We identified positive maternal SARS-
CoV-2 PCR test results using the Covid-19 Integrated
Testing Dataset, which contains data on all SARS-
CoV-2 PCR testing in Ontario. We obtained information
on maternal influenza vaccination during the 2019-20
and 2020-21 influenza seasons as a proxy for health
behaviour using the Ontario Health Insurance Plan
and Ontario Drug Benefit databases. We obtained data
for four variables at the level of the dissemination
area (income quintile, proportion of the population
who self-identify as a visible minority, proportion of
the population employed in a high risk non-health
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Three mRNA covid-19 vaccine doses

( ) )

Preconception: Preconception: dose one Pregnancy:
dose one and two Pregnancy: dose dose one,

Pregnancy: dose three two and three two, and three
< 4825
Two mRNA covid-19 vaccine doses
{ B )
4232
Preconception: dose one Pregnancy:

Pregnancy: dose two dose one and two

Fig 2 | Maternal covid-19 vaccination timing in relation to pregnancy. (Top panel)
Primary series plus booster (three doses). (Bottom panel) Primary series (two doses)

occupation, and average number of people in each
dwelling to account for transmission risk) from the
2016 Canadian census. Dissemination areas are the
smallest census tract units and generally contain
between 400 and 700 residents. We determined the
public health unit of residence using a postal code
conversion file from Statistics Canada and combined
units into 10 larger regions.” We also grouped testing
into weekly intervals to capture changes in community
covid-19 incidence, public health measures, and
vaccine uptake.

Statistical analysis

We described the study participants using counts
(percentages) for categorical data and medians
(interquartile ranges) for continuous data. We
used standardised differences to assess differences
between cases and controls and vaccine exposed and
unexposed groups, where an absolute standardised
difference greater than 0.1 can indicate a potentially
clinically important imbalance in the distribution
between groups.>?

We used multivariable logistic regression to estimate
the adjusted odds ratio of maternal vaccination in
delta or omicron cases who tested positive compared
controls who tested negative and calculated vaccine
effectiveness as (1-adjusted odds ratio) x 100%. We
calculated vaccine effectiveness separately for the
primary and primary plus booster vaccine series. We
adjusted for the covariates described in the previous
section (except we did not adjust for infant gestational
age at birth or birthweight) and modelled week of
testing using restricted cubic splines with five knots.
We repeated the analysis for admissions to hospital
that were related to delta and omicron by using infants
who had negative tests during the relevant time periods
as the control groups.

To assess possible waning of vaccine effectiveness for
the primary series over time, we conducted additional
analyses stratified by the trimester of pregnancy when

the second vaccine dose was administered and by infant
age when tested (ie, birth to 8 weeks, 9-16 weeks, and
>16 weeks). Among infants of mothers who received
the primary plus booster vaccine series, we evaluated
vaccine effectiveness for the booster dose only during
pregnancy (ie, doses one and two preconception)
and the booster dose plus at least one primary
series dose during pregnancy. We also conducted a
secondary analysis estimating the effectiveness of only
one vaccine dose during pregnancy (and no doses
preconception or post partum between birth and 14
days before the infant’s test).

We conducted five sensitivity analyses against
omicron infection for the primary vaccine series:
before and after 31 December 2021, when changes to
SARS-CoV-2 PCR testing eligibility were implemented;
excluding infants of mothers who had a positive SARS-
CoV-2 PCR test preconception or during pregnancy;
excluding infants of immunosuppressed mothers
who could have mounted an inadequate immune
response with two vaccine doses; excluding infants of
mothers who received one of their two vaccine doses
preconception; and excluding infants tested during
the first week of life when asymptomatic screening
could have occurred for infants with extended birth
admissions.

We conducted all analyses using SAS version
9.4. Tests were two sided with p<0.05 as the level of
significance. We used 95% confidence intervals to
show precision around point estimates.

Patient and public involvement

Although study participants contributed in important
ways to this research, we did not involve them in the
design, conduct, reporting, or dissemination plans
of our study because of time limitations. Similarly,
involvement of members of the public was not feasible.

Results

Study population

In total, 8809 infants met the eligibility criteria,
including 99 delta cases compared with 4365 controls,
and 1501 omicron cases compared with 4847 controls
(fig 1). More infants were born to mothers who received
the primary covid-19 vaccine series (ie, two doses;
4825 (54.8%) of 8809) than were born to mothers who
received the primary plus booster vaccine series (ie,
three doses; 691 (7.8%) of 8809; fig 2A-B). Baseline
characteristics of infants and mothers are shown in
table 1. Compared with infants in the test negative
control group, a lower percentage of test positive cases
were tested during the first eight weeks of life or born
preterm. A lower percentage of mothers of infants in the
case group had a positive SARS-CoV-2 PCR test during
pregnancy but a higher percentage had a positive test
post partum, compared with mothers of infants in the
control group. Compared with vaccinated mothers,
unvaccinated mothers were younger, less likely to
have received an influenza vaccination during the two
previous influenza seasons, and more likely to reside
in areas with lower incomes and higher proportions of

doi: 10.1136/bmj-2022-074035 | BMJ 2023;380:€074035 | thebmj



RESEARCH

Table 1 | Characteristics of infants younger than six months of age tested for SARS-CoV-2 infection, May 2021 to September 2022, and their mothers,
Ontario, Canada. Data are number (percentage), unless otherwise specified

Infants (<6 months) tested for

SARS-CoV-2 Maternal covid-19 vaccination status
Primary and pri- Primary plus
Case Control Unvaccinated mary + boostert Primaryt boostert

Characteristic (n=1600) (n=7209) SD* (n=3293) (n=5516) SD* (n=4825) (n=691) SD*
Infant sex, female 742 (46.4) 3161 (43.8) 0.05 1506 (45.7) 2397 (43.5) 0.05 2111 (43.8) 286 (41.4) 0.05
Infant age when tested:

0-8 weeks 525 (32.8) 4111(57.0)  0.50 1849 (56.1) 2787 (50.5) 0.11 2352 (48.7) 435 (63.0) 0.29

9-16 weeks 585 (36.6) 1816 (25.2) 0.25 802 (24.4) 1599 (29.0) 0.10 1435 (29.7) 164 (23.7) 0.14

»16 weeks 490 (30.6) 1282(17.8) 0.30 642 (19.5) 1130 (20.5) 0.02 1038 (21.5) 92(13.3) 0.22
Gestational age at birth (weeks), median 39 (38-40) 39 (37-39) 0.23 39 (37-40) 39 (38-39) 0.01  39(38-39) 39 (38-39) 0.02
(interquartile range)
Preterm birth# 109 (6.8) 985 (13.7) 0.23 426 (12.9) 668 (12.1) 0.02 576 (11.9) 92 (13.3) 0.04
Low birthweight§ 86 (5.4) 813 (11.3) 0.21 365 (11.1) 534 (9.7) 0.05 472 (9.8) 62 (9.0) 0.03
Mother’s age at birth:

<25 years 192 (12.0) 703 (9.8) 0.07 571 (17.3) 324 (5.9) 0.36 297 (6.2) 27 (3.9) 0.10

25-29 years 399 (24.9) 1745 (24.2)  0.02 956 (29.0) 1188 (21.5) 0.17 1076 (22.3) 112(16.2) 0.15

30-34 years 591 (36.9) 2768 (38.4) 0.03 1038 (31.5) 2321 (42.1) 0.22 2009 (41.6) 312 (45.2) 0.07

35-39 years 346 (21.6) 1641(22.8) 0.03 577 (17.5) 1410 (25.6) 0.20 1205 (25.0) 205 (29.7) 0.11

>40 years 72 (4.5) 352 (4.9) 0.02 151 (4.6) 273 (4.9) 0.02 238 (4.9) 35 (5.1) 0.01
Nulliparous 853 (53.3) 4393 (60.9) 0.15 1935 (58.8) 3311 (60.0) 0.03 2939 (60.9) 372 (53.8) 0.14
Pre-pregnancy maternal comorbidities:

Diabetes mellitus 93 (5.8) 447 (6.2) 0.02 198 (6.0) 342 (6.2) 0.01 317 (6.6) 25 (3.6) 0.13

Hypertension 42 (2.6) 179 (2.5) 0.01 81 (2.5) 140 (2.5) 0.01 118 (2.4) 22 (3.2) 0.04

Heart disease <5 (<0.3)1 <5 (<0.1)1 0-0.061 <5 (0.2)1 <5 (<0.1)1 0-0.021 <5 (<0.1)1 0(0.0) 0-0.019

Asthma 307 (19.2) 1498 (20.8) 0.04 686 (20.8) 1119 (20.3) 0.01 981 (20.3) 138 (20.0) 0.01

Autoimmune disease 46 (2.9) 203 (2.8) 0 72 (2.2) 177 3.2) 0.06 148 (3.1) 29 (4.2) 0.06
Immunosuppression** 31(1.9) 189 (2.6) 0.05 72 (2.2) 148 (2.7) 0.03 127 (2.6) 21 (3.0) 0.02
Prenatal care indextt:

Intensive/intermediate 845 (52.8) 3598 (49.9) 0.06 1606 (48.8) 2837 (51.4) 0.05 2480 (51.4) 357 (51.7) 0.01

Adequate 253 (15.8) 1109 (15.4) 0.01 483 (14.7) 879 (15.9) 0.04 767 (15.9) 112 (16.2) 0.01

Inadequate 370 (23.1) 1796 (24.9) 0.04 872 (26.5) 1294 (23.5) 0.07 1120 (23.2) 174 (25.2) 0.05

No care 132 (8.3) 706 (9.8) 0.05 332 (10.1) 506 (9.2) 0.03 458 (9.5) 48 (6.9) 0.09
Maternal influenza vaccinet+ 381 (23.8) 2095 (29.1) 0.12 381 (11.6) 2095 (38.0) 0.64 1804 (37.4) 291 (42.1) 0.10
Maternal SARS-CoV-2 infection:

Pre-pregnancy 28 (1.8) 179 (2.5) 0.05 80 (2.4) 127 (2.3) 0.01 100 (2.1) 27 (3.9) 0.11

During pregnancy 69 (4.3) 834 (11.6) 0.27 425 (12.9) 478 (8.7) 0.14 381 (7.9) 97 (14.0) 0.20

Post partum 324 (20.3) 365 (5.1) 0.47 309 (9.4) 380 (6.9) 0.09 348 (7.2) 32 (4.6) 0.11
Median household income quintile§§11:

1 (lowest) 385 (24.1) 1548 (21.5)  0.06 1004 (30.5) 929 (16.8) 0.33 824 (17.1) 105 (15.2) 0.05

2 348 (21.8) 1406 (19.5) 0.06 744 (22.6) 1010 (18.3) 0.11 894 (18.5) 116 (16.8) 0.05

3 312 (19.5) 1535 (21.3) 0.04 645 (19.6) 1202 (21.8) 0.05 1057 (21.9) 145 (21.0) 0.02

4 310 (19.4) 1472 (20.4) 0.03 539 (16.4) 1243 (22.5) 0.16 1066 (22.1) 177 (25.6) 0.08

5 (highest) 245 (15.3) 1248 (17.3)  0.05 361 (11.0) 1132 (20.5) 0.26 984 (20.4) 148 (21.4) 0.03
Self-identified visible minority
quintile§§***:

1 (lowest) 245 (15.3) 1225 (17.0) 0.05 640 (19.4) 830 (15.0) 0.12 737 (15.3) 93 (13.5) 0.05

2 246 (15.4) 1260 (17.5) 0.06 566 (17.2) 940 (17.0) 0 821 (17.0) 119(17.2) 0.01

3 273 (17.1) 1343 (18.6)  0.04 555 (16.9) 1061 (19.2) 0.06 890 (18.4) 171 (24.7) 0.15

4 390 (24.4) 1640 (22.7) 0.04 660 (20.0) 1370 (24.8) 0.12 1198 (24.8) 172 (24.9) 0

5 (highest) 446 (27.9) 1741 (24.2) 0.08 872 (26.5) 1315 (23.8) 0.06 1179 (24.4) 136 (19.7) 0.11
Average number of people per dwelling
quintile§s:

1(0-2.1) 290 (18.1) 1230 (17.1) 0.03 659 (20.0) 861 (15.6) 0.12 732 (15.2) 129 (18.7) 0.09

2(2.2-2.4) 236 (14.8) 1345 (18.7)  0.10 656 (19.9) 925 (16.8) 0.08 806 (16.7) 119 (17.2) 0.01

3(2.5-2.6) 230 (14.4) 1101 (15.3) 0.03 473 (14.4) 858 (15.6) 0.03 756 (15.7) 102 (14.8) 0.03

4 (2.7-3.0) 397 (24.8) 1817 (25.2) 0.01 754 (22.9) 1460 (26.5) 0.08 1279 (26.5) 181 (26.2) 0.01

5(3.1-5.7) 447 (27.9) 1716 (23.8) 0.09 751 (22.8) 1412 (25.6) 0.07 1252 (25.9) 160 (23.2) 0.06
High risk non-health occupation
quintile§§Tt1:

1 (0%-32.5%) 235 (14.7) 1238(17.2) 0.07 300 (9.1) 1173 (21.3) 034 997 (20.7) 176 (25.5)  0.11

2 (32.5%-42.3%) 344 (21.5) 1538 (21.3) O 558 (16.9) 1324 (24.0) 0.18 1156 (24.0) 168 (24.3) 0.01

3 (42.3%-49.8%) 333(20.8) 1479 (20.5) 0.01 701 (21.3) 1111 (20.1) 0.03 988 (20.5) 123(17.8) 0.07

4 (50.0%-57.5%) 350(21.9) 1493 (20.7)  0.03 796 (24.2) 1047 (19.0) 0.13 919 (19.0) 128 (18.5) 0.01

5 (57.5%-100%) 338 (21.1) 1461 (20.3) 0.02 938 (28.5) 861 (15.6) 0.31 765 (15.9) 96 (13.9) 0.06
Public health unit region:

Central East 84 (5.3) 432 (6.0) 0.03 197 (6.0) 319 (5.8) 0.01 270 (5.6) 49 (7.1) 0.06

(Continued)
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Table 1 | Continued
Infants (<6 months) tested for

SARS-CoV-2 Maternal covid-19 vaccination status
Primary and pri- Primary plus
Case Control Unvaccinated mary + boostert Primaryt boostert
Characteristic (n=1600) (n=7209) SD* (n=3293) (n=5516) SD* (n=4825) (n=691) SD*
Central West 338 (21.1) 1532 (21.3) 0 739 (22.4) 1131 (20.5) 0.05 978 (20.3) 153 (22.1) 0.05
Durham 89 (5.6) 353 (4.9) 0.03 148 (4.5) 294 (5.3) 0.04 254 (5.3) 40 (5.8) 0.02
Eastern 56 (3.5) 502 (7.0) 0.16 220 (6.7) 338 (6.1) 0.02 300 (6.2) 38 (5.5) 0.03
Northern 121 (7.6) 337 (4.7) 0.12 182 (5.5) 276 (5.0) 0.02 242 (5.0) 34 (4.9) 0
Ottawa 61(3.8) 514 (7.1) 0.15 125 (3.8) 450 (8.2) 0.18 399 (8.3) 51 (7.4) 0.03
Peel 197 (12.3) 746 (10.3) 0.06 378 (11.5) 565 (10.2) 0.04 510 (10.6) 55 (8.0) 0.09
South West 237 (14.8) 1200 (16.6) 0.05 634 (19.3) 803 (14.6) 0.13 716 (14.8) 87 (12.6) 0.07
Toronto 299 (18.7) 1175(16.3)  0.06 484 (14.7) 990 (17.9) 0.09 844 (17.5) 146 (21.1)  0.09
York 118 (7.4) 418 (5.8) 0.06 186 (5.6) 350 (6.3) 0.03 312 (6.5) 38 (5.5) 0.04
Covid-19 vaccine dose 2 or 3 during 906 (56.6) 4610 (63.9) 0.15 0(0.0) 5516 (100.0) — 4825 (100.0) 691 (100.0) O
pregnancy
Covid-19 vaccine dose 3 during 111 (6.9) 580 (8.0) 0.04 0(0.0) 691 (12.5) — 0(0.0) 691 (100.0) —
pregnancy
Maternal covid-19 vaccine dose 1 and 2:
BNT162b2-BNT162b2 650 (40.6) 3155 (43.8) 0.06 0 (0.0) 3805 (69.0) = 3320 (68.8) 485 (70.2) 0.03
MRNA-1273-mRNA-1273 154 (9.6) 800 (11.1) 0.05 0 (0.0) 954 (17.3) = 850 (17.6) 104 (15.1) 0.07
Heterologousttt 102 (6.4) 655 (9.1) 0.10 0 (0.0) 757 (13.7) = 655 (13.6) 102 (14.8) 0.03
Timing of maternal covid-19 vaccination:
First dose
Preconception 215 (13.4) 954 (13.2) 0.01 0 (0.0) 1169 (21.2) = 593 (12.3) 576 (83.4) 2.02
First trimester 239 (14.9) 913 (12.7) 0.07 0 (0.0) 1152 (20.9) = 1051 (21.8) 101 (14.6) 0.19
Second trimester 346 (21.6) 1942 (26.9) 0.12 0 (0.0) 2288 (41.5) = 2274 (47.1) 14 (2.0) 1.23
Third trimester 106 (6.6) 801 (11.1) 0.16 0(0.0) 907 (16.4) = 907 (18.8) 0(0.0) 0.68
Second dose
Preconception 40 (2.5) 223 (3.1) 0.04 0(0.0) 263 (4.8) = 0(0.0) 263 (38.1) 1.11
First trimester 185 (11.6) 723 (10.0) 0.05 0 (0.0) 908 (16.5) = 577 (12.0) 331 (47.9) 0.85
Second trimester 411 (25.7) 1576 (21.9) 0.09 0 (0.0) 1987 (36.0) = 1891-1895 92-96 0.60-0.62
(39.2-39.3)1 (13.3)-13.9)1
Third trimester 270 (16.9) 2088 (29.0) 0.29 0 (0.0) 2358 (42.7) = 2353-2357 <5 (<0.7)1 1.34-1.38
(48.8-48.8)1
Third dose
Second trimester 12 (0.8) 49 (0.7) 0.01 0 (0.0) 61(1.1) — 0(0.0) 61 (8.8) —
Third trimester 99 (6.2) 531 (7.4) 0.05 0 (0.0) 630 (11.4) = 0 (0.0) 630 (91.2) =
Interval between covid-19 vaccine doses
1and 2:
<35 days 226 (14.1) 904 (12.5) 0.05 0 (0.0) 1130 (20.5) = 1004 (20.8) 126 (18.2) 0.06
35-55 days 296 (18.5) 1627 (22.6) 0.10 0 (0.0) 1923 (34.9) = 1668 (34.6) 255 (36.9) 0.05
>56 days 384 (24.0) 2079 (28.8) 0.11 0 (0.0) 2463 (44.7) = 2153 (44.6) 310 (44.9) 0
Interval between covid-19 vaccine doses
2 and 3:
<168 days 25 (1.6) 117 (1.6) 0 0 (0.0) 142 (2.6) = 0 (0.0) 142 (20.5) =
>168 days 86 (5.4) 463 (6.4) 0.04 0 (0.0) 549 (10.0) = 0 (0.0) 549 (79.5) =

*Absolute standardised difference. Values greater than 0.10 indicate a potentially clinically important difference in the distribution between groups.

tPrimary covid-19 vaccination series defined as two doses up to 14 days before delivery with at least one dose after conception. Primary plus booster covid-19 vaccination series defined as
three doses up to 14 days before delivery with at least one dose after conception. Unvaccinated defined as no covid-19 vaccine doses preconception, during pregnancy, and postpartum up to 14
days before the infant’s SARS-CoV-2 polymerase chain reaction test.

$Preterm birth: birth at <37 weeks’ gestation.

§Low birthweight: birthweight <2500 g.

fin accordance with Ontario’s privacy legislation, ICES data privacy policy prohibits us from reporting cells with fewer than five people. Ranges reported in adjacent cells are to prevent back
calculation of small cells.

**Immunosuppression defined as solid organ or stem cell transplant, active cancer, sickle cell anaemia, HIV infection, immunosuppressing therapies, and other immune system disorders.
ttAdequacy of prenatal care characterised with the Revised-Graduated Prenatal Care Utilisation Index (R-GINDEX). Intensive and intermediate categories were combined due to small cells.
$#Maternal influenza vaccination during the 2019-20 and/or 2020-21 influenza seasons.

§§Dissemination area level variable.

ffiHousehold income quintile has variable cut-off values in different cities; census areas to account for cost of living. A dissemination area being in quintile 1 means it is among the lowest 20% of
dissemination areas in its city by income.

***Percentage of people in the area who self-identified as a visible minority. Census counts for people are randomly rounded up or down to the nearest number divisible by five, which causes
some minor imprecision.

tttPercentage of people in the area working in the following occupations: sales and service; trades, transport, and equipment operators, and related occupations; natural resources, agriculture,
and related production occupations; and manufacturing and utilities. Census counts for people are randomly rounded up or down to the nearest number divisible by five, which causes some
minor imprecision.

$+tHeterologous: mRNA-1273 followed by BNT162b2 or vice versa.

non-healthcare workers at high risk. The distributions  Vaccine effectiveness

of conception dates by case and control classification = Vaccine effectiveness for the primary vaccine series
and vaccination status are shown in supplementary was 95% (95% confidence interval 88% to 98%)
figure S2A-B, appendix page 8. against delta infection and 45% (37% to 53%) against
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Table 2 | Effectiveness of maternal mRNA covid-19 vaccination during pregnancy at any gestational time against delta and omicron infection and
admission to hospital in infants younger than six months of age in Ontario, Canada. Data are number of infants of vaccinated mothers/total number of
infants for each analysis(%) or percentage (95% confidence interval)

Infection

Infants in case group

Infants in control group

Effectiveness of maternal vaccination

Delta variant, primary vaccine series*t

<5/99 (£5.1)

2549/4357 (58.5)

95 (88 to 98)

Omicron variant, primary vaccine series*#

790/1390 (56.8)

2880/4267 (67.5)

45 (37 to 53)

Omicron variant, primary+booster vaccine seriest§

111/711 (15.6)

580/1967 (29.5)

73 (61 to 80)

Admission to hospital

Delta variant, primary vaccine series*t

<5/29 (<17.2)

2549/4357 (58.5)

97 (730 100)

Omicron variant, primary vaccine series*+

160/309 (51.8)

2880/4267 (67.5)

53 (39to 64)

Omicron variant, primary+booster vaccine seriest§

21/170 (12.4)

580/1967 (29.5)

80 (64 to 89)

Vaccine effectiveness estimated as one minus the adjusted odds ratio of maternal vaccination in cases versus controls times 100%. Multivariable logistic regression adjusted for the following
variables: calendar week of testing, infant age in weeks when tested (continuous), infant sex, mother’s age at birth in years (continuous), parity, maternal SARS-CoV-2 infection preconception or
during pregnancy, maternal influenza vaccination during the 2019/2020 or 2020/2021 influenza season, maternal pre-pregnancy comorbidities (diabetes mellitus, hypertension, heart disease,
asthma, autoimmune disease), maternal immunosuppression, adequacy of prenatal care (Revised Graduated Prenatal Care Index), four census dissemination area-level variables (income
quintile, proportion of the population who self-identify as a visible minority, proportion of the population employed in a high-risk non-health occupation, and average number of people in each
dwelling to account for transmission risk), and public health unit region.
*Primary covid-19 vaccination series defined as two doses up to 14 days before delivery with at least one dose after conception.
tInfants tested between 31 May 2021 and 2 January 2022.

$Infants tested between 22 November 2021 and 5 September 2022.
§Primary plus booster covid-19 vaccination series defined as three doses up to 14 days before delivery with at least one dose after conception.

Vaccine effectiveness (%)

Vaccine effectiveness (%)

60

40

20

omicron infection (table 2). Vaccine effectiveness
for the primary plus booster vaccine series was 73%
(61% to 80%) against omicron infection. We could
not estimate vaccine effectiveness for the primary plus
booster vaccine series against delta infection because
only nine mothers were triple vaccinated in the period
with the delta variant dominant. Although confidence
intervals overlapped, vaccine effectiveness for the
primary vaccine series (ie, two doses) against omicron
infection was higher when the second dose was given
in the third (53% (42% to 62%)) compared with first
(47% (31% to 59%)) or second (37% (24% to 47%))

Trimester of second vaccine dose

First Second Third
0 Infant age when tested
60
40
20
0
0-8weeks  9-16 weeks  >16 weeks

Fig 3 | Effectiveness of the primary mRNA covid-19 vaccine series during pregnancy
against omicron infection in infants younger than six months of age. (Top panel) By
trimester of pregnancy of second vaccine dose. (Bottom panel) By infant age at the time

of testing
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trimesters of pregnancy (fig 3A, and supplementary
table S3, appendix page 5). Effectiveness decreased in
a step wise manner by infant age at the time of testing
(57% (44% to 66%) between birth and eight weeks to
40% (21% to 54%) after 16 weeks of age (fig 3B and
supplementary table S3, appendix page 5). Vaccine
effectiveness of the primary plus booster vaccine series
against omicron infection was similar in infants of
mothers who received only the booster dose during
pregnancy (75% (57% to 85%)) or the booster dose
plus at least one primary series dose during pregnancy
(72% (60% to 81%)).

In total, 29 (29%) of 99 infants were admitted to
hospital because of a delta infection and 330 (22%)
of 1501 infants were admitted to hospital because of
an omicron infection. Against admission to hospital,
vaccine effectiveness for the primary vaccine series
was 97% (73% to 100%) against the delta variant and
53% (39% to 64%) for the omicron variant. Vaccine
effectiveness for the primary plus booster vaccine
series was 80% (64% to 89%) against admission to
hospital related to the omicron variant.

In addition to the 8809 infants in the main analyses,
421 infants were born to mothers who received only
one mRNA covid-19 vaccine dose during pregnancy,
and no doses preconception or post partum between
birth and 14 days before the infant’s test. Seventy five
percent (314/421) of the vaccinations occurred in the
third trimester. Vaccine effectiveness of one dose was
81% (33% to 95%) against delta and 30% (-9.6% to
55%) against an omicron infection.

Results were robust in sensitivity analyses with
vaccine effectiveness for the primary vaccine series
against omicron infection ranging from 44% to 52%
(supplementary table S4, appendix page 6).

Discussion

mRNA vaccines are highly effective at preventing
severe infection in pregnant women, whom have an
elevated risk of covid-19 complications compared
with their non-pregnant counterparts.’>>* Moreover,



epidemiological studies suggest that adverse pregnancy
outcomes, including spontaneous abortion, stillbirth,
and preterm birth, after a covid-19 vaccination during
pregnancy are similar to or lower than background
rates in the general population.’*>° In this study,
we show that maternal covid-19 vaccination during
pregnancy might have dual benefits by also conferring
protection to their infants.

Main findings

Using a test-negative study design, we estimated
high (295%) vaccine effectiveness for maternal
vaccination with the primary mRNA covid-19 vaccine
series during pregnancy against delta infection and
admission to hospital in infants younger than six
months of age. Vaccine effectiveness against omicron
infection (45%) and admission to hospital (53%) was
moderate, but improved with receipt of a booster dose
during pregnancy (73% and 80%, respectively). Our
results also suggest waning protection with two doses
over time against omicron infection. The greatest
protection was noted during the first eight weeks of
life and when maternal vaccination with the second
dose occurred in the third trimester of pregnancy.
The clinical implications of this finding on maternal
vaccination need to be weighed against the risks of
delaying vaccination to the pregnant woman and the
fetus. Additionally, receipt of only the first vaccine
dose during pregnancy offered less protection than
completion of the two or three dose series.

Comparison with other studies

Our findings are broadly consistent with three recent
studies that reported that maternal mRNA covid-19
vaccination during pregnancy was associated with
reductions in SARS-CoV-2 infection and the number of
infants admitted to hospital during periods of delta and
omicron predominance. In a Norwegian population
based cohort study including 21643 newborns,
maternal receipt of a second or third mRNA covid-19
vaccine dose during the second or third trimester of
pregnancy was associated with a reduced hazard of
SARS-CoV-2 infection in the first four months of life of
71% (56% to 81%) during delta predominant periods
and 33% (21% to 43%) during omicron periods.'?
Similar to the dose-response effect observed in our
study, the risk of a positive test was lower for infants
of mothers who received a third dose compared with
a second dose in the omicron dominant period. In
a US based, prospective, test-negative design study,
including 1049 infants, the effectiveness of maternal
mRNA covid-19 vaccination with two doses during
pregnancy against admission to hospital related to
covid-19 among infants younger than six months of
age was 80% (60% to 90%) during the period of delta
predominance and 38% (8% to 58%) during the period
of omicron predominance.'* Estimates of vaccine
effectiveness were higher when vaccination occurred
after 20 weeks’ gestation compared with the first 20
weeks, during both delta and omicron predominant
periods.'* Lastly, vaccine effectiveness of a second or
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third BNT162b2 dose in the second or third trimester
of pregnancy against admission to hospital related
to covid-19 during a period of delta predominance
among infants younger than six months of age (n=464)
was evaluated in a test-negative design study at three
paediatric hospitals in Israel.® Estimated vaccine
effectiveness was 62% (32% to 78%) with the highest
protection during the first two months of life.’> Only
six mothers in this study received a third vaccine dose
during pregnancy, precluding analysis of the effect of
booster doses.*

Strengths and limitations

Our study has several strengths. We used
deterministically linked, population based databases
within a publicly funded healthcare system, which
allowed us to identify all hospital deliveries and SARS-
CoV-2 PCR test results in Ontario during the study
period. A high percentage of women in our study were
vaccinated during pregnancy and detailed information
on vaccination status through the centralised COVaxON
data system assured highly accurate classification of
maternal vaccination status. Additionally, because
gestational age is derived from early ultrasound
assessment for most births in Ontario,* the accuracy
of gestational timing of maternal vaccination was
likely to be high. We also used a test-negative design,
which reduces bias due to differential access to
testing, healthcare seeking behaviour, and case
ascertainment.*’

Our study also has limitations. We adjusted for
multiple potential confounders, however, we were
limited by the information available in the databases
and unmeasured potential confounders, such as
breastfeeding, could have differed between infants
of vaccinated and unvaccinated mothers. Testing
eligibility varied over the study period, and although we
accounted for weekly testing periods in our analyses,
we did not have information on home rapid antigen
test results. Due to small case numbers, we could not
evaluate the impact of waning vaccine effectiveness
against delta infection or admissions to hospital
or waning effectiveness after third doses. We were
limited to the assessment of mRNA vaccines because
very few pregnant women received viral vector-based
covid-19 vaccines during the study period in Ontario.
Additionally, maternal vaccination during pregnancy
might protect infants from infection through antibody
transfer across the placenta and through breastmilk,
as well as via reduced exposure to maternal infection;
our study was not designed to answer the question of
which mechanism, or combination of mechanisms,
was responsible for our findings.

Conclusions

In this population based study, maternal vaccination
with the primary mRNA covid-19 vaccine series was
highly effective against delta and moderately effective
against omicron infection and admission to hospital in
infants during the first six months of life. Three vaccine
doses improved protection against omicron infection
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and admission to hospital. Vaccination during the
third trimester of pregnancy provided the greatest
protection, and effectiveness was highest in infants
between birth and eight weeks of age.
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