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Maternal third dose of BNT162b2 mRNA 
vaccine and risk of infant COVID-19 
hospitalization

Michal Lipschuetz    1,2,6, Joshua Guedalia    1,6, Sarah M. Cohen    1, 
Yishai Sompolinsky1, Galit Shefer3, Eli Melul3, Zivanit Ergaz-Shaltiel4, 
Debra Goldman-Wohl1, Simcha Yagel1, Ronit Calderon-Margalit5 & 
Ofer Beharier    1 

Infants are at a higher risk of Coronavirus Disease 2019 (COVID-19)-related 
hospitalizations compared to older children. In this study, we investigated 
the effect of the recommended third maternal dose of BNT162b2 
COVID-19 vaccine during pregnancy on rates of infant COVID-19-related 
hospitalizations. We conducted a nationwide cohort study of all live-born 
infants delivered in Israel between 24 August 2021 and 15 March 2022 to 
estimate the effectiveness of the third booster dose versus the second 
dose against infant COVID-19-related hospitalizations. Data were analyzed 
for the overall study period, and the Delta and Omicron periods were 
analyzed separately. Cox proportional hazard regression models estimated 
hazard ratios and 95% confidence intervals (CIs) for infant hospitalizations 
according to maternal vaccination status at delivery. Among 48,868 
live-born infants included in the analysis, rates of COVID-19 hospitalization 
were 0.4%, 0.6% and 0.7% in the third-dose, second-dose and unvaccinated 
groups, respectively. Compared to the second dose, the third dose was 
associated with reduced infant hospitalization with estimated effectiveness 
of 53% (95% CI: 36–65%). Greater protection was associated with a shorter 
interval between vaccination and delivery. A third maternal dose during 
pregnancy reduced the risk of infant hospitalization for COVID-19 during 
the first 4 months of life, supporting clinical and public health guidance for 
maternal booster vaccination to prevent infant COVID-19 hospitalization.

Infants are at increased risk of Coronavirus Disease 2019 
(COVID-19)-related hospitalizations, including acute respiratory 
failure, compared to older children1–3. According to Centers for Dis-
ease Control and Prevention (CDC) records, hospitalization rates of 

infants younger than 6 months of age were approximately six times 
higher during the peak week of Omicron predominance compared to 
Delta predominance1. During the Omicron period, hospitalizations of 
infants younger than 6 months of age accounted for 44% of all infants 
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August 2021, concomitantly with the surge of the Delta variant.  
To be eligible for a third dose, women had to have received their sec-
ond dose at least 5 months earlier. Evidence on the effect of maternal 
third dose on the risk of COVID-19-related hospitalizations in their 
infants is lacking. We, therefore, studied the association of maternal 
immunization with three doses versus two doses of BNT162b2 mRNA 
vaccines against COVID-19 administered at least 5 months earlier and 
the incidence of infant hospitalizations during their first 4 months 
of life.

Results
Participants
During the study period, 48,868 infants met the eligibility criteria. In 
total, 22,231 (45.5%) infants were born to mothers who received three 
vaccine doses (third-dose group); 13,364 (27.3%) infants were born to 
mothers who received two doses and were eligible but did not receive 
a third vaccine and at least 5 months had elapsed since they received 
their second dose (second-dose group); and 13,273 (27.2%) infants were 
born to unvaccinated mothers (unvaccinated group) (Fig. 1). Among 
the vaccinated cohort (second-dose and third-dose groups), 57.2% 
received their second vaccine before pregnancy. Among the third-dose 
group, all mothers received the third dose during pregnancy except 
two individuals who received it before pregnancy. The proportion of 
infants born to mothers who received the third dose increased during 
the study period (Extended Data Fig. 1).

Characteristics of infants in this study are presented in Table 1. The 
largest maternal age stratum in the study was 27–35 years, n = 26,864 
(55.0%), followed by ≤26 years, n = 12,057 (24.7%), and ≥36 years, 
n = 9,748 (19.9%). Mothers of infants in the third-dose group were older 
(23.8% in the 36–45-years age group) compared to the second dose and 
unvaccinated groups (17.6% and 16.2%, respectively). Grand multiparity 
(parity ≥5) was more common among the unvaccinated group (17.9%) 

and children with COVID-19 hospitalization, aged 0–4 years, mostly 
without underlying medical conditions1. Although mRNA vaccines 
were recently authorized for children as young as 6 months of age4,5, 
prevention of infection and illness for younger infants remains an issue 
of major concern.

Maternal immunization during pregnancy may provide the ben-
efit of vertical immunity to the fetus via the transplacental passage of 
immunoglobulins6–8. Previous data show that maternal immunization 
during pregnancy prevents pertussis and influenza infections in early 
infancy9–11, but there is little evidence on the effect of maternal immu-
nization against COVID-19 on infant morbidity. Halasa et al.12 found 
an association between maternal vaccination with the second dose of 
mRNA vaccine and reduced risk of COVID-19-related hospitalizations 
and critical disease among infants younger than 6 months of age. This 
protective effect was highest if the second dose of vaccine was admin-
istered after 20 weeks’ gestation.

We previously described the robust maternal humoral immune 
response to COVID-19 vaccination, coupled with a rise in neutralizing 
anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
antibodies in the fetal circulation13. We further showed that a third 
booster dose of mRNA BNT162b2 vaccine augmented maternal and 
neonatal humoral immunity, beyond that achieved with the second 
dose regimen14,15. After delivery, levels of anti-SARS-CoV-2 protective 
antibodies gradually drop during the first 4 months of life16–18. Never-
theless, protective effect may last up to 4 months after birth, as was 
demonstrated in a large Norwegian population-based cohort study, 
where vaccination during pregnancy was associated with significantly 
lower incidence of infant SARS-CoV-2 infection compared to unvac-
cinated mothers19.

The third boosting dose of COVID-19 vaccination is currently 
recommended for pregnant women20,21. In Israel, the recommenda-
tion for a third vaccine dose in pregnant women was announced in  

Exclusions:
16,238 born to mothers vaccinated with only
        1, 2 doses <5 months or 4 doses prior
        to delivery

98,444 live births in Israel between
24 August 2021 and 15 March 2022

48,868 infants included in the
study cohort

13,273 born to unvaccinated
mothers

35,595 born to mothers vaccinated
with two doses ≥ 5 months prior to

delivery (eligible for third dose)

22,231 born to mothers
who received 3rd dose

13,364 born to mothers
who received only 2 doses

847 born to mothers who received non-
        BNT12b2 vaccine
18,171 born to mothers infected before
        delivery
14,320 born to mothers without
        documented SARS-CoV-2 testing

Fig. 1 | Study population and flow chart of cohort selection. The flow chart shows the three comparison groups investigated during the study periods. Figure 1 was 
created with BioRender.
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than the third-dose (9.0%) and second-dose (10.1%) groups. Incidence 
of preterm deliveries and low birthweight did not differ among the 
groups (P = 0.736 and P = 0.078, respectively).

Incidence of infant COVID-19-related hospitalizations
A total of 352 (0.72%) infants up to the age of 120 days were hospital-
ized for COVID-19 during the study period. Eighty-nine infants who 
were hospitalized for reasons other than COVID-19 but were found 
to coincidentally test positive for SARS-CoV-2 were not included in 
the study outcome (see Extended Data Table 1, which summarizes 
the main medical conditions). The remaining 263 (75%) infants were 
included in further analyses. Figure 2a shows the number of infant 
COVID-19-related hospitalizations during the study period (24 August 
2021 to 15 March 2022) for all study groups. Infants of mothers who 
received a third dose had a lower (0.4%) incidence of COVID-19-related 
hospitalizations compared to infants of mothers who received a second 
dose only (0.6%; P < 0.001) or unvaccinated mothers (0.7%; P < 0.001) 
(Table 1, lower panel). Similar differences were observed when calculat-
ing cumulative incidence of COVID-19-related hospitalizations among 
study groups (log-rank P < 0.001; Fig. 2b).

Severity of COVID-19 in hospitalized infants
Among the 263 infants hospitalized due to COVID-19, 15 (5.7%) were 
born preterm (<37 weeks); 20 (7.6%) were admitted to the neonatal 
intensive care unit (NICU) at the time of delivery; and 15 (5.7%) were 
diagnosed with major congenital anomalies (including cardiac (n = 10), 
urinary (n = 1), brain (n = 2) and skeletal (n = 1)), with no statistical dif-
ferences among the three vaccine groups (P = 0.558, P = 0.669 and 
P = 0.759, for preterm, NICU and major anomalies, respectively). The 
median infant age at the time of hospitalization was 47 days (interquar-
tile range, 27–63 days), which was similar for the three study groups 
(P = 0.262). Infants of mothers who received the third dose had a shorter 
duration of hospitalizations compared to infants of mothers who were 
eligible for the third dose but received a second dose only and unvac-
cinated mothers (means ± s.d.: 1.77 ± 0.90 days versus 2.28 ± 1.32 days 
and 2.44 ± 1.76 days, respectively; P = 0.005). Overall, a total of ten 
infants (3.8% of COVID-19-related hospitalizations) were admitted 
to a pediatric intensive care unit (PICU) with COVID-19, including 
two infants (2.4%) in the third-dose group, three infants (3.5%) in the 
second-dose group and five (5.3%) infants in the unvaccinated group 
(P = 0.603) (Table 1). None of the COVID-19 hospitalizations ended 

Table 1 | Characteristics of the study cohort and infants hospitalized with COVID-19 within 120 days of delivery, stratified by 
maternal vaccination status at the time of delivery

Study period (24 August 2021 to 15 March 2022) (n = 48,868)

Three doses Two doses Unvaccinated P value comparing all 
study groups

P value—three doses 
versus two doses

Study group parameters:

n % 22,231 (45.5) 13,364 (27.3) 13,273 (27.2)

Maternal age in yearsa

<18–26 3,518 (15.9) 3,512 (26.4) 5,027 (38.0) <0.001 <0.001

27–35 13,329 (60.3) 7,467 (56.0) 6,068 (45.9)

36–45 5,267 (23.8) 2,344 (17.6) 2,137 (16.2)

Multifetal delivery 937 (4.2) 524 (3.9) 531 (4.0) 0.348 0.186

Parity

Primipara 6,861 (30.9) 3,968 (29.7) 3,881 (29.2) <0.001 0.001

Multipara (2–4) 13,362 (60.1) 8,044 (60.2) 7,012 (52.8)

Grand multipara (5+) 2,008 (9.0) 1,352 (10.1) 2,380 (17.9)

Number of SARS-CoV-2 PCR/antigen 
tests

1 2,183 (9.8) 1,816 (13.6) 3,870 (29.2) <0.001 <0.001

2–4 8,454 (38.0) 5,140 (40.5) 5,350 (40.3)

≥5 11,594 (52.2) 6,138 (45.9) 4,053 (30.5)

Newborn characteristics

Female 10,932 (49.2) 6,517 (48.8) 6,455 (48.6) 0.568 0.457

Preterm (≤37 weeks of gestation at 
delivery)

1616 (7.3) 988 (7.4) 994 (7.5) 0.736 0.675

Birthweight ≤2,500 g 2,237 (10.1) 1,382 (10.4) 1,435 (10.8) 0.078 0.395

Perinatal death (first 24 h of life) 6 (0.05) 3 (0.02) 5 (0.02) 0.418 1.000

COVID-19-related infant hospitalizations:

n (% of study group) 83 (0.4) 85 (0.6) 95 (0.7) <0.001 0.001

Length of stay (days) 1.77 ± 0.90 2.28 ± 1.32 2.44 ± 1.76 0.005 0.004

Age at COVID-19 admission (days) 51.0 (30.0–63.0) 41.0 (25.2–58.0) 47.0 (24.0–76.0) 0.262 0.123

PICU admission 2 (2.4) 3 (3.5) 5 (5.3) 0.603 1.000

Data are n (%), mean (± s.d.) and median (interquartile range); data were calculated according to the vaccine status of women at delivery. P values were calculated by comparing among all 
study groups and by comparing the third-dose group versus the second-dose group using two-sided chi-square test, Fisher’s exact test anxd Kruskal–Wallis test, as appropriate. aMaternal age 
data were missing for n = 199.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | May 2023 | 1155–1163 1158

Article https://doi.org/10.1038/s41591-023-02270-2

in death, and there were no deaths attributed to COVID-19 in infants 
during the study period.

Vaccine effectiveness of the third dose
Overall, the hazard ratio (HR) of the third dose versus the second dose 
administered 5 months or more prior against COVID-19-related infant 
hospitalization was 0.47 (95% confidence interval (CI): 0.35–0.64) with 
estimated vaccine effectiveness of 53% (95% CI: 36–65), for the first 
120 days after delivery. Vaccine effectiveness remained similar when 
stratified by infant sex and term deliveries and for infants born appro-
priate for gestational age (AGA) (Fig. 3). The relatively small number of 
cases (n < 10) for stratification to subgroups (preterm, small for ges-
tational age (SGA) and large for gestational age (LGA)) limited vaccine 
effectiveness estimation. Similar values of estimated vaccine protection 
were obtained in analyses comparing the third-dose group with the 
unvaccinated group. No significant protective effect of vaccination was 
found when comparing the second-dose group with the unvaccinated 
group ((−16), 95% CI: −56% to −14%) (Fig. 3).

Protection over time after delivery
Studying the protection of the third dose in 30-day intervals after birth, 
the third dose was more effective than the second dose in prevent-
ing hospitalization in infants at the first 90 days of life (HR= 0.41 (95% 
CI: 0.22–0.78), HR = 0.45 (95% CI: 0.28–0.72) and HR = 0.53 (95% CI: 
0.30–0.95), for 0–29 days, 30–59 days and 60–89 days, respectively), 
whereas it had no additional protection beyond 90 days (HR = 0.69 
(95% CI: 0.11–4.16) (Fig. 4a)).

Timing of third vaccination and infant protection
To evaluate how the timing of maternal vaccination affected infant 
protection, we studied the correlation between the time interval 

between maternal last vaccination and delivery and infant age at  
hospitalization. Using Pearson’s correlation comparing days from last 
maternal vaccination and infant age at hospitalization, we found an 
overall statistically significant negative correlation in the third-dose 
group (r = −0.536, P < 0.001) and a significant moderate negative cor-
relation in the second-dose group (r = −0.322, P = 0.003) (Fig. 4b,c, 
respectively), suggesting that longer time elapsed between mater-
nal vaccination and delivery was associated with lower protection to 
infants. Evidence for the waning of third boosting dose protection was 
also observed in Kaplan–Meier analysis, which showed that shorter 
interval between maternal third vaccination and delivery (for strata 
0–49 days, 50–99 days and 100–149 days) was associated with lower 
cumulative incidence of infant COVID-19-related hospitalizations 
(Extended Data Fig. 2).

Variants and vaccine effectiveness in the first month of life
We further evaluated the study outcome in the first 30 days of life during 
the Delta and Omicron periods. During the Delta period (24 August 2021 
to 1 December 2021) 16/23,865 (0.07%) infants were hospitalized due to 
COVID-19. There were no hospitalizations of infants in the third-dose 
group (0/8,272), 4/7,381 (0.05%) hospitalizations in the second-dose 
group and 12/8,212 (0.15%) hospitalizations in the unvaccinated group 
(P = 0.001). During the Omicron wave (15 December 2021 to 15 March 
2022), 50/20,893 (0.24%) infants were hospitalized due to COVID-19, 
with 17/11,745 (0.14%) hospitalizations in the third-dose group, 19/4,905 
(0.39%) hospitalizations in the second-dose group and 14/4,243 (0.33%) 
hospitalizations in the unvaccinated group (P = 0.006). Infants born 
between the Delta and Omicron waves, from 2 December 2021 to 14 
December 2021 (n = 4,110), were not included in these analyses. Cumu-
lative risk curves for infant COVID-19-related hospitalizations during 
the Delta and Omicron periods are shown in Fig. 5. Significantly lower 
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Fig. 3 | Effectiveness of maternal second and third booster vaccination 
against infant COVID-19-related hospitalization during the first 120 days 
of life, stratified by infant sex, gestational age at delivery and birthweight 
percentile for gestational age group. a, Comparison between the third-
dose and second-dose groups. b, Comparison between the third-dose and 
unvaccinated groups. c, Comparison between the second-dose and unvaccinated 
groups. Forest plot depicting pregnancy vaccine effectiveness against infant 
COVID-19-related hospitalizations during the first 120 days of life. Vaccine 
effectiveness was calculated as (1 − adjusted HR) × 100 of the indicated model. 
Overall models adjusted for maternal age, parity, gestational age at delivery, 

infant sex, multifetal pregnancy and birthweight groups. Models of the effect 
of infant sex stratum were adjusted for maternal age, parity, gestational age at 
delivery, multifetal pregnancy and birthweight groups. Time of delivery models 
were adjusted for maternal age, parity, infant sex, multifetal pregnancy and 
birthweight groups. Birthweight percentile for gestational age group models 
was adjusted for maternal age, parity, gestational age at delivery, infant sex and 
multifetal pregnancy. Error bars represent the median and 95% CI. Dotted line 
shows no effect point. *Missing data: one infant in the unvaccinated group was 
not assigned sex at birth, and 91 infants (33 in the third-dose group, 30 in the 
second-dose group and 28 in the unvaccinated group) were missing birthweight.
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cumulative incidence rates were found for infants in the third-dose 
group compared to the second-dose and unvaccinated groups during 
the Delta period (log-rank P = 0.040 and P = 0.001, respectively) and 
Omicron period (log-rank P = 0.002 and P = 0.017, respectively). How-
ever, there were non-significant differences in cumulative incidence 
rates between the second-dose group versus the unvaccinated group in 
the Delta and Omicron periods (log-rank P = 0.117 and P = 0.649, respec-
tively) (Fig. 5). When comparing the third-dose versus the second-dose 
groups, effectiveness could not be estimated for the Delta period owing 
to the low number of cases (zero in the third-dose group and four in 
the second-dose group), while the vaccine effectiveness during the 
Omicron period was 65% (95% CI: 32–82%).

Discussion
In this study, we provide evidence to support the role of maternal 
booster vaccination to support infant SARS-CoV-2 immunity in the 
prevention of early infant COVID-19 morbidity. We report a lower inci-
dence rate and shorter duration of early infant COVID-19 hospitali-
zations among infants of mothers who received a third vaccine dose 
compared to infants of mothers who received the second dose only, at 
least 5 months before delivery. We found an association between the 
timing of the third dose and the timing of infant COVID-19 hospitaliza-
tion, which supports an advantage of vaccination in the later stages of 
pregnancy. The protective effect of the third vaccine dose declined over 
time after delivery. Infants of mothers who were in the second-dose 
group (at least 5 months from the second dose) were not protected 
from serious disease, emphasizing the importance of maternal booster 
vaccination. Together, these findings show how waning of maternal 
SARS-CoV-2 immunity influences infant health.

To date, most of the data regarding the possible benefits of mater-
nal vaccination on early infant infections come from studies that show 
efficient transport of protective anti SARS-CoV-2 IgG from the mother 
to the umbilical cord blood at birth13,14,16,22–25. Vertical SARS-CoV-2 immu-
nity may explain the observations of reduced risk for COVID-19 in 
infants during early life in mothers who had third-dose vaccination. 
These findings corroborate previous reports from the Norwegian 
population that found an association between maternal vaccination 
and reduced risk for positive SARS-CoV-2 test during the first 4 months 
of life19 and data from the United States reporting the associations 
of maternal vaccination with two doses and reduced risk of infant 
hospitalizations12. Our data provide additional evidence for the role 
of the third vaccine dose in protecting against COVID-19-related hos-
pitalizations during early infancy. Unlike these previous studies12,19 that 
included women at any time after administration of the second dose, 
we included only vaccinated mothers when 5 months had elapsed from 
the second dose. This allowed us to isolate the effect of the waning of 
maternal vaccine protection on the immunity extended to infants. 
As many women have waning immunity after the second dose, we 
show that a third-dose booster provides additional protection for 
their children. We further show an association between the timing 
of maternal vaccination with the third dose and the timing of infant 
COVID-19-related hospitalizations, suggesting that a booster dose 
given in later pregnancy would increase infant protection. Neverthe-
less, determining the appropriate timing for boosting is challenging, as 
the benefits of maximizing infant protection must be balanced against 
maternal risks of delaying vaccination, considering the risk of severe 
maternal COVID-19 during pregnancy.

This study focused on the indirect benefits of vaccine boosting in 
pregnant mothers for their unvaccinated infants. Our results extend 
previous data showing how parental vaccination confers protection 
on children residing in the same household26,27, further highlighting 
the broad impact of parental vaccination on their children’s health. In 
the case of vaccination during pregnancy, infant vaccine effects are 
mediated by two main mechanisms: (1) by passage of antibodies across 
the placenta during pregnancy and through breast milk for breastfed 
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Fig. 4 | Adjusted HRs for infant COVID-19 hospitalization by intervals from 
delivery and timing of hospitalizations by time elapsed from maternal 
vaccination to delivery. a, Adjusted HR for infant COVID-19 hospitalization in 
the third-dose group compared to the second-dose group, calculated per 30-day 
intervals and plotted by time from delivery (the lower the HR, the greater the 
protection conferred). Error bars represent 95% CI of the adjusted HR for each 
infant age group; the center line represents the median, and the dotted line 
shows no effect point. The infant age strata of 0–29 days, 30–59 days, 60–89 days 
and 90–119 days included n = 35,595, n = 29,141, n = 21,931 and n = 15,017 infants, 
respectively. b, The timing of infant COVID-19 hospitalization has a significant 
negative correlation with time elapsed from maternal third vaccination until 
delivery (Pearson’s r = −0.536, P < 0.001). c, The timing of infant COVID-19 
hospitalization has a moderate but significant negative correlation with the 
time elapsed from maternal last (second) vaccination until delivery (Pearson’s 
r = −0.322, P = 0.003).
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infants and (2) by direct decrease in the chance of exposure to infec-
tive agents resulting from a better-protected mother (reduced vector 
susceptibility and infectiousness)26,28–30. Although we acknowledge the 
importance of a thorough understanding of the relative contribution of 
each of these protective components, these data were not available for 
this study and, therefore, require further investigation in future studies.

We found differences between the COVID-19 periods dominated 
by the Delta and Omicron variants when comparing the impact of 
maternal vaccination with a third dose on the rates of infant hospi-
talization. These findings are in agreement with previous reports in 
the general population of reduced effectiveness of the current mRNA 
vaccines against COVID-19 mediated by the Omicron variant31,32. As the 
Omicron variant is genetically divergent from the wild-type SARS-CoV-2 
strain, for which the BNT162b2 vaccine was tailored, it seems to escape 
vaccine-mediated protection. These findings emphasize the potency 
and broad effects of maternal vaccination while highlighting the need 
to tailor vaccines for novel variants. In this context, future studies 
should evaluate the association of maternal bivalent boosters with 
infant hospitalizations, as these vaccines are better tailored against 
the Omicron variant.

The CDC, the American College of Obstetricians and Gynecologists 
and other health organizations currently recommend booster doses 
for pregnant women as soon as they are eligible, to minimize the risk 
of severe disease15,33,34. These recommendations are based on informa-
tion showing that COVID-19 vaccination in pregnancy safely protects 
against severe COVID-19 (refs. 35–38). Nevertheless, vaccine uptake 
among pregnant populations has been slow in many societies37,39,40. 
Our results, showing that vaccines during pregnancy reduce the risk for 
infant COVID-19-related hospitalizations, in addition to the reduction 
in previously reported maternal risks, may support women’s decisions 
to be vaccinated and, thereby, improve vaccination uptake rates among 
pregnant women41. Moreover, as the circulation of SARS-CoV-2 persists, 
we anticipate that future guidelines will adopt recommendations for 

routine COVID-19 booster vaccination during the third trimester16, 
aiming to reduce early infant morbidity, similar to recommendations 
for pertussis and influenza prevention42–44.

Our study’s strengths include the use of registry data covering the 
whole Israeli population, with high data completeness. In addition, 
the high compliance with COVID-19 vaccination campaigns among 
the pregnant population in Israel provides a large cohort for analy-
sis. Mandatory reporting to the Israeli national registries (Methods) 
limited potential selection bias and provided detailed data on clinical 
and sociodemographic variables. In addition, we estimated vaccine 
effectiveness for different subpopulations and found similar effective-
ness, further strengthening the relevance of the findings to infants of 
diverse backgrounds.

This study has several limitations. It is a real-world observational 
study; therefore, participants were not randomly selected for vaccina-
tion. Patients who declined a boosting dose may vary in demographic 
or obstetric characteristics from other eligible individuals. Sociode-
mographic variables were unavailable for this study; therefore, we 
could not control for those potential confounders. Moreover, groups 
who received booster vaccination could behave in a more cautious way 
that may reduce their risk of infection. Although women with previous 
documentation of a positive SARS-CoV-2 test were excluded from the 
study, natural and hybrid immunity acquired during the pandemic, 
which may not have been captured by testing in the community, might 
have affected the results. These possible sources of bias are challenges 
in a retrospective study design. To overcome these potential biases, we 
adjusted data for known confounders, but we acknowledge that other, 
unaccounted-for group and individual risk factors for severe illness or 
exposure to the virus could have affected our results. We did not adjust 
our results for maternal morbidities or COVID-19 severity of the infants 
during hospitalization (for example, COVID-19 degree of severity); 
therefore, our results must be interpreted with caution. Also, women 
were included in the third-dose group from the day they received the 
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booster. It is possible that the level of protective antibodies in the first 
days after booster vaccination was suboptimal. This may have impacted 
the results overall (that is, lessened the degree of estimated effective-
ness). Nonetheless, the level of protection was found to be higher in the 
third-dose group compared to the second-dose group (among whom 
at least 5 months had elapsed from the second dose). Furthermore, 
the data did not include disease symptoms and allowed only limited 
assessment of disease severity. Finally, data regarding breastfeeding 
were not available in this study; therefore, we cannot evaluate the role 
of breastfeeding in mediating protection.

In conclusion, in this national cohort study, a third boosting dose 
of the BNT162b2 mRNA COVID-19 vaccine during pregnancy was associ-
ated with a reduced risk, and a shorter duration, of infant hospitaliza-
tion for COVID-19 during the first 4 months of life compared to mothers 
who did not receive a booster. Our data provide evidence to support 
infant protection against serious COVID-19 disease after maternal 
vaccination with the third dose during pregnancy.
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Methods
Ethics
The study protocol was approved by Hadassah Medical Organization’s 
institutional review board (IRB) (approval 0593-21, 5 September 2021). 
All records were anonymized at the source; therefore, the IRB waived 
the need for informed consent for this retrospective study.

Study design
We conducted a population-based nationwide historical cohort study 
comparing the risk of COVID-19-related hospitalizations among infants 
born to mothers who received a third dose of the BNT162b2 mRNA 
COVID-19 vaccine (third-dose group); infants born to mothers for 
whom at least 5 months had elapsed since the second dose, making 
them eligible for the third dose, but who did not receive it (second-dose 
group); and infants born to unvaccinated mothers (unvaccinated 
group).

Study population
The study captured all live-born infants from 22 weeks’ gestational 
age delivered in Israel from 24 August 2021, when the third vaccine 
dose became available to the general population, to 15 March 2022, 
when public policy changes regarding testing and other restric-
tions were implemented. We included infants born to unvaccinated  
mothers and infants born to mothers who were eligible to receive 
the third vaccine dose during pregnancy (at least 5 months had  
elapsed since their second vaccine dose). Vaccinations were admin-
istered before or during pregnancy. We excluded infants born to  
mothers with documented SARS-CoV-2 infection before delivery. 
To control for a possible selection bias by which vaccination is also 
associated with the willingness to be tested, we also excluded women 
without any documented SARS-CoV-2 test since the beginning of the 
pandemic. Finally, infants born to mothers who received vaccines 
other than BNT162b2 mRNA vaccine were also excluded (see flow 
chart, Fig. 1).

Data source and organization
Data were extracted from TIMNA, the national research infrastructure 
for big data, established by the Israel Ministry of Health (MOH) for 
conducting big data health research. The Israel MOH keeps a registry 
for COVID-19 that holds data on all laboratory-based SARS-CoV-2 diag-
nostic tests, vaccinations and confirmed cases. We analyzed integrated 
participant-level data maintained by the MOH from three primary 
sources: the COVID-19 Registry, the National Birth Registry and the 
National Inpatient Registry (including all diagnoses of hospitalized 
patients in Israel).

Study outcomes
The study outcome was infant hospitalizations due to COVID-19. Data 
on dates of admission, discharge and outcome on all hospitalizations 
with ICD-9 code 07984 (COVID-19 infection) were extracted for all 
infants up to 120 days of age. A consultant pediatrician (Z.E.S.) reviewed 
the records of all infants with a diagnosis of COVID-19 during their hos-
pitalization, in a blinded fashion, and determined whether the index 
hospitalization was indeed related to COVID-19 disease. Infants were 
followed from birth until COVID-related hospitalization, maternal third 
dose vaccination after birth (as the study focus on the impact of vac-
cination during pregnancy and not after delivery), age 120 days or the 
end of the study period. In a secondary analysis, two time periods were 
defined according to the dominant variant: the Delta period (24 August 
2021 to 1 December 2021) and the Omicron period (15 December 2021 
to 15 March 2022). Infants born between the two defined periods, 2–14 
December 2021, were not included in this secondary analysis. In these 
analyses, infant follow-up was defined from birth until COVID-related 
hospitalization, maternal vaccination, 30 days of age or the end of the 
study period.

Statistical analysis
Descriptive statistics of the study population by study group were 
presented as proportions, medians or means and were evaluated using 
chi-square test, Fisher’s exact test or Kruskal–Wallis test, as appropri-
ate. Kaplan–Meier analyses with a log-rank test were performed for 
univariate analysis, presenting infant hospitalization by infant age in 
days. Cox proportional hazard models were created to estimate the 
HRs and 95% CIs for the study outcome in the third-dose group com-
pared to the second-dose group, controlling for maternal age, parity, 
gestational age, birthweight categories (≤2,500 g, >2,500–3,999 g 
and ≥4,000 g) and neonatal sex. Additional models compared the 
third-dose and second-dose groups to the unvaccinated group, con-
trolling for the same covariates. Vaccine effectiveness was estimated 
as a percentage, defined as (1 − HR) × 100; 95% CIs were calculated 
similarly, for the entire study period and for the Delta and Omicron 
periods separately. In addition to vaccine effectiveness evaluation 
in the entire cohort, Cox regression models were stratified for infant 
sex, timing of delivery (term: ≥37 weeks; preterm: <37 weeks) and 
birthweight percentile for gestational age (SGA <10th percentile; 
LGA ≥90th percentile; and AGA ≥10th percentile and <90th percen-
tile). Correlations between the interval from last maternal vaccine 
to delivery and timing of infant hospitalizations were analyzed by 
Pearson’s correlation.

Python version 3.7.3 and lifelines version 0.24.14 were used for 
multivariate survival analyses. The SPSS statistical package for Win-
dows, version 24 (IBM), was used for descriptive and univariate analy-
ses. Two-sided P values ≤0.05 were considered to indicate statistical 
significance in all analyses.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The raw national-level data are protected and are not available due to 
data privacy laws. The data that support the findings of this study were 
provided by the Israel Ministry of Health, but restrictions apply to the 
availability of these data, which were used under license for the current 
study and so are not publicly available. Data are, however, available 
from the authors upon reasonable request and with permission of the 
Israel Ministry of Health.

Code availability
The modeling in this study used Python version 3.7.3 and lifelines 
version 0.24.1, which are freely available, and IBM-SPSS for Windows, 
version 24. Requests for the statistical code will be considered by the 
authors on an individual basis and require specific approval by the 
appropriate authorities of the Israel Ministry of Health. BioRender 
was used to create Fig. 1.
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Extended Data Fig. 1 | Graphic representation of infant follow-up within 
the study period, and COVID-19 timeline. a: Sample of infant follow-up time 
during the study periods with up to 120 days follow up from delivery. Each row 
represents an infant, colored by their maternal vaccination status at delivery. 
Third vaccine (green line), second vaccine (orange line), and unvaccinated (blue 
line). b: Sample of infant follow-up time during the Delta (on the left side) and 

Omicron variants (on the right side) periods with up to 30 days follow up from 
delivery. Each row represents an infant, colored by their maternal vaccination 
status at delivery. c: Illustration of incidence of infant COVID-19-related 
hospitalizations within study cohort, between August 24, 2021 and March 15, 
2022.
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Extended Data Fig. 2 | Cumulative incidence plots of COVID-19-related 
hospitalization, among infants of mothers who received the third boosting 
dose, stratified by the time elapsed from maternal vaccination to delivery. 
The center line represents the cumulative number of events at each time point. 

Shaded areas represent 95% confidence intervals. The number at risk at each time 
point and the cumulative number of events are also shown for each outcome. 
Red, 0–49 days; purple, 50–99 days; brown, 100–149 days.
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Extended Data Table 1 | Main medical diagnoses of hospitalized infants with a positive SARS-CoV-2 test who were not 
included in the study outcome
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