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AbstrAct
Objective
To investigate the comparative vaccine effectiveness 
of heterologous booster schedules (ie, three vaccine 
doses) compared with primary schedules (two vaccine 
doses) and with homologous mRNA vaccine booster 
schedules (three vaccine doses) during a period of 
omicron predominance.
Design
Population based cohort analyses.
setting
Denmark, Finland, Norway, and Sweden, 27 December 
2020 to 31 December 2022.
ParticiPants
All adults aged ≥18 years who had received at least 
a primary vaccination schedule of AZD1222 (Oxford-
AstraZeneca) or monovalent SARS-CoV-2 wild type 
(ancestral) strain based mRNA vaccines BNT162b2 
(Pfizer-BioNTech) or mRNA-1273 (Moderna), in any 
combination.
Main OutcOMe Measures
The main outcome measure was country combined 
risks of covid-19 related hospital admission and 
death with covid-19 and additional outcomes of 

covid-19 related admission to an intensive care unit 
and SARS-CoV-2 infection. During a period of omicron 
predominance, these outcomes were compared in 
those who received a heterologous booster versus 
primary schedule (matched analyses) and versus 
those who received a homologous mRNA vaccine 
booster (weighted analyses). Follow-up was for 75 
days from day 14 after the booster dose; comparative 
vaccine effectiveness was calculated as 1–risk ratio.
results
Across the four Nordic countries, 1 086 418 
participants had received a heterologous booster 
schedule of AZD1222+BNT162b2 or mRNA-1273 
and 2 505 093 had received a heterologous booster 
schedule of BNT162b2+mRNA-1273. Compared with 
the primary schedule only (two doses), the vaccine 
effectiveness of heterologous booster schedules 
comprising AZD1222+BNT162b2 or mRNA-1273 and 
BNT162b2+mRNA-1273 was 82.7% (95% confidence 
interval 77.1% to 88.2%) and 81.5% (78.9% to 
84.2%) for covid-19 related hospital admission 
and 95.9% (91.6% to 100.0%) and 87.5% (82.5% 
to 92.6%) for death with covid-19, respectively. 
Homologous mRNA booster schedules were similarly 
associated with increased protection against covid-19 
related hospital admission (≥76.5%) and death with 
covid-19 (≥84.1%) compared with previous primary 
course vaccination only. When a heterologous booster 
schedule was compared with the homologous booster 
schedule, vaccine effectiveness was 27.2% (3.7% to 
50.6%) for AZD1222+BNT162b2 or mRNA-1273 and 
23.3% (15.8% to 30.8%) for BNT162b2+mRNA-1273 
schedules against covid-19 related hospital 
admission and 21.7% (−8.3% to 51.7%) and 18.4% 
(−15.7% to 52.5%) against death with covid-19, 
respectively.
cOnclusiOn
Heterologous booster schedules are associated with 
increased protection against severe, omicron related 
covid-19 outcomes compared with primary course 
schedules and homologous booster schedules.

Introduction
Vaccination against covid-19 is currently the most 
invaluable way to control the pandemic globally, 
particularly as policy makers no longer consider non-
drug interventions. Booster doses are recommended to 
prevent severe and fatal covid-19, and observational 
studies have provided evidence of the effectiveness of 
such doses when the vaccine used for the booster (third 
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WhAt Is AlreAdy knoWn on thIs topIc
Booster doses against covid-19 are recommended to prevent severe and fatal 
covid-19
Changes in vaccination policies owing to specific safety concerns and logistical 
and supply issues have led to use of heterologous booster schedules in many 
countries
Implementation of heterologous booster strategies should be supported 
by evidence of effectiveness, including protection against severe covid-19 
outcomes due to the omicron variant; however, current evidence is scarce

WhAt thIs study Adds
Compared with primary vaccination schedules, both heterologous booster 
schedules containing AZD1222 as well as monovalent BNT162b2 and mRNA-
1273 SARS-CoV-2 ancestral strain based vaccines and homologous mRNA 
vaccine booster schedules were associated with significantly increased 
protection against severe covid-19 outcomes during a period of omicron 
predominance
Heterologous booster schedules were associated with modestly greater 
effectiveness against covid-19 related hospital admission than homologous 
mRNA vaccine booster schedules
This study adds evidence to support current and future covid-19 vaccination 
strategies that will increasingly rely on heterologous schedules
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dose) matches that of the primary vaccination schedule 
(homologous schedules).1-3 Additionally, clinical data 
have shown that heterologous vaccination schedules 
(where covid-19 vaccines differ in the primary 
vaccination schedule or the booster) are at least as 
immunogenic as homologous schedules.4-8 How these 
immunological findings translate into effectiveness is 
less certain.9-25 Additionally, the use of heterologous 
booster strategies facilitates a more flexible approach 
for vaccination roll-out, and simplifies logistics, but 
such practice should be supported by evidence of 
effectiveness. This evidence is currently lacking—in 
particular for effectiveness against severe covid-19 
outcomes associated with the omicron variants.19 21-25

In our population based cohort analyses using 
data from Denmark, Finland, Norway, and Sweden, 
we estimated the comparative vaccine effectiveness 
of heterologous booster schedules comprising 
adenovirus vector based AZD1222 (Vaxzeria; Oxford-
AstraZeneca) as well as monovalent BNT162b2 
(Comirnaty; Pfizer-BioNTech) and mRNA-1273 
(Spikevax; Moderna) SARS-CoV-2 wild type (ancestral) 
strain based mRNA vaccines against severe covid-19 
outcomes during omicron predominance in the 
Nordic countries. We compared heterologous booster 
schedules with primary course vaccination schedules 
and heterologous booster schedules with homologous 
booster schedules.

Methods
study design and cohort
We used nationwide demography and healthcare 
registers to obtain individual level information on 
vaccination status, covid-19 related outcomes, and 
relevant covariates (eg, age, sex, and comorbidity). 
Supplementary tables S1 and S2 provide details on 
the registers and variables. We constructed country 
specific cohorts including all adults aged 18 years or 
older at first vaccination with known residency within 
the specific country who had received at least a primary 
vaccination schedule with AZD1222, BNT162b2, 
mRNA-1273, or mixed, ascertained during the period 
27 December 2020 to 31 December 2022. The uptake of 
covid-19 vaccination in the Nordic countries has been 
high (>90% in those aged ≥50 years).26 We classified 
participants according to vaccine schedule received 
and defined heterologous booster schedules as those 
using a mix of vaccine types (eg, AZD1222 as the 
priming dose, followed by BNT162b2 as second and 
booster (third) dose, or mRNA-1273 as both priming 
and second dose and BNT162b2 as booster (third) 
dose). The mRNA vaccines BNT162b2 and mRNA-
1273 administered as part of the primary schedule or 
as a third dose were the original monovalent mRNA 
vaccines containing spike glycoprotein sequences 
from the wild type (ancestral) SARS-CoV-2 strain in 
all four countries. We defined two main heterologous 
booster groups consisting of schedules comprising 
AZD1222 (one or two doses) followed by BNT162b2 or 
mRNA-1273, and schedules containing a mix of mRNA 
vaccines only, but we also considered the individual 

heterologous schedule subtypes (see supplementary 
table S3 for included comparisons). A homologous 
booster schedule was defined as three doses of 
BNT162b2 or mRNA-1273. We excluded individuals 
with a previous documented SARS-CoV-2 infection (ie, 
any history of a positive SARS-CoV-2 polymerase chain 
reaction (PCR) test result) from the primary analyses. 
Heterologous booster schedules using all three 
vaccines were rare and therefore not analysed.

The study was conducted according to ethical and 
legal requirements of each country (see supplementary 
table S4). Supplementary text S1 provides an overview 
of our literature search strategy and synthesis of 
evidence before this study.

booster versus primary schedule
A matched design was used to assess the effectiveness 
of a heterologous booster schedule compared with a 
primary schedule (see supplementary figure S1).2 We 
matched participants on the day they received a booster 
dose with reference participants being those who had 
received the same primary schedule but had not yet 
received a booster dose (ie, contributing to reference 
period up until this date). The day the booster dose was 
administered served as the index date for each matched 
pair. We additionally matched participants on the 
calendar month they had received their second vaccine 
dose, year of birth (in five year bins), and a propensity 
score (by logistic regression) that included sex, region 
of residence, vaccination priority group, and selected 
comorbidities as predictors for receiving the respective 
studied heterologous booster schedule (supplementary 
table S2). Matched reference participants who received 
a booster dose later than the assigned index date were 
allowed to re-enter in additional matched pairs on that 
given date as participants who had received the booster.

Heterologous versus homologous booster 
schedules
We assessed the comparative effectiveness of 
heterologous and homologous booster schedules using 
stabilised inverse probability of treatment weights 
that included calendar month of the index date, year 
of birth (in five year bins), sex, region of residence, 
vaccination priority group, and selected comorbidities 
(supplementary table S2). The index date was 
defined as the day the booster dose was administered 
(supplementary figure S2). To ensure that participants 
were of similar age in the comparison groups and had 
received booster vaccines within the same calendar 
period, we used the interval from the 2.5% to the 97.5% 
centiles of the age and vaccination date distribution in 
the heterologous group as eligibility criteria. In other 
words, participants who had received the heterologous 
or homologous schedule had to not be younger or older 
than these limits and had to have received their booster 
dose within this calendar period.

Outcomes
We considered four covid-19 outcomes of interest. The 
two primary outcomes were covid-19 related hospital 
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admission (defined as a covid-19 related diagnosis 
and a positive PCR test result for SARS-CoV-2 within 
14 days before to two days after the day of admission) 
and death with covid-19 (defined as death within 30 
days of a positive PCR test result for SARS-CoV-2). 
Covid-19 related admission to an intensive care unit 
(ICU) and documented SARS-CoV-2 infection (ie, 
positive PCR test result) were included as additional 
outcomes (supplementary table S2). Follow-up was 
done separately for each outcome.

statistical analysis
Follow-up began on day 14 after the index date (to 
ensure full immunisation) and ended on the day of the 
outcome, day 75 after the start of follow-up (about three 
months from the index date), death, emigration, or end 
of study, whichever occurred first. Specifically for the 
analyses comparing matched booster schedules with 
primary schedules, we also censored matched pairs 
if the reference participant received a booster dose 
during follow-up.2 For the analyses of covid-19 related 
hospital and ICU admissions, we censored participants 
with a positive SARS-CoV-2 PCR test result on day 14 (ie, 
if no hospital admission had occurred within 14 days 
of the test, participants could no longer be classified 
as having a covid-19 related hospital admission and 
were no longer followed up) and similarly on day 
30 for death with covid-19. The start of the outcome 
ascertainment period was defined according to when 
the omicron variant (sublineages BA.1 and BA.2) 
accounted for more than 90% of all cases (based on 
national surveillance data): 28 December 2021 in 
Denmark and Norway, 1 January 2022 in Finland, and 
3 January 2022 in Sweden (and ended on 31 December 
2022). Participants with follow-up time after these 
respective calendar start dates contributed to the 
estimation of the cumulative incidences, which we 
obtained using the Kaplan-Meier estimator according 
to schedule in the matched analysis or the weighted 
analysis. Specifically, for the outcome analyses of 
documented SARS-CoV-2 infection, we ended follow-
up on 28 February 2022 (instead of 31 December 
2022) owing to important changes in national testing 
strategies and covid-19 surveillance efforts by the end 
of February 2022. Relative (ie, comparative vaccine 
effectiveness, calculated as 1–risk ratio) and absolute 
risk differences were estimated using the cumulative 
incidences at day 75. We calculated the corresponding 
95% confidence intervals using the delta method and 
truncated the upper 95% confidence bound of the 
comparative vaccine effectiveness if it exceeded 100% 
(a computational consequence in some comparisons 
owed to a large standard deviation when the number of 
compared individuals and events were small). Country 
specific estimates were pooled into country combined 
comparative vaccine effectiveness and risk differences 
estimates by random effects meta-analyses using the 
mixmeta package in R. We considered an association 
to be statistically significant if the 95% confidence 
interval did not include zero. We calculated the 
stabilised inverse probability of treatment weights as 

((1−p0)/(1−pc))/(p0/pc); where p0 is equal to the crude 
probability of the specific schedule and pc is equal 
to the probability of the specific schedule given the 
covariates; these probabilities were computed using 
logistic regressions.

Additional analyses included extending follow-
up with estimation of vaccine effectiveness at days 
120, 180, 270, and 365 from start of follow-up; 
comparing homologous BNT162b2 and mRNA-1273 
booster schedules as well as homologous booster 
versus primary schedules; and examining the risk of 
documented SARS-CoV-2 infection with stratification 
according to previous infection (not possible for the 
severe covid-19 outcomes because of too few events; ie, 
not applying the exclusion criterion of previous SARS-
CoV-2 infection). Moreover, in sensitivity analyses, we 
started follow-up on the day of the booster dose among 
Danish participants who had received a homologous 
mRNA booster schedule only for the primary outcomes 
and we adjusted for calendar week of the index 
date (instead of month; to assess potential residual 
confounding of calendar time; results not presented) 
for the outcome of documented SARS-CoV-2 infection.

Patient and public involvement
No patients or members of the public were formally 
involved in defining the research question, study 
design, or outcome measures, or the conduct of 
the study. Involvement was not possible because of 
privacy constraints, funding restrictions, and the short 
timeline during which the study was conducted.

results
Population
A combined total of 1 799 287 participants who 
had received a heterologous booster (ie, third dose; 
201 151 received AZD1222+BNT162b2 or mRNA-1273 
and 1 598 676 received BNT162b2+mRNA-1273) were 
included for the comparisons with primary vaccination 
schedules, and 3 591 511 (1 086 418 received 
AZD1222+BNT162b2 or mRNA-1273 and 2 505 093 
received BNT162b2+mRNA-1273) for the comparisons 
with homologous booster schedule (table 1 and 
supplementary figures S3 and S4). Overall, Sweden 
contributed the largest proportion of participants 
who had been vaccinated with a heterologous 
AZD1222+BNT162b2 or mRNA-1273 booster schedule 
(a total of 574 046, 52.8%), followed by Finland 
(289 158, 26.6%), Denmark (112 097, 10.3%), 
and Norway (111 117, 10.2%); 1 110 524 (44.3%) 
of participants who had received a heterologous 
BNT162b2+mRNA-1273 booster schedule were from 
Sweden, followed by Norway (814 570, 32.5%), 
Finland (577 164, 23.0%), and Denmark (2835, 0.1%). 
The majority of booster doses were administered from 
December 2021 to end of February 2022.

booster versus primary schedule
The cumulative incidences of covid-19 related hospital 
admission and death with covid-19 within 75 days of 
follow-up (ie, from day 14 after the booster dose) were 
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low when participants who had received a heterologous 
booster schedule were compared with those who 
had received a primary schedule (fig 1 and fig 2). 
Compared with a primary schedule, a heterologous 
AZD1222+BNT162b2 or mRNA-1273 booster 
schedule was associated with a country combined 

vaccine effectiveness of 82.7% (95% confidence 
interval 77.1% to 88.2%) against covid-19 related 
hospital admission and 95.9% (91.6% to 100.0%) 
against death with covid-19 (fig 3; see supplementary 
table S5 for risk differences). Heterologous 
BNT162b2+mRNA-1273 booster schedules were 
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Fig 1 | cumulative incidence curves of covid-19 related hospital admission comparing heterologous aZD1222 (Oxford-astraZeneca), bnt162b2 
(Pfizer-biontech), and mrna-1273 (Moderna) booster schedules with primary schedules in Denmark, Finland, norway, and sweden. a panel for 
norway is blank as cumulative incidence curves could not be generated for this specific country (row) comparison (column)
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associated with comparably high comparative vaccine 
effectiveness of 81.5% (78.9% to 84.2%) against 
covid-19 related hospital admission and 87.5% 
(82.5% to 92.6%) against death with covid-19. The 
comparative vaccine effectiveness for the individual 
subtypes of heterologous AZD1222+BNT162b2 or 
mMRNA-1273 and BNT162b2+mRNA-1273 booster 
schedules were overall compatible with those of the 
two main heterologous booster groups.

For both heterologous AZD1222+BNT162b2 or 
mRNA-1273 and BNT162b2+mRNA-1273 booster 
schedules, we observed high comparative vaccine 
effectiveness against covid-19 related ICU admission 
(89.6% (95% confidence interval 75.7% to 100%) and 
86.4% (74.0% to 98.9%), respectively), although these 
estimates were based on few events (supplementary 
table S6). The observed protection afforded by the 
two heterologous booster schedules was lower against 
documented SARS-CoV-2 infection (comparative 
vaccine effectiveness 40.5% (95% confidence interval 
17.6% to 63.4%) and 50.0% (33.5% to 66.5%), 
respectively) than for the severe covid-19 outcomes 
(supplementary table S6 and supplementary figure 
S5).

Compared with only a previous primary vaccination 
schedule, homologous BNT162b2 and mRNA-1273 
booster schedules were also associated with high 
protection—vaccine effectiveness of 76.5% (67.1% to 
86.0%) and 80.7% (67.1% to 94.3%) against covid-19 
related hospital admission and 84.1% (75.3% to 

93.0%) and 90.0% (79.1% to 100.0%) against death 
with covid-19, respectively (supplementary figure S6 
and supplementary table S7).

Heterologous versus homologous booster 
schedules
Compared with the homologous booster schedules, 
vaccine effectiveness of the heterologous AZD1222+ 
BNT162b2 or mRNA-1273 booster schedules was 
27.2% (3.7% to 50.6%) and 21.7% (−8.3% to 51.7%) 
for covid-19 related hospital admission and death with 
covid-19, respectively, whereas vaccine effectiveness 
of the heterologous BNT162b2+mRNA-1273 booster 
schedules was 23.3% (15.8% to 30.8%) and 18.4% 
(−15.7% to 52.5%), respectively (fig 4, fig 5, and fig 
6; see supplementary table S8 for risk differences). 
The corresponding risk differences for the outcome 
of covid-19 related hospital admission were −10.1 
(95% confidence interval −19.4 to −0.9) per 100 000 
individuals and −6.0 (−12.8 to 0.9) per 100 000 
individuals. When compared with homologous 
booster schedules for risk of covid-19 related ICU 
admission and documented SARS-CoV-2 infection, 
vaccine effectiveness of the AZD1222+BNT162b2 or 
mRNA-1273 booster schedules was 57.8% (−16.8% to 
100.0%) and −11.2% (−24.4% to 2.0%), respectively, 
and of BNT162b2+mRNA-1273 was 4.4% (−73.8% 
to 82.7%) and 12.4% (−4.8% to 29.6%), respectively 
(supplementary table S9 and supplementary figure 
S7).
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Fig 2 | cumulative incidence curves of death with covid-19 comparing heterologous aZD1222 (Oxford-astraZeneca), bnt162b2 (Pfizer-biontech), 
and mrna-1273 (Moderna) booster schedules with primary schedules in Finland and sweden. analysis was not possible in Denmark and norway 
because of too few events
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Compared with the homologous BNT162b2 booster 
schedule, the homologous mRNA-1273 booster 
schedule was associated with a vaccine effectiveness 
of 32.4% (12.8% to 52.0%) against covid-19 related 
hospital admission, 29.7% (−12.0% to 71.4%) against 
death with covid-19, 37.2% (-5.6% to 79.9%) against 
covid-19 related ICU admission, and 10.2% (3.1% to 
17.3%) against documented SARS-CoV-2 infection 
(supplementary figure S8 and supplementary table S10).

additional analyses
When we extended follow-up up to day 365, waning 
of vaccine effectiveness was observed (table 2; see 

supplementary figures S9-S11 and supplementary 
tables S11 and S12). When booster schedules were 
compared with primary course schedules for the 
outcome of covid-19 related hospital admission, 
the vaccine effectiveness of the heterologous 
AZD1222+BNT162b2 or mRNA-1273 and 
BNT162b2+mRNA-1273 booster schedules (which 
were 82.7% and 81.5% at day 75) was 62.6% (45.6% 
to 79.7%) and 67.7% (47.2% to 88.2%) at day 365 
of follow-up, respectively. Similarly, modest waning 
was observed for death with covid-19 as well as for 
homologous booster schedules. When heterologous 
booster schedules were compared with homologous 
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Fig 3 | comparative vaccine effectiveness for risk of covid-19 related hospital admission and death with covid-19 comparing heterologous aZD1222 
(Oxford-astraZeneca), bnt162b2 (Pfizer-biontech), and mrna-1273 (Moderna) booster schedules with primary schedules in the nordic countries. 
estimates are adjusted for calendar month of the second vaccine dose, year of birth (five year bins), sex, region of residence, vaccination priority 
group, and selected comorbidities through a matched design. supplementary table s5 presents risk difference estimates. numbers in brackets 
represent 1st, 2nd, and 3rd vaccine doses. cve=comparative vaccine effectiveness; DK=Denmark; Fi=Finland, ne=not estimable; nO=norway, 
se=sweden
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booster schedules, we observed a partial attenuation 
of the vaccine effectiveness estimates when increasing 
follow-up to day 365 for the outcomes of covid-19 
related hospital admission and death with covid-19.

In the additional analyses of the risk of documented 
SARS-CoV-2 infection in stratified subgroups by 
previous SARS-CoV-2 infection, vaccine effectiveness 

did not differ materially between previously infected 
and non-infected participants, when comparing those 
who had received the booster schedule with those who 
had received the primary course schedule as well as 
those who received the heterologous booster schedule 
compared with those who received the homologous 
booster schedule (supplementary figures S12 and 
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Fig 4 | cumulative incidence curves of covid-19 related hospital admission comparing heterologous aZD1222 (Oxford-astraZeneca), bnt162b2 
(Pfizer-biontech), and mrna-1273 (Moderna) booster schedules with homologous booster schedules in Denmark, Finland, norway, and sweden
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S13 and supplementary tables S13 and S14). For 
example, the vaccine effectiveness of the heterologous 
BNT162b2+mRNA-1273 booster schedule versus 
primary schedule in participants was 48.2% (32.9% 
to 63.5%) among those with no previous SARS-
CoV-2 infection and 54.4% (25.9% to 83.0%) among 
those with previous infection; similarly, the vaccine 
effectiveness of heterologous AZD1222+BNT162b2 
or mRNA-1273 versus homologous booster schedules 
was −10.7% (−23.1% to 1.8%) and −15.5% (−33.6% to 
2.5%), respectively. Overall, the cumulative incidence 
of documented infection was lowest for those groups of 
participants with previous SARS-CoV-2 infection who 
received a booster dose.

Lastly, in sensitivity analyses the results did not 
change when we started follow-up on the day of 
the booster dose (see supplementary table S15) or 

adjusted for calendar weeks instead of months (data 
not shown).

discussion
We estimated the vaccine effectiveness of heterologous 
booster schedules with AZD1222 and the monovalent 
SARS-CoV-2 wild type strain based BNT162b2 and 
mRNA-1273 vaccines during a period of omicron 
predominance in the Nordic countries. Overall, we 
found that both heterologous booster and homologous 
mRNA booster schedules were associated with 
improved protection (vaccine effectiveness ≥81.5% 
and ≥76.5%, respectively) against severe covid-19 
compared with primary course vaccination only. 
We also found that heterologous booster schedules 
comprising AZD1222+BNT162b2 or mRNA-1273 and 
BNT162b2+mRNA-1273 both conferred modestly 
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Fig 5 | cumulative incidence curves of death with covid-19 comparing heterologous aZD1222 (Oxford-astraZeneca), bnt162b2 (Pfizer-biontech), 
and mrna-1273 (Moderna) booster schedules with homologous booster schedules in Finland, norway, and sweden. a panel for norway is blank 
as cumulative incidence curves could not be generated for this specific country (row) comparison (column). analysis was not possible in Denmark 
because of too few events
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greater protection against covid-19 related hospital 
admission than homologous mRNA vaccine booster 
schedules. Moreover, for all comparisons, we observed 
a partial attenuation of the effect estimates when 
extending follow-up to one year after the day of booster 
vaccination.

comparison with other studies
Studies reporting vaccine effectiveness estimates 
against severe covid-19 outcomes for heterologous 
booster schedules of AZD1222 as well as monovalent 
SARS-CoV-2 wild type (ancestral) strain based 
BNT162b2 or mRNA-1273 vaccines, or both, are 
few and mostly describe the effectiveness in periods 

before the emergence of omicron.20-25 In comparisons 
with unvaccinated individuals, previous studies have 
shown that heterologous AZD1222+BNT162b2 or 
mRNA-1273 and BNT162b2+mRNA-1273 booster 
schedules provide high vaccine effectiveness against 
severe covid-19 outcomes (vaccine effectiveness 
74-99%), which overall appear to be similar to or 
modestly higher than the vaccine effectiveness of 
homologous mRNA or AZD1222 booster schedules 
when indirectly compared.20-23 Comparisons with 
unvaccinated people, however, are at risk of healthy 
vaccinee bias, particularly in populations with high 
vaccine uptake where unvaccinated people are poor 
representatives of the targeted general population for 
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Fig 6 | comparative vaccine effectiveness for risk of covid-19 related hospital admission and death with covid-19 comparing heterologous aZD1222 
(Oxford-astraZeneca), bnt162b2 (Pfizer-biontech), and mrna-1273 (Moderna) booster schedules with homologous booster schedules in the 
nordic countries. estimates are adjusted for calendar month the booster dose was received, year of birth (five year bins), sex, region of residence, 
vaccination priority group, and selected comorbidities using stabilised inverse probability of treatment weights. see supplementary table s8 for 
risk difference estimates. bracketed numbers 1 to 3 refer to 1st, 2nd, and 3rd vaccine doses. cve=comparative vaccine effectiveness, DK=Denmark; 
Fi=Finland; ne=not estimable; nO=norway; se=sweden
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booster vaccination, and a cautious interpretation 
of indirect comparisons of different schedules is 
warranted. A UK study compared individuals who 
had received an AZD1222 primary vaccination course 
followed by a BNT162b2 booster with primary course 
vaccination during the delta period, and reported a 
comparative vaccine effectiveness of 80.6% (95% 
confidence interval 78.3% to 82.6%) against covid-19 
related hospital admission and 86.6% (81.3% to 
90.4%) against death with covid-19 at day 70 after 
booster vaccination.24 Similar results were found for 
homologous BNT162b2 booster schedules, with a 
comparative vaccine effectiveness of 79.3% (76.1% to 
82.1%) for covid-19 related hospital admissions and 
90.5% (85.6% to 93.7%) for death with covid-19.24 
Our estimates for heterologous AZD1222+BNT162b2 

or mRNA-1273 booster schedules (comparative 
vaccine effectiveness 82.7% (77.1% to 88.2%) and 
95.9% (91.6% to 100.0%) for the two outcomes), 
obtained during the omicron period, are highly 
comparable to these previous findings during the 
delta period. Notably, as most of the booster doses in 
our study were administered from December 2021 to 
end of February 2022, estimates primarily reflect the 
effectiveness against covid-19 outcomes due to the 
omicron sublineages BA.1 and BA.2; BA.5 (and to a 
lesser extent BA.4) became the predominating variants 
only from June/July 2022. We observed a modestly 
lower risk of covid-19 related hospital admissions 
associated with both AZD1222+BNT162b2 or mRNA-
1273 and BNT162b2+mRNA-1273 heterologous 
booster schedules compared with homologous booster 

table 2 | comparative waning vaccine effectiveness against covid-19 related hospital admission and covid-19 related death in relation to heterologous 
booster schedules in the nordic countries, with up to one year of follow-up

Follow-up by schedule and outcome contributing countries

no of events/person years
country combined cve  
(%) (95% ci))

Heterologous booster 
schedules

Primary course/homologous 
booster schedules

Heterologous booster v primary course schedules
Hospital admission: AZD122+BNT162b2 or mRNA-1273:
  Day 120 DK, FI, SE 125/39 972.02 318/18 434.35 75.1 (69.0 to 81.3)
  Day 180 DK, FI, SE 167/56 654.72 348/24 598.56 69.6 (62.8 to 76.4)
  Day 270 DK, FI, SE 209/74 606.74 404/32 594.11 64.9 (51.8 to 78.1)
  Day 365 DK, FI, SE 230/82 964.96 444/39 392.43 62.6 (45.6 to 79.7)
Hospital admission: BNT162b2+mRNA-1273:
  Day 120 DK, FI, NO, SE 359/342 109.09 1440/278 529.01 71.5 (55.6 to 87.4)
  Day 180 DK, FI, NO, SE 469/485 387.6 1588/389 533.01 68.1 (52.0 to 84.2)
  Day 270 DK, FI, NO, SE 569/678 548.02 1860/545 228.98 66.1 (47.7 to 84.4)
  Day 365 DK, FI, NO, SE 636/792 918.96 2121/642 158.93 67.7 (47.2 to 88.2)
Death: AZD1222+BNT162b2 or mRNA-1273:
  Day 120 FI, SE 21/39 939.53 74/18 412.68 91.1 (81.3 to 100.0)
  Day 180 FI, SE 33/56 719.22 81/24 504.77 83.1 (75.4 to 90.9)
  Day 270 FI, SE 44/74 679.79 93/32 356.35 81.8 (73.9 to 89.8)
  Day 365 FI, SE 51/82 939.5 107/38 967.08 77.0 (66.6 to 87.5)
Death: BNT162b2+mRNA-1273:
  Day 120 FI, SE 75/235 482.05 305/189 554.22 77.1 (61.4 to 92.8)
  Day 180 FI, SE 111/329 199.34 345/263 271.58 69.2 (43.7 to 94.6)
  Day 270 FI, SE 136/447 455.03 397/363 477.25 67.0 (37.6 to 96.5)
  Day 365 FI, SE 150/507 055.72 442/421 092.05 60.0 (2.2 to 100.0)
Heterologous v homologous booster schedules
Hospital admission: AZD122+BNT162b2 or mRNA-1273:
  Day 120 DK, FI, NO, SE 948/295 951.81 3425/1 519 992.2 33.5 (11.2 to 55.9)
  Day 180 DK, FI, NO, SE 1164/405 426.54 4111/2174 540.91 25.0 (2.0 to 48.0)
  Day 270 DK, FI, NO, SE 1420/523 702.56 5128/3030 777.54 25.6 (4.2 to 46.9)
  Day 365 DK, FI, NO, SE 1617/599 055.81 5894/3 602 580.34 24.6 (3.1 to 46.1)
Hospital admission: BNT162b2+mRNA-1273:
  Day 120 DK, FI, NO, SE 971/764 170.72 8493/2 312 781.97 22.9 (17.2 to 28.5)
  Day 180 DK, FI, NO, SE 1225/1 118 938.46 11061/3 339 756.51 22.2 (16.6 to 27.8)
  Day 270 DK, FI, NO, SE 1580/1 601 337.27 14083/4 710 036.8 15.6 (5.7 to 25.6)
  Day 365 DK, FI, NO, SE 1857/1902086.04 16372/5587530.51 16.5 (8.4 to 24.6)
Death: AZD1222+BNT162b2 or mRNA-1273:
  Day 120 FI, NO, SE 127/276 888.29 357/1 164 326.68 30.2 (−0.5 to 60.8)
  Day 180 DK, FI, NO, SE 183/411 680.65 557/2 220 376.13 14.8 (−5.8 to 35.4)
  Day 270 DK, FI, NO, SE 224/530 572.56 704/3 080 606.66 27.6 (10.8 to 44.4)
  Day 365 DK, FI, NO, SE 268/606 278.36 853/3 654 644.84 24.6 (6.8 to 42.3)
Death: BNT162b2+mRNA-1273:
  Day 120 FI, NO, SE 148/771 257.64 806/1 617 555.92 23.5 (−1.9 to 48.9)
  Day 180 DK, FI, NO, SE 213/1 127 526.66 2580/3 404 773.44 18.4 (−5.4 to 42.2)
  Day 270 DK, FI, NO, SE 272/1 611 025.4 3146/4 781 199.1 17.6 (−3.5 to 38.6)
  Day 365 DK, FI, NO, SE 315/1 912 472.61 3666/5 662 053.88 16.1 (−7.7 to 39.9)
CVE=comparative vaccine effectiveness; DK=Denmark; FI=Finland; NO=Norway; SE=Sweden.
The adenovirus vector based AZD1222 vaccine is produced by Oxford-AstraZeneca and the monovalent SARS-CoV-2 wild type (ancestral) strain based mRNA vaccines BNT162b2 and mRNA-
1273 are produced by Pfizer-BioNTech and Moderna, respectively.
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schedules, but this was not statistically significant for 
death with covid-19. We were unable to identify any 
previous studies that directly compared heterologous 
AZD1222+BNT162b2 or mRNA-1273 with homologous 
booster schedules for the risk of severe covid-19 
outcomes. However, although conducted during a 
combined delta and omicron predominance periods, 
a recent study produced comparable estimates for 
the outcome of covid-19 related hospital admissions, 
favouring a heterologous BNT162b2+mRNA-1273 
booster schedule (defined as two BNT162b2 doses 
followed by a mRNA-1273 dose) over homologous 
BNT162b2 booster schedules, with a hazard ratio 
of 0.86 (95% confidence interval 0.75 to 1.00) at 20 
weeks of follow-up.25 In addition, the study found a 
lower risk of covid-19 related hospital admission in 
association with homologous mRNA-1273 compared 
with homologous BNT162b2 booster schedules (0.89, 
0.82 to 0.95), but the risk of death with covid-19 was 
not statistically significantly different (0.83, 0.58 to 
1.19) (risk of death with covid-19 was not assessed 
for the heterologous BNT162b2+mRNA-1273 booster 
schedule). Although in our main 75 day follow-up 
(from day 14 after booster vaccination) period we 
observed similar risk estimates within the homologous 
mRNA-1273 versus BNT162b2 booster schedule 
comparison, the statistically significant difference 
in risk of covid-19 related hospital admission had 
waned at days 180, 270, and 365 (as was the case for 
all our comparisons). Waning vaccine effectiveness 
of homologous booster schedules has been described 
previously,27 28 but we are unaware of any studies 
reporting on waning of effectiveness estimates for 
heterologous booster schedules with the AZD1222, 
BNT162b2, and mRNA-1273 vaccines against severe 
covid-19 outcomes.

Despite the previous studies varying widely in 
study design, our results overall are in agreement 
with previous works that examined the effectiveness 
of other types of heterologous booster schedules that 
included the adenovirus vector based Ad26.COV2-S 
(Janssen/Johnson & Johnson) and inactivated virus 
based CoronaVac (Sinovac) vaccines and found that 
heterologous schedules were associated with improved 
protection against severe covid-19 outcomes that was 
comparable or slightly greater than that observed for 
homologous booster schedules.9 10 29-31 Similarly, our 
findings also expand on studies that found greater 
immunogenicity of heterologous booster schedules 
than of homologous booster schedules involving 
AZD1222, BNT162b2, and mRNA-1273.4 7 32

Our vaccine effectiveness estimates for booster 
schedules against documented SARS-CoV-2 infection 
ranged from 34% to 50% across booster schedules 
compared with primary course vaccination, which are 
similar to previously reported vaccine effectiveness 
estimates against omicron infection.13-15  33-37 
Little data exist, however, for effectiveness of 
heterologous AZD1222+BNT162b2 or mRNA-1273 
and BNT162b2+mRNA-1273 booster schedules for 
the risk of documented omicron infection.14-18 Similar 

to our results, the results of a study that compared 
6436 healthcare workers who received a homologous 
mRNA booster schedule with 1160 healthcare workers 
who received a heterologous AZD1222+BNT162b2 
or mRNA-1273 booster schedule did not observe a 
significant difference in the risk of omicron infection 
within 100 days of the booster dose (hazard ratio 0.86, 
95% confidence interval 0.72 to 1.02).17 Although our 
comparison of a heterologous BNT162b2+mRNA-1273 
booster schedule with homologous booster schedules 
for the risk of documented infection was not statistically 
significant (comparative vaccine effectiveness 12.4%, 
95% confidence interval −4.8% to 29.6%), two 
other studies found lower rates of omicron infection 
among those who had received a heterologous 
BNT162b2+mRNA-1273 vaccine schedule.15 16 
However, comparative vaccine effectiveness estimates 
against infection are inherently prone to vary across 
studies as the captured infection rates within studies 
are greatly influenced by factors such as the background 
population infection rate during a particular study 
period together with temporal changes in national 
covid-19 policies (including testing, restriction, and 
vaccination strategies) and in individual level testing 
as well as risk behaviour. In line with recent work,38 we 
found that those with a history of SARS-CoV-2 infection 
had better protection against later infection compared 
with those without such a history. This tendency was 
consistent regardless of whether a booster dose had 
been received. Furthermore, hybrid immunity from a 
booster dose along with previous infection conferred 
the greatest protection. Of additional relevance to 
vaccination strategies, we observed that the protection 
afforded by booster vaccination seemed robust 
irrespective of a history of infection.

limitations of this study
Our study should be evaluated in light of potential 
limitations. Firstly, in our outcome ascertainment we 
potentially may have captured individuals with an 
outcome not directly related to covid-19 but where 
covid-19 was a contributing factor or co-occurred at the 
time of hospital admission or death. Our definition of 
covid-19 related hospital admission mitigated this by 
only including inpatient hospital admission events that 
were considered to be due to covid-19, but our covid-19 
related death definition was most likely subject to a 
larger extent of case misclassification. Importantly, any 
potential outcome misclassifications are most likely to 
be non-differential between vaccinated comparator 
groups. Secondly, individuals within each country 
could potentially have been differentially selected 
between compared schedule groups (eg, individuals 
at higher risk of severe covid-19 being prioritised 
for earlier vaccination), but any potential selection 
bias would most likely have been moderated by the 
aggregation of comparative estimates across schedules 
and countries. Thirdly, although we matched or 
weighted on covariates considered to be potential 
confounders, owing to the observational nature of our 
study we cannot fully exclude residual confounding. 
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Fourthly, as per the utilised matching and weighting 
confounder control approaches, our results reflect 
average treatment effect estimates on treated, and 
thus the individual comparisons should primarily be 
interpreted separately. Fifthly, this study did not assess 
the safety of heterologous booster vaccination. Some 
studies have found greater short term reactogenicity 
associated with heterologous vaccine schedules than 
with homologous schedules, but other studies have 
not been able to confirm this finding.7 In the clinical 
setting, the risk of severe adverse events does not 
seem to differ between heterologous and homologous 
booster schedules.39

Lastly, our analyses for the two main types of 
heterologous AZD1222+BNT162b2 or mRNA-1273 
and BNT162b2+mRNA-1273 booster schedule 
composite groups were generally well powered 
throughout all comparisons, but we also presented 
estimates for each individual subtype of heterologous 
booster schedules to inform patients, clinicians, 
and regulatory authorities on the booster schedule 
specific effectiveness observed in the Nordic countries. 
Statistical precision was, however, lower for some 
comparisons because of the overall rarity of severe 
events, in part owed to the effectiveness of the covid-19 
vaccination strategies.

conclusion
In this study, we utilised the healthcare registers of 
Denmark, Finland, Norway, and Sweden to estimate 
the comparative effectiveness of heterologous booster 
schedules including AZD1222 as well as monovalent 
BNT162b2 and mRNA-1273 SARS-CoV-2 wild type 
(ancestral) strain based vaccines in the Nordic 
countries during predominance of the omicron variant. 
Both heterologous and homologous booster schedules 
were associated with high protection against severe 
covid-19 outcomes compared with primary course 
vaccination only. Additionally, heterologous booster 
schedules were associated with a modestly lower 
risk of covid-19 related hospital admission than 
homologous mRNA vaccine booster schedules when 
directly compared, but they did not differ in risk of 
death with covid-19, although statistical precision 
was limited. All comparative vaccine effectiveness 
estimates became attenuated over time.
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