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Background. Few head-to-head comparisons have been performed on the real-world effectiveness of coronavirus disease 2019
(COVID-19) booster vaccines. We evaluated the relative effectiveness (rVE) of a primary series of mRNA-1273 vs BNT162b2 and
Ad26.COV2.S and a homologous mRNA booster against any medically attended, outpatient, and hospitalized COVID-19.

Methods. A data set linking primary care electronic medical records with medical claims data was used for this retrospective
cohort study of US patients age >18 years vaccinated with a primary series between February and October 2021 (Part 1) and a
homologous mRNA booster between October 2021 and January 2022 (Part 2). Adjusted hazard ratios (HRs) were derived from
1:1 matching adjusted across potential covariates. rVE was (1 — HR,gjustea) X 100. Additional analysis was performed across
regions and age groups.

Results.  Following adjustment, Part 1 rVE for mRNA-1273 vs BNT162b2 was 23% (95% CI, 22%-25%), 23% (95% CI, 22%-
25%), and 19% (95% CI, 14%-24%), while the rVE for mRNA-1273 vs Ad26.COV2.S was 50% (95% CI, 48%-51%), 50% (95% CI,
48%-52%), and 57% (95% CI, 53%-61%) against any medically attended, outpatient, and hospitalized COVID-19, respectively. The
adjusted rVE in Part 2 for mRNA-1273 vs BNT162b2 was 14% (95% CI, 10%-18%), 13% (95% CI, 8%-17%), and 19% (95% CI, 1%-
34%) against any medically attended, outpatient, and hospitalized COVID-19, respectively. rVE against medically attended
COVID-19 was higher in adults age >65 years (35%; 95% CI, 24%-47%) than in those age 18-64 years (13%; 95% CI, 9%-17%)

after the booster.
Conclusions.

In this study, mRNA-1273 was more effective than BNT162b2 or Ad26.COV2.S following a primary series during

the Delta-dominant period and more effective than BNT162b2 as a booster during the Omicron-dominant period.
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During the initial wave of coronavirus disease 2019 (COVID-19)
vaccinations in late 2020 and early 2021, 3 severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccines were made avail-
able in the United States under Emergency Use Authorizations
(EUASs): 2 mRNA vaccines (mMRNA-1273 and BNT162b2, available
as 2-dose primary series and boosters) and an adenovirus-based
vaccine (Ad26.COV2.S; available as a 1-dose primary series and
booster). Data from clinical trials indicated high vaccine efficacy
through 6 months postvaccination, particularly for mRNA vaccines
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[1-7]. Following the large-scale rollout of these vaccines to the US
population, COVID-19-related hospitalizations and deaths de-
creased rapidly in the first half of 2021; however, the emergence
of the Delta variant followed by the Omicron variant and subvar-
iants resulted in a resurgence of cases [8]. Viral mutations render-
ing these variants more fit to evade the immune response and
increased transmission, combined with host factors associated
with greater risk for COVID-19-related morbidity and mortality,
contributed to the observed waning of vaccine effectiveness [9-
12]. However, administration of an mRNA vaccine booster dose
was shown to increase effectiveness against symptomatic and se-
vere disease during both the periods of Delta and Omicron pre-
dominance [13]. From October 2021 onwards, mRNA booster
doses have been recommended for at-risk populations and subse-
quently expanded to all individuals over 12 years of age who have
completed a primary COVID-19 vaccine series [14, 15].
Immunization with a primary series followed by boosting with
mRNA-1273 and BNT162b2 in adults age >18 years allows for a
direct comparison of vaccine effectiveness. Such data will be impor-
tant to support vaccination decision-making, particularly in set-
tings where vaccine effectiveness is a criterion for selection.
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A limited number of studies have specifically compared the
effectiveness of the 2 mRNA vaccines during periods when
Delta and Omicron variants predominated [16-18]. However,
no study to date has evaluated vaccine effectiveness within
the same cohort from primary vaccination through to booster
spanning both the Delta- and Omicron-dominant periods.
While some comparative effectiveness studies have been pub-
lished, direct head-to-head effectiveness research is needed,
particularly within the context of emerging variants and updat-
ed formulations. To address this, we conducted a retrospective
longitudinal study using a large integrated electronic health re-
cord (EHR) [19] data set to assess the relative vaccine effective-
ness (rVE) of mRNA-1273 following primary and booster
vaccination vs BNT162b2 and Ad26.COV2.S in preventing
COVID-19-related medical encounters (outpatient and hospi-
talized COVID-19) during periods when Delta and Omicron
variants predominated in the United States.

METHODS

Study Design

This retrospective observational longitudinal study was conduct-
ed between February 2021 and January 2022 using de-identified
(see the Supplementary Data for details) electronic medical re-
cords from primary care and specialist clinics with linked phar-
macy and medical claims data. Data were evaluated for adults
age >18 years with a record of receiving a full primary series of
mRNA-1273, BNT162b2, or Ad26.COV2.S between February 1,

2021, and October 18, 2021 (Part 1), and a homologous mRNA
booster (MRNA-1273 and BNT162b2 only) between October19,
2021, and January 31, 2022 (Part 2; Figure 1). A cutoff date be-
tween the primary series and booster vaccination of October19,
2021, was based on the date on which Centers for Disease
Control and Prevention (CDC) recommendations for booster
doses came into effect. Only individuals who were included in
Part 1 were eligible for inclusion in Part 2 of the study. The study
was designed, implemented, and reported in accordance with
Good Pharmacoepidemiological Practices, applicable local regu-
lations, and the ethical principles laid down in the Declaration
of Helsinki. Study findings are reported in accordance with the
Reporting of Studies Conducted Using Observational Routinely
Collected Health Data recommendations.

Data Source

This analysis was performed on an integrated real-world EHR
data set (Veradigm Health Insights) together with pharmacy
and medical claims data (Komodo Health Inc., San Francisco,
California, USA). This integrated data set has been used exten-
sively to evaluate vaccine effectiveness [20-22] and has been
shown to be representative of the US population containing
key variables for conducting RWE research [19]. The
Veradigm Health Insights EHR database contains data on
health care interactions for >55 million patients in the
United States whose providers use the Allscripts Touchworks,
Allscripts PRO, and Practice Fusion EHRs, including details
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of prescriptions and vaccinations for both primary care physi-
cians and specialists. Closed medical claims data were included,
that is, adjudicated claims within the period in which the pa-
tient was continuously enrolled in an insurance plan. As a non-
interventional, retrospective database study using a certified
Health Insurance Portability and Accountability Act-compli-
ant deidentified research database, approval by an institutional
review board was not necessary.

Study Population

Individuals were eligible for inclusion in Part 1 of the study if they
were >18 years of age, had received 2 doses of mRNA-1273 or
BNT162b2 or 1 dose of Ad26.COV2.S (using CPT codes)
(Supplementary Table 1), and had linked EHR and claims data to-
gether with EHR activity >365 days before the index date
(Supplementary Figure 1). The index date was defined as the
date of receipt of the second mRNA vaccine dose or the date of
receipt of the single Ad26.COV2.S dose. The cohort entry date
was defined as 14 days after the index date. Receipt of a homolo-
gous COVID-19 vaccine booster (Supplementary Table 1) be-
tween October 19 and January 31, 2022, was an additional
criterion for Part 2 of the study; individuals who received a boos-
ter dose before October 19, 2021, were excluded. Exclusion crite-
ria included receipt of a heterologous COVID-19 vaccine, no
record of the second dose of mRNA-1273 within 28 + 5 days of
the first dose or BNT162b2 within 21 + 5 days of the first dose,
evidence of previous confirmed COVID-19 infection between
January 1, 2020, and the beginning of the follow-up period, ho-
mologous vaccination between the index and cohort entry dates,
and missing birth year or gender.

Fully vaccinated mRNA-1273 recipients, that is, those who
had completed the primary series, were matched 1:1 with indi-
viduals from the comparator vaccine groups (BNT162b2 and
AD26.COV2.S for Part 1; BNT162b2 only for Part 2) based
on sex, geographic region, and race. Age was matched within
5-year age groups, and index date was matched +5 days.
mRNA-1273 recipients could be included in both primary se-
ries comparisons (BNT162b2 and Ad26.COV2.S).

Exposure and Outcome Ascertainment
EHR data, together with pharmacy and medical claims data,
were used to identify individuals vaccinated between the cohort
entry and end of intake dates (Supplementary Figure 1).
Follow-up for assessment of outcomes of interest was per-
formed from the cohort entry date until the earliest of the fol-
lowing events: first occurrence of an outcome of interest; end of
the observation period; or disenrollment from their medical/
pharmacy plan. The cohort entry date for Part 2 was the date
of receipt of the booster dose, and the follow-up period ranged
from the cohort entry date to January 31, 2022.

The primary outcome was any medically attended COVID-19,
defined as any outpatient or hospitalized medical encounter with

a COVID-19 diagnosis. As secondary outcomes, hospitalized and
outpatient COVID-19 medical encounters were evaluated sepa-
rately (see Supplementary Table 2 for defining codes). Safety
was not evaluated in this study.

Statistical Analysis

Covariate balance at baseline for each comparator vaccine vs
mRNA-1273 was assessed using standardized mean differences
(SMDs) before any adjustments. Kaplan-Meier plots with asso-
ciated 95% CIs were generated to assess rVE over time. Right
censoring was defined as the end of the follow-up period,
with a maximum follow-up time of 265 days post-primary se-
ries and 90 days postbooster. For each of the comparisons, un-
adjusted hazard ratios (HRs) were estimated using a univariate
Cox regression model with no covariates. Adjusted HRs were
calculated using a multivariable Cox regression model, adjust-
ing for covariates with an SMD >0.1 (Supplementary Tables 3
and 4). rVE was defined as (1 - adjusted HR) x 100. Statistical
analyses were performed using R Statistical Software (version
4.1.3) [23] and the survival (version 3.2-13; Therneau, 2021)
and Matchlt (version 4.3.2; Ho et al., 2021) packages.

Additional Exploratory Analyses

Exploratory analysis was also performed for the primary and
secondary outcomes of interest by age group (18-64 years,
65-74 years, >65 years, and >75 years) and region (Midwest,
Northeast, South, West, or unknown). A protocol-specified
sensitivity analysis was also performed for the outcome of
laboratory-confirmed SARS-CoV-2 infection for Parts 1 and
2, defined as a positive lab result as recorded in the EHR.

RESULTS

Of the ~15.9 million patients included in the linked EHR claims
data set who had been fully vaccinated with a primary series
BNT162b2, mRNA-1273, or Ad26.COV2.S between February 1
and October 18, 2021, 4 404 091 were included in the first part
of this analysis (Supplementary Figure 2a). Among these, 2 092
304 received BNT162b2, 1788220 received mRNA-1273, and
523567 received Ad26.COV2.S. Overall, 1529930 individuals
who received mRNA-1273 were matched with BNT162b2 recip-
ients, and 484 795 were matched with Ad26.COV2.S recipients
(Table 1; Supplementary Table 3).

In total, 4022367 individuals received a booster dose of
BNT162b2 or mRNA-1273 between October 19, 2021, and
January 31, 2022 (Supplementary Figure 2b). Of these, 509
014 BNT162b2 and 430 268 mRNA-1273 recipients were eligi-
ble for inclusion. Of these, 368 100 matched individuals who re-
ceived a homologous booster dose of mRNA.1273 or
BNT162b2 were included in the second part of the analysis
(Table 2; Supplementary Table 4).
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Table 1.
Series

Key Baseline Characteristics of Matched Patients Included in the Comparisons of mMRNA-1273 vs BNT162b2 and Ad26.COV2.S After the Primary

mRNA-1273 BNT162b2 SMD mRNA-1273 AD26.COV2.S SMD
No. of patients 1529930 1529930 484 795 484 795
Age at index, mean (SD), y 48.16 (15.71) 48.08 (15.77) 0.005 48.65 (15.44) 48.61 (15.43) 0.003
Gender Female 872183 (57.0) 872183 (57.0) 0 253253 (52.2) 253253 (562.2) 0
Male 657 747 (43.0) 657 747 (43.0) 231542 (47.8) 231542 (47.8)
Race Black 80946 (5.3) 80946 (5.3) 0 20494 (4.2) 20494 (4.2) 0
White 594 138 (38.8) 594 138 (38.8) 200428 (41.3) 200428 (41.3)
Other 66 639 (4.36) 66 639 (4.36) 14700 (3.0) 14700 (3.0)
Unknown 788207 (51.5) 788207 (51.5) 249173 (51.4) 249173 (51.4)
Ethnicity Hispanic 86223 (5.6) 90361 (5.9) 0.012 27889 (5.8) 21565 (4.2) 0.059
Non-Hispanic 1212541 (79.2) 1207 461 (78.9) 384079 (79.2) 389517 (80.3)
Unknown 231166 (15.1) 232108 (15.2) 72827 (15.0) 73713 (15.2)
Region Midwest 332733 (21.7) 332733 (21.7) 0 98677 (20.4) 98677 (20.4) 0
Northeast 307677 (20.1) 307677 (20.1) 104420 (21.5) 104420 (21.5)
South 514 228 (33.6) 514 228 (33.6) 162570 (33.5) 162570 (33.5)
West 280045 (18.3) 280045 (18.3) 87 265 (18.0) 87265 (18.0)
Unknown 95247 (6.2) 95247 (6.2) 31863 (6.6) 31863 (6.6)
Duration of follow-up, median (Q1-Q3), d 195 (160-215) 193 (160-214) 197 (1565-224) 199 (153-224)
Month of index 2-2021 1600 (0.1) 3863 (0.3) 0.037 325 (0.1) 337 (0.1) 0.027
3-2021 254706 (16.6) 249197 (16.3) 116404 (24.0) 115895 (23.9)
4-2021 564616 (36.9) 567611 (37.1) 158217 (32.6) 158725 (32.7)
5-2021 343175 (22.4) 345304 (22.6) 86 664 (17.8) 86680 (17.9)
6-2021 135406 (8.9) 133567 (8.7) 43531 (8.8) 43515 (9.0)
7-2021 50640 (3.3) 50601 (3.3) 25799 (5.3) 25788 (5.3)
8-2021 70721 (4.6) 70870 (4.6) 27807 (5.7) 27803 (5.7)
9-2021 84119 (5.5) 83864 (5.5) 17 488 (3.6) 17517 (3.6)
10-2021 24947 (1.6) 25053 (1.6) 8560 (1.8) 8535 (1.7)
Any comorbidity No 745938 (48.8) 758960 (49.7) 0.017 233688 (48.2) 249516 (51.5) 0.065
Yes 783992 (51.2) 770970 (50.3) 251107 (51.8) 235279 (48.5)
Immunocompromised status No 1453488 (95.2) 1456126 (95.2) 0.001 459005 (94.7) 462913 (95.5) 0.038
Yes 76442 (4.8) 76210 (4.8) 25790 (5.3) 21882 (4.5)
CCl score, mean (SD) 0.66 (1.33) 0.63 (1.31) 0.025 0.70 (1.37) 0.63 (1.32) 0.050
EFI score® <5% 75866 (5.0) 78179 (6.1) 0.008 22 265 (4.6) 20886 (4.3) 0.020
5% to <20% 113317 (7.4) 110935 (7.3) 34196 (7.1) 34781 (7.2)
20%+ 21699 (1.4) 21768 (1.4) 7140 (1.5) 7934 (1.6)
<65 (not calculated) 1319048 (86.2) 1319048 (86.2) 421194 (86.9) 421194 (86.9)

Supplementary Table 1 contains data on baseline characteristics for all measured covariates.

Abbreviations: CCl, Charlson comorbidity index; EFI, electronic frailty index; IQR, interquartile range; SMD, standardized mean difference.

AEFI score was only calculated in patients >65 years of age.

Cumulative Incidence of COVID-19

Analysis of the primary outcome of any medically attended
COVID-19 showed a lower cumulative incidence for mRNA-
1273 compared with BNT162b2 or Ad26.COV2.S after the primary
series, with adjusted HRs of 0.77 (95% CI, 0.75-0.78) and 0.50 (95%
CI, 0.49-0.52), respectively (Table 3; Supplementary Figure 3). This
corresponded to rVE estimates of 23% (95% CI, 22%-25%) and
50% (95% CI, 48%-51%), respectively.

For both vaccine comparisons, adjusted HRs across the sec-
ondary outcomes analyzed reflected those for medically attend-
ed COVID-19 (Table 3). For mRNA-1273 vs BNT162b2,
adjusted rVE ranged from 23% to 28% for hospitalized and out-
patient COVID-19, and for mRNA-1273 vs Ad26.COV2.S, ad-
justed rVE was 50% for both measures.

Analysis of mRNA-1273 vs BNT162b2 after the booster dose
resulted in an rVE of 14% (95% CI, 10%-18%) for the primary
outcome of any medically attended COVID-19 (Table 3;
Supplementary Figure 4). Estimates of adjusted HR for outpa-
tient and hospitalized COVID-19 also showed a higher VE for
mRNA-1273 compared with BNT162b2, with an rVE of 13%
(95% CI, 8%-17%) and 19% (95% CI, 1%-34%), respectively.

Analysis by Age Group
Overall, 75.8%-76.8% of individuals were in the 18-64 years
age group across comparisons of the primary series, and
87.7% for the booster dose (Supplementary Table 5).

In the exploratory analysis by age, after the primary
series, adjusted HRs for mRNA-1273 vs BNT162b2 were
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Table 2. Key Baseline Characteristics of Matched Patients Included in the Comparison of mRNA-1273 With BNT162b2 After a Booster Dose

mRNA-1273 BNT162b2 SMD
No. of patients 368 100 368 100
Age at index, mean (SD), y 50.2 (14.48) 50.1 (14.54) 0.006
Gender Female 208574 (56.6) 208574 (56.6) 0
Male 159526 (43.3) 159526 (43.3)
Race Black 15567 (4.2) 15567 (4.2) 0
White 145102 (39.4) 145102 (39.4)
Other 18251 (5.0) 18251 (5.0
Unknown 189180 (51.4) 189180 (51.4)
Ethnicity Hispanic 16703 (4.5) 17903 (4.9) 0.015
Non-Hispanic 293318 (39.4) 292 658 (79.5)
Unknown 58079 (15.7) 57 539 (15.6)
Region Midwest 74615 (20.3) 74615 (20.3) 0
Northeast 79382 (21.6) 79382 (21.6)
South 120090 (32.6) 120090 (32.6)
West 71448 (19.4) 71448 (19.4)
Unknown 22565 (6.1) 22565 (6.1)
Month of index 10-2021 34694 (9.4) 31885 (8.7) 0.028
11-2021 133461 (36.3) 133312 (36.2)
12-2021 153 080 (41.6) 155854 (42.3)
1-2022 46865 (12.7) 47049 (12.8)
Duration of follow-up, median (Q1-Q3), d 44 (27-62) 43 (26-61)
Any comorbidity No 175043 (47.6) 169491 (46.0) 0.030
Yes 193 057 (52.4) 198609 (54.0)
Immunocompromised status No 349698 (95.0) 348872 (94.8) 0.010
Yes 18402 (5.0) 19228 (5.2)
CCl score, mean (SD) 0.63 (1.25) 0.64 (1.27) 0.005
EFI score? <5% 17387 (4.7) 17829 (4.8) 0.019
5% to <20% 24006 (6.5) 22989 (6.2)
20%+ 3892 (1.1) 4467 (1.2)
<65 (not calculated) 322815 (87.7) 322815 (87.7)

Abbreviations: CCl, Charlson comorbidity index; EFI, electronic frailty index; IQR, interquartile range; SMD, standardized mean difference.

#EFI score was only calculated in patients >65 years of age.

Table 3 Unadjusted and Adjusted Hazard Ratios for mRNA-1273 With BNT162b2 and Ad26.COV2.S (Primary Series) and With BNT162b2 (Booster Dose)

Primary Series

Booster

mRNA-1273 vs BNT162b2

mMRNA-1273 vs Ad26.COV2.S

mMRNA-1273 vs BNT162b2

Outcome Type Unadjusted HR Adjusted HR Unadjusted HR Adjusted HR Unadjusted HR Adjusted HR

Any medically attended COVID-19° 0.76 (0.75-0.78) 0.77 (0.75-0.78) 0.50 (0.49-0.52) 0.50 (0.49-0.52) 0.81 (0.78-0.85) 0.86 (0.82-0.90)
Outpatient COVID-19° 0.76 (0.74-0.78) 0.77 (0.75-0.78) 0.50 (0.48-0.52) 0.50 (0.48-0.52) 0.83 (0.79-0.87) 0.87 (0.83-0.92)
COVID-19 Hospitalization® 0.84 (0.79-0.90) 0.81 (0.76-0.86) 0.43 (0.39-0.47) 0.43 (0.39-0.47) 0.77 (0.63-0.94) 0.81 (0.66-0.99)

Details of the codes used to identify COVID-19-related medical encounters are provided in Supplementary Table 2.
Abbreviations: COVID-19, coronavirus disease 2019; EHR, electronic health record; HR, hazard ratio.

“Defined as any medical encounter with a COVID-19 diagnosis or positive COVID-19 laboratory test.

Defined as a hospitalization where COVID-19 was listed in any diagnosis position.

°Defined as an encounter recorded either in the EHR or on a claim that is not a hospitalization claim.

highest for the primary and secondary outcomes in the

18-64 years age group (0.78-0.88), although confidence in-

tervals overlapped between all age groups (18-64, 65-74,

and >75), suggesting no clear age effect (Table 4).

Similarly, the data suggested no clear age effect for mRNA-

1273 vs Ad26.COV2.S, with adjusted HRs across outcomes
and age groups. Across all outcomes and for all age groups,
higher point estimates for rVE of mRNA-1273 were ob-
served as compared with the other 2 vaccines (rVE range,

12%-67%).
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Table 4. Unadjusted and Adjusted Hazard Ratios (95% Cl) by Age Group for Any COVID-19 and Outpatient, Hospitalized, and Lab-Confirmed COVID-19 for
the Comparisons of mRNA-1273 With BNT162b2 and Ad26.COV2.S (Primary Series) and With BNT162b2 (Booster Dose)

Primary Series

Booster

mMRNA-1273 vs BNT162b2

mMRNA-1273 vs Ad26.COV2.S

mRNA-1273 vs BNT162b2

Outcome Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
18-64y

Overall 0.78 (0.76-0.80) 0.78 (0.76-0.80) 0.51 (0.49-0.53) 0.51 (0.49-0.53) 0.85 (0.80-0.89) 0.87 (0.83-0.91)
Outpatient 0.77 (0.75-0.79) 0.78 (0.76-0.79) 0.51 (0.49-0.53) 0.51 (0.49-0.53) 0.86 (0.82-0.91) 0.89 (0.84-0.94)
Hospitalizations 0.91 (0.84-0.99) 0.88 (0.81-0.95) 0.44 (0.39-0.50) 0.44 (0.39-0.50) 0.86 (0.68-1.09) 0.88 (0.70-1.12)
>65y

Overall 0.70 (0.66-0.73) 0.70 (0.66-0.74) 0.47 (0.43-0.51) 0.47 (0.43-0.51) 0.60 (0.52-0.93) 0.65 (0.56-0.76)
Outpatient 0.69 (0.65-0.73) 0.70 (0.66-0.74) 0.46 (0.42-0.51) 0.46 (0.42-0.51) 0.61 (0.52-0.71) 0.66 (0.57-0.78)
Hospitalizations 0.71 (0.64-0.80) 0.71 (0.64-0.80) 0.41(0.34-0.48) 0.41 (0.34-0.48) 0.57 (0.38-0.83) 0.60 (0.40-0.89)
65-74y

Overall 0.70 (0.65-0.74) 0.70 (0.66-0.75) 0.49 (0.44-0.55) 0.49 (0.44-0.55) 0.59 (0.49-0.70) 0.64 (0.53-0.76)
Outpatient 0.69 (0.64-0.74) 0.70 (0.65-0.75) 0.47 (0.42-0.52) 0.47 (0.42-0.52) 0.59 (0.49-0.71) 0.64 (0.53-0.77)
Hospitalizations 0.80 (0.69-0.93) 0.79 (0.68-0.92) 0.46 (0.37-0.57) 0.46 (0.37-0.57) 0.54 (0.33-0.89) 0.55 (0.33-0.91)
>75y

Overall 0.69 (0.63-0.76) 0.70 (0.64-0.77) 0.42 (0.36-0.49) 0.42 (0.36-0.49) 0.63 (0.48-0.84) 0.73 (0.55-0.97)
Outpatient 0.70 (0.63-0.78) 0.71 (0.64-0.79) 0.44 (0.37-0.52) 0.44 (0.37-0.52) 0.67 (0.50-0.90) 0.75 (0.55-1.01)
Hospitalizations 0.62 (0.52-0.73) 0.63 (0.54-0.75) 0.33 (0.25-0.44) 0.33 (0.25-0.44) 0.62 (0.34-1.13) 0.69 (0.37-1.28)

Abbreviations: COVID-19, coronavirus disease 2019; NA, not assessable.

After the booster dose, a trend for an age effect was observed
against any medically attended and outpatient COVID-19, with
lower HRs in individuals >65 years of age compared with youn-
ger adults. Point estimates were also lower for the other out-
comes analyzed across age groups; however, confidence
intervals overlapped (Table 4).

Analysis by Region

In the exploratory analysis by region, no apparent differences in
adjusted HRs were evident when assessed by region for either
the primary series or booster dose (Table 5). For mRNA-1273
vs BNT162b2, rVE for the primary outcome of any medically at-
tended COVID-19 after the primary series ranged from 20% to
24% across regions, with overlapping confidence intervals between
regions for secondary outcome measures. Results for the
mRNA-1273 vs Ad26.COV2.S comparison also appeared similar
across regions, with rVE for any medically attended COVID-19 rang-
ing from 46% to 52%. After the homologous booster, rVE for
mRNA-1273 vs BNT162b2 ranged from 4% to 29% across the 3 mea-
sures, with overlapping confidence intervals between regions.

Sensitivity Analysis: Lab-Confirmed COVID-19

Analysis of lab-confirmed COVID-19 was performed as a sen-
sitivity analysis, as rates of testing decreased substantially dur-
ing the latter months of the study period. As with the findings
against medically attended, outpatient, and hospitalized
COVID-19, point estimates for effectiveness were higher for
mRNA-1273 than either BNT162b2 or Ad26.CoV.2 (rVE
28% and 52%, respectively) (Supplementary Table 6). Subset

analysis suggested no clear differences by age or region.
Analysis of the booster dose was confounded by low rates of
testing (Supplementary Table 6) but also suggested increased
effectiveness of mRNA-1273 vs BNT162b2.

DISCUSSION

To our knowledge, this is the first analysis of the rVE of
mRNA-1273 compared with other COVID-19 vaccines that fol-
lows the same cohort of individuals through primary and booster
vaccination. In order to emulate real-life decisions as much as
possible, cohort entry dates into the booster phase of the study
were based on recommended CDC dates, and therefore analysis
of the primary series was truncated from this point forward.
Over a period where Delta predominated, a primary series of
mRNA-1273 was more effective than either BNT162b2 or
Ad26.COV2.S in preventing any medically attended, outpatient,
hospitalized, and lab-confirmed COVID-19. In addition, evalua-
tion of the impact of a homologous booster during the
Omicron-dominant period demonstrated greater effectiveness
with mRNA-1273 vs BNT162b2 against any medically attended,
outpatient, hospitalized, and lab-confirmed COVID-19. These
differences appeared consistent by region and age; however, an
mRNA-1273 booster appeared to have increased rVE against
medically attended COVID-19 compared with BNT162b2 in a
subgroup analysis of older adults (>65 years of age).

The results following the primary series are consistent with
findings from previous real-world evaluations of rVE of
COVID-19 vaccines. In a study of health records of US veterans
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Table 5. Unadjusted and Adjusted Hazard Ratios (95% CI) by Region for Any COVID-19 and Outpatient, Hospitalized, and Lab-Confirmed COVID-19 for the
Comparisons of mRNA-1273 With BNT162b2 and Ad26.COV2.S (Primary Series) and With BNT162b2 (Booster Dose)

Outcome

Primary Series

Booster

mMRNA-1273 vs BNT162b2

mMRNA-1273 vs Ad26.COV2.S

mRNA-1273 vs BNT162b2

Unadjusted

Adjusted

Unadjusted

Adjusted

Unadjusted

Adjusted

Midwest
Overall
Outpatient
Hospitalizations
Northeast
Overall
Outpatient
Hospitalizations
South

Overall
Outpatient
Hospitalizations
West

Overall
Outpatient
Hospitalizations
Unknown
Overall
Outpatient
Hospitalizations

0.77 (0.74-0.81)
0.77 (0.74-0.81)
0.77 (0.66-0.88)

0.76 (0.73-0.80)
0.76 (0.72-0.80)
0.79 (0.68-0.93)

0.74 (0.71-0.77)
0.73 (0.70-0.76)
0.84 (0.75-0.93)

0.80 (0.76-0.85)
0.79 (0.75-0.84)
1.03 (0.86-1.22)

0.80 (0.73-0.87)
0.81 (0.75-0.89)
0.87 (0.69-1.12)

0.77 (0.74-0.81)
0.77 (0.74-0.81)
0.77 (0.66-0.88)

0.76 (0.73-0.80)
0.76 (0.72-0.80)
0.79 (0.68-0.93)

0.76 (0.73-0.78)
0.75 (0.73-0.78)
0.81 (0.73-0.90)

0.79 (0.75-0.84)
0.79 (0.74-0.83)
0.95 (0.80-1.13)

0.80 (0.74-0.87)
0.82 (0.75-0.90)
0.86 (0.67-1.09)

0.48 (0.44-0.51)
0.48 (0.44-0.52)
0.34 (0.27-0.43)

0.53 (0.49-0.57)
0.53 (0.49-0.57)
0.41(0.32-0.53)

0.49 (0.46-0.52)
0.48 (0.45-0.51)
0.45 (0.39-0.53)

0.54 (0.49-0.59)
0.54 (0.49-0.59)
0.48 (0.38-0.62)

0.52 (0.46-0.59)
0.52 (0.45-0.59)
0.46 (0.33-0.66)

0.48 (0.44-0.51)
0.48 (0.44-0.52)
0.34 (0.27-0.43)

0.52 (0.48-0.56)
0.52 (0.48-0.56)
0.41(0.32-0.52)

0.49 (0.46-0.52)
0.48 (0.45-0.51)
0.45 (0.39-0.53)

0.54 (0.49-0.59)
0.54 (0.49-0.59)
0.48 (0.38-0.61)

0.52 (0.46-0.59)
0.52 (0.45-0.59)
0.46 (0.33-0.66)

0.89 (0.80-1.00)
0.93 (0.83-1.04)
0.88 (0.58-1.34)

0.82 (0.74-0.91)
0.83(0.75-0.92)
0.85 (0.54-1.33)

0.73 (0.68-0.80)
0.76 (0.70-0.82)
0.65 (0.46-0.92)

0.85 (0.76-0.96)
0.86 (0.76-0.97)
0.82 (0.48-1.41)

0.89 (0.74-1.07)
0.90 (0.74-1.08)
0.75 (0.37-1.55)

0.93 (0.83-1.03)
0.96 (0.86-1.07)
0.90 (0.59-1.38)

0.84 (0.76-0.93)
0.84 (0.76-0.93)
0.89 (0.56-1.40)

0.81 (0.75-0.88)
0.83 (0.77-0.91)
0.71 (0.50-1.01)

0.87 (0.77-0.98)
0.87 (0.77-0.98)
0.85 (0.50-1.47)

0.93 (0.78-1.12)
0.93 (0.78-1.13)
0.83 (0.40-1.72)

Abbreviations: COVID-19, coronavirus disease 2019; NA, not assessable.

A

15 944 737 Patients in linked EHR/claims data who
were fully vaccinated with BNT162b2, mRNA-
1273, or Ad26.COV2.S and received all doses of
vaccine between 1 Feb 21 and 18 Oct 21

4 022 367 who were fully vaccinated and received
abooster dose between 19 Oct 21 and 31 Jan 22

11 540 846 were excluded
2 104 343 didnot receive second dose of
BNT162b2/mRNA-1273 within & days of the
intended date

96 595 received a heterologous vaccine
between index date and CED

155 B58 receiveda homologous booster
between index date and CED

662 732 had evidence of COVID-19 prior to CED
13 had missing age or gender
710 541 were <18 years of age at index

2 098 793 had no EHR activity >365 days before
index date

5 701 610 had not continuously enrolled in close
claims for 2365 days pre-index

10 161 had <1 day of follow-up

[ 4404001 werein

uded in this analysis

2 082 304 received BNT162b2

1 788 220 received mRNA-1273

523 567 received Ad28.COV2.S

3083 085 were excluded

45 649 received a heterologous vaccine
between index date and CED

122 856 received a homologous booster
between index date and CED

225 339 had evidence of COVID-19 prior to CED
1 had missing age or gender
106 348 were <18 years of age at index

504 337 had no EHR activity >365 days before
index date

1533 654 had not continuously enrolled in close
claims for 2365 days pre-index

18 865 had <1 day of follow-up
219 202 received a heterologous booster

265 582 received a booster outside of the index
period

40 252 received Ad26.COV2.S

939 282 were inclu

ided in this analysis

[ 509 014receieanNTIEb2 |

| 430 268 receivedmRNA-1273 |<—

Figure 2. Selection of (A) BNT162b2, mRNA-1273, and Ad26.COV2.S primary series recipients and (B) BNT162b2 and mRNA-1273 booster recipients for inclusion in the
analysis. Exclusion criteria were evaluated in a step-wise fashion, summing to the total excluded. Abbreviations: CED, cohort entry date; EHR, electronic health record.
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who received a primary series of COVID-19 vaccine,
mRNA-1273 was more effective than BNT162b2 in adults age
<65 years and >65 years against symptomatic infection
(57.3% vs 22.5% and 36.2% vs —23.3%, respectively), hospital-
ization (83.1% vs 57.0% and 64.7% vs 1.7%, respectively), and
intensive care unit admission or death (84.4% vs 66.4% and
73.8% vs 29.3%, respectively) [16]. Consistent with these findings,
the authors also demonstrated mRNA1273 to be more effective
than BNT162b2 in veterans with >1 chronic disease. In addition,
evaluation of COVID-19 hospitalizations across 21 US states be-
tween March and August 2021 showed significantly higher vac-
cine effectiveness of a primary series of mRNA-1273 (93%; 95%
CIL, 91%-95%) compared with BNT162b2 (88%; 95% CI, 85%—
91%) or Ad26.COV2.S (71%; 95% CI, 56%-81%) [24].

A number of real-world studies have also demonstrated a clear
impact of booster doses on vaccine effectiveness, particularly
against the Omicron variant [12, 13, 25-28]. In a comparative
study of booster vaccinations based on data from the
OpenSAFELY-TPP database in the United Kingdom during the
period of Delta and Omicron dominance, HRs for mRNA-1273
vs BNT162b2 were 0.92 (95% CI, 0.91-0.92) and 0.67 (95% CI,
0.58-0.78) for lab-confirmed and hospitalized COVID-19, re-
spectively, 12 weeks after booster vaccination [29]. Similarly, in
a study in veterans in the United States, 16-week risk of
COVID-19-related outcomes was lower in recipients of a third
dose of mRNA-1273 vs BNT162b2, particularly for documented
infection (excess events for BNT162b2 vs mRNA-1273 was 45.5;
95% CI, 19.4-84.7; per 10 000 persons) [27].

In our study, exploratory analysis suggested an increased
benefit of mRNA-1273 vs BNT162b2 booster vaccination
against medically attended COVID-19 in older adults (>65
years). These differences in effectiveness would have a mean-
ingful impact on preventing and reducing the burden of
COVID-19 in individuals at higher risk of more severe disease.
Consistent with these findings, an analysis by Mayr et al. [16]
demonstrated mRNA-1273 than
BNT162b2 in older veterans and those with chronic diseases.

to be more effective

Evaluation of long-term antibody persistence following prima-
ry series and homologous boosting with mRNA COVID-19
vaccines has shown statistically higher antibody titers and per-
sistence for mRNA-1273 compared with BNT162b2 against
both the ancestral strain and subsequent variants [30]. The ob-
served relative differences in effectiveness in this study may be,
in part, due to differences in their immunogenicity [31].
Regardless of immune measures evaluated, mRNA1273 has
been observed to elicit the greatest immune response, followed
by BNT162b2, and both mRNA vaccines are significantly more
immunogenic than Ad26.COV2.S [30-32]. This trend has also
been observed following the bivalent booster, with higher spe-
cific IgG and T-cell responses compared with BNT162b2 biva-
lent booster [32]. While the mechanisms underlying these
immunogenicity differences are not fully understood, they

could potentially be related to differences in vaccine antigen
content, epitope-specific antibody responses, and levels of
T-cell response [31, 33, 34]. Although not assessed specifically
in older adults, higher immunogenicity and antibody persis-
tence may contribute to the observed greater effectiveness of
mRNA-1273, which is particularly important in combination
with immunosenescence in the older age group. While there
was no significant difference in vaccine effectiveness between
the mRNA vaccine boosters in younger adults (18-64 years),
point estimates of HRs favored mRNA-1273 and may have
been significant with larger sample sizes, as the majority of
booster recipients prioritized during the period of this analysis
were in the older age group (>50 years). Future analysis includ-
ing more recipients from the younger age groups will help to
confirm this finding, as well as any differences in vaccine effec-
tiveness within groups at high risk for severe disease.

A key strength of this analysis was the richness of the available
data from EHRs, which include demographics, comorbidities,
laboratory results, and health care encounters in both outpatient
and hospital settings. This allowed close matching of individuals
across multiple potential confounding variables. Additionally, the
large number of individuals included in the analysis allowed ro-
bust subgroup assessments by age group and region. However,
it should be noted that some age groups still had small sample siz-
es or low numbers of cases (eg, lab-confirmed COVID-19 in pa-
tients >75 years) or lab tests in the booster phase. The results of
this analysis should be interpreted within the context of the retro-
spective nature of the study. In the absence of randomization,
there may be unmeasured differences between groups, which
may have confounded vaccine effectiveness estimates. An addi-
tional limitation of this type of study is that misclassification of
exposure and outcomes is potentially more common than in a
randomized clinical trial, although misclassification of vaccine ad-
ministration was unlikely because of comprehensive recording of
vaccine administration in our database and the strict time win-
dow for administration of the second dose. Furthermore, while
clinical cases were determined in this analysis from EHR records,
rather than directly identified following a positive polymerase
chain reaction (PCR) test, these were confirmed by a record of
a positive PCR test in >90% of cases. The vast majority (>90%)
of COVID-19 mRNA boosters administered in the United
States were the same as administered in the primary series [35].
As such, we only evaluated effectiveness after a homologous boos-
ter vaccination; results may potentially differ in individuals who
received a heterologous primary series and booster. Finally, there
is a potential bias due to right-censoring of the data. As individ-
uals included received vaccinations up until the end date, the
follow-up period for some individuals was potentially very short,
meaning that some medically attended cases that occurred out-
side of the follow-up window are not included in this analysis.

In summary, receipt of a primary series of mRNA-1273 vaccine
resulted in lower risk of any medically attended, outpatient,
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hospitalized, and lab-confirmed COVID-19 compared with
BNT162b2 or Ad26.CoV2.S during a Delta-dominant period.
Boosting with mRNA-1273 also resulted in reduced risk of any
medically attended, outpatient, and hospitalized COVID-19 com-
pared with BNT162b2 during the Omicron-dominant period.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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