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Background: The effectiveness of a third mRNA COVID-19
vaccine dose (booster dose) against the Omicron (B.1.1.529)
variant is uncertain, especially in older, high-risk populations.

Objective: To determine mRNA booster vaccine effectiveness
(VE) against SARS-CoV-2 infection, hospitalization, and death
in the Omicron era by booster type, primary vaccine type, time
since primary vaccination, age, and comorbidity burden.

Design: Retrospective matched cohort study designed to
emulate a target trial of booster vaccination versus no booster,
conducted from 1 December 2021 to 31 March 2022.

Setting: U.S. Department of Veterans Affairs health care system.

Participants: Persons who had received 2 mRNA COVID-19
vaccine doses at least 5 months earlier.

Intervention: Booster monovalent mRNA vaccination (Pfizer–
BioNTech's BNT162b2 or Moderna's mRNA-1273) versus
no booster.

Measurements: Booster VE.

Results: Each group included 490838 well-matched per-
sons, who were predominantly male (88%), had a mean age
of 63.0 years (SD, 14.0), and were followed for up to 121
days (mean, 79.8 days). Booster VE more than 10 days after

a booster dose was 42.3% (95% CI, 40.6% to 43.9%) against
SARS-CoV-2 infection, 53.3% (CI, 48.1% to 58.0%) against
SARS-CoV-2–related hospitalization, and 79.1% (CI, 71.2% to
84.9%) against SARS-CoV-2–related death. Booster VE was
similar for different booster types (BNT162b2 or mRNA-1273),
age groups, and primary vaccination regimens but was signifi-
cantly higher with longer time since primary vaccination and
higher comorbidity burden.

Limitation: Predominantly male population.

Conclusion: Booster mRNA vaccination was highly effective
in preventing death and moderately effective in preventing
infection and hospitalization for up to 4 months after admin-
istration in the Omicron era. Increased uptake of booster vacci-
nation, which is currently suboptimal, should be pursued to
limit the morbidity and mortality of SARS-CoV-2 infection,
especially in persons with high comorbidity burden.
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T he Centers for Disease Control and Prevention had
recommended receipt of a third dose (booster dose)

of a monovalent mRNA COVID-19 vaccine (Pfizer–BioNTech's
BNT162b2 or Moderna's mRNA-1273) at least 5 months
after receipt of the second mRNA vaccine dose until 31
August 2022, when new bivalent mRNA boosters were
authorized; the new boosters are now recommended
more than 2 months after the prior mRNA vaccine dose
(1). Despite these recommendations, uptake of booster
vaccination in the United States remains low, at about
35.2% as of 4 October 2022 (2).

Randomized controlled trials (3) and real-world studies
(4–9) conducted in theDelta (B.1.617.2) variant era estimated
that booster vaccine effectiveness (VE) against infection,
hospitalization, and death was very high, ranging from
86% to 95.3%. Since December 2021, the Omicron
(B.1.1.529) variant has been dominant worldwide, includ-
ing in the United States (10). The Omicron variant is more
likely to evade immunity or cause breakthrough infection
after vaccination than the Delta variant (11). Emerging evi-
dence suggests that booster VE against infection and hos-
pitalization caused by the Omicron variant is much lower

(8, 12–14). Booster VE against the Omicron variant requires
further investigation, especially in older, racially and ethni-
cally diverse populations with high prevalence of comor-
bidities, who have the highest risk for morbidity and mortality
from COVID-19. Furthermore, studies are needed to
determine whether booster VE varies by booster type,
primary vaccine type, time since primary vaccination,
age group, and comorbidity burden in the Omicron era.

The U.S. Department of Veterans Affairs (VA) health
care system, the largest national, integrated health care
system in the United States, includes a large proportion
of older adults with multimorbidity and has provided an
adequate framework for multiple target trial emulation
studies of the comparative effectiveness of COVID-19
vaccination (15–17). We used target trial emulation principles
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(18) to specify and emulate a trial comparing booster mono-
valentmRNACOVID-19 vaccination versus no booster during
theOmicron era.

METHODS

Specification and Emulation of Target Trials:
Overall Study Design

We designed this retrospective matched cohort study
to emulate a target randomized controlled trial of booster
(third dose) monovalent mRNA COVID-19 vaccination
(BNT162b2 or mRNA-1273) versus no booster among
persons who had already received 2 mRNA COVID-19
vaccine doses at least 5 months earlier in the national VA
health care system during a period of Omicron variant
predominance. Target trial emulation applies design prin-
ciples from randomized trials to the analysis of observatio-
nal data, thereby explicitly tying the analysis to the trial it is
emulating (19). Supplement Table 1 (available at Annals.
org) compares the critical design features of the specified
and emulated target trials. The enrollment and follow-up
period was between 1 December 2021 and 31 March
2022. During this period, all persons who had completed
their primary COVID-19 immunization more than 5 months
earlier were eligible for booster vaccination in the VA,
regardless of age or risk factors.We used amatched cohort
design to emulate the balance achieved through random-
ization, with eligible persons matched on the date of their
booster dose to their comparators, who had not received a
booster dose as of that date. Each matched set was fol-
lowed from the date of booster vaccination (“time zero”)
until 31 March 2022. This ensured that the same time zero
served as the date at which eligibility was determined and
treatment was initiated and anchored the follow-up for
both study groups (Supplement Figure 1, available at
Annals.org), thus minimizing immortal time and selection
biases (20). For each participant, follow-up continued until
occurrence of an outcome event, death unrelated to
COVID-19, booster vaccination of the comparator (with
matched set censoring), or the end of follow-up (31
March 2022), whichever occurred first.

We used data from the VA's Corporate Data Warehouse,
a database of VA enrollees' comprehensive electronic
health records (EHRs), and the VA COVID-19 Shared Data
Resource, which includes analytic variables provisioned
by the VA Informatics and Computing Infrastructure (21).
We supplemented these with claims data from the VA
Community Care program (non-VA care paid for by a VA
facility) and from the Centers for Medicare & Medicaid
Services (CMS) obtained through the VA Information
Resource Center (22).

Eligibility Criteria and Study Population
We identified all VA enrollees aged 18 years or older

who were alive as of 1 December 2021 and had received
exactly 2 doses of mRNA vaccination that were docu-
mented in the VA system, with the second dose adminis-
tered at least 5 months earlier (n= 2097357) (Supplement
Figure 2, available at Annals.org). We excluded persons
who had evidence of SARS-CoV-2 infection before 1
December 2021, based on a combination of VA and CMS

data; had incongruent first and second doses of the pri-
mary vaccine; were missing a residential address; did not
have an inpatient, outpatient, or primary care encounter in
the VA health care system in the preceding 24 months;
or were not assigned to a unique Veterans Integrated
Services Network (VISN) (the 19 administrative regions
of the VA) (23). Among the remaining 1687421 per-
sons, 505585 received a booster mRNA vaccine dose
between 1 December 2021 and 31 March 2022 that was
documented in the VA health care system and could
potentially be included in the booster group of the emu-
lated trial if they could be matched to appropriate com-
parators who had not received a booster. We captured
booster doses administered by a VA pharmacy, VA-funded
community care, or outside the VA but documented in VA
records, as well as those documented in CMS data.

CohortMatching
In each 1-week period of the study, we identified eli-

gible study participants who were alive, were uninfected,
and had not yet received booster vaccination as of the
first day of the week. Among them, we identified all
potential participants in the treatment group, defined as
those who received a booster mRNA vaccine dose dur-
ing the given week, and all potential comparators, who
had not received a booster dose at the start of the week.
We used baseline characteristics to identify the best-
matched comparators for each person who received a
booster dose, using exact matching based on VISN, age
(6-year buckets), Charlson Comorbidity Index (CCI) score
(24) (3-point buckets), primary COVID-19 vaccine type
(BNT162b2 or mRNA-1273), and date of completion of
primary vaccination (6-week buckets). The exact match-
ing factors were selected because they are strongly
associated with the probability of receiving a booster
(the exposure) and with the risk for SARS-CoV-2 infection,
hospitalization, or death (the outcomes) in VA patients
(25–29).

To further reduce confounding given that many
covariates not used in the match remained imbalanced
after exact matching, we then performed propensity
score matching (calipers within 0.2 SD from the mean)
with replacement to identify the best match for each
booster dose recipient in a 1:K variable ratio, where K
varied on the basis of the number of propensity score
ties. We used the following covariates, which were
selected a priori based on being associated with both
the exposure and the outcome, in the propensity score
logistic regression model: age, sex, self-reported race
and ethnicity, urban or rural residence (based on ZIP
codes, using data from the VA Office of Rural Health
[30]), CCI score, body mass index (BMI, calculated using
measured weight and height), diabetes, congestive heart
failure (CHF), chronic obstructive pulmonary disease
(COPD), chronic kidney disease (CKD), receipt of immuno-
suppressant medications in the prior 2 years (Supplement
Table 2, available at Annals.org), and Care Assessment
Need (CAN) score. The CAN score is a validated measure
of 1-year mortality in VA enrollees and is calculated using
sociodemographic characteristics, clinical diagnoses, vital
signs, medications, laboratory values, and health care use
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data from VA's national EHR (25, 31). Diabetes, CHF, COPD,
and CKD were defined using International Classification
of Diseases, 10th Revision (ICD-10) codes documented in
the VA EHR in the 2-year period before the study (the
ICD-10 codes are shown in Supplement Table 3, available
at Annals.org) (U.S. Department of Veterans Affairs.
Unpublished data.). The 2-step matching process was
repeated 16 times for each 1-week period between 1
December 2021 and 31 March 2022, with a separate
propensity score model developed for each week to
account for dynamic changes in booster uptake and
infection incidence during the study period.

Persons who received booster vaccination were eli-
gible for inclusion in the treatment group, even if they
had previously been selected as a matched comparator.
Persons who did not receive a booster dose could serve
as matched comparators for more than 1 person in the
treatment group. The matching strategy was implemented
using the kmatch command (32) in Stata (StataCorp).

Primary End Points
SARS-CoV-2 infection was defined as a positive result

in a respiratory specimen on a SARS-CoV-2 nucleic acid
amplification or antigen test performed within the VA
system or performed outside the VA system but docu-
mented in VA records. Such positive results are identified
by the VA National Surveillance Tool and have been used
by our group and others to support target trial emulation
studies (15–17). The earliest date of a documented posi-
tive test result was used as each participant's date of
infection.

SARS-CoV-2–related hospitalization was defined as
hospitalization documented in the VA health care system
or in CMS data on or within 30 days after a positive test
result, and SARS-CoV-2–related death was defined as
death from any cause within 30 days of a positive test
result; these definitions have been used in prior VA stud-
ies (15–17, 25, 26, 28, 29). Deaths occurring both within
and outside the VA system are comprehensively cap-
tured in the VA Corporate Data Warehouse from various
VA and non-VA sources, including VA inpatient files, the
VA Beneficiary Identification and Records Locator System,
Social Security Administration death files, and the U.S.
Department of Defense (33). To ensure that deaths and
hospitalizations that occurred on or before 31 March
2022 (the last day of follow-up) were adequately captured,
we last accessed relevant data sources on 21May 2022.

Statistical Analysis
Differences in incident outcome rates were esti-

mated via the Kaplan–Meier estimator for a period of 121
days, the study's maximum follow-up. We used Cox pro-
portional hazards regression to compare booster vaccine
recipients and their matched comparators, with follow-
up extending to 31 March 2022. Follow-up began at
time zero in both groups and was limited to matched
sets in which all persons were still at risk 10 days after time
zero, given that there is no expectation of a protective
effect within the first 10 days after vaccination. We calcu-
lated the incidence of each outcome and the hazard ratio,
with adjustment for the type of primary COVID-19 mRNA

vaccine, time since the second vaccine dose, sex, age,
race, ethnicity, urban or rural residence, BMI, CCI score,
diabetes, CKD, CHF, COPD, CAN score, and immunosup-
pressant medications and stratification by VISN to account
for any residual confounding that might have been pres-
ent after matching. Booster VE, the study's primary out-
come, was estimated as 1 minus the adjusted hazard ratio.
Booster VE was estimated for the entire population and for
subgroups based on the type of booster (BNT162b2 or
mRNA-1273), the primary vaccine type (BNT162b2 or
mRNA-1273), time since primary vaccination (5 to 9 or >9
months), age groups, and CCI categories. A x2 test of no
difference between the predicted adjusted hazard ratios in
models with and without an interaction term was used to
evaluate differences in VE between subgroups. Missing val-
ues for sex, BMI, CAN score, race, and ethnicity were uncom-
mon andwere imputed using deterministic imputation.

We compared as a negative outcome control (34)
the incidence of SARS-CoV-2 infection within 10 days after
time zero in both groups, which should not be affected by
vaccination, to verify there was no uncontrolled residual
confounding after matching or any ascertainment bias.

All analyses were weighted to account for variable-
ratio matching and matching with replacement. A robust
sandwich-type variance estimator was used to account
for clustering within matched groups (because of ties in
the propensity score), clusteringwithin participants (because
of matching with replacement), and clustering in the
cross-classification of the matched and within-participant
clusters (35). We verified that the proportional hazards
assumption was met using log-log plots and Schoenfeld
residuals. A P value less than 0.05 was considered statisti-
cally significant in all analyses.

Role of the Funding Source
The funding sources had no role in the design or

conduct of the study; collection, management, analysis,
or interpretation of the data; preparation, review, or ap-
proval of the manuscript; or the decision to submit the
manuscript for publication.

RESULTS

Baseline Characteristics of Emulated Trial
Participants

Baseline characteristics were well balanced between
the booster group (n= 490838) and the matched compa-
rators (n= 490838, representing 404196 unique persons)
(Table 1). Matching with replacement allowed matching
of more than 97% of persons who received a booster
dose. Baseline characteristics before matching of all eligi-
ble persons who did and did not receive a booster are
shown in Supplement Table 4 and Supplement Figure 3
(available at Annals.org).

Both matched groups were predominantly male (87.4%
vs. 87.7%), had advanced age (mean, 63.0 years [SD, 14]
in both groups), and had diverse racial and ethnic distri-
bution (for example, 21.8% vs. 22.2% were Black, and
8.6% vs. 8.2% were Hispanic). Major comorbidities, such
as diabetes, CHF, COPD, and CKD, were common and
were nearly equally distributed in both groups. The mean
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Table 1. Baseline Sociodemographic and Clinical Characteristics of Persons Who Received a Booster Dose of mRNA COVID-19
Vaccine in the VA Health Care System and Their Matched Counterparts Who Did Not Receive a Booster Dose From 1 December 2021
to 31 March 2022

Characteristic Booster Vaccination
(n = 490 838)

No Booster Vaccination
(n = 490 838)

Standardized Mean
Difference

Type of booster vaccine, %
BNT162b2 37.6 NA NA
mRNA-1273 62.4 NA NA

Mean time since second dose of mRNA COVID-19 vaccine (SD), d 273.5 (36.1) 273.6 (37.0) �0.0027

Time since second dose of mRNA COVID-19 vaccine, %
5–9 mo (154–270 d) 51.5 51.8 �0.0060
>9 mo (>270 d) 48.5 48.2 0.0060

Type of primary COVID-19 mRNA vaccine, %
BNT162b2 38.2 38.2 <0.0001
mRNA-1273 61.8 61.8 <0.0001

Sex, %
Female 10.2 9.9 0.0100
Male 87.4 87.7 �0.0091
Declined/unknown/missing 2.3 2.3 <0.0001

Mean age (SD), y 63.0 (14.0) 63.0 (14.0) <0.0001

Age group, %
18–49 y 16.9 16.9 <0.0001
50–59 y 19 19 <0.0001
60–64 y 14.1 13.8 0.0087
65–69 y 12.2 12.1 0.0031
70–74 y 19.1 19.7 �0.0152
75–79 y 9.7 9.6 0.0034
80–84 y 4.3 4.4 �0.0049
85–89 y 3.1 3.1 <0.0001
≥90 y 1.5 1.5 <0.0001

Race, %
White 66.3 67 �0.0148
Black 23 22.4 0.0143
Asian 1.7 1.7 <0.0001
American Indian/Alaska Native 1 1 <0.0001
Pacific Islander/Native Hawaiian 1.1 1.1 <0.0001
Declined/unknown/missing 6.9 6.8 0.0040

Ethnicity, %
Non-Hispanic 86.9 87.3 �0.0119
Hispanic 8.6 8.2 0.0144
Declined/unknown/missing 4.5 4.5 <0.0001

Residence, %
Rural/highly rural 47.7 48.1 �0.0080
Urban 52.3 51.9 0.0080

Veterans Integrated Services Network, %
1 4.6 4.6 <0.0001
2 5.3 5.3 <0.0001
4 5 5 <0.0001
5 2.8 2.8 <0.0001
6 6.5 6.5 <0.0001
7 6.4 6.4 <0.0001
8 10.4 10.4 <0.0001
9 3.4 3.4 <0.0001
10 7.7 7.7 <0.0001
12 5 5 <0.0001
15 3.2 3.2 <0.0001
16 6.2 6.2 <0.0001
17 5.3 5.3 <0.0001
19 3.9 3.9 <0.0001
20 4.1 4.1 <0.0001

Continued on following page
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time (273 days [SD, 36]) since completion of primary vac-
cination was almost identical in both groups, with about
48% in each group having received the second dose of
the vaccinemore than 9months before time zero.

Booster Vaccine Effectiveness
SARS-CoV-2 Infection

A total of 468616 out of 490838 (95.4%) matched
sets remained under follow-up and at risk at day 10 after
time zero and were included in VE estimations (Tables 2
to 4). During a mean follow-up of 79.8 days in both
groups (maximum, 121 days), 17384 SARS-CoV-2 infec-
tions were documented more than 10 days after time

zero, including 6438 in the booster cohort and 10946 in
thematched no-booster cohort (Table 2). Eighty-five per-
cent (14823 of 17384) of these infections occurred after
1 January 2022, when the Omicron variant accounted for
almost all infections (10) in the United States, and an addi-
tional 14% (2467 of 17384) occurred from 16 December
to 31 December 2021, when Omicron accounted for the
majority of infections. Only 0.5% (94 of 17384) occurred
before 16 December 2021.

Cumulative incidence of infection at 121 days was
significantly lower in the booster cohort (16.0 per 1000
persons) than in the no-booster cohort (27.0 per 1000
persons) (risk difference, �11.0 [95% CI, �11.6 to �10.3]

Table 1–Continued

Characteristic Booster Vaccination
(n = 490 838)

No Booster Vaccination
(n = 490 838)

Standardized Mean
Difference

21 5.8 5.8 <0.0001
22 9.3 9.3 <0.0001
23 5 5 <0.0001

Mean body mass index (SD), kg/m2 30.4 (6.1) 30.5 (6.1) �0.0164

Body mass index group, %
<18.5 kg/m2 0.7 0.7 <0.0001
18.5 to <25 kg/m2 16.4 15.8 0.0163
25 to <30 kg/m2 (overweight) 34.2 33.9 0.0063
30 to <35 kg/m2 (obesity I) 27 27 <0.0001
35 to <40 kg/m2 (obesity II) 12.5 12.6 �0.0030
≥40 kg/m2 (obesity III) 6.7 6.7 <0.0001
Missing 2.5 3.2 �0.0421

Mean CCI score (SD) 1.3 (1.7) 1.3 (1.7) <0.0001

CCI group, %
0 44.5 44.5 <0.0001
1 21.6 22 �0.0097
2 15.1 14.9 0.0056
3 7.8 7.6 0.0075
4 4.9 5 �0.0046
5–6 4.5 4.5 <0.0001
7–8 1.3 1.3 <0.0001
≥9 0.3 0.3 <0.0001

Diabetes, % 30.8 31.4 �0.0130

Chronic kidney disease, % 10.3 10.1 0.0066

Congestive heart failure, % 4.5 4.3 0.0098

Chronic obstructive pulmonary disease, % 13.3 13.6 �0.0088

Mean CAN score* for mortality (SD) 46.6 (27.6) 46.6 (27.5) <0.0001

CAN score* for mortality group, %
0–30 33.1 32.9 0.0043
31–55 28.6 28.5 0.0022
56–75 20.2 20.2 <0.0001
76–90 13.1 12.9 0.0059
95–96 1.6 1.5 0.0081
97–98 1.5 1.4 0.0084
99 0.6 0.6 <0.0001
Missing 1.4 2 �0.0464

Immunosuppressant medications, %† 5.4 5.3 0.0044

CAN = Care Assessment Need; CCI = Charlson Comorbidity Index; NA = not applicable; VA = U.S. Department of Veterans Affairs.
* The CAN score is a validated measure of 1-year mortality in VA enrollees that is presented as a percentile of all VA enrollees.
† Includes immunosuppressant medications prescribed in the previous year. A list of medications is provided in Supplement Table 2 (available at
Annals.org).
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Table 2. Risk for SARS-CoV-2 Infection and Estimation of Vaccine Effectiveness Among Persons Who Received a Booster Dose
of mRNA COVID-19 Vaccine in the VA Health Care System and Their Matched Counterparts Who Did Not Receive a Booster
Dose From 1 December 2021 to 31 March 2022

Characteristic Persons, n Person-Days SARS-CoV-2
Infections, n

121-Day Risk
for SARS-CoV-2
Infection per
1000 Persons
(95% CI)

121-Day Risk
Difference for
SARS-CoV-2
Infection per
1000 Persons
(95% CI)

Incidence Rate
of SARS-CoV-2
Infection per
100 000
Person-Days

Vaccine
Effectiveness
(95% CI), %

P Value for
Interaction

All participants* –

No booster 468 616 38 655 086 10 946 27.0 (26.3 to
27.6)

– 28.3 –

Booster 468 616 39 076 462 6438 16.0 (15.6 to
16.4)

�11.0 (�11.6 to
�10.3)

16.5 42.3 (40.6 to
43.9)

BNT162b2 booster 0.117
No booster 176 558 14 424 397 4522 29.3 (28.2 to

30.5)
– 31.3 –

Booster 176 558 14 580 097 2798 18.4 (17.6 to
19.1)

�11.0 (�12.1 to
�9.9)

19.2 39.0 (36.4 to
41.6)

mRNA-1273 booster –

No booster 292 058 24 230 690 6424 25.5 (24.8 to
26.3)

– 26.5 –

Booster 292 058 24 496 365 3640 14.6 (14.1 to
15.1)

�10.9 (�11.7 to
�10.2)

14.9 44.6 (42.5 to
46.6)

Primary vaccination
with BNT162b2

0.87

No booster 179 302 14 644 005 4636 29.6 (28.5 to
30.8)

– 31.7 –

Booster 179 302 14 805 330 2842 18.3 (17.6 to
19.1)

�11.3 (�12.3 to
�10.2)

19.2 39.6 (36.9 to
42.1)

Primary vaccination
with mRNA-1273

–

No booster 289 314 24 011 081 6310 25.3 (24.5 to
26.1)

– 26.3 –

Booster 289 314 24 271 132 3596 14.6 (14.1 to
15.1)

�10.8 (�11.5 to
�10.0)

14.8 44.3 (42.2 to
46.3)

5–9 mo since primary
vaccination

<0.001

No booster 242 857 18 856 281 4509 21.9 (21.2 to
22.6)

– 23.9 –

Booster 241 365 18 810 623 2914 14.4 (13.9 to
15.0)

�7.5 (�8.3 to
�6.7)

15.5 36.4 (33.3 to
39.4)

>9 mo since primary
vaccination

–

No booster 225 760 19 798 806 6437 32.4 (31.6 to
33.3)

– 32.5 –

Booster 227 251 20 265 839 3524 17.7 (17.1 to
18.3)

�14.6 (�15.6 to
�13.6)

17.4 46.5 (44.1 to
48.7)

Aged 18 to <65 y <0.001
No booster 232 488 18 703 613 6325 31.3 (30.4 to

32.1)
– 33.8 –

Booster 233 878 19 038 428 3649 18.3 (17.7 to
18.9)

�12.9 (�14.0 to
�11.8)

19.2 43.3 (41.1 to
45.4)

Aged 65 to <75 y –

No booster 148 842 12 419 969 3007 23.6 (22.7 to
24.6)

– 24.2 –

Booster 146 785 12 349 355 1745 14.0 (13.3 to
14.7)

�9.7 (�10.8 to
�8.6)

14.1 42.8 (39.1 to
46.2)

Continued on following page
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per 1000 persons) (Figure 1, top; Table 2). Booster VE
against infection was 42.3% (CI, 40.6% to 43.9%) overall,
39.0% (CI, 36.4% to 41.6%) for BNT162b2, and 44.6%
(CI, 42.5% to 46.6%) for mRNA-1273 (P for interaction=
0.117). Booster VE was higher in persons with more than 9
months since the primary vaccination (46.5% [CI, 44.1% to
48.7%]) than in those with 5 to 9 months since the primary
vaccination (36.4% [CI, 33.3% to 39.4%]) (P for interaction
< 0.001). Booster VE was higher in persons with more
comorbidities (P for interaction< 0.001) but lower in older
age groups (P for interaction< 0.001) (Table 2).

SARS-CoV-2–RelatedHospitalization
A total of 1575 SARS-CoV-2–related hospitalizations

were documented during follow-up, including 515 in the
booster cohort and 1060 in the matched no-booster
cohort (Table 3). Cumulative incidence of SARS-CoV-2–
related hospitalization at 121 days was significantly lower
in the booster cohort (1.3 per 1000 persons) than in the
no-booster cohort (2.7 per 1000 persons) (risk difference,
�1.4 [CI, �1.6 to �1.2] per 1000 persons) (Figure 1, bot-
tom; Table 3).

Booster VE against hospitalization was 53.3% (CI,
48.1% to 58.0%) overall, 54.0% (CI, 46.1% to 60.8%) for

BNT162b2, and 52.9% (CI, 45.6% to 59.2%) for mRNA-
1273 (P for interaction by booster type= 0.59). Booster
VE was higher among persons with more than 9 months
since the primary vaccination (P for interaction< 0.001)
and in persons with more comorbidities (P for interaction
< 0.001), with no appreciable differences across age
groups or primary vaccine types.

SARS-CoV-2-Related–Death
A total of 262 SARS-CoV-2–related deaths were

documented during follow-up, including 47 in the
booster cohort and 215 in the matched no-booster
cohort (Table 4). Cumulative incidence of SARS-CoV-2–
related death at 121 days was significantly lower in the
booster cohort (0.1 per 1000 persons) than in the no-
booster cohort (0.6 per 1000 persons) (risk difference,
�0.5 [CI, �0.6 to �0.4] per 1000 persons) (Figure 2, top;
Table 4). Booster VE against death was 79.1% (CI,
71.2% to 84.9%) overall, 85.5% (CI, 73.9% to 92.0%)
for BNT162b2, and 75.2% (CI, 62.9% to 83.4%) for
mRNA-1273 (P for interaction by booster type = 0.48).
Booster VE did not differ significantly across age and
CCI groups or by time since primary vaccination or
primary vaccine type.

Table 2–Continued

Characteristic Persons, n Person-Days SARS-CoV-2
Infections, n

121-Day Risk
for SARS-CoV-2
Infection per
1000 Persons
(95% CI)

121-Day Risk
Difference for
SARS-CoV-2
Infection per
1000 Persons
(95% CI)

Incidence Rate
of SARS-CoV-2
Infection per
100 000
Person-Days

Vaccine
Effectiveness
(95% CI), %

P Value for
Interaction

Aged ≥75 y –

No booster 87 286 7 531 504 1614 21.3 (20.2 to
22.5)

– 21.4 –

Booster 87 953 7 688 679 1044 13.5 (12.7 to
14.4)

�7.8 (�9.0 to
�6.5)

13.6 38.1 (33.0 to
42.8)

CCI score of 0–1 <0.001
No booster 312 552 26 070 380 6589 24.0 (23.4 to

24.7)
– 25.3 –

Booster 310 497 26 085 015 3968 14.7 (14.3 to
15.2)

�9.3 (�10.1 to
�8.5)

15.2 40.5 (38.3 to
42.6)

CCI score of 2–4 –

No booster 128 034 10 393 959 3231 29.8 (28.7 to
31.0)

– 31.1 –

Booster 129 993 10 732 928 1869 17.0 (16.3 to
17.8)

�12.6 (�13.9 to
�11.3)

17.4 44.1 (40.6 to
47.3)

CCI score ≥5 –

No booster 28 030 2 190 748 1126 48.5 (45.5 to
51.7)

– 51.4 –

Booster 28 126 2 258 519 601 26.1 (24.0 to
28.3)

�22.3 (�25.9 to
�18.7)

26.6 48.4 (42.9 to
53.4)

Negative outcome
control: SARS-CoV-2
infection in 10 d
after time 0

–

No booster 490 838 4 836 495 2067 4.3 (4.0 to 4.5) – 42.7 –

Booster 490 838 4 839 162 2090 4.3 (4.1 to 4.5) 0.1 (�0.2 to 0.3) 43.2 �0.4 (�5.5 to
4.5)

CCI = Charlson Comorbidity Index; VA = U.S. Department of Veterans Affairs.
* Includes only matched sets still at risk 10 days after time zero. Characteristics of these participants are shown in Supplement Table 5 (available at
Annals.org).
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Figure 1. Kaplan–Meier curves comparing persons who received a booster mRNA COVID-19 vaccine versus their matched counter-
parts who did not with respect to the cumulative incidence (percentage) and 95% CIs of SARS-CoV-2 infection (top) and SARS-CoV-
2–related hospitalization (bottom).
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Table 3. Risk for SARS-CoV-2–Related Hospitalization and Estimation of Vaccine Effectiveness Among Persons Who Received a
Booster Dose of mRNA COVID-19 Vaccine in the VA Health Care System and Their Matched Counterparts Who Did Not
Receive a Booster Dose From 1 December 2021 to 31 March 2022

Characteristic Persons, n Person-Days SARS-CoV-2–
Related
Hospitalizations, n

121-Day Risk for
SARS-CoV-2–
Related
Hospitalization
per 1000 Persons
(95% CI)

121-Day Risk
Difference for
SARS-CoV-2–
Related
Hospitalization
per 1000 Persons
(95% CI)

Incidence Rate of
SARS-CoV-2–
Related
Hospitalization
per 100 000
Person-Days

Vaccine
Effectiveness
(95% CI), %

P Value for
Interaction

All participants* –

No booster 468 616 39 305 524 1060 2.7 (2.6 to 2.9) – 2.7 –

Booster 468 616 39 457 502 515 1.3 (1.2 to 1.5) �1.4 (�1.6 to �1.2) 1.3 53.3 (48.1 to 58.0)

BNT162b2 booster 0.59

No booster 176 558 14 695 971 485 3.3 (3.0 to 3.7) – 3.3 –

Booster 176 558 14 748 878 232 1.6 (1.4 to 1.8) �1.7 (�2.1 to �1.4) 1.6 54.0 (46.1 to 60.8)

mRNA-1273 booster –

No booster 292 058 24 609 553 575 2.4 (2.2 to 2.6) – 2.3 –

Booster 292 058 24 708 624 283 1.2 (1.1 to 1.3) �1.2 (�1.5 to �1.0) 1.2 52.9 (45.6 to 59.2)

Primary vaccination with
BNT162b2

0.91

No booster 179 302 14 921 741 501 3.4 (3.0 to 3.7) – 3.4 –

Booster 179 302 14 976 081 241 1.6 (1.4 to 1.8) �1.8 (�2.1 to �1.4) 1.6 53.7 (45.8 to 60.4)

Primary vaccination with
mRNA-1273

–

No booster 289 314 24 383 783 559 2.3 (2.1 to 2.6) – 2.3 –

Booster 289 314 24 481 421 274 1.2 (1.0 to 1.3) �1.2 (�1.4 to �0.9) 1.1 53.1 (45.7 to 59.5)

5–9 mo since primary
vaccination

<0.001

No booster 242 857 19 107 546 535 2.7 (2.5 to 3.0) – 2.8 –

Booster 241 365 18 974 082 317 1.7 (1.5 to 1.8) �1.1 (�1.4 to �0.8) 1.7 43.8 (35.2 to 51.3)

>9 mo since primary
vaccination

–

No booster 225 760 20 197 978 525 2.7 (2.5 to 3.0) – 2.6 –

Booster 227 251 20 483 420 198 1.0 (0.9 to 1.2) �1.7 (�2.0 to �1.4) 1.0 63.2 (56.4 to 69.0)

Aged 18 to <65 y 0.29

No booster 232 488 19 108 938 311 1.6 (1.4 to 1.8) – 1.6 –

Booster 233 878 19 265 332 149 0.8 (0.7 to 0.9) �0.8 (�1.1 to �0.6) 0.8 53.3 (43.2 to 61.6)

Aged 65 to <75 y –

No booster 148 842 12 585 729 422 3.5 (3.1 to 3.8) – 3.4 –

Booster 146 785 12 447 755 198 1.6 (1.4 to 1.9) �1.8 (�2.2 to �1.4) 1.6 54.2 (45.4 to 61.6)

Aged ≥75 y –

No booster 87 286 7 610 857 327 4.4 (3.9 to 4.9) – 4.3 –

Booster 87 953 7 744 415 168 2.2 (1.9 to 2.6) �2.2 (�2.8 to �1.6) 2.2 52.3 (42.1 to 60.7)

CCI score of 0–1 <0.001

No booster 312 552 26 492 891 322 1.3 (1.1 to 1.4) – 1.2 –

Booster 310 497 26 334 294 163 0.6 (0.5 to 0.7) �0.6 (�0.8 to �0.5) 0.6 49.9 (39.2 to 58.7)

CCI score of 2–4 –

No booster 128 034 10 570 379 436 4.2 (3.8 to 4.6) – 4.1 –

Booster 129 993 10 836 389 213 2.0 (1.7 to 2.3) �2.1 (�2.6 to �1.7) 2.0 54.2 (45.7 to 61.4)

CCI score ≥5 –

No booster 28 030 2 242 254 302 13.2 (11.7 to 14.9) – 13.5 –

Booster 28 126 2 286 819 139 6.2 (5.2 to 7.3) �7.0 (�8.8 to �5.2) 6.1 56.3 (46.4 to 64.3)

CCI = Charlson Comorbidity Index; VA = U.S. Department of Veterans Affairs.
* Includes only matched sets still at risk 10 days after time zero. Characteristics of these participants are shown in Supplement Table 5 (available at
Annals.org).
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Table 4. Risk for SARS-CoV-2–Related Death and Estimation of Vaccine Effectiveness Among Persons Who Received a Booster
Dose of mRNA COVID-19 Vaccine in the VA Health Care System and Their Matched Counterparts Who Did Not Receive a
Booster Dose From 1 December 2021 to 31 March 2022

Characteristic Persons, n Person-Days SARS-CoV-2–
Related
Deaths, n

121-Day Risk for
SARS-CoV-2–
Related Death per
1000 Persons
(95% CI)

121-Day Risk
Difference for SARS-
CoV-2–Related Death
per 1000 Persons
(95% CI)

Incidence Rate of
SARS-CoV-2–Related
Death per 100 000
Person-Days

Vaccine Effectiveness
(95% CI), %

P Value for
Interaction

All participants* –

No booster 468 616 39 362 522 215 0.59 (0.51 to 0.68) – 0.55 –

Booster 468 616 39 483 627 47 0.13 (0.10 to 0.17) �0.46 (�0.55 to �0.37) 0.12 79.1 (71.2 to 84.9)

BNT162b2 booster 0.48
No booster 176 558 14 722 300 85 0.59 (0.47 to 0.75) – 0.58 –

Booster 176 558 14 761 175 13 0.10 (0.06 to 0.17) �0.49 (�0.64 to �0.35) 0.09 85.5 (73.9 to 92.0)

mRNA-1273 booster –

No booster 292 058 24 640 222 130 0.59 (0.49 to 0.71) – 0.53 –

Booster 292 058 24 722 452 34 0.15 (0.11 to 0.21) �0.44 (�0.56 to �0.32) 0.14 75.2 (62.9 to 83.4)

Primary vaccination
with BNT162b2

0.162

No booster 179 302 14 948 702 94 0.65 (0.51 to 0.81) – 0.63 –

Booster 179 302 14 988 717 15 0.11 (0.07 to 0.19) �0.53 (�0.68 to �0.38) 0.10 84.8 (73.7 to 91.2)

Primary vaccination
withmRNA-1273

–

No booster 289 314 24 413 820 121 0.55 (0.46 to 0.67) – 0.50 –

Booster 289 314 24 494 910 32 0.14 (0.10 to 0.20) �0.41 (�0.53 to �0.30) 0.13 75.0 (62.3 to 83.4)

5–9 mo since primary
vaccination

0.33

No booster 242 857 19 134 947 135 0.77 (0.64 to 0.93) – 0.71 –

Booster 241 365 18 989 128 32 0.19 (0.13 to 0.27) �0.59 (�0.75 to �0.43) 0.17 78.1 (67.5 to 85.3)

>9 mo since primary
vaccination

–

No booster 225 760 20 227 575 80 0.43 (0.34 to 0.54) – 0.40 –

Booster 227 251 20 494 499 15 0.08 (0.05 to 0.13) �0.35 (�0.45 to �0.24) 0.07 81.6 (67.8 to 89.4)

Aged 18 to <65 y 0.36
No booster† – – – – – – –

Booster† – – – – – – –

Aged 65 to <75 y –

No booster 148 842 12 607 888 86 0.74 (0.59 to 0.93) – 0.68 –

Booster 146 785 12 458 102 13 0.13 (0.07 to 0.22) �0.61 (�0.79 to �0.44) 0.10 85.5 (73.7 to 92.0)

Aged ≥75 y –

No booster 87 286 7 627 925 117 1.67 (1.37 to 2.03) – 1.53 –

Booster 87 953 7 752 903 31 0.42 (0.29 to 0.60) �1.25 (�1.61 to �0.88) 0.40 74.8 (61.8 to 83.3)

CCI score of 0–1 0.36
No booster† – – – – – – –

Booster† – – – – – – –

CCI score of 2–4 –

No booster 128 034 10 594 310 93 0.91 (0.73 to 1.13) – 0.88 –

Booster 129 993 10 847 400 24 0.24 (0.16 to 0.36) �0.67 (�0.88 to �0.46) 0.22 76.2 (62.5 to 84.9)

CCI score ≥5 –

No booster 28 030 2 258 123 79 3.87 (3.04 to 4.92) – 3.50 –

Booster 28 126 2 293 908 13 0.65 (0.36 to 1.18) �3.22 (�4.14 to �2.29) 0.57 84.2 (70.6 to 91.5)

CCI = Charlson Comorbidity Index; VA = U.S. Department of Veterans Affairs.
* Includes only matched sets still at risk 10 days after time zero. Characteristics of these participants are shown in Supplement Table 5 (available at
Annals.org).
† One or both groups have cell counts <10.
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Figure 2. Kaplan–Meier curves comparing persons who received a booster mRNA COVID-19 vaccine versus their matched counter-
parts who did not with respect to the cumulative incidence (percentage) and 95% CIs of SARS-CoV-2–related death (top) and SARS-
CoV-2 infection in the first 10 days after time zero (negative outcome control) (bottom).
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Negative Outcome Control
Cumulative incidence of SARS-CoV-2 infection dur-

ing the first 10 days after time zero was nearly identical in
the booster and no-booster cohorts (Figure 2, bottom;
Table 2), suggesting adequate matching and lack of sub-
stantial unmeasured confounding.

DISCUSSION

Our target trial emulation study performed in the
national VA health care system showed that monovalent
mRNA booster vaccination administered at least 5 months
after primary vaccination had an estimated VE of 42.3%
(CI, 40.6% to 43.9%) against infection, 53.3% (CI, 48.1% to
58.0%) against hospitalization, and 79.1% (CI, 71.2% to
84.9%) against death during up to 121 days of follow-up
in the Omicron era. Booster VE was similar for different
vaccines (BNT162b2 or mRNA-1273), age groups, and
primary vaccine types and increased with longer time
since primary vaccination and greater comorbidity bur-
den. These findings provide strong support for efforts to
increase uptake of booster vaccination, which is currently
suboptimal in the United States.

Booster VE against SARS-CoV-2 infection with the
Delta variant was reported to be very high, ranging from
86% to 95.3% (3–5). However, a population-based
matched cohort study from Qatar reported that mRNA
booster VE in the Omicron era was much lower, at 49.4%
(CI, 47.1% to 51.6%) against symptomatic infection and
76.5% (CI, 55.9% to 87.5%) against hospitalization or
death (12), with follow-up of up to 35 days. Unlike the
population we studied, only 9% of the population of
Qatar is older than 50 years, few were reported to have
serious coexisting conditions, and no individual-level
comorbidities were available. A target trial emulation
using matched cohorts derived from nationwide popula-
tion registries in Spain estimated that mRNA booster VE
against infection in the Omicron era was 51.3% (CI,
50.2% to 52.4%), with follow-up of up to 34 days (13); in-
formation on comorbidities was unavailable. A test-negative,
case–control study from England reported that booster VE
against infection was 67.2% (CI, 66.5% to 67.8%) at 2 to 4
weeks after receipt of a BNT162b2 booster but decreased
to 45.7% (CI, 44.7% to 46.7%) at 10 or more weeks in the
Omicron era (14). We found even lower booster VE
against infection (42.3% [CI, 40.6% to 43.9%]) and hospi-
talization (53.3% [CI, 48.1% to 58.0%]) in the Omicron era,
which may be related to the greater comorbidity burden
of our study population and the longer follow-up of up to
121 days. Taken together, these studies suggest that
booster VE against infection and hospitalization is lower in
the Omicron era than it was in the Delta era and likely
decreases over time.

Our study showed a much higher booster VE against
SARS-CoV-2–related death (79.1% [CI, 71.2% to 84.9%]),
which was not assessed in prior studies in the Omicron
era. An Israeli population-based study conducted in the
Delta era reported that BNT162b2 booster recipients
had 90% lower mortality due to COVID-19 than partici-
pants who did not receive a booster (6), which is higher
than what we found in the Omicron era.

Some studies have reported that mRNA-1273 booster
VE against infection is slightly higher than BNT162b2
booster VE (13), but others have not (12). We found that
booster VE against infection, hospitalization, and death did
not differ significantly betweenmRNA-1273 and BNT162b2.
Future target trials specifically designed to compare mRNA-
1273 versus BNT162b2 boosters are needed to address this
question directly.

As in prior studies (12, 13), we found that booster VE
against infection and hospitalization was significantly
higher as more time accrued since the primary vaccina-
tion (>9 vs. 5 to 9 months). This is related to the waning
protection of primary vaccination over time in the no-
booster group. Booster VE was also substantially higher in
groups with greater comorbidity burden, who also have
the highest absolute risk for adverse COVID-19 outcomes.
These results reinforce the need to ensure booster vaccina-
tion, especially in persons with high comorbidity burden.

Receipt of booster dose vaccination was documented
in only about 35% of the U.S. population as of 12 June
2022, a far smaller proportion than in countries such as
Uruguay (76.1%), Iceland (67.9%), Italy (67.5%), Germany
(58.7%), the United Kingdom (58.3%), and Israel (57.2%)
(36). Our data suggest that achieving higher rates of
booster vaccination is an important strategy to reduce
SARS-CoV-2–related morbidity and mortality. The au-
thorization by the U.S. Food and Drug Administration
on 31 August 2022 of 2 new bivalent mRNA vaccines
targeted against both the original strain of SARS-CoV-2
and the BA.4 and BA.5 lineages of Omicron provides a
timely opportunity to improve booster rates before we
experience another COVID-19 surge in the fall and winter.
Future studies will be needed to determine the effective-
ness of the new bivalent booster vaccines against the
BA.5 lineage, which was the predominant lineage at the
time of introduction of the bivalent vaccines.

Our study has several limitations. Despite adherence
to principles of target trial emulation, a matchingmethod
that resulted in balanced distribution of baseline charac-
teristics, and adjustment for potential confounders, resid-
ual confounding cannot be completely ruled out in a
nonrandomized study. Unmeasured bias could have
resulted from personal behavior differentials and from
unknown home testing for COVID-19. However, our
analysis of a negative outcome control (infection rate in
the first 10 days after time zero) suggested little con-
founding. Although some additional infections (diag-
nosed or undiagnosed) and hospitalizations undoubtedly
occurred and were not captured in our analysis, we would
expect this outcomemisclassification to be nondifferential
and to have minimal impact on relative measures of effect
(such as VE), although absolute risks and risk differences
may have been slightly underestimated. If any booster
doses were missed among matched comparators, such
misclassification would tend to attenuate the reported VE.
Our study population was predominantly male, which may
limit the generalizability of our findings to women, given
higher vaccine-induced antibody responses in women (37).

In conclusion, improved booster vaccination
should be pursued to reduce COVID-19 morbidity
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and mortality, especially in persons with multiple
comorbidities.
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