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IMPORTANCE Administration of a BNT162b2 booster dose (Pfizer-BioNTech) to fully
vaccinated individuals aged 60 years and older was significantly associated with lower risk of
SARS-CoV-2 infection and severe illness. Data are lacking on the effectiveness of booster
doses for younger individuals and health care workers.

OBJECTIVE To estimate the association of a BNT162b2 booster dose with SARS-CoV-2
infections among health care workers who were previously vaccinated with a 2-dose series
of BNT162b2.

DESIGN, SETTING, AND PARTICIPANTS This was a prospective cohort study conducted at
a tertiary medical center in Tel Aviv, Israel. The study cohort included 1928 immunocompetent
health care workers who were previously vaccinated with a 2-dose series of BNT162b2,
and had enrolled between August 8 and 19, 2021, with final follow-up reported through
September 20, 2021. Screening for SARS-CoV-2 infection was performed every 14 days.
Anti–spike protein receptor binding domain IgG titers were determined at baseline and
1 month after enrollment. Cox regression with time-dependent analysis was used to estimate
hazard ratios of SARS-CoV-2 infection between booster-immunized status and 2-dose
vaccinated (booster-nonimmunized) status.

EXPOSURES Vaccination with a booster dose of BNT162b2 vaccine.

MAIN OUTCOMES AND MEASURES The primary outcome was SARS-CoV-2 infection,
as confirmed by reverse transcriptase–polymerase chain reaction.

RESULTS Among 1928 participants, the median age was 44 years (IQR, 36-52 years) and 1381
were women (71.6%). Participants completed the 2-dose vaccination series a median of 210
days (IQR, 205-213 days) before study enrollment. A total of 1650 participants (85.6%)
received the booster dose. During a median follow-up of 39 days (IQR, 35-41 days),
SARS-CoV-2 infection occurred in 44 participants (incidence rate, 60.2 per 100 000
person-days); 31 (70.5%) were symptomatic. Five SARS-CoV-2 infections occurred in
booster-immunized participants and 39 in booster-nonimmunized participants (incidence
rate, 12.8 vs 116 per 100 000 person-days, respectively). In a time-dependent Cox regression
analysis, the adjusted hazard ratio of SARS-CoV-2 infection for booster-immunized
vs booster-nonimmunized participants was 0.07 (95% CI, 0.02-0.20).

CONCLUSIONS AND RELEVANCE Among health care workers at a single center in Israel who
were previously vaccinated with a 2-dose series of BNT162b2, administration of a booster
dose compared with not receiving one was associated with a significantly lower rate of
SARS-CoV-2 infection over a median of 39 days of follow-up. Ongoing surveillance is required
to assess durability of the findings.
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T he Pfizer-BioNTech BNT162b2 messenger RNA COVID-19
vaccine was found to be highly effective in preventing
asymptomatic, symptomatic, and severe SARS-CoV-2

infection.1-4 Israel was among the first countries to achieve sig-
nificant nationwide vaccination coverage, leading to rapid con-
tainment of SARS-CoV-2 transmission in the community.5,6

However, resurgence of COVID-19 cases predominated by the
Delta variant was observed in June 20216,7 and raised con-
cerns about waning immunity of the BNT162b2 vaccine. De-
clining protection of BNT162b2 against SARS-CoV-2 infection
and hospitalization 4 months or more after full vaccination was
demonstrated among individuals aged 60 years or older, in
which those who completed a 2-dose series in March 2021 had
a lower risk of SARS-CoV-2 infection compared with those vac-
cinated in January 2021.7 Similarly, analysis of US data of adults
without immunocompromising conditions showed a signifi-
cant decline in the effectiveness of the BNT162b2 vaccine
against COVID-19 hospitalizations, from 91% to 72% more
than 120 days after completion of vaccination.8 These find-
ings are consistent with data showing time-dependent reduc-
tion in neutralizing antibody titers after vaccination.9,10

In response, on July 30, 2021, the Israeli ministry of health
initiated BNT162b2 booster vaccination of persons older than
60 years11 and shortly thereafter expanded its recommenda-
tion to younger age groups. Analysis of nationwide data showed
a lower risk of confirmed SARS-CoV-2 infection starting 12 days
after booster vaccination among persons aged 60 years or older
who received a booster dose12 compared with individuals vac-
cinated with 2 doses. Booster administration has also been
shown to enhance immune response in immunosuppressed
individuals.13 However, the effect of booster vaccination on
younger adults and health care workers is unclear.

This study aimed to assess the association of booster vac-
cination with SARS-CoV-2 infection among health care work-
ers at a large teaching hospital in Tel Aviv, Israel.

Methods
Study Design and Population
The COVI3 study was an investigator-initiated, prospective co-
hort study conducted at the Tel-Aviv Sourasky Medical Cen-
ter, a tertiary medical center in Tel Aviv, Israel. Study popula-
tion included health care workers (including employees,
students, volunteers, and subcontractors) aged 18 years or older
who received 2 doses of BNT162b2 vaccine at least 1 month be-
fore study enrollment. Participants who were immunocom-
promised, were taking biological or immunosuppressive drugs,
were pregnant, or had documented past infection with SARS-
CoV-2 were excluded.

Written informed consent was obtained from all partici-
pants at enrollment. Ethics approval and review according to
the Declaration of Helsinki14 for this study were obtained from
the hospital’s institutional review board. The study protocol
is available in Supplement 1.

Study enrollment occurred between August 8 and 19,
2021. Results reported here include data collected up to
September 20, 2021 (eFigure 1 in Supplement 2), with sur-

veillance of participants planned to continue for 1 year after
enrollment. The study was originally designed as an inter-
ventional study, offering a third dose of BNT162b2 to partici-
pants with anti–SARS-CoV-2 spike protein receptor binding
domain (anti–S1-RBD) IgG levels below 5.5 index values,
which was the median titer of the first 500 enrolled partici-
pants. However, shortly after study initiation the Israeli
Ministry of Health recommended the administration of a
booster dose to all health care workers, which mandated
modifying the study design to a prospective cohort design.
Therefore, timing of receipt of the booster dose was at the
participants’ discretion and could have taken place at any
point after enrollment in the study. This can be described
most intuitively as a single cohort of health care workers in
which exposure status could evolve over time, from unex-
posed to exposed, on booster immunization (Figure 1).

Data Collection
Data pertaining to demographics, employment sector and de-
partment, medical history including comorbid conditions, vac-
cination history, and medication use were obtained from the
hospital’s information systems database and from a question-
naire completed by the participants at enrollment. Blood
samples were obtained for anti–S1-RBD IgG levels at baseline
and approximately 1 month after enrollment, which, for par-
ticipants who opted to receive the booster dose, was at vari-
able times after vaccination.

Participants were requested to undergo screening for
SARS-CoV-2 infection with nasopharyngeal swab sampling
and reverse transcriptase–polymerase chain reaction (RT-
PCR) every 14 days regardless of symptom status. Reminders
were sent by email and text messages to maximize screening
compliance. Results of SARS-CoV-2 RT-PCR tests performed
outside of study screening procedure (for example, because
of symptoms or after exposure to a SARS-CoV-2–positive
individual) were retrieved and analyzed.

Anti–S1-RBD IgG levels were determined with the ADVIA
Centaur SARS-CoV-2 IgG assay (Siemens), which has an ana-
lytic measurement interval of 0.50 to 100.0 index values
(eMethods in Supplement 2).

Key Points
Question What is the association between immunization with a
third (booster) dose of BNT162b2 vaccine (Pfizer-BioNTech) and
the incidence of SARS-CoV-2 infection among immunocompetent
health care workers?

Findings In this cohort study of 1928 health care workers in Israel
who were previously vaccinated with a 2-dose series of BNT162b2,
administration of a booster dose compared with not receiving one
was significantly associated with lower risk of SARS-CoV-2
infection during a median of 39 days of follow-up (adjusted hazard
ratio, 0.07).

Meaning Among health care workers previously vaccinated with a
2-dose series of BNT162b2, administration of a booster dose
compared with not receiving one was significantly associated with
a lower rate of SARS-CoV-2 infection in short-term follow-up.
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Participants who tested positive for SARS-CoV-2 during the
study period underwent an interview to determine the pres-
ence of symptoms.

Definitions
On study enrollment, no participant had received a booster
dose and thus all participants were initially considered booster
nonimmunized. Participants were considered booster recipi-
ents on the day of booster dose administration, and then con-
sidered to have completed the booster immunization (ie, were
booster immunized) once 7 days or more had elapsed since re-
ceipt of the third dose of BNT162b2, consistent with the
Ministry of Health definition of fully vaccinated individuals
after the second dose.

The risk of exposure to SARS-CoV-2 was classified accord-
ing to work assignment at enrollment as high (persons work-
ing in emergency departments or dedicated COVID-19 wards),
medium (persons working in internal medicine departments
or who performed high-risk procedures), or low (other popu-
lation subgroups).

Persons infected with SARS-CoV-2 were considered to be
symptomatic if they reported new onset of any of the follow-
ing: temperature greater than 37.6 °C, headache, sore throat,
cough, dyspnea, rhinorrhea, diarrhea, myalgia, malaise, or loss
of sense of taste or smell.

Study Outcomes
The primary outcome was RT-PCR–confirmed SARS-CoV-2 in-
fection. Secondary outcomes included symptomatic and
asymptomatic SARS-CoV-2 infection. Change in anti–S1-RBD
IgG levels from baseline to follow-up was also analyzed among
individuals who received a booster dose and those who did not,
and follow-up P values were compared across groups.

Statistical Analysis
All continuous variables are displayed as mean (SD) for nor-
mally distributed variables or medians (IQR) for nonnormally
distributed variables. Categorical variables are displayed as num-
bers (percentage) of participants within each group. Normally
distributed continuous variables were compared with a t test,
nonnormally distributed continuous variables with Wilcoxon
rank sum test, and categorical variables with the χ2 test. Par-
ticipants with missing data were excluded from all analyses.

Time-Dependent Cox Regression Analysis
To account for changing booster immunization status after
enrollment in the study, a time-dependent Cox regression
analysis was conducted, evaluating the hazard ratio associ-
ated with booster immunization status. Participants were
defined as nonimmunized on enrollment in the study and as
immunized at booster receipt date plus 7 days. To control for
time from completion of the primary BNT162b2 series to
booster receipt, a categorical variable was introduced, defin-
ing each participant as an “early” or “late” vaccine recipient
(receipt of the second vaccine dose in January 2021 vs Febru-
ary to May 2021, respectively).

Participants were censored on event occurrence (ie, a con-
firmed SARS-CoV-2 infection) or at the end of the study period.

To generate a model that was as parsimonious as possible, the
effect associated with each covariate measured in the study
was estimated in a preliminary Cox regression analysis by com-
puting for each covariate a Cox model including only booster
immunization status and the covariate in question as explana-
tory variables. Each of these models was tested against the ba-
sic model (that included only booster immunization status as
an explanatory variable) with an analysis of variance test; only
covariates that added a statistically significant contribution
over the basic model were included in the final regression
model, and all were tested with Schoenfeld tests to evaluate
the assumption of hazard proportionality. A full list of covar-
iates that were tested for significance is provided in eTable 1
in Supplement 2. When the association between booster im-
munization and the risk of symptomatic and asymptomatic
SARS-CoV-2 infection was evaluated, the latter 2 were consid-
ered competing risks, censoring the asymptomatic cases at
event occurrence and recomputing the Cox model for the
symptomatic cases, and vice versa.

Cumulative incidence curves for the booster-immunized
and booster-nonimmunized participants were estimated with
the Kaplan-Meier method from the Cox regression model.

RT-PCR Test Density Over Time
RT-PCR test density (number of RT-PCR tests per 1000 par-
ticipants) was computed separately for each day as follows: the
number of RT-PCR tests performed among booster-
immunized and booster-nonimmunized participants in a given
day was divided by the number of participants in each group
on that day.

Accounting for Baseline Anti–S1-RBD IgG Baseline Titers
A behavioral effect may have been introduced because par-
ticipants were aware of their baseline anti–S1-RBD IgG titers

Figure 1. Study Population of Vaccinated Health Care Workers

2048 Health care workers screened for eligibility

1622 Contributed time as booster immunized

1928 Health care workers previously vaccinated with 2 doses
of BNT162b2 included in analysis and contributed
booster nonimmunized time

120 Excluded from analysis
59 Had missing data

3 Had incomplete record of
informed consent

34 Did not meet inclusion criteria
24 Withdrew consent

23 Received third dose ≤7 d before
end of study period

5 Contracted SARS-CoV-2 within 7 d
after third dose

1650 Received a third dose of BNT162b2 as
of September 20, 2021

BNT162b2 vaccine is manufactured by Pfizer-BioNTech.
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and because the booster was initially offered only to those
with “low” baseline anti–S1-RBD IgG titers (<5.5 index val-
ues) at the beginning of the study. To address this potential bias,
a categorical covariate, stratifying the participants into low
(<5.5 index values) or high baseline anti–S1-RBD IgG titer
groups, was included in the Cox regression model.

Analysis of Anti–S1-RBD IgG Titers
Participants for whom follow-up serology measurement was
available were categorized as booster recipients or nonrecipi-
ents. Statistical significance of between- and within-group dif-
ferences in serology values were estimated with the Wilcoxon
rank sum test.

Time From Booster Administration to Serologic Response
Discovery of the point at which a serologic response occurred
after booster administration was conducted in a post hoc analy-
sis by plotting the follow-up serology titers as a function of the
time elapsed from booster dose administration. Serology re-
sults of participants tested before and after this point were evalu-
ated with the Wilcoxon rank sum test for between- and within-
group differences (baseline vs follow-up serology values).

Association Between Anti–S1-RBD IgG Titers and Incidence
of Breakthrough Infections in Participants Vaccinated With 2 Doses
The cumulative fraction of SARS-CoV-2 infections in partici-
pants who did not receive the booster dose, across the range
of baseline serology values in this group, was computed in
a post hoc analysis by summing the number of SARS-CoV-2–
positive participants in each baseline serology range (0 - i,
where i is an integer in the range 0-100, by increments of 1)
and dividing that by the total number of SARS-CoV-2–
positive participants in this group. The same computation was
conducted for the cumulative fraction of participants across
the baseline serology range. Incidence rates within different
ranges of baseline serology values were computed by divid-
ing the number of SARS-CoV-2–positive cases by the cumula-
tive follow-up time within the specified range. Statistical

Table 1. Baseline Characteristics of the Study Population

No. (%)
No. of participants 1928

Women 1381 (71.6)

Men 547 (28.4)

Age, median (IQR), y 44 (36-52)

Age group, y

<30 166 (8.6)

30-39 533 (27.6)

40-49 588 (30.5)

50-59 537 (27.9)

≥60 104 (5.4)

Marital status

Married 1148 (59.5)

Single 589 (30.5)

Divorced 172 (8.9)

Widowed 19 (1.0)

No. of children, mean (SD) 1.6 (1.3)

Employment sector

Administration 617 (32.0)

Nursing 455 (23.6)

Medicine 406 (21.1)

Health professions 278 (14.4)

Research 172 (8.9)

Estimated risk of exposure to SARS-CoV-2

Low 1652 (85.7)

Medium 60 (3.1)

High 216 (11.2)

Height, mean (SD), cm 167.4 (8.9)

Weight, mean (SD), kg 70.8 (15.6)

BMI, mean (SD) 25.2 (4.8)

Smoking history

Never 1259 (65.3)

Past 358 (18.6)

Current 311 (16.1)

No. of influenza vaccinations in past 3 y

0 384 (19.9)

1 291 (15.1)

2 399 (20.7)

3 854 (44.3)

Hypercholesterolemia 250 (13.0)

Hypertension 194 (10.1)

Diabetes 69 (3.6)

Pulmonary disease 68 (3.5)

Liver disease 24 (1.2)

Ischemic heart disease 19 (1.0)

Solid malignancy in past 3 y 17 (0.9)

Kidney disease 13 (0.7)

Hematologic malignancy in past 3 y 3 (0.2)

Hospitalized in the past 3 y 86 (4.5)

Baseline serology, index value,
median (IQR)

5.8 (3.2-10.6)

Time from second dose to enrollment,
median (IQR), d

210 (205-213)

(continued)

Table 1. Baseline Characteristics of the Study Population (continued)

No. (%)
Second dose administration month, 2021

January 1691 (87.7)

February 140 (7.3)

March 82 (4.2)

April 13 (0.6)

May 2 (0.1)

Surveillance time, median (IQR), d 39 (35-41)

No. of RT-PCR tests per participant,
median (IQR)

2 (1-3)

No. of tests performed during the study period

≥1 1583 (82.1)

≥2 1056 (54.8)

≥3 488 (25.3)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); RT-PCR, reverse transcriptase–polymerase
chain reaction.
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significance of the difference between incidence rates was es-
timated with the log-rank test.

All statistical analyses were performed with R version
4.0.3.15 All reported tests were 2 sided, and P < .05 was con-
sidered significant.

Because of the potential for type I error due to multiple
comparisons, findings for analyses of secondary end points
should be interpreted as exploratory.

Results
Study Population
A total of 2048 health care workers were screened for eligibil-
ity, and 1928 were included in the primary analysis. Partici-
pants were excluded because of incompatibility with inclu-
sion criteria, withdrawal of consent, and missing data on
demographics, employment data, medical history, or base-
line serology results (Figure 1). The median age of the cohort
was 44 years (IQR, 36-52 years) and 1381 were women (71.6%).
The median time from receipt of the second vaccine dose to
study enrollment was 210 days (IQR, 205-213 days). Other char-
acteristics of the study cohort are shown in Table 1. Overall,
1650 participants (85.6%) opted to receive the booster dose
throughout the study period and 278 (14.4%) did not (eFig-
ure 2 in Supplement 2). The median follow-up for the entire
cohort was 39 days (IQR, 35-41 days), and the median follow-up
in the booster-immunized state (ie, ≥7 days after receipt of
booster) was 26 days (IQR, 21-29 days).

Participants underwent 3552 SARS-CoV-2 RT-PCR tests
during the study period, 1732 after booster immunization and
1820 before it. Overall, of the 1928 participants, 1583 (82.1%)
underwent at least 1 RT-PCR test during the study period. There

was no statistically significant difference between RT-PCR test
densities in booster-immunized and booster-nonimmunized
participants (median density, 22.3 vs 47.2 [IQR, 9.1-78.2 vs 11.1-
74.5] per 1000 person-days, respectively; P = .30 for differ-
ence between groups, Wilcoxon rank sum test) (eFigure 3 in
Supplement 2).

Primary Outcome
Association Between Booster Dose Administration and Incidence of
SARS-CoV-2 Infection
A total of 44 SARS-CoV-2 infections occurred throughout the
study period (incidence rate, 60.2 per 100 000 person-days)
(eFigure 4 in Supplement 2). Of these, 31 infections (70.5%)
were symptomatic and 13 (29.5%) were asymptomatic (eTable 2
in Supplement 2).

Five SARS-CoV-2 infections occurred in booster-
immunized participants (incidence rate, 12.8 per 100 000
person-days) and 39 occurred in booster-nonimmunized par-
ticipants (incidence rate, 116.1 per 100 000 person-days)
(Figure 2).

Four covariates had a statistically significant effect in the
preliminary covariate selection analysis and were included as
explanatory variables in the final regression model (along-
side booster immunization status): baseline serology result
(≥5.5 or <5.5 index values), number of children, early or late
receipt of the second vaccine dose, and number of RT-PCR tests
in booster-immunized or booster-nonimmunized windows (a
time-dependent covariate). None of the other covariates had
a statistically significant effect on the results (eTable 1 in
Supplement 2). All covariates, including those not included in
the model, fulfilled the hazard proportionality assumption
(eFigure 5 in Supplement 2). The hazard ratio of SARS-CoV-2
infection for booster-immunized vs booster-nonimmunized

Figure 2. Study Participants by Receipt of Booster Vaccination and Incidence of SARS-CoV-2 Infection
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Participants were considered booster immunized 7 days or more after receipt
of the booster dose. SARS-CoV-2–confirmed cases were censored on the
day of positive result.
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participants, as estimated by the time-dependent Cox regres-
sion analysis, was 0.07 (95% CI, 0.02-0.20) (Table 2).

Secondary Outcomes
Association Between Booster Dose Administration and Incidence
of Symptomatic and Asymptomatic SARS-CoV-2 Infection
Symptomatic disease occurred in 3 of 5 cases (60%) among
booster-immunized participants and 28 of 39 cases (71.7%)
among booster-nonimmunized participants (incidence rates,
7.7 vs 83.4 per 100 000 person-days, respectively) (eFigure 6
in Supplement 2). Asymptomatic infection occurred in 2 of 5
cases (40%) among booster-immunized participants and 11 of
39 cases (28.3%) among booster-nonimmunized participants
(incidence rate, 5.1 vs 32.7 per 100 000 person-days, respec-
tively) (eFigure 7 in Supplement 2). The adjusted hazard ratio
for symptomatic and asymptomatic infection was 0.07 (95%
CI, 0.02-0.25) and 0.08 (95% CI, 0.01-0.48), respectively
(Table 2; eFigures 6 and 7 in Supplement 2).

Association Between Booster Dose Administration
and Anti–S1-RBD IgG Titer
Follow-up serology was measured a median of 31 days (IQR,
28-34 days) after baseline measurement and was available for
1136 of the 1928 participants (58.9%; 60.3% of booster recipi-
ents and 50.7% of booster nonrecipients). Booster recipients
had a higher proportion of men, participants with baseline
titers less than 5.5 index values, and “early-vaccinated” par-

ticipants compared with booster nonrecipients (eTable 3 in
Supplement 2).

Median baseline levels of anti–S1-RBD IgG were 5.4 index
values (IQR, 3.0-9.6 index values) for booster recipients and
9.3 index values (IQR, 5.4-19.0 index values) for nonrecipi-
ents (P < .001, Wilcoxon rank sum test).

For titers measured in booster nonrecipients, there was no
statistically significant difference between baseline (shown ear-
lier) and follow-up (11.1 index values [IQR, 6.2-31.1]; P = .70,
Wilcoxon rank sum test). Conversely, the maximal value mea-
sured by the assay, 100 index values, was reached by 953 of
1021 (93.3%) booster recipients (P < .001 for difference be-
tween baseline and follow-up titers in booster recipients and
P < .001 for difference between follow-up titers in booster re-
cipients and nonrecipients, Wilcoxon rank sum test).

Post Hoc Analyses
Time From Booster Administration to Serologic Response
Some variation existed in the time elapsed between booster
dose administration and follow-up serology sampling, which
allowed assessment of the dynamics of serologic response to
booster receipt. Among booster recipients for whom fol-
low-up serology was measured between 5 and 42 days after
the booster dose, 952 of 966 (98.6%) had reached the maxi-
mal anti–S1-RBD IgG level measurable by the assay used (100
index values) compared with 0 of 29 participants for whom
follow-up serology was measured less than 5 days after booster

Table 2. Results of Cox Multivariable Regression for Any SARS-CoV-2 Infection, Symptomatic Infection, and Asymptomatic Infection

Outcome
evaluateda

Booster immunized Booster nonimmunized

Covariate

Adjusted
hazard ratio
(95% CI) P valueNo. of cases

Incidence rate
per 100 000
person-days No. of cases

Incidence rate
per 100 000
person-days

Any infection 5 12.8 39 116.1 Booster immunized
vs booster nonimmunized

0.07 (0.02-0.20) <.001

Surveillance time,
39 209 person-days

Surveillance time,
33 590 person-days

High (≥5.5 index values)
vs low anti–S1-RBD IgG titers

0.45 (0.24-0.86) .02

Month of second vaccine dose:
Feb-May vs Jan

0.11 (0.01-0.80) .03

No. of children 1.28 (1.04-1.57) .02

No. of tests 1.36 (1.16-1.60) <.001

Symptomatic
infection

3 7.6 28 83.3 Booster immunized
vs booster nonimmunized

0.07 (0.02-0.25) <.001

High (≥5.5 index values)
vs low anti–S1 RBD IgG titers

0.50 (0.24-1.07) .07

Month of second vaccine dose:
Feb-May vs Jan

0.15 (0.02-1.14) .07

No. of children 1.22 (0.95-1.55) .12

No. of tests 1.33 (1.09-1.61) .005

Asymptomatic
infection

2 5.1 11 32.7 Booster immunized
vs booster nonimmunized

0.08 (0.01-0.48) .006

High (≥5.5 index values)
vs low anti–S1 RBD IgG titers

0.34 (0.10-1.19) .09

Month of second vaccine dose:
Feb-May vs Jan

0 (0-�) .99

No. of children 1.44 (0.99-2.09) .06

No. of tests 1.45 (1.09-1.92) .01

Abbreviation: anti–S1-RBD, anti–SARS-CoV-2 spike protein receptor binding
domain.
a Results of a multivariable Cox regression showing adjusted hazard ratios and

95% CIs for any infection, symptomatic infection, or asymptomatic

SARS-CoV-2 infection. Variables that did not show a statistically significant
contribution in univariable analysis were not included in the multivariable
analysis (eTable 1 in Supplement 2).
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administration (P < .001, χ2 test) (Figure 3). Furthermore, there
was no statistically significant difference between baseline and
follow-up serology titers in booster recipients for whom
follow-up serology was measured less than 5 days after booster
administration (P = .59, Wilcoxon rank sum test).

Association Between Anti–S1-RBD IgG Titers and Incidence
of Breakthrough Infections in Participants Vaccinated With 2 Doses
The association between baseline anti–S1-RBD IgG titers and
incidence of SARS-CoV-2 infections was assessed in the group
of participants who did not receive a booster dose (n = 278).
Plotting the cumulative fraction of SARS-CoV-2–positive par-
ticipants against the range of baseline serology values re-
vealed 3 segments with distinct inclines (Figure 4). In the first
segment (≤7 index values), the incidence rate was 722 per
100 000 person-days. In the second segment (7-14 index val-
ues), the incidence rate was 169 per 100 000 person-days. In
the third segment (>14 index values), the incidence rate was
154 per 100 000 person-days. The difference in incidence rates
between the segments was estimated by pairwise compari-
sons with the log-rank test and was found to be statistically
significant for the comparison between segments 1 vs 2
(P = .003) and 1 vs 3 (P = .002) but not for the comparison of
segments 2 vs 3 (P = .10). All P values were adjusted for mul-
tiple testing with the Holm method.

Discussion
In this prospective cohort study of immunocompetent health
care workers who were previously vaccinated with 2 doses of
BNT162b2 messenger RNA vaccine, a booster dose was sig-
nificantly associated with lower rates of symptomatic and
asymptomatic SARS-CoV-2 infection at a median follow-up of
39 days. The adjusted hazard ratio for SARS-CoV-2 infection
was 0.07 (95% CI, 0.02-0.20) compared with the protection
conferred by a 2-dose regimen.

These findings are in line with the reduction in SARS-CoV-
2–related hospitalizations across multiple age groups after
booster administration reported in a large observational study
in Israel,16 as well as with the reduction in SARS-CoV-2 infec-
tions observed after booster administration in persons older
than 60 years reported in another Israeli nationwide study.12

Approximately 70% of SARS-CoV-2 infections in this co-
hort were symptomatic, similar to the proportion observed in
other studies of vaccine breakthrough infection.17,18

An increase in anti–S1-RBD IgG antibody levels starting 5
days after booster vaccination was observed among booster
recipients, whereas no such increase was observed in partici-
pants who did not receive the booster dose. This increase cor-
responds with an increase in anti-S1 antibodies observed af-
ter a third dose of BNT162b2 in a study of adults aged 60 years
or older19 and after a third dose of mRNA-1273 vaccine (Mod-
erna) in a cohort of kidney transplant recipients who did not
have a serologic response to the first 2-dose regimen.20

A post hoc exploratory analysis of participants who did not
receive a booster dose in this cohort revealed a greater inci-
dence of SARS-CoV-2 infection in participants with baseline

anti–S1-RBD IgG levels below 7 index values (approximately 153
binding antibody units/mL).21 There is currently no validated
immune correlate of protection from SARS-CoV-2 infection.
However, neutralizing antibody levels correlated with protec-
tion against SARS-CoV-2 infection and severe infection9,22 and
an association between anti–S1-RBD IgG and neutralizing an-
tibody levels after immunization with BNT162b2 have been
previously reported.9,22-24 Because neutralization titers are not
generally available at most clinical laboratories, more infor-
mation is needed on clinical correlates of commercial immu-
noassays. Results of this study suggest that anti–S1-RBD IgG
levels have potential usefulness for assessing waning immu-
nity after BNT162b2 vaccination and should be validated in ad-
ditional cohorts.

The strengths of this study include a prospective, inves-
tigator-initiated design, high SARS-CoV-2 incidence during the
study period, a relatively homogenous population with a de-
tailed data set that allowed robust analysis with adjustment
for multiple confounders and correlation with anti–S1-RBD IgG
levels, and periodic screening by RT-PCR of participants, which
reduced testing imbalance between booster-immunized and
booster-nonimmunized cohorts and allowed detection of
asymptomatic infections. Moreover, this study addressed im-
munocompetent health care workers, a population not in-
cluded in recent studies on the effect of booster vaccination.12

Limitations
This study has several limitations. First, the sample size was
not powered to capture the effect of a booster dose on severe
illness and hospitalization, especially in this cohort of immu-
nocompetent individuals. Second, the low incidence of asymp-
tomatic infection did not allow robust estimation of the asso-
ciation between booster administration and asymptomatic
infection. The 14-day interval between tests, and that approxi-
mately 20% of the cohort did not undergo any RT-PCR test dur-
ing the study period, may have caused some asymptomatic

Figure 3. Distribution of Serology Values Obtained Within 5 Days
of Booster
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infections to be missed. However, the relatively high test den-
sity in this study and the similar rates of asymptomatic infec-
tions as observed in other reports17,18 do not support the pres-
ence of a such a detection bias. Third, this was an unblinded
nonrandomized observational study, with participants aware
of their baseline anti–S1-RBD IgG levels, which may have af-
fected both their decision about whether and when to re-
ceive the booster dose and their health behavior throughout
the study period. Some variability in the timing of second dose
administration, study enrollment, and third dose administra-
tion was also present. However, the primary analysis in-
cluded timing of second and third vaccine doses, baseline anti–
S1-RBD IgG titers, and number of past influenza vaccines
(a marker of health behavior) as model covariates to account
for these confounders. Nevertheless, the presence of un-
known confounders cannot be excluded. Fourth, neutraliz-
ing antibody levels and cellular immunity were not mea-

sured in this study, which limited the estimation of the immune
response elicited by booster administration. Fifth, the short
duration of follow-up does not allow conclusions to be drawn
about the long-term effect of the booster dose. Sixth, our ob-
servations were made before Omicron emerged as a domi-
nant variant of SARS-CoV-2, and therefore our results may not
apply to that variant.

Conclusions
Among health care workers at a single center in Israel who were
previously vaccinated with a 2-dose series of BNT162b2, ad-
ministration of a booster dose compared with not receiving one
was associated with a significantly lower rate of SARS-CoV-2
infection during a median of 39 days of follow-up. Ongoing sur-
veillance is required to assess durability of the findings.
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