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ABSTRACT

BACKGROUND
On July 30, 2021, the administration of a third (booster) dose of the BNT162b2
messenger RNA vaccine (Pfizer-BioNTech) was approved in Israel for persons who
were 60 years of age or older and who had received a second dose of vaccine at
least 5 months earlier. Data are needed regarding the effect of the booster dose
on the rate of confirmed coronavirus 2019 disease (Covid-19) and the rate of severe
illness.

METHODS

We extracted data for the period from July 30 through August 31, 2021, from the
Israeli Ministry of Health database regarding 1,137,804 persons who were 60 years
of age or older and had been fully vaccinated (i.e., had received two doses of
BNT162b2) at least 5 months earlier. In the primary analysis, we compared the
rate of confirmed Covid-19 and the rate of severe illness between those who had
received a booster injection at least 12 days earlier (booster group) and those who
had not received a booster injection (nonbooster group). In a secondary analysis,
we evaluated the rate of infection 4 to 6 days after the booster dose as compared
with the rate at least 12 days after the booster. In all the analyses, we used Poisson
regression after adjusting for possible confounding factors.

RESULTS

At least 12 days after the booster dose, the rate of confirmed infection was lower
in the booster group than in the nonbooster group by a factor of 11.3 (95% con-
fidence interval [CI], 10.4 to 12.3); the rate of severe illness was lower by a factor
0f 19.5 (95% CI, 12.9 to 29.5). In a secondary analysis, the rate of confirmed infec-
tion at least 12 days after vaccination was lower than the rate after 4 to 6 days by
a factor of 5.4 (95% CI, 4.8 to 6.1).

CONCLUSIONS
In this study involving participants who were 60 years of age or older and had
received two doses of the BNT162b2 vaccine at least 5 months earlier, we found
that the rates of confirmed Covid-19 and severe illness were substantially lower
among those who received a booster (third) dose of the BNT162b2 vaccine.
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COMBINATION OF RAPID DEVELOPMENT

of effective vaccines against severe acute

respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection and their deployment in the
general population has proved to be a highly
successful strategy for reducing both viral trans-
mission and disease burden. In Israel, the early
initiation of a nationwide campaign resulted in
the full vaccination (i.e., receipt of two vaccine
doses) in more than half the population by the
end of March 2021.! Consequently, the incidence
of coronavirus 2019 disease (Covid-19) dropped
from approximately 900 cases per million per
day in mid-January 2021 to fewer than 2 cases
per million per day by June 2021.! Nevertheless,
the emergence of new variants of concern (spe-
cifically, the delta variant) has led to a recent
resurgence in both confirmed infection and se-
vere illness.? In early June, fewer than 20 cases
of Covid-19 were confirmed on polymerase-chain-
reaction (PCR) assay per day, and approximately
half of those cases were diagnosed in persons
who were returning from abroad. At that time,
the number of active severe cases reached ap-
proximately 20. By the end of August, more than
10,000 PCR-confirmed cases were being detect-
ed daily, and more than 600 persons with severe
cases were hospitalized.

Several causes are possible for the high levels
of transmission of the delta variant, including the
increased infectiousness of the variant,> waning
vaccine-elicited immunity,>* and heightened im-
mune evasion by the variant.> Of these causes,
the latter two directly contribute to a decrease in
vaccine efficacy. An analysis of the Israeli data
with respect to the outbreak of the delta variant
indicated a high degree of waning immunity.>*

In an effort to address the challenge presented
by the delta variant and to reduce the load on the
health care system, Israeli authorities approved
the administration of a booster dose, first to
high-risk populations, on July 12, 2021, and then
to persons who were 60 years of age or older, on
July 30, 2021. Initial studies have suggested that
a BNT162b2 booster dose increases the antibody
neutralization level by a factor of approximately
10, on average, as compared with the level after
a second dose.® It is thought that an increased
neutralization titer could lead to increased protec-
tion against infection and severe illness.” How-
ever, in terms of real-world effectiveness, the
size of such an effect remains unclear. Here, we
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used initial data from the Israeli Ministry of
Health database to evaluate the rates of con-
firmed infection and severe illness among par-
ticipants who were 60 years of age or older and
who had received a third booster dose (booster
group) as compared with those who had received
only two vaccine doses. We used the data to
quantify by how much the booster dose reduced
the rates of confirmed SARS-CoV-2 infection and
severe Covid-19 illness.

METHODS

STUDY POPULATION

Our analysis was based on medical data from
the Ministry of Health database that were ex-
tracted on September 2, 2021. At that time, a total
of 1,186,779 Israeli residents who were 60 years
of age or older had been fully vaccinated (i.e., re-
ceived two doses of BNT162b2) at least 5 months
earlier (i.e., before March 1, 2021) and were alive
on July 30, 2021. We excluded from the analysis
participants who had missing data regarding sex;
were abroad in August 2021; had received a diag-
nosis of PCR-positive Covid-19 before July 30, 2021;
had received a booster dose before July 30, 2021; or
had been fully vaccinated before January 16, 2021.
A total of 1,137,804 participants met the inclu-
sion criteria for the analysis (Fig. 1).

The data included vaccination dates (first, sec-
ond, and third doses); information regarding PCR
testing (sampling dates and results); the date of
any Covid-19 hospitalization (if relevant); demo-
graphic variables, such as age, sex, and demo-
graphic group (general Jewish, Arab, or ultra-
Orthodox Jewish population), as determined by
the participant’s statistical area of residence
(similar to a census block)?; and clinical status
(mild or severe disease). Severe disease was de-
fined as a resting respiratory rate of more than
30 breaths per minute, an oxygen saturation of
less than 94% while breathing ambient air, or a
ratio of partial pressure of arterial oxygen to
fraction of inspired oxygen of less than 300.°

STUDY DESIGN

Our study period started at the beginning of the
booster vaccination campaign on July 30, 2021.
The end dates were chosen as August 31, 2021, for
confirmed infection and August 26, 2021, for se-
vere illness. The selection of dates was designed
to minimize the effects of missing outcome data
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Figure 1. Study Population.
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The participants in the study included persons who were 60 years of age or older and who had been fully vaccinated

reaction assay for SARS-CoV-2 before July 30, 2021, and had not returned from travel abroad in August 2021. The
number of confirmed infections in each population is shown in parentheses.

d no documented positive result on polymerase-chain-

owing to delays in the reporting of test results
and to the development of severe illness. The
protection gained by the booster shot was not
expected to reach its maximal capacity immedi-
ately after vaccination but rather to build up dur-
ing the subsequent week.!®!! At the same time,
during the first days after vaccination, substan-
tial behavioral changes in the booster-vaccinated
population are possible (Fig. S1 in the Supple-
mentary Appendix, available with the full text of
this article at NEJM.org). One such potential
change is increased avoidance of exposure to
excess risk until the booster dose becomes effec-
tive. Another potential change is a reduced inci-
dence of testing for Covid-19 around the time of
receipt of the booster (Fig. S2). Thus, it is prefer-
able to assess the effect of the booster only after
a sufficient period has passed since its adminis-
tration.

We considered 12 days as the interval between
the administration of a booster dose and its
likely effect on the observed number of con-
firmed infections. The choice of the interval of
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at least 12 days after booster vaccination as the
cutoff was scientifically justified from an immu-
nologic perspective, since studies have shown
that after the booster dose, neutralization levels
increase only after several days.® In addition,
when confirmed infection (i.e., positivity on PCR
assay) is used as an outcome, a delay occurs
between the date of infection and the date of
PCR testing. For symptomatic cases, it is likely
that infection occurs on average 5 to 6 days be-
fore testing, similar to the incubation period for
Covid-19.>8 Thus, our chosen interval of 12 days
included 7 days until an effective buildup of
antibodies after vaccination plus 5 days of delay
in the detection of infection.

To estimate the reduction in the rates of con-
firmed infection and severe disease among
booster recipients, we analyzed data on the rate
of confirmed infection and on the rate of severe
illness among fully vaccinated participants who
had received the booster dose (booster group)
and those who had received only two vaccine
doses (nonbooster group). The membership in
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these groups was dynamic, since participants
who were initially included in the nonbooster
group left it after receipt of the booster dose and
subsequently were included in the booster group
12 days later, provided that they did not have
confirmed infection during the interim period
(Fig. S3).

In each group, we calculated the rate of both
confirmed infection and severe illness per person-
days at risk. In the booster group, we considered
that days at risk started 12 days after receipt of
the third dose and ended either at the time of
the occurrence of a study outcome or at the end
of the study period. In the nonbooster group,
days at risk started 12 days after the beginning
of the study period (August 10, 2021) and ended
at time of the occurrence of a study outcome, at the
end of the study period, or at the time of receipt
of a booster dose. The time of onset of severe
Covid-19 was considered to be the date of the
confirmed infection. In order to minimize the
problem of censoring, the rate of severe illness
was calculated on the basis of cases that had
been confirmed on or before August 26, 2021.
This schedule was adopted to allow for a week
of follow-up (until the date when we extracted
the data) for determining whether severe illness
had developed. The study protocol is available at
NEJM.org.

OVERSIGHT

The study was approved by the institutional re-
view board of the Sheba Medical Center. All the
authors contributed to the writing and critical
review of the manuscript, approved the final ver-
sion, and made the decision to submit the manu-
script for publication. The Israeli Ministry of
Health and Pfizer have a data-sharing agree-
ment, but only the final results of this study
were shared.

STATISTICAL ANALYSIS

We performed Poisson regression to estimate the
rate of a specific outcome, using the function for
fitting generalized linear models (glm) in R sta-
tistical software.™* These analyses were adjusted
for the following covariates: age (60 to 69 years,
70 to 79 years, and >80 years), sex, demographic
group (general Jewish, Arab, or ultra-Orthodox
Jewish population),® and the date of the second
vaccine dose (in half-month intervals). We in-
cluded the date of the second dose as a covariate
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to account for the waning effect of the earlier
vaccination and for the likely early administra-
tion of vaccine in high-risk groups.? Since the
overall rate of both confirmed infection and se-
vere illness increased exponentially during the
study period, days at the beginning of the study
period had lower exposure risk than days at the
end. To account for growing exposure risk, we
included the calendar date as an additional co-
variate. After accounting for these covariates, we
used the study group (booster or nonbooster)
as a factor in the regression model and estimated
its effect on rate. We estimated the rate ratio
comparing the nonbooster group with the boost-
er group, a measure that is similar to relative
risk. For reporting uncertainty around our esti-
mate, we took the exponent of the 95% confi-
dence interval for the regression coefficient with-
out adjustment for multiplicity. We also used the
results of the model to calculate the average
between-group difference in the rates of con-
firmed infection and severe illness."®

In a secondary analysis, we compared infec-
tion rates before and after the booster dose
became effective. Specifically, we repeated the
Poisson regression analysis described above but
compared the rate of confirmed infection between
4 and 6 days after the booster dose with the rate
at least 12 days after the booster dose. Our hy-
pothesis was that the booster dose was not yet
effective during the former period.” This analy-
sis compares different periods after booster vac-
cination among persons who received the boost-
er dose and may reduce selection bias. However,
booster recipients might have undergone less fre-
quent PCR testing and behaved more cautiously
with regard to virus exposure soon after receiv-
ing the booster dose (Fig. S2). Thus, we hypoth-
esize that the rate ratio could be underestimated
in this analysis.

To further examine the reduction in the rate
of confirmed infection as a function of the in-
terval since receipt of the booster, we fitted a
Poisson regression that includes days 1 to 32 after
the booster dose as separate factors in the
model. The period before receipt of the booster
dose was used as the reference category. This
analysis was similar to the Poisson modeling
described above and produced rates for different
days after the booster vaccination.

To test for different possible biases, we per-
formed several sensitivity analyses. First, we ana-
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Table 1. Demographic and Clinical Characteristics of the Study Population at Baseline.*
Characteristic Nonbooster Group Booster Group
Confirmed Infection Severe lllness Confirmed Infection Severe Illness
% person-days no. of no. of % person-days no. of no. of
at risk cases cases at risk cases cases
Sex
Female 57.8 2414 116 51.2 402 11
Male 42.2 2025 178 48.8 532 18
Age distribution
60-69 yr 53.6 2522 73 41.7 373 5
70-79 yr 28.8 1206 91 38.7 323 5
=80 yr 17.6 711 130 19.6 238 19
Population
General Jewish 81.4 3752 254 92.4 851 26
Arab 14.0 335 25 4.1 36 2
Ultra-Orthodox Jewish 4.6 352 15 3.5 47 1
Vaccination period in 2021
January 16-31 38.2 1882 139 74.0 663 22
February 1-15 46.6 1972 128 23.6 248 7
February 16-28 15.2 585 27 2.4 23 0

s

“ Since the two study groups had dynamic membership and participants could contribute data to both groups, the table presents the percentage
of person-days at risk rather than the number of individual participants. Person-days and events that are presented are for the main analysis
and cover the study period from July 30 to August 31, 2021, for confirmed infection and from July 30 to August 26, 2021, for severe illness.
In the nonbooster group, the number of person-days at risk was 5,193,825 for confirmed infection and 4,574,439 for severe illness. In the
booster group, the number of person-days at risk was 10,603,410 for confirmed infection and 6,265,361 for severe illness.

lyzed the data using alternative statistical meth-
ods relying on matching and weighting. These
analyses are described in detail in the Methods
section in the Supplementary Appendix. Second,
we tested the effect of a specific study period by
splitting the data into different study periods and
performing the same analysis on each. Third, we
performed the same analyses using data only
from the general Jewish population, since the
participants in that cohort dominated the booster-
vaccinated population.

RESULTS

STUDY POPULATION

We compared the characteristics of the partici-
pants in the two groups according to person-
days at risk, since the primary analysis was ad-
justed for person-days at risk and the participants
contributed days to both groups, as specified in
the study design (Table 1). The table summa-
rizes data only for person-days used in the main
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analysis. The nonbooster group included ap-
proximately 5.2 million person-days (4.6 million
for the analysis of severe illness), with 4439
confirmed infections and 294 cases of severe
illness. The booster group included approxi-
mately 10.6 million person-days (6.3 million for
the analysis of severe illness), with 934 con-
firmed infections and 29 cases of severe illness.
The booster group, as compared with the non-
booster group, had more men (49% vs. 42%),
more participants from the general Jewish popu-
lation (92% vs. 81%), more participants who were
70 years of age or older (58% vs. 46%), and more
participants who had received vaccination in
January 2021 (74% vs. 38%). The estimates of
rate ratios have been adjusted to account for
these substantial between-group differences.

EFFECT OF THE BOOSTER DOSE

The results of the full Poisson regression analysis
for confirmed infection and severe illness are
provided in Tables S1 and S2, respectively, and

NEJM.ORG



The NEW ENGLAND JOURNAL of MEDICINE

Table 2. Primary Outcomes of Confirmed Infection and Severe lliness.*

Outcome Nonbooster Group

Confirmed infection

No. of cases 4439

No. of person-days at risk 5,193,825
Severe illness

No. of cases 294

No. of person-days at risk 4,574,439

Adjusted Rate Ratio
(95% CI)f

11.3 (10.4 to 12.3)

Booster Group

934
10,603,410
19.5 (12.9 to 29.5)
29
6,265,361

* Listed are the results of the Poisson regression analysis in participants who received a booster vaccine and in those
who did not receive a booster. The booster group includes data that were obtained at least 12 days after receipt of the

booster dose.

T The rate ratio is the estimated factor reduction in the rate in the booster group as compared with the rate in the non-

booster group.

are summarized in Table 2. The rate of con-
firmed infection was lower in the booster group
than in the nonbooster group by a factor of 11.3
(95% confidence interval [CI], 10.4 to 12.3). The
absolute between-group difference in the rate
of confirmed infection was 86.6 infections per
100,000 person-days. The rate of severe illness
was lower in the booster group than in the
nonbooster group by a factor of 19.5 (95% CI,
12.9 to 29.5). The absolute between-group differ-
ence in the rate of severe illness was 7.5 cases
per 100,000 person-days. In the secondary analy-
sis, the rate of confirmed infection at least 12
days after receipt of the vaccine was substan-
tially lower than the rate 4 to 6 days after receipt
(rate ratio, 5.4; 95% CI, 4.8 to 6.1).

Figure 2 presents the results of the Poisson
regression analysis with the number of days af-
ter booster vaccination as additional covariates,
showing the reduction in the rate of confirmed
infection over time as compared with the non-
booster group. On each day during the period
from 12 to 25 days after receipt of the booster
dose, the booster group had a rate of confirmed
infection that was lower than that in the non-
booster group by a factor of 7 to 20, a finding
that was similar to the primary results. Immedi-
ately after vaccination, the rate of confirmed
infection in the booster cohort was lower than
that in the nonbooster group, a difference that
is probably the result of the aforementioned be-
havioral changes that often follow vaccination.

SENSITIVITY ANALYSES
To test the robustness of the results obtained
from the primary and secondary analyses, we
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performed several sensitivity analyses. The rate
ratios that were calculated in two different sen-
sitivity analyses were similar to those calculated
for the primary analysis (Supplementary Meth-
ods section). Figure S4 presents the results of
the same analysis that is shown in Figure 2 re-
stricted to participants who received the booster
dose at different time periods (August 1 to 4,
August 5 to 8, and August 9 to 12). The same
U shape for the rate ratio is observed during the
three periods, with similar values. Finally, when
the primary analysis was restricted to the gen-
eral Jewish population, the rate ratio was 10.8
(95% CI, 9.9 to 11.7) for confirmed infection
and 21.7 (95% CI, 14.1 to 33.6) for severe illness,
with corresponding estimates for the average rate
differences of 83.4 and 8.2 events, respectively,
per 100,000 person-days.

DISCUSSION

In our study, we found that a booster dose of the
BNT162b2 vaccine reduced the rates of both
confirmed infection and severe Covid-19 illness
in a large Israeli population of participants who
were 60 years of age or older. Our findings can
be understood through the following example.
Suppose, first, that the combined effect of wan-
ing immunity and the increased prevalence of the
delta variant decreases the efficacy of a vaccine
that had been administered 6 months earlier to
approximately 50% relative to the susceptibility
in an unvaccinated person, as recent reports
have suggested.>'? Then suppose that, as sug-
gested by our results, the booster dose reduces
the rate of infection for such vaccine recipients

NEJM.ORG
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Figure 2. Reduction in Rate of Confirmed Infection in Booster Group as Compared with Nonbooster Group.

Shown is the factor reduction in the rate of confirmed infection among participants who received a third (booster)
dose of the BNT162b2 vaccine as compared with those who did not receive a booster dose, according to the number
of days after the administration of the booster dose. Because of wide confidence intervals, only days 1 through 25
are shown. The dashed horizontal line represents the level at which the booster dose provided no added protection.

not been corrected for multiplicity.

by a factor of 10. This would mean that the sus-
ceptibility of a person who receives a booster
dose would decrease to approximately 5% (i.e.,
50% divided by 10) relative to that in an unvac-
cinated person and would bring the vaccine effi-
cacy among booster recipients to approximately
95%, a value similar to the original vaccine effi-
cacy reported against the alpha variant.>™®
Although our analysis attempted to address
possible biases in the source data, such as the
effects of confounders and behavioral changes
after vaccination, some sources of bias may not
have been measured or corrected adequately.
These biases include differences between the
booster recipients and those who did not receive
the booster with respect to care-seeking behav-
iors and cautiousness, along with differences in
coexisting illnesses that are not recorded in the
national database. Some of these possible biases
are transient and fade with time after the booster
vaccination, as schematically shown in Figure S1.
This suggests that the real effectiveness of vac-
cination can be estimated by comparing infec-
tion rates before receipt of the booster dose and
after a suitable time period (e.g., 12 days) follow-
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ing vaccination. Although independent research
is required to fully understand this behavioral
model, several indications suggest that our 12-day
cutoff is reasonable. First, persons tend to under-
go fewer PCR tests on the day of vaccination and
during the subsequent few days, which is a po-
tential source for detection bias. Consistent with
such behavioral change is the pattern shown in
Figure 2, which indicates a large reduction in
infection rate on the first day after vaccination,
a decrease that is attenuated during the subse-
quent days before starting to increase as the
booster dose becomes effective.

Confounding and detection bias may contrib-
ute to the observed reduction in the infection
rate. We can put a lower boundary on the effect
of the booster dose by focusing on persons who
received the booster dose and comparing rates
during a period in which the booster effect was
expected to be small with rates during a period
in which the booster had become effective. We
therefore compared the rates at least 12 days
after receipt of the booster with rates during
days 4 to 6, when the booster effect was ex-
pected to be small and behavioral changes after
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vaccination were less marked. In this secondary
analysis, the rate of confirmed infection was
lower starting at 12 days after receipt of the
booster than during days 4 to 6 after receipt by
an estimated factor of 5.4. Even under this con-
servative analysis, the demonstrated rate reduc-
tion highlights the important role that a booster
dose could play in mitigating the effects of wan-
ing immunity and immune evasion, especially
during the emergence of variants of concern,
such as the delta variant.

Understanding the protection gained by a
booster dose is critical for public health policy.
On July 30, 2021, Israel was the first country in
the world to make available a third dose of the

BNT162b2 vaccine against Covid-19 to all per-
sons who were 60 years of age or older and who
had been vaccinated at least 5 months earlier.
Since then, Israel has extended the booster pro-
gram to the entire population. The results of
such a policy are important for policymakers in
countries that are exploring strategies to miti-
gate the pandemic. Our findings give clear indi-
cations of the effectiveness of a booster dose
even against the currently dominant delta vari-
ant. Future studies will help determine the long-
term effectiveness of the booster dose against
current and emerging variants.

Disclosure forms provided by the authors are available with

the full text of this article at NEJM.org.
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