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ABSTRACT

BACKGROUND

Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pro-
vides natural immunity against reinfection. Recent studies have shown waning of
the immunity provided by the BNT162b2 vaccine. The time course of natural and
hybrid immunity is unknown.

METHODS

Using the Israeli Ministry of Health database, we extracted data for August and
September 2021, when the B.1.617.2 (delta) variant was predominant, on all per-
sons who had been previously infected with SARS-CoV-2 or who had received
coronavirus 2019 vaccine. We used Poisson regression with adjustment for con-
founding factors to compare the rates of infection as a function of time since the
last immunity-conferring event.

RESULTS

The number of cases of SARS-CoV-2 infection per 100,000 person-days at risk
(adjusted rate) increased with the time that had elapsed since vaccination with
BNT162b2 or since previous infection. Among unvaccinated persons who had re-
covered from infection, this rate increased from 10.5 among those who had been
infected 4 to less than 6 months previously to 30.2 among those who had been
infected 1 year or more previously. Among persons who had received a single dose
of vaccine after previous infection, the adjusted rate was low (3.7) among those
who had been vaccinated less than 2 months previously but increased to 11.6
among those who had been vaccinated at least 6 months previously. Among previ-
ously uninfected persons who had received two doses of vaccine, the adjusted rate
increased from 21.1 among those who had been vaccinated less than 2 months
previously to 88.9 among those who had been vaccinated at least 6 months pre-
viously.

CONCLUSIONS
Among persons who had been previously infected with SARS-CoV-2 (regardless of
whether they had received any dose of vaccine or whether they had received one
dose before or after infection), protection against reinfection decreased as the time
increased since the last immunity-conferring event; however, this protection was
higher than that conferred after the same time had elapsed since receipt of a sec-
ond dose of vaccine among previously uninfected persons. A single dose of vaccine
after infection reinforced protection against reinfection.
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LTHOUGH A DECLINE IN PROTECTION

against severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) infection after
two doses of BNT162b2 vaccine (Pfizer—BioNTech)
has been observed in several studies,? the level
of protection remains unclear, as does the pres-
ence or extent of waning of natural immunity.
Several studies have shown that 6 or more
months after infection, persons still have sub-
stantial natural immunity against SARS-CoV-2.*8
However, one recent study showed that messen-
ger RNA (mRNA)-based vaccines confer a level
of protection against hospitalization that is five
times as high as that provided by previous in-
fection.’

Waning of the humoral response of the im-
mune system is well documented in vaccinated
persons and in those who have been infected
with SARS-CoV-2.11 In addition, studies of
seasonal coronaviruses have shown waning
of natural immunity and the possibility of re-
infection.”>® It is also unclear how natural
immunity interacts with immunity conferred
by vaccination. Some laboratory studies have
indicated that “hybrid immunity” (i.e., immu-
nity conferred by the combination of previous
infection and vaccination) offers greater broad-
spectrum protection,™ elicits higher levels of
neutralizing antibodies,” and provides greater
protection against infection'® than immunity con-
ferred by vaccination or infection alone. The
durability of immunity resulting from SARS-
CoV-2 infection and how this immunity com-
pares with that conferred by vaccination are
essential questions both at the level of an indi-
vidual person and at the national level.

In this study, we estimated the incidence of
confirmed SARS-CoV-2 infection in the follow-
ing cohorts: previously infected, unvaccinated
persons; previously infected persons who had
also received the BNT162b2 vaccine; and vacci-
nated persons who had not been previously in-
fected. For each cohort, we quantified the asso-
ciation between the time that had passed since
infection or vaccination and the rate of con-
firmed infection. By comparing the rates of in-
fection among these groups, we were able to
assess the level of protection afforded by hybrid
immunity as compared with that afforded by
natural immunity or immunity conferred by vac-
cination.

N ENGL ) MED 386;23

METHODS

STUDY POPULATION

Our analysis, which was based on data from the
national database of the Israeli Ministry of
Health, focused on infections that were con-
firmed during the study period, from August 1
to September 30, 2021. During this period, Israel
was in the midst of a fourth pandemic wave that
was dominated by the B.1.617.2 (delta) variant.”
Israel had already conducted a campaign offer-
ing two doses of the BNT162b2 vaccine and had
initiated a campaign offering third and fourth
booster doses (see the Supplementary Methods 1
section in the Supplementary Appendix, available
with the full text of this article at NEJM.org). In
addition, beginning in March 2021, unvaccinat-
ed persons who had recovered from coronavirus
disease 2019 (Covid-19) at least 3 months previ-
ously were eligible to receive a single dose of
BNT162b2 vaccine.

In this study, reinfection with SARS-CoV-2
was defined as a positive polymerase-chain-reac-
tion (PCR) test in a person who had had a posi-
tive test of a sample obtained at least 90 days
before the study day.’® The definition of severe
Covid-19 was consistent with that of the Na-
tional Institutes of Health' — that is, a resting
respiratory rate of more than 30 breaths per
minute, an oxygen saturation of less than 94%
while the person was breathing ambient air, or
a ratio of partial pressure of arterial oxygen to
fraction of inspired oxygen of less than 300. The
Israeli Ministry of Health database includes, for
all residents who have received a Covid-19 vac-
cine, been tested for Covid-19, or been previously
infected with SARS-CoV-2, basic demographic
information such as sex, age, place of residence,
and population sector, as well as full records of
vaccinations and confirmed infections.

Using these data at the individual resident
level, we studied confirmed infections among
persons 16 years of age or older who had tested
positive for SARS-CoV-2 infection before July 1,
2021, or who had received at least two doses of
BNT162b2 vaccine at least 7 days before the end
of the study period. We excluded from the
analysis the following persons: those whose data
did not include information on age or sex; those
who had tested positive for SARS-CoV-2 between
July 1 and July 31, 2021; those who had recov-
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5,862,249 Persons =16 yr of age who had tested positive for
SARS-CoV-2 infection before July 1, 2021, or had received
two doses of BNT162b2 vaccine before the end
of the study period were assessed for eligibility

Y

5,855,572 Had data regarding sex and age group

'

5,836,018 Had not tested positive for SARS-CoV-2
infection during July 2021

5,834,747 Had not spent the entire study period abroad

5,737,984 Had not recovered from Covid-19 and then been
vaccinated more than once

'

5,726,619 Had not been vaccinated more than once and then

recovered from Covid-19

the BNT162b2 vaccine

5,724,810 Did not receive a vaccine other than

before the study period

Y

2,576,158 Were 16-39 yr of age

1,743,293 Were 40-59 yr of age

1,405,359 Were =60 yr of age

Figure 1. Study Population.

Eligible persons in the study did not have a documented positive polymerase-chain-reaction assay between July 1
and July 30, 2021, had received at most one vaccine dose before recovery or after recovery from coronavirus disease
2019 (Covid-19), and had not received a Covid-19 vaccine other than BNT162b2 before August 1, 2021. Age groups
as of January 1, 2021, are shown. SARS-CoV-2 denotes severe acute respiratory syndrome coronavirus 2.

ered from a PCR-confirmed SARS-CoV-2 infec-
tion and then received more than one dose of
BNT162b2 vaccine (a small group with limited
follow-up data); those who had received more
than one dose of BNT162b2 vaccine and then
recovered from a PCR-confirmed SARS-CoV-2
infection (a small group); those who had spent
the entire study period abroad; and those who
had received a vaccine other than BNT162b2
before August 1, 2021 (Fig. D).

STUDY DESIGN AND OVERSIGHT
We compared the incidences of confirmed infec-
tion over the study period among cohorts of

persons with various histories of immunity-
conferring events (i.e., infection or vaccination).
The recovered, unvaccinated cohort involved
persons who had had a confirmed infection 90
or more days before the study day. There were
two “hybrid” cohorts (i.e., cohorts with partici-
pants who had both natural immunity and im-
munity from vaccination); the recovered, one-dose
cohort consisted of persons who had recovered
from Covid-19 and had later received a single
dose of vaccine at least 7 days before the study
day, and the one-dose, recovered cohort involved
those who had received a single dose of vaccine,
followed by a confirmed infection at least 90
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days before the study day. The two-dose cohort
was composed of persons who had not been
infected before the beginning of the study and
who had received the second dose of vaccine at
least 7 days before the study day, and the three-
dose cohort was composed of those who had not
been infected before the start of the study and
who had received the third (booster) dose of vac-
cine at least 12 days before the study day.

These cohorts were divided into subcohorts
according to the time that had elapsed since the
last immunity-conferring event. We used 2 months
as the basic time interval to define the subco-
horts, but we combined months 12 to 18 for the
recovered, unvaccinated cohort and omitted the
period of 8 to less than 10 months for the vac-
cinated and hybrid cohorts because of the small
number of persons in those cohorts.

A person could contribute follow-up days to
different subcohorts and could also move from
one cohort to another according to the follow-
ing rules. A person who had recovered from
Covid-19 and who received a first dose of
BNT162b2 vaccine during the study period exit-
ed the recovered, unvaccinated cohort on the day
of vaccination and entered the recovered, one-
dose cohort 7 days later. A person who had re-
covered from Covid-19 and who had received a
first vaccine dose but then received a second
dose during the study period exited the recovered,
one-dose cohort at the time of the second vac-
cination. A person in the two-dose cohort who
received a third (booster) dose during the study
period exited the two-dose cohort on the day of
the booster dose and entered the three-dose co-
hort 12 days later.?® A person with a positive test
for SARS-CoV-2 infection between May 1 and
June 30, 2021, and who also received a single
dose of BNT162b2 vaccine entered either the
recovered, one-dose cohort or the one-dose, re-
covered cohort (according to whether or not con-
firmed infection predated vaccination) 90 days
after the positive test. A person who received a
vaccine other than BNT162b2 exited the study
on the day of that vaccination.

Studies often compare infection rates among
recovered or vaccinated persons with those among
unvaccinated persons who have not been previously
infected. However, owing to the high vaccination
rate in Israel, the latter cohort is small and not
representative of the overall population. Further-
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more, the Israeli Ministry of Health database does
not include complete information about such per-
sons. Therefore, we did not include unvaccinated,
previously uninfected persons in our analysis.

The study was approved by the institutional
review board at the Sheba Medical Center. The
Israeli Ministry of Health and Pfizer have a data-
sharing agreement, but only the final results of
this study were shared.

STATISTICAL ANALYSIS

To analyze the data, we used methods similar to
those used in our previous studies.®*** We as-
sumed that the hazard of infection in each co-
hort would be independent of the sojourn time
in previous cohorts (i.e., the time spent in the
cohort before a confirmed infection), and we
focused on the relationship between the propor-
tional-hazards survival model and the Poisson
regression model* (see the Supplementary Meth-
ods 2 section). Specifically, the number of con-
firmed infections and the number of person-days
at risk during the study period were counted for
each subcohort.

A Poisson regression model was fitted, with
adjustment for age group as of January 1, 2021
(16 to 39 years, 40 to 59 years, or 260 years), sex,
population sector (general Jewish, Arab, or ultra-
Orthodox Jewish), calendar week, and an expo-
sure risk measure. The latter was calculated for
each person on each follow-up day according to
the rate of new confirmed infections during the
previous 7 days in the person’s area of residence;
this continuous measure was then categorized
into 10 risk groups according to deciles.® An
average exposure risk was imputed to persons
with missing data on residency. In order to en-
sure that the effect of missing data was small, a
descriptive comparison of persons who had
missing data with those who did not have miss-
ing data, as well as a multiple-imputation analy-
sis, were performed (see the Supplementary
Analysis 1 section). Goodness of fit of the
model was checked by examining Pearson re-
siduals across the categories.

In a supplementary analysis, we fitted a model
with an interaction between age group and sub-
cohort in order to estimate age-specific inci-
dence rates in each subcohort. Each case of in-
fection contributed an event to the respective
subcohort. On the basis of the estimated parame-
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A Recovered, Unvaccinated Cohort and Cohorts with Hybrid Immunity

Study
period
o 300,000
2 = Recovered, unvaccinated
S cohort
-= — -
8 200,000 Recovered, one-dose
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Figure 2. Dynamic Inclusion of Persons in the Study Cohorts.

The numbers of persons in the cohorts increased and decreased as persons joined and exited the cohorts. In the
study period, the area under the curves represents the number of person-days at risk in each cohort.

ters of the fitted regression model, the incidence
rate in each subcohort, adjusted for the con-
founders, was estimated as the expected number
of events per 100,000 days if all the person-days
at risk were included in that subcohort (see the
Supplementary Methods 3 section). The 95% con-
fidence intervals were calculated with the use of
a bootstraplike simulation approach® without
adjustment for multiplicity. We repeated the
analysis of subcohorts with 1-month intervals
(instead of 2-month intervals) to better distin-
guish between persons who chose to be vacci-
nated earlier and those who chose to be vacci-
nated later (or between those who were infected
earlier and those who were infected later).

To examine the effect of misclassification of
persons into cohorts owing to undocumented
infections, we conducted a sensitivity analysis
with the assumption that either 50% or 70% of

N ENGL J MED 386;23

true infections were undocumented. There were
too few cases for an in-depth comparison of the
incidences of severe disease within and between
the cohorts with natural immunity and those
with hybrid immunity; thus, only a descriptive
analysis was performed. The results of a com-
parison of the incidences of severe Covid-19 be-
tween persons who had received two doses of
BNT162b2 vaccine and those who had received a
third (booster) dose are reported elsewhere.?!

RESULTS

STUDY POPULATION AND DESCRIPTIVE STATISTICS

Our analysis was based on more than 5.7 mil-
lion persons who contributed days in the five
main cohorts (Fig. 1). Figure 2 shows the dynamic
inclusion of persons in the cohorts over time.
Table 1 shows the number of events (confirmed
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SARS-CoV-2 infections and cases of severe
Covid-19) according to the cohorts and demo-
graphic characteristics of the persons as well as
the distribution of person-days at risk according
to sex, age group, and population sector in the
five cohorts. The sex distribution was similar in
the five cohorts, with only slightly more person-
days at risk for women than for men. There were
clear differences among the cohorts in the dis-
tribution of the other covariates. Although per-
sons who were 60 years of age or older contrib-
uted 53.4% of the person-days at risk in the
three-dose cohort, persons of this age contrib-
uted only 8.3% of the person-days at risk in the
recovered, unvaccinated cohort, 13.8% of the
person-days at risk in the recovered, one-dose co-
hort, 14.3% of the person-days at risk in the one-
dose, recovered cohort, and 12.6% of the per-
son-days at risk in the two-dose cohort. The
distributions of person-days at risk according to
population sector also differed among the co-
horts because the Arab and ultra-Orthodox Jew-
ish groups have had a higher incidence of infec-
tion during the Covid-19 pandemic, resulting in
higher percentages of these groups in the co-
horts of recovered persons than in the cohorts
of persons who were not previously infected.
Figure S4 in the Supplementary Appendix shows
the distribution of time between infection and
vaccination in the hybrid cohorts.

Tables S1 through S4 provide a more detailed
tabulation of the data, with each cohort divided
into subcohorts according to the time that had
elapsed since infection or vaccination. As expect-
ed, the differences in the distributions of covari-
ates among the subcohorts within each cohort
were smaller than those among the cohorts. The
most prominent differences among subcohorts
related to the tendency of older persons to re-
ceive vaccination earlier, according to the Israeli
vaccination prioritization schedule. The numbers
of person-days at risk in the subcohorts of per-
sons who had recovered from Covid-19, regard-
less of whether they were vaccinated, were much
smaller than those in the two-dose and three-
dose subcohorts. The numbers of cases of severe
Covid-19 among persons in each of the subco-
horts of the recovered, unvaccinated cohort and
in each of the subcohorts of the two hybrid
cohorts were small (<10), so reliable quantifica-
tion of the levels of protection against severe
disease in each of these three cohorts was pre-

N ENGL J MED 386;23

cluded. We therefore focused on comparing the
incidences of confirmed infection among the
subcohorts.

WANING IMMUNITY AGAINST REINFECTION

Table 2 and Figure 3 summarize the results of
the Poisson regression analysis and show the
estimated numbers of confirmed infections per
100,000 person-days at risk in each subcohort,
with adjustment for age, sex, population sector,
calendar week, and risk of exposure. Table 2 also
provides two sets of rate ratios for each sub-
cohort — one rate ratio that is relative to the
reference subcohort of previously uninfected per-
sons who had been vaccinated within the previ-
ous 2 months, and one rate ratio that is relative
to the subcohort with the most recent immunity-
conferring event within the cohort. The com-
plete set of parameter estimates of the regres-
sion model is provided in Table S7. The adjusted
incidence rates within age groups (16 to 39 years,
40 to 59 years, and >60 years) are provided in
Table S8 and Figure S1. Figure S2 shows plots of
the Pearson residuals indicating an overall satis-
factory fit of the model to the data, with some-
what poorer fit in the cohorts vaccinated with
two and three doses. Figure S3 shows the rates
when the subcohorts were defined according to
1-month periods.

We found evidence of waning immunity in all
cohorts (Fig. 3), with a steady decrease in protec-
tion over time. The adjusted rate of confirmed
infections among recovered, unvaccinated per-
sons 4 to less than 6 months after infection was
10.5 per 100,000 person-days at risk (95% confi-
dence interval [CI], 8.8 to 12.4); this rate in-
creased to 30.2 (95% CI, 28.5 to 32.0) among
persons in this cohort 12 months or more after
infection. In the two-dose cohort, the rate was
21.1 (95% CI, 20.0 to 22.4) among persons vac-
cinated within the previous 2 months, and this
rate increased to 88.9 (95% CI, 88.2 to 89.5)
among those vaccinated 6 to less than 8 months
previously; in the recovered, one-dose cohort
with the same times since vaccination, the rates
were 3.7 (95% CI, 3.1 to 4.5) and 11.6 (95% CI,
10.0 to 13.5), respectively.

In the subcohorts of the recovered, unvacci-
nated cohort, the adjusted rates of confirmed
infection were similar to those of the recovered,
one-dose and one-dose, recovered subcohorts
when the time elapsed since the last immunity-
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Table 2. Results of the Poisson Regression Analysis of Confirmed SARS-CoV-2 Infections.*
Cohort and Subcohort Adjusted Rate (95% Cl)} Rate Ratio (95% ClI) Rate Ratio (95% CI)
Subcohort with Most Recent
Reference Subcohort vs. Immunity-Conferring Event
Other Subcohort vs. Other Subcohort
no. of confirmed infections/
100,000 person-days at risk

Recovered, unvaccinated cohort

4 to <6 mo subcohort 10.5 (8.8-12.4) 2.0 (1.7-2.4) Reference

6 to <8 mo subcohort 14.0 (13.3-14.8) 1.5 (1.4-1.6) 0.7 (0.6-0.9)

8 to <10 mo subcohort 20.6 (19.1-22.1) 1.0 (0.9-1.1) 0.5 (0.4-0.6)

10 to <12 mo subcohort 28.5 (26.9-30.2) 0.7 (0.7-0.8) 0.4 (0.3-0.4)

=12 mo subcohort 30.2 (28.5-32.0) 0.7 (0.6-0.8) 0.3 (0.3-0.4)
Three-dose cohort

0 to <2 mo subcohort 8.2 (8.0-8.4) 2.6 (2.4-2.7) Reference
Two-dose cohort

0 to <2 mo subcohort 21.1 (20.0-22.4) Reference Reference

2 to <4 mo subcohort 45.1 (43.8-46.5) 0.5 (0.4-0.5) 0.5 (0.4-0.5)

4 to <6 mo subcohort 69.4 (68.7-69.9) 0.3 (0.3-0.3) 0.3 (0.3-0.3)

6 to <8 mo subcohort 88.9 (88.2-89.5) 0.2 (0.2-0.3) 0.2 (0.2-0.3)
Recovered, one-dose cohort

0 to <2 mo subcohort 3.7 (3.1-4.5) 5.7 (4.6-6.9) Reference

2 to <4 mo subcohort 4.3 (3.5-5.2) 5.0 (4.0-6.1) 0.9 (0.7-1.2)

4 to <6 mo subcohort 10.3 (9.4-11.4) 2.0 (1.8-2.3) 0.4 (0.3-0.4)

6 to <8 mo subcohort 11.6 (10.0-13.5) 1.8 (1.5-2.2) 0.3 (0.3-0.4)
One-dose, recovered cohort

4 to <6 mo subcohort 10.6 (7.6-15.0) 2.0 (1.4-2.8) Reference

6 to <8 mo subcohort 16.2 (14.0-18.5) 1.3 (1.1-1.5) 0.7 (0.5-0.9)

* Subcohorts are listed according to the time since the last immunity-conferring event (recovery or vaccination). For
each subcohort, the estimated covariate-adjusted (to the Israeli population during the study period) confirmed infec-
tion rates per 100,000 person-days at risk are shown, as well as two rate ratios: the rate ratio of confirmed infections
between persons who had received a second dose of vaccine within the previous 2 months and who had not been pre-
viously infected relative to each of the other subcohorts, and the within-cohort rate ratio of the subcohort with the most
recent immunity-conferring event relative to each of the other subcohorts (e.g., within the recovered, unvaccinated
cohort, the subcohort of persons who had recovered 4 to less than 6 months previously was compared with the other
subcohorts). The 95% confidence intervals (Cls) were not adjusted for multiplicity. In the recovered, unvaccinated co-
hort, the subcohort of persons who had recovered more than 12 months previously included those who had recovered

during the period from 12 to 18 months.

T The rate was adjusted for age, sex, population sector, calendar week, and risk of exposure.

conferring event (either infection or vaccination)
was the same (Fig. 3). For example, at 4 to less
than 6 months since the last immunity-confer-
ring event, the rates per 100,000 person-days at
risk were 10.5 (95% CI, 8.8 to 12.4) in the recov-
ered, unvaccinated cohort, 10.3 (95% CI, 9.4 to
11.4) in the recovered, one-dose cohort, and 10.6
(95% CI, 7.6 to 15.0) in the one-dose, recovered
cohort. At 6 to less than 8 months, the rates

were 14.0 (95% CI, 13.3 to 14.8), 11.6 (95% CI,
10.0 to 13.5), and 16.2 (95% CI, 14.0 to 18.5),
respectively. These rates were lower than those
in the two-dose cohort 4 to less than 6 months
after vaccination (69.4; 95% CI, 68.7 to 69.9) and
6 to less than 8 months after vaccination (88.9;
95% CI, 88.2 to 89.5). However, the protection
conferred by two doses of vaccine was restored
with the administration of a third dose; our
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Figure 3. Estimated Covariate-Adjusted Rates of Confirmed Infections per 100,000 Person-Days at Risk.

Data were obtained from the Poisson regression analysis for the study period, stratified according to subcohorts.
Confidence intervals are not adjusted for multiplicity. The error bars denote 95% confidence intervals.

study showed a rate of 8.2 (95% CI, 8.0 to 8.4) owing to unreported infections revealed that the
less than 2 months after booster vaccination rates of confirmed infection in the two-dose and
(Table 2). three-dose cohorts as described above may have

The sensitivity analysis for misclassification be underestimated by approximately 10% when
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the misclassification rate was 50% and by ap-
proximately 20% when the misclassification rate
was 70%. However, such misclassification did
not have a substantial effect on the estimates of
waning protection (see the Supplementary Analy-
sis 2 section).

ANALYSIS OF CASES OF SEVERE COVID-19

The number of cases of severe Covid-19 was
small in the cohorts of previously infected per-
sons, with 25 in the recovered, unvaccinated
cohort, 13 in the recovered, one-dose cohort,
and 1 in the one-dose, recovered cohort. In the
two-dose cohort, there were 1372 cases of severe
Covid-19, and in the three-dose cohort, there
were 178 cases (Table 1). The resulting crude
rates of severe disease among persons 60 years
of age or older, without consideration of the
time since the last immunity-conferring event,
were 0.6 per 100,000 person-days at risk in the
recovered, unvaccinated cohort, 0.5 in the recov-
ered, one-dose cohort, 0.5 in the one-dose, re-
covered cohort, 4.6 in the two-dose cohort, and
0.4 in the three-dose cohort.

DISCUSSION

We evaluated the waning level of protection
against confirmed infection with SARS-CoV-2
among persons who had recovered from previ-
ous infection and among previously uninfected
persons who received the BNT162b2 vaccine. We
compared protection in these groups with that
in persons who had been vaccinated with a sin-
gle dose and later infected with SARS-CoV-2 and
with that in persons who had recovered from
SARS-CoV-2 infection and later received a single
vaccine dose. Previous studies showed higher
protection in previously infected persons with or
without an additional vaccine dose than in previ-
ously uninfected persons who had received two
doses of mRNA vaccines.®” Our study quantifies
the waning of natural and hybrid immunity at
the national level in a real-world setting.
Waning immunity was evident in all the co-
horts. This pattern of waning immunity was
evident across all age groups. The adjusted rates
of confirmed infection among the recovered,
unvaccinated subcohorts were lower than those
among the two-dose subcohorts when the time
since the last immunity-conferring event was

N ENGL ) MED 386;23

similar; nevertheless, the protection in the two-
dose cohort could be restored by the administra-
tion of a booster shot.

In findings that were consistent with those of
other studies,®”* after several months, persons
with hybrid immunity were better protected
against reinfection than uninfected persons who
had previously received two doses of vaccine (the
two-dose cohort). Furthermore, we found that a
single dose of the vaccine administered to a pre-
viously infected person or a booster dose admin-
istered to an uninfected person who had re-
ceived two doses of vaccine restored the level of
protection to the level in the early months after
recovery or vaccination. The timing of vaccina-
tion after infection affects the protection.® We
did not have enough data to evaluate the level of
protection as a function of time between infec-
tion and vaccination, while taking the waning
effect into account.

The results reported here are in line with
those of a study conducted by an Israeli health
maintenance organization.” That study showed
that previously infected persons with or without
one vaccine dose have better protection than
uninfected persons who have received two doses
of vaccine 3 to less than 8 months after the last
immunity-conferring event. Our data on hospi-
talized patients who had severe Covid-19 did not
contain enough cases for a definitive analysis
but did not appear to support the findings in a
recent report’ that suggested that vaccinated
persons are more protected than previously in-
fected persons 3 to less than 6 months after an
immunity-conferring event.

In the recovered, unvaccinated cohort and the
hybrid cohorts, the first infections were primar-
ily infections with the original Wuhan-Hu-1
isolate and the B.1.1.7 (alpha) variant."” If protec-
tion provided by previous infection depends on
the variant, its effect is confounded with the
effect of time since infection. Because a single
variant was dominant in Israel during each of
the pandemic waves," this study cannot disen-
tangle the two effects. Moreover, during the
study period, most infections were delta variant
infections, and our analysis provides no infor-
mation regarding protection against newer vari-
ants such as B.1.1.529 (omicron).

This was an observational study in which
persons elected to receive a vaccine at different
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times, and there was no control for the probable
differences in health care—seeking or risk-averse
behavior of individual persons. Although the
regression approach corrects for confounders for
which data are available, including data on expo-
sure risk, the possibility of residual bias remains.
The residuals analysis revealed an overall reason-
able fit, with a few large residuals in the cohorts
vaccinated with two or three doses. These co-
horts had large sample sizes, leading to substan-
tial sensitivity to even a modest lack of fit.

Our results pertained to the rate of con-
firmed infection, so they were sensitive to detec-
tion bias due to different tendencies to perform
PCR testing in the study cohorts. During the
study period, the same official PCR testing pol-
icy applied to both previously infected persons
and those who had received two doses of vaccine
— namely, mandatory PCR testing on contact
with an infected person. Although differences in
testing rates among cohorts and among subco-
horts within specified cohorts were observed,
their overall magnitude was relatively small. The
rate of PCR testing was typically lower in the
recovered, unvaccinated cohort than in the other
cohorts, so the level of protection in this cohort
as compared with that in the two-dose cohort
may have been overestimated. The data regard-
ing severe disease were not affected by this bias.

Another source of potential bias was cohort
misclassification. To be classified as a recovered
person in our study, a PCR test must have been

performed and found to have been positive.
However, not all infected persons had received a
diagnosis,” and some of these persons had been
vaccinated. Thus, some of the persons who were
classified as being in the two-dose cohort or the
three-dose cohort should have been considered
to have had hybrid immunity. Under simple as-
sumptions about the misclassification mechanism,
we found that misclassification may have led to
a 10% or even a 20% underestimation of the
infection rate among vaccinated, uninfected per-
sons, depending on the misclassification rate.
Although the magnitude of the bias depends on
our assumptions, the bias toward underestima-
tion of the infection rate among vaccinated,
uninfected persons is real if those who had re-
covered from Covid-19 and had been misclassi-
fied as belonging to the vaccinated cohorts were
more protected from reinfection than their un-
infected counterparts.

An understanding of the rates of waning im-
munity after immunity-conferring events is impor-
tant for policy making regarding the need for
and the timing of additional vaccine doses. We
found that protection against the delta variant
waned over time in both vaccinated and previ-
ously infected persons and that an additional
vaccine dose restored protection.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Ofra Amir for productive feedback on an earlier
version of the manuscript.
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