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Summary

Background. Knowing if COVID-19 vaccine effectiveness wanes is critical to informing vaccine
policy, such as the need for and timing of booster doses.

Methods. We performed a systematic review of pre-print and published article databases from
June 17 to December 2, 2021. Studies with vaccine efficacy or effectiveness (VE) estimates at
discrete time intervals after full vaccination and meeting pre-defined screening criteria
underwent full-text review. We used random effects meta-regression to estimate the average

change in VE from one-to-six months after full vaccination.

Findings. Of 13,744 studies screened, 310 underwent full text review, and 18 were included (all
pre-Omicron). Risk of bias determination by ROB2 and ROBINS-I tools was low (n=3), moderate
(n=8) and serious (n=7). Seventy-eight vaccine-specific VE evaluations were included
(Pfizer/BioNTech-Comirnaty (n=38), Moderna-mRNA-1273 (n=23), Janssen-Ad26.COV2.S (n=9),
and AstraZeneca-Vaxzevria (n=8). On average, VE against SARS-CoV-2 infection decreased from
one-to-six months after full vaccination by 21-0 (95% Cl 13-9-29-8) percentage points among
persons of all ages and 20-7 (95% Cl 10-2-36-6) percentage points among older persons (as
defined by each study, at least >50 years old); for symptomatic COVID-19 disease, VE decreased
by 24-9 (95% Cl 13-4-41-6) and 32:0 (95% Cl 11-0-69-0) percentage points, respectively; for
severe COVID-19 disease, VE decreased by 10-0 (95% Cl 6-:1-15-4) and 9-5 (95% ClI 5-:7-14-6)
percentage points, respectively. Most (81%) VE estimates against severe disease remained

greater than 70% over time.
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Interpretation. COVID-19 VE against severe disease remained high, although it did decrease some
(9:5-10.0 percentage points) by six months after full vaccination. In contrast, VE against infection
and symptomatic disease decreased approximately 20-30 percentage points by six months. The
decrease in VE is likely due, at least in part, to waning immunity, although an effect of bias cannot
be ruled out. Evaluating VE beyond six months will be critical for updating COVID-19 vaccine
policy.

Funding. Coalition for Epidemic Preparedness Innovations
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Research in Context

Evidence before this study

Approximately one year after the first introductions of COVID-19 vaccines, multiple studies have
been published that assess vaccine efficacy and effectiveness (VE) after full vaccination. Several
systematic reviews of COVID-19 vaccine efficacy/effectiveness studies have been published, but
none focused on how VE changes with time since vaccination. We systematically reviewed the
evidence for changes in COVID-19 VE with time since full vaccination for various clinical
outcomes. Additionally, our review summarizes evidence for rates of breakthrough infections
due to the Delta variant among vaccinated persons stratified by time since vaccination. In
interpreting these studies, we discuss potential biases in evaluating changes in vaccine

effectiveness with time since vaccination.

We searched for studies that evaluated VE at discrete time intervals after full vaccination from
June 17 to December 2, 2021 in PubMed, Embase, medRxiv, bioRxiv, khub, Research Square,
SSRN, Eurosurveillance.org, Europepmc.org and the World Health Organization COVID-19
Database (which compiles searches of over 100 databases, including Scopus, Web of Science and
the grey literature). We searched for studies with multiple variations of the primary key search
terms, of “COVID-19” and “SARS-CoV-2" and “vaccine” (including names of specific vaccines) and

III

“randomized controlled trial” or “vaccine effectiveness” (including names of specific study
designs). We also hand-searched regulatory agency databases. Studies were included if they

presented VE estimates at discrete time intervals from full vaccination compared to unvaccinated

persons for SARS-CoV-2 infection, COVID-19 symptomatic disease, or severe disease — for any
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vaccine that has received Emergency Use Listing at WHO. VE estimates confined to a single
variant and due to a mixture of variants were analyzed separately. Random effects meta-
regression was used to estimate the average change in VE from one to six months after full
vaccination. After applying exclusion criteria, we included 18 studies of VE at discrete time
intervals after full vaccination and seven studies in which risk of breakthrough infection could be
assessed by time of vaccination. In addition, the same search strategy was used to find studies
presenting analyses of breakthrough infections, in which the rate, risk or odds of COVID-19

outcomes among different vaccine cohorts (i.e., vaccinated at different times) were included.

Added value of this study

We found during the six months after full vaccination the VE against SARS-CoV-2 infection and
symptomatic COVID-19 disease decreased by approximately 20-30 percentage points, on
average, for the four vaccines evaluated. In contrast, most studies showed that VE against severe
disease was maintained above 70% after full vaccination, with minimal decrease through six
months (approximately 9-10 percentage points). This is the first systematic review and meta-
regression to date, to our knowledge, that describes the timing and magnitude of decreasing VE

over time since full vaccination by disease outcome.

Implications of all the available evidence

Studies of the duration of protection of COVID-19 vaccine effectiveness as a whole indicate that
vaccine effectiveness decreases more against infection and symptomatic disease than against
severe disease in the six months after full vaccination. This decreasing VE is likely due, at least in

part, to waning immunity. Multiple biases, however, can affect estimates of declining VE over



102

103

104

105

106

107

108

109

time. Whether VE will eventually decrease further against severe disease, and in the setting of
new variants like Omicron, requires ongoing evaluation at later time points after full vaccination.
Policy makers considering the need and timing of booster doses should integrate vaccine- and
outcome-specific evidence of decreasing VE with other considerations, such as vaccine coverage
and supply, prioritization relative to primary series vaccination, programmatic issues, and local

COVID-19 epidemiology.
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Introduction

Almost two years into the COVID-19 pandemic, multiple COVID-19 vaccines have received
Emergency Use Listing/Authorization (EUL/EUA) by regulatory authorities and the World Health
Organization (WHO) based on vaccine efficacy results from randomized controlled trials.! Efficacy
results at the time of EUL/EUA, however, had a median follow-up time after full vaccination of
only two-to-three months. Estimates of vaccine effectiveness among persons vaccinated as part
of national vaccine roll-outs were similar to the efficacy results in the first few months after
vaccine introduction.? Assessing the duration of protection for COVID-19 vaccines over longer
time periods, however, requires continued monitoring. Knowing if and to what extent vaccine
effectiveness wanes is critical to inform vaccine policy decisions, such as the need for, timing, and

target populations for booster doses.

Several systematic reviews of COVID-19 efficacy/effectiveness studies have been published, but
none evaluated the duration of protection of COVID-19 vaccines.3® We systematically reviewed
the evidence for the duration of protection of COVID-19 vaccines against various clinical
outcomes by assessing studies that evaluate vaccine efficacy or effectiveness (henceforth
referred to as VE) at various time periods after vaccination. Additionally, we evaluated rates of
breakthrough infection due to Delta variant among vaccinated persons stratified by time since

vaccination.

Methods

Search strategy and selection criteria
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Since June 2021, the World Health Organization and International Vaccine Access Center at
Johns Hopkins Bloomberg School of Public Health have been tracking the emerging evidence for
COVID-19 VE and have posted their methodology and updated weekly results at the VIEW-HUB
website®. For this systematic review, we followed PRISMA guidelines (Supplement S1). We
considered peer-reviewed and pre-print studies published from June 17 to December 2, 2021.
Randomized controlled trials of COVID-19 vaccine efficacy and observational studies of COVID-
19 vaccine effectiveness were eligible. The following databases and pre-print servers were
searched without restrictions by language of publication: PubMed, Embase, medRxiv, BioRxiv,
khub, Research Square, SSRN, Eurosurveillance.org, Europepmc.org and the World Health
Organization COVID-19 Database, which compiles searches of over 100 databases, including
Scopus, Web of Science and the grey literature. The search strategy is described in Supplement
S2. During full-text review, a VE study was excluded if it if did not meet pre-defined criteria
(Supplement S3). Only VE estimates that compared fully vaccinated with unvaccinated persons
were included; we excluded estimates that included partially vaccinated persons. In addition,
U.S. Food and Drug Administration and European Medicines Agency websites were hand-
searched for manufacturers’ applications for approval of additional or booster doses.
Discrepancies on study inclusion were resolved by discussion among three investigators (MH,

MDK, MKP).

Most COVID-19 VE studies have given results as cumulative VE after full vaccination through
variable time periods of follow-up. However, cumulative VE estimates over several months can
distort estimates of waning immunity, particularly if most cases occur in the earlier or later parts

of the follow-up period. Therefore, we applied a second set of inclusion/exclusion criteria after
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the initial search, undertaken by two investigators (MKP, MH). First, studies were included if they
presented multiple VE estimates for discrete time intervals after the final dose in the primary
series. Second, to allow sufficient time for potential waning to occur, studies were excluded if
they did not provide at least one VE estimate 3 months after the final dose (Supplement S4).
Third, we excluded studies that combined multiple vaccines in VE estimates because vaccines of
differing effectiveness were often introduced at different times to varying target populations,

which could lead to confounding of VE estimates at different time intervals.

An approach to disaggregate a decreasing VE due to waning immunity from that due to a newly
prevalent variant over time is to compare rates of vaccine breakthrough infections by time since
vaccination during a time period when a single variant is predominant. For this approach, we
considered studies of breakthrough infection (i.e., infection or disease among fully vaccinated
persons only) identified through the full-text review. One study was eligible for both analyses.!°
We included studies that provided risk ratios, rate ratios, or odds ratios of breakthrough infection
(or provided data to calculate them) among different vaccine-recipient cohorts (i.e., people
vaccinated at different times). We only included studies that identified cases during periods when

Delta was the pre-dominant variant.

All studies meeting inclusion criteria for both analyses were evaluated for bias using the risk of
bias 2 tool for randomized controlled trials (ROB2) or the risk of bias in non-randomized studies

of interventions tool (ROBINS-1).11:12

Data analysis
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Populations, intervention, comparators, and outcomes (PICO) are described in Supplement S5.
For the analysis of VE over time, the primary outcome measure was the VE and 95% confidence
intervals (Cls) at each time interval after the final dose of the primary vaccine series. We extracted
adjusted VE results for each outcome (infection, symptomatic disease, and severe disease) by
vaccine, age group (all ages and older persons, as defined in each study though at least 50 years
old) and variant setting. We only extracted VE estimates for time intervals when a person could
have full vaccination, considered as having received the complete vaccine schedule followed by
enough time to develop immunological protection, as defined in the clinical trials for each vaccine
(i.e., >7 days from the second dose for Pfizer/BioNTech-Comirnaty, and >14 days from the second
dose for AstraZeneca-Vaxzevria and Moderna-mRNA-1273, and the first dose of Janssen-
Ad26.COV2.S.) Because VE may be lower against some variants of concern (VOC) and the
prevalence of VOCs in a study population could change over time*, we evaluated VE estimates
for two variant settings separately. In the first, we evaluated VE estimates over time for a single
VOC, either as determined by genomic sequencing or during a period when that variant was
predominant, from settings with only non-VOC variants, and from settings with non-VOCs and
Alpha variant because of minimal differences in VE.!? In the second, we evaluated settings in
which there was a mixture of variants over time, including some period with non-Alpha VOCs in
circulation. To show visually the duration of VE over time, we plotted VE at the median time
point for each time interval separately by outcome, age group, and variant context (Supplement
S6 methods for figures.) The set of VE estimates over time for each unique study-vaccine grouping

are shown joined by a line.

10
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The average change in VE over time was estimated using a linear mixed effects model for the
repeated measures within each study-vaccine group (PROC MIXED; SAS 9.4; Supplement S7
detailed methods). We regressed the log of 1-VE on log of months since vaccination (to maintain
a linear relationship between VE and time in months). Standard errors (SEs) of the In(1-VE)s,
derived from the 95% Cls for the VEs reported by each study, were squared to produce estimates
of residual variances for inverse weighting in the linear mixed effects model. The model had a
random intercept and slope over time for each study-vaccine group (i.e., each line in figures). For
VE estimates of 100% where 95% Cls were not estimable, we approximated the SEs using study
data and adding 0.5 cases to each group. We excluded VE estimates with 95% Cls where the lower
bound was <0% and upper bound was 100%, as these were uninformative. Models were run for
each outcome, age group and variant context combination. Because we did not observe
substantial differences in the results for single versus mixed variant settings, we also estimated
the change in VE combining both variant settings to increase precision around summary

estimates.

For the analysis of vaccine breakthrough Delta infections, we extracted data on study design,
population size, testing period, vaccines in use, age group, outcome, cases and denominator for
cohorts of persons grouped by time since final dose. We calculated incidence rates or risk from
case and denominator data for each vaccinated cohort. Incidence rate/risk ratios (IRR) were
calculated by dividing the incidence rate/risk of each vaccinated cohort by that of a reference
group. The vaccinated cohort most recently vaccinated was used as the reference group. 95% Cls
for IRRs were calculated from raw study data using the Byar method for rates and the Taylor

series method for risks.}*% Studies presenting adjusted odds ratios of breakthrough infection

11
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with 95% Cls were also included (n=3).16718 Incidence rate/risk/odds ratios with 95% Cls were

graphed for each vaccinated cohort.

Role of the funding source. Coalition for Epidemic Preparedness Innovations (CEPI) supports the
ongoing literature review and data abstraction. They had no role in the analysis or interpretation

of results.

Results.

13,744 studies were screened, and 310 underwent full text review (Figure 1). After applying two
sets of inclusion/exclusion criteria, 18 studies were included in the VE analysis. Seven were peer-
reviewed publications, ten were not peer-reviewed (e.g., pre-prints, MMWR), and one came from
a regulatory application. Three were randomized controlled trials'®?! and fifteen post-
introduction observational studies (7 test-negative design case-control studies, 6 retrospective
and 2 prospective cohort studies, Table 1).102235 Studies were conducted in the following
locations: Canada (1), Finland (1), Israel (1), Qatar (1), Spain (1), Sweden (1), United Kingdom (2),
United States (8), and two multi-country clinical trials. (The Canadian study included separate
results for Quebec and British Columbia, so results for each province were considered separately
for this review.)*! Among included studies, three had low overall risk of bias, eight moderate risk,
and seven serious risk (Supplement S8). The major domain of bias was incomplete adjustment
for confounders.

Ten studies evaluated the VE over time for SARS-CoV-2 infection, among which there were 26
vaccine-specific analyses (Pfizer/BioNTech-Comirnaty (n=13), Moderna-mRNA-1273 (n=9),

Janssen-Ad26.COV2.S (n=2), AstraZeneca-Vaxzevria (n=2) (Table 1).1022:23.26.2831,33-35 Tgap

12
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vaccine-specific analyses took place in single variant settings (all Delta), and 16 in mixed variant
settings. Eighteen vaccine-specific analyses included persons of all ages and eight among older
persons. Among the 26 vaccine-specific analyses of VE for SARS-CoV-2 infection, the majority
(22, 85%) showed a >10 percentage point drop from the peak VE and ten (38%) a >25
percentage point drop (Table 2). Declines in VE against infection were observed in both variant
settings, in both age groups, and among all four vaccines (Figure 2a and 2b). When combining
all VE evaluations of SARS-CoV-2 infection, regardless of variant type, in the meta-regression
the VE decreased on average by 21:0 (95% Cl 13-9-29:8) and by 20-7 (95% ClI 10-2—36-6)
percentage points between 1 and 6 months after the final vaccine dose among persons of all

ages and older persons, respectively.

Six studies evaluated the VE over time for symptomatic COVID-19 disease, among which there
were 16 vaccine-specific analyses (Pfizer/BioNTech-Comirnaty (n=6), Moderna-mRNA-1273
(n=4), Janssen-Ad26.COV2.S (n=3), AstraZeneca-Vaxzevria (n=3) (Table 1).19-21.252930 Fjye
vaccine-specific analyses took place in single variant settings (four Delta, one non-VOCs), and 11
in mixed variant settings. Eleven vaccine-specific analysis were done among persons of all ages
and five among older persons. Among the 16 vaccine-specific analyses of VE for symptomatic
disease, the majority (15, 94%) showed a >10 percentage point drop from the peak VE and
eight (50%) a >25 percentage point drop, all of which were in mixed variant settings (Table 2).
Declines in VE against symptomatic disease were observed in both variant settings, in both age
groups, and among all four vaccines (Figure 2a and 2b). Of note, the one study that showed no
decline in VE was the extended follow-up of the randomized controlled trial of the Moderna-

mRNA-1273 vaccine during a period of non-VOC circulation in the United States.'® When

13



259  combining all VE evaluations of symptomatic disease, regardless of variant type, in the meta-
260 regression the VE decreased on average by 24-9 (95% Cl 13-4-41-6) and by 32:0 (95% CI 11-0—
261  69-0) percentage points between 1 and 6 months after the final vaccine dose among persons of

262  all ages and older persons, respectively.

263  Twelve studies evaluated the VE over time for severe COVID-19 disease, among which there
264  were 36 vaccine-specific analyses (Pfizer/BioNTech-Comirnaty (n=19), Moderna-mRNA-1273
265  (n=10), Janssen-Ad26.COV2.S (n=4), AstraZeneca-Vaxzevria (n=3) (Table 1).10.21,22,24,25,27-29,31-34
266  Thirteen vaccine-specific analyses took place in single variant settings (eleven Delta, two Alpha),
267 and 23 in mixed variant settings. Twenty-two vaccine-specific analysis were done among

268  persons of all ages and fourteen among older persons. Among the 36 vaccine-specific analyses
269  of VE for severe disease, seventeen (47%) showed a >10 percentage point drop from the peak
270  VE (Table 2). Four vaccine-specific analyses (11%) showed a >25 percentage point drop in VE;
271  two from one study in Qatar for Pfizer/BioNTech-Comirnaty and the other two from a study in
272  the United States for Janssen-Ad26.COV2.5.2%2° In both studies, the >25 percentage point VE
273  decrease was observed among both age categories in the setting of mixed variants, with very
274  wide 95% confidence intervals for the lowest VE estimates. Seven (19%) vaccine-specific

275 analyses (from five studies) had an absolute VE estimate against severe disease fall below 70%
276  at asingle time point in follow-up (Pfizer/BioNTech-Comirnaty n=3, Ad26.COV2.S

277  n=4).2122273233 \When combining all VE evaluations of severe disease, regardless of variant

278  type, in the meta-regression the VE decreased on average by 10-0 (95% Cl 6:1-15-4) and by 9-5
279  (95% Cl 5-7-14-6) percentage points between 1 and 6 months after the final vaccine dose

280 among persons of all ages and older persons, respectively.
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In the analysis of Delta breakthrough infections, seven studies were found through the search
strategy and one through hand-searching regulatory applications; one study was excluded due
to combining the results of several vaccines, leaving seven studies for final inclusion (Figure 1,
Table 3). One study had low overall risk of bias, two moderate risk, and four serious risk
(Supplement S8). In two clinical trials, persons initially randomized to study vaccine had an
increased rate of breakthrough symptomatic COVID-19 disease during July-August 2021 when
Delta variant predominated compared to those who initially received placebo and “crossed over”
later to receive the actual COVID-19 vaccine; 1:76 (95% Cl 1-13-2:76) times higher for
Pfizer/BioNTech-Comirnaty and 1:57 (95% Cl 1:21-2-04) higher for Moderna-mRNA-1273 (Figure
3).3637 Four observational studies from Israel of Pfizer/BioNTech-Comirnaty measured incidence
after June 2021 when Delta predominated.1%16-18 Al four studies found rates of breakthrough
infections higher among at least one cohort of people vaccinated further back in time compared
to more recently vaccinated persons, with increased rates of breakthrough infections ranging
from 1-61 times (95% Cl 1-45-1-79)® to 14-10 times (95% ClI 10.68-19.01). A study from the
United States found a higher rate of breakthrough infections among persons 65 years or older
vaccinated further back in time for Pfizer/BioNTech-Comirnaty (IRR 1:62, 95% Cl 1-51-1-73) and
Moderna-mRNA-1273 vaccines (1:67, 95% ClI 1-52-1-84). Two studies evaluated breakthrough
severe infections; one in Israel had a maximum of 3:25 times (95% Cl 1:73-6-09) increased rates
of breakthrough severe infections among persons aged 60 years or older vaccinated with
Pfizer/BioNTech-Comirnaty further back in time, and one in the United States had maximum of

1-38 times (95% CI 1-18-1-62) increased rate of breakthrough hospitalized infections among

15
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persons aged 65 years and older vaccinated with Pfizer/BioNTech-Comirnaty further back in

time.38

Discussion

We showed that the decline in VE against severe COVID-19 disease with time since vaccination
was less than that for SARS-CoV-2 infection and symptomatic COVID-19 disease. In most studies,
the VE against severe disease remained high (>70%) for up to six months post-vaccination for all
four vaccines evaluated (and mostly >80% for the two mRNA vaccines). Nonetheless, there was
adropin VE for severe disease by six months, of on average, 9-5-10-0 percentage points, including
among older persons. This lesser decrease in VE for severe disease is reassuring given that
prevention of severe disease and death remains the primary objective of COVID-19 vaccination.
In contrast, most studies showed a notable decrease in VE by six months after vaccination for
SARS-CoV-2 infection (21 percentage point decrease) and all symptomatic COVID-19 disease (25-
32 percentage point decrease). The data was heterogenous, however, with some studies showing
minimal decrease in VE over time, with others showing substantial decrease (i.e., >25 percentage
points).

A decrease in the VE over time has three potential explanations — it can reflect lower VE against
a new variant, true waning immunity due to loss of vaccine-induced immunological protection,
or bias. We showed that VE decreased over time when restricting analysis to a single variant. This
finding was reinforced by our second analysis of breakthrough infections with the Delta variant
that showed higher breakthrough rates with longer times since vaccination. Together these
findings suggest that the decrease in VE over time was likely not due, for the most part, to the

temporal increase in prevalence of Delta variant.
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Waning VE is a plausible explanation for the decrease in VE against infection and disease. The
finding is consistent with immunological data showing that over time levels of most vaccine-
derived antibodies, including those that neutralize virus, decline.3*% Yet, because the immune
system forms memory cells that can be activated upon exposure to a virus and includes cellular
immunity, it is not clear if this observed antibody decay results in diminished VE and if so, over
what timeframe and against which outcomes. Nevertheless, further support for possible waning
immunity comes from evidence showing that after giving a booster dose the VE increases
compared to persons who had only received the primary series.**2 Moreover, it has been shown
that with increasing time since full vaccination, the viral load of breakthrough infections
increases, but becomes lower again soon after booster vaccination.** We did not see an obvious
difference in the magnitude or timing of decrease in VE between persons of all ages and older
people in meta-regression, although the number of studies was likely too few to make definitive
conclusions. A study from the United Kingdom showed that decreases in VE seemed to occur
more among clinically extremely vulnerable older persons.?

While waning immunity is consistent with the data, we cannot exclude that the observed
decrease in VE over time was due, either partly or wholly, to biases. An underlying assumption
of observational studies is that unvaccinated persons should be at the same risk of exposure to
SARS-CoV-2 as vaccinated persons in the same population. At high vaccine coverage, this
assumption might no longer apply, as persons remaining unvaccinated either choose to remain
unvaccinated or are unable to get vaccinated for reasons that might be associated with a
differential risk of COVID-19 compared to the general population.3%44-4¢ While some differences

can be identified and adjusted for in the analysis (e.g., age, demographic group), others might be
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less obvious, harder to measure and adjust for, and lead to underestimation of true VE over time
(e.g., clinically extremely vulnerable status).?> The expected bias based on the magnitude and
direction of the differential risk of COVID-19 among unvaccinated persons demonstrates that
confounding is more significant when the true VE is not as high (supplement S9); this implies that
confounding by risk among the unvaccinated group is accentuated when the vaccine has lower
initial efficacy and when the true VE has become lower over time.

Several other potential biases in assessing the duration of VE over time can occur (Table 4). Some
important biases that could result in an overestimation of decreases in VE over time are the
following: the earliest vaccinees are at sustained increased risk of infection compared to later
vaccinees; vaccinated people change behavior and testing frequency over time increasing the
likelihood of being infected or being detected as infected, particularly with increased mobility for
those who can demonstrate vaccination status; and unvaccinated persons have increased
infection-derived immunity leading to spurious interpretations of reductions in VE as waning
protection.?’ Because most of these biases are unmeasured, we cannot definitely determine
which ones most affected the studies included in this analysis.

Our systematic review had several other potential limitations. First, given the rapid pace and
multiple pre-print publishing options for COVID-19-related content, it is possible that additional
studies on vaccine duration of protection were not captured by our search strategy, and new
studies will become available after our cut-off date. Second, many pre-print studies included in
this analysis could have the data change in the eventual publication. Third, insufficient studies
met our inclusion criteria to allow for meaningful comparisons between different vaccine

platforms. Fourth, a limited number of vaccines were evaluated and from few geographic
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settings, which might not be representative of other settings with different epidemiological
conditions in which duration of vaccine protection might differ (e.g., more or less prior infection).
Fifth, few studies evaluated VE separately in younger persons; the three studies that did so
showed similar patterns of decrease in VE over time to that seen in adults of all ages and older
persons (Supplement S10). Sixth, no heterologous schedules were evaluated. Seventh, all
included studies were pre-Omicron. Lastly, we based our calculations on published or derived
estimates of VE and their standard errors rather than original person-level event data. One
manifestation of this limitation is the necessity to introduce small adjustments to VE estimates
of 100% in order to include them in our model for the log-transformed relative risk estimates.
The potential bias in the summary VE estimates is small because there were only three VE
estimates of 100%, and two had wide confidence intervals which down-weights their
contribution in the regression model.

Further follow-up of the VE against severe disease, the outcome which drives most COVID-19
policy decisions, for all vaccines beyond six months is needed to clarify how much more waning
of protection might occur with longer duration since full vaccination.*® Continuing to produce
reliable and vaccine-specific VE estimates over extended periods of time after vaccination against
multiple outcomes, and in the setting of emerging variants against which VE might be lower, such
as Omicron, is critical for COVID-19 vaccine policy and decision-making bodies.*® Policy makers
considering the use and timing of booster doses should integrate vaccine- and outcome-specific
evidence of decreasing VE with other considerations, such as vaccine coverage and supply,
prioritization relative to primary series vaccination, programmatic issues, and local COVID-19

epidemiology.
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Figure legends.

Figure 1. Study selection

Figure 2. Duration of Vaccine Effectiveness for (a) Single Variant or non-VOC settings or ((b)

Mixed Variant settings

Footnote: The lower bound of 95% confidence intervals when VE=100% were undefined in
manuscripts (n=1 in panel a and n=2 in panel b), and are shown here approximated (see

methods in Supplementary materials S7)

Figure 3. Rate ratios of COVID-19 Breakthrough cases by time of vaccination
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