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Long-term effectiveness of COVID-19 vaccines against
infections, hospitalisations, and mortality in adults: findings
from a rapid living systematic evidence synthesis and meta-
analysis up to December, 2022

Nana Wu, Keven Joyal-Desmarais, Paula A B Ribeiro, Ariany Marques Vieira, Jovana Stojanovic, Comfort Sanuade, Doro Yip, Simon L Bacon

Summary

Background Synthesising evidence on the long-term vaccine effectiveness of COVID-19 vaccines (BNT162b2 [Pfizer—
BioNTech], mRNA-1273 [Moderna], ChAdOx1 nCoV-19 [AZD1222; Oxford—AstraZeneca], and Ad26.COV2.S [Janssen])
against infections, hospitalisations, and mortality is crucial to making evidence-based pandemic policy decisions.

Methods In this rapid living systematic evidence synthesis and meta-analysis, we searched EMBASE and the US
National Institutes of Health’s iSearch COVID-19 Portfolio, supplemented by manual searches of COVID-19-specific
sources, until Dec 1, 2022, for studies that reported vaccine effectiveness immediately and at least 112 days after a
primary vaccine series or at least 84 days after a booster dose. Single reviewers assessed titles, abstracts, and full-text
articles, and extracted data, with a second reviewer verifying included studies. The primary outcomes were vaccine
effectiveness against SARS-CoV-2 infections, hospitalisations, and mortality, which were assessed using three-level
meta-analytic models. This study is registered with the National Collaborating Centre for Methods and Tools, review 473.

Findings We screened 16696 records at the title and abstract level, appraised 832 (5-0%) full texts, and initially
included 73 (0-4%) studies. Of these, we excluded five (7%) studies because of critical risk of bias, leaving 68 (93%)
studies that were extracted for analysis. For infections caused by any SARS-CoV-2 strain, vaccine effectiveness for the
primary series reduced from 83% (95% CI 80-86) at baseline (14—42 days) to 62% (53—69) by 112-139 days. Vaccine
effectiveness at baseline was 92% (88-94) for hospitalisations and 91% (85-95) for mortality, and reduced to
79% (65-87) at 224-251 days for hospitalisations and 86% (73-93) at 168-195 days for mortality. Estimated vaccine
effectiveness was lower for the omicron variant for infections, hospitalisations, and mortality at baseline compared
with that of other variants, but subsequent reductions occurred at a similar rate across variants. For booster doses,
which covered mostly omicron studies, vaccine effectiveness at baseline was 70% (56-80) against infections and
89% (82-93) against hospitalisations, and reduced to 43% (14-62) against infections and 71% (51-83) against
hospitalisations at 112 days or later. Not enough studies were available to report on booster vaccine effectiveness
against mortality.

Interpretation Our analyses indicate that vaccine effectiveness generally decreases over time against SARS-CoV-2
infections, hospitalisations, and mortality. The baseline vaccine effectiveness levels for the omicron variant were
notably lower than for other variants. Therefore, other preventive measures (eg, face-mask wearing and physical
distancing) might be necessary to manage the pandemic in the long term.

Funding Canadian Institutes of Health Research and the Public Health Agency of Canada.

Copyright © 2023 Published by Elsevier Ltd. All rights reserved.

Introduction

Mass vaccination against SARS-CoV-2 has been crucial to
containing the impact of the COVID-19 pandemic.'
However, vaccine-induced antibodies are reduced at
6 months after a primary COVID-19 vaccination series
(ie, two doses of a two-dose vaccine or one dose of a one-
dose vaccine)? and vaccine effectiveness, a measure of how
well vaccines work relative to unvaccinated individuals,®
against infections and hospitalisations might also be
reduced 2-7 months after receiving a primary vaccination
series. This reduction in vaccine effectiveness might be
further accentuated by the emergence of new variants of
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concern. However, studies on the long-term effectiveness
of COVID-19 vaccines vary in study design, methodology,
and quality, and have generated diverse findings, which
makes it challenging for policy makers to make evidence-
based decisions, such as the timing of administering
COVID-19 vaccine booster doses.

To our knowledge, only one similar systematic review
exists to date that offers meta-analytical evidence on the
duration of COVID-19 vaccine effectiveness.* This review,
published in March, 2022, found a rapid reduction in
protection against infections, but not against severe
disease. However, the review only examined the vaccine
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Research in context

Evidence before this study

Mass vaccination against the SARS-CoV-2 virus has been
crucial to containing the impact of the COVID-19 pandemic.
Immunogenicity research indicates that the effectiveness of
vaccines might decline over time; although, it is not clear how
this reduction translates to clinical vaccine effectiveness.

To our knowledge, one key systematic review to date has
extensively examined the duration of COVID-19 vaccine
effectiveness for infections and hospitalisations. This review
found that vaccine effectiveness decreased over time in
response to a primary vaccine series. However, the authors did
not report any data related to booster doses, COVID-19-
related mortality, nor the omicron (B.1.1.529) variant—key
omissions given the ongoing pandemic situation. Between
Jan 1, 2020, and Dec 1, 2022, we searched EMBASE and the US
National Institutes of Health’s iSearch COVID-19 Portfolio,

a comprehensive, expert-curated database covering eight
publication and preprint databases, and manually searched
COVID-19-specific sources for our living systematic evidence
synthesis and meta-analysis. We included studies in English or
French that reported vaccine effectiveness for SARS-CoV-2
infections, hospitalisations, and mortality in response to
either a primary series or a booster dose of COVID-19 vaccine
at baseline and in the long-term (=112 days for the primary

effectiveness of primary vaccine series and did not report
synthesised data on COVID-19-related mortality nor the
omicron (B.1.1.529) variant. Given the continued
evolution of the pandemic, notably the spread of the
omicron variant, updated information can be invaluable
to inform policy makers. As part of ongoing Canadian
monitoring, this rapid living systematic evidence
synthesis sought to provide information on long-term
vaccine effectiveness for Canadian-licensed COVID-19
vaccines (ie, BNT162b2 [Pfizer-BioNTech], mRNA-1273
[Moderna], ChAdOx1 nCoV-19 [AZD1222; Oxford—
AstraZeneca, and Ad26.COV2.S [Janssen]) for adults.” We
aimed to investigate (1) how the vaccine effectiveness of a
primary series of COVID-19 vaccines against SARS-CoV-2
infections, hospitalisations, and mortality changes from
shortly after completing vaccination to 112 days or more
after vaccination; (2) how the vaccine effectiveness of a
primary series plus a single booster dose against
SARS-CoV-2 infections, hospitalisations, and mortality
changes from shortly after vaccination to 84 days or more
after vaccination; and (3) what the vaccine effectiveness
patterns are for infections, hospitalisations, and mortality
against the omicron variant.

Methods

Search strategy and selection criteria

We used rapid systematic review methods for this living
evidence synthesis. We initially searched for studies
published until Sept 10, 2021, and updated the search on

series or 284 days for the booster dose). The search strategy
included key terms related to vaccination (eg, vaccine types
and producers).

Added value of this study

Using three-level meta-analytic models, we found marked
decreases over time in vaccine effectiveness for SARS-CoV-2
infections for both the primary series and booster, and a
smaller decrease for hospitalisations and mortality.

The findings for the omicron variant were similar, but had
notably lower levels of vaccine effectiveness at baseline. These
findings extend the previous data by showing a lower initial
vaccine effectiveness response to the omicron variant with
further reductions over time.

Implications of all the available evidence

Vaccination continues to be an effective measure over time to
reduce COVID-19 hospitalisations and mortality, but less so for
infections. Other measures (eg, face masks and physical
distancing) might be necessary to control infections in the long
term. Our findings provide insights for clinicians, public health-
care policy makers, and researchers about the long-term
vaccine effectiveness of COVID-19 vaccines, which can inform
clinical and policy recommendations, such as the timing of
future booster doses.

Nov 19, 2021. From Feb 25, 2022, we updated the synthesis
every 4 weeks. The results reported here are from the
13th synthesis round (until Dec 1, 2022). Results from
previous rounds and forthcoming updates can be
accessed online at our project page. The protocol was
registered with the National Collaborating Centre for
Methods and Tools and is available on our project page.
This report adheres to the PRISMA 2020 guidelines.®
Since the publication of the protocol, the review has been
converted from a standalone review to a living review,
following a request from the Public Health Agency of
Canada. Additionally, we have adapted the review to
account for changes in the pandemic and its management,
most notably, by including studies with booster data and
variant-specific information (ie, for delta [B.1.6172] and
omicron). Further, we adapted the infection outcome to
combine symptomatic and asymptomatic data. When
multiple infection outcomes were reported only one per
study was included (ie, data on all infections was the
priority, then symptomatic infections, then asymptomatic
infections).

We searched the US National Institutes of Health’s
(NIH) iSearch COVID-19 Portfolioc’ and EMBASE via
OVID until Dec 1, 2022. The search strategy was tailored
to each database (appendix p 7). Additionally, we
manually searched COVID-19-specific sources, including
the US Department of Veterans Affairs’ Evidence
Synthesis Program®® and by searching the reference lists
of previous systematic reviews.
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Controlled trials and observational studies were
eligible if they reported vaccine effectiveness data on
adults (aged =18 years) or on a predominately adult
general population. Vaccine effectiveness data needed to
explicitly compare participants who were fully
vaccinated with unvaccinated participants. To assess the
vaccine effectiveness of the primary series, fully
vaccinated participants needed to have received two
doses of BNT162b2, mRNA-1273, or ChAdOx1/
AZD1222, or one dose of Ad26.COV2.S. For booster
vaccine effectiveness, fully vaccinated participants
needed to have received a full primary series and an
additional dose of a Canadian-licensed COVID-19
vaccine. Studies of the vaccine effectiveness of primary
series needed vaccine effectiveness data both at baseline
(0-42 days after primary series) and follow-up
(=112 days after primary series). Booster-dose studies
also needed baseline (0-28 days after a booster dose)
and follow-up (=84 days post booster) vaccine
effectiveness data. Baselines covered the periods when
vaccine effectiveness was optimal, hence the difference
between primary and booster doses. All data needed to
be directly extractable from the paper (eg, studies with
vaccine effectiveness that was reported non-numerically
as figures were excluded). Lastly, we included studies
that reported original findings in English or French.

The screening was done by a small team of coders
(4-6 reviewers per review round) who were included after
a training-testing phase. Two stages of screening (title
and abstract then full text) were done using Rayyan
(Rayyan Systems, Cambridge, MA, USA), with one
reviewer assigned to each record per stage. Included
studies were verified by a second reviewer, with cases of
uncertainty resolved in consultation with a third reviewer.

As this study is based on the extant literature, we did
not require ethics approval.

Data extraction

We extracted vaccine effectiveness data for SARS-CoV-2
infections, hospitalisations, and mortality. Data were
extracted for each study by a single reviewer and verified
by a second reviewer. Disagreements were resolved by
discussion. When vaccine effectiveness results were
available both for an entire sample and for subgroups
(eg, according to age), we only extracted data for the
larger grouping (ie, the full sample); otherwise, we
treated subgroups as separate samples. When multiple
versions of confounder-adjusted vaccine effectiveness
were reported, we extracted the model considered to have
the lowest risk of bias. Data were extracted into a study-
specific spreadsheet. We operationalised infection data
as including either symptomatic or asymptomatic
infections, prioritising the extraction of data combining
symptomatic and asymptomatic infections over
symptomatic-specific or asymptomatic-specific data, and
data on symptomatic over asymptomatic infections. We
also extracted descriptive characteristics of the studies
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(eg, publication year, author, title, country, format, and
study design) and the sample characteristics, the vaccine
schedule used, timing of the outcome assessments
converted to days since vaccination, and information on
potential stratification factors.

Adequate vaccine effectiveness response

WHO have created a definition for adequate COVID-19
vaccine effectiveness,’ in which the vaccine effectiveness
against symptomatic infections should be at least
70% with a lower 95% CI of at least 50%, and the vaccine
effectiveness against hospitalisations or mortality should
be at least 90% with a lower 95% CI of at least 70%. In
this systematic review, we assessed results in terms of
statistically significant reductions in vaccine effectiveness
from baseline and meeting these WHO criteria.

Quality assessment

To assess risk of bias, we used a version of the Risk of Bias
in Non-randomized Studies of Interventions tool adapted
to COVID-19,°" which assesses seven domains of bias.
The tool classified risk of bias for each study as low,
moderate, serious, or critical. A single reviewer (SB) did
the risk of bias assessment, verified by a second reviewer,
and validated assessments against ratings from the team
that developed the tool.” Studies that were rated as having
a critical risk of bias were excluded from analyses.

Data analysis

The primary outcomes were the effectiveness of
COVID-19 vaccines against SARS-CoV-2 infections,
hospitalisations, and mortality at various time periods
since receipt of primary and booster vaccinations.
Analyses reported here include all vaccines. Additional
analyses on vaccine class and individual vaccines are
reported in the appendix (p 44). We recorded no secondary
outcomes.

We converted all extracted vaccine effectiveness
estimates into log risk ratios for analyses and transformed
results into percentage vaccine effectiveness for
presentation.” When extracted vaccine effectiveness
values were not readily usable for computation, values
were adjusted (eg, correcting for errors or adjusting
values that would imply a risk ratio of 0; appendix p 13).

We pooled vaccine effectiveness estimates using three-
level meta-analytic models via the rma.mv function of
the metafor (version 3.0.2)" package in R (version 4.1.2).
Three-level meta-analyses allow for the explicit modelling
of nested structures in data (eg, when studies provide
multiple estimates each, such as for different subgroups,
or timepoints), and produce more valid and reliable
estimates than traditional (univariate) fixed and random
effects models under such circumstances.*™ Given our
interest in vaccine effectiveness waning over time, we
deemed the use of three-level models ideal for this
purpose (because each study provided vaccine
effectiveness data for multiple timepoints).
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(Table 1 continues on next page)

Country Vaccines Primary series or Outcome measure Variant
booster
Andeweg (2022)* The Netherlands mMRNA-1273, BNT162b2, and Ad26.CoV2.S Primary series and Infections Delta and omicron
booster
Andrejko (2022)* USA mRNA-1273 and BNT162b2 Primary series Infections Non-specific
Andrews (2022)7 UK BNT162b2 and ChAdOx1 Primary series Infections, hospitalisations, and mortality ~ Delta
Andrews (2022)* England BNT162b2, ChAdOx1, and mRNA-1273 Primary series Infections Delta and omicron
Baum (2022)* Finland BNT162b2, ChAdOx1, and mRNA-1273 Primary series Hospitalisations Delta and omicron
Bedston (2022)* UK BNT162b2 Primary series Infections Non-specific
Berec (2022)* Czech Republic BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections, hospitalisations, and mortality ~ Non-specific
mRNA-1273
Britton (2022)* USA BNT162b2, mRNA-1273, and Ad26.CoV2.S Primary series Infections Delta
Bruxvoort (2021)* USA mRNA-1273 Primary series Infections Delta
Buchan (2022)* Canada BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections Delta and omicron
mRNA-1273
Carazo (2022)* Canada mRNA-1273 and BNT162b2 Primary series Infections Omicron
Carazo (2022)* Canada mRNA-1273 and BNT162b2 Primary series Infections, hospitalisations, and mortality ~ Omicron
Carazo (2022)7 Canada mRNA-1273 and BNT162b2 Primary series Infections and hospitalisations Omicron
Castillo (2022)* France BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections and hospitalisations Delta
mRNA-1273
Cerqueira-Silva (2022)*  Brazil BNT162b2, ChAdOx1, and Ad26.CoV2.S Primary series Infections Non-specific
Cerqueira-Silva (2022)*  Brazil BNT162b2 and ChAdOx1 Primary series Infections Omicron
Cerqueira-Silva (2022)*  Brazil and Scotland BNT162b2 and mRNA-1273 Booster Infections Omicron
Cerqueira-Silva (2022)*  Brazil CoronaVac, BNT162b2, and ChAdOx1 Booster Infections, hospitalisations, and mortality ~ Omicron
Chambers (2022)* Canada BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections, hospitalisations, and mortality ~ Non-specific
mRNA-1273
Chemaitelly (2022)* Qatar BNT162b2 Primary series Infections Delta
Chemaitelly (2022)% Qatar BNT162b2 Primary series Infections Omicron
Chemaitelly (2022)* Qatar BNT162b2 Booster Infections Omicron
Chung (2022)* Canada BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Hospitalisations Delta
mRNA-1273
Collie (2022)*® South Africa BNT162b2 Primary series and Hospitalisations Omicron
booster
Consonni (2022)* Italy mRNA-1273 and BNT162b2 Booster Infections Omicron
De Gier (2021)® The Netherlands BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Hospitalisations Delta
mRNA-1273
El Adam (2022)* Canada mRNA-1273 and BNT162b2 Primary series Infections Non-specific
El Sahly (2021)> USA mRNA-1273 Primary series Infections Non-specific
Ferdinands (2022)> USA mRNA-1273 and BNT162b2 Primary series Infections Omicron
Florea (2021)* USA mRNA-1273 Primary series Infections and hospitalisations Non-specific
Glatman-Freedman Israel BNT162b2 Booster Infections, hospitalisations, and mortality ~ Omicron
(2022)
Gram (2022)*° Denmark BNT162b2 and mRNA-1273 Primary series and Infections and hospitalisations Delta and omicron
booster
Gray (2022)7 South Africa BNT162b2, Ad26.COV2.S, and mRNA-1273  Primary series Hospitalisation Omicron
Hall (2022)5® UK BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections Non-specific
mRNA-1273
Hansen (2022)* Denmark BNT162b2 and mRNA-1273 Primary series and Infections and hospitalisations Omicron
booster
Horne (2022)%° England BNT162b2 and ChAdOx1 Primary series Infections, hospitalisations, and mortality ~ Non-specific
Katikireddi (2021)* Scotland ChAdOx1 Primary series Infections Non-specific
Kirsebom (2022) England BNT162b2, ChAdOx1, and mRNA-1273 Primary series and Infections and hospitalisations Omicron
booster
Kirsebom (2022)® England BNT162b2, ChAdOx1-S, and mRNA-1273 Booster Infections Omicron
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Country Vaccines Primary series or Outcome measure Variant
booster
(Continued from previous page)
Kissling (2022)** Croatia, France, Ireland, BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections Delta
the Netherlands, mRNA-1273
Portugal, Romania,
Spain, England, and
Scotland
Lauring (2022)% USA BNT162b2 and mRNA-1273 Primary series Hospitalisations Non-specific
Lin (2022)% USA BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections, hospitalisations, and mortality  Delta and omicron
mRNA-1273
Lin (2022)7 USA BNT162b2 and ChAdOx1 mRNA-1273 Primary series Infections, hospitalisations, and mortality ~ Non-specific
Lind (2022)% USA BNT162b2 and mRNA-1273 Primary series Infections Omicron
Lind (2022)® USA mRNA-1273 and BNT162b2 Primary series Infections and hospitalisations Alpha and delta
Lyngse (2022)” Denmark BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections Delta
mRNA-1273
Lytras (2022)™ Greece BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Mortality Non-specific
mRNA-1273
Machado (2021)” Portugal BNT162b2 and mRNA-1273 Primary series Infections, hospitalisations, and mortality ~ Non-specific
Nielsen (2022)” Denmark BNT162b2, Ad26.CoV2.S, ChAdOx1, and Primary series Infections Omicron
mRNA-1273
Ng (2022)" Singapore mRNA-1273 and BNT162b2 Primary series Infections Delta
Nordstrom (2022)” Sweden BNT162b2, ChAdOx1, and mRNA-1273 Primary series Infections Non-specific
Nyberg (2022)7° England BNT162b2, ChAdOx1, and mRNA-1273 Primary series and Hospitalisations and mortality Delta and omicron
booster
Petras (2022)” Prague BNT162b2 and Ad26.CoV2.S ChAdOx1and  Primary series Infections Non-specific
mRNA-1273
Poukka (2022) Finland BNT162b2, ChAdOx1, and mRNA-1273 Primary series Infections and hospitalisations Delta
Richterman (2022)” USA mMRNA-1273 and BNT162b2 Booster Infections Omicron
Robles-Fontan (2022)*  Puerto Rico BNT162b2, Ad26.CoV2.S, and mRNA-1273 Primary series Infections, hospitalisations, and mortality  Non-specific
Rosenberg (2022)* USA BNT162b2, mRNA-1273, and ChAdOx1 Primary series Infections and hospitalisations Non-specific
Skowronski (2021)% Canada BNT162b2, ChAdOx1, and mRNA-1273 Primary series Infections and hospitalisations Delta
Sobieszczyk (2022)% USA, Chile, and Peru ChAdOx1 Primary series Infections Non-specific
Starrfelt (2022) Norway BNT162b2, ChAdOx1, and mRNA-1273 Primary series Infections and hospitalisations Non-specific
Stowe (2022)% England BNT162b2, ChAdOx1, and mRNA-1273 Primary series and Hospitalisations Deltaand omicron
booster
Suphanchaimat (2022)*  Thailand CoronaVac, BNT162b2, and ChAdOx1 Booster Infections Delta
Syed (2022)¥ Qatar BNT162b2 and mRNA-1273 Primary series Infections Non-specific
Tartof (2022)* USA BNT162b2 Primary series Infections and hospitalisations Non-specific
Thomas (2021)® Global BNT162b2 Primary series Infections Non-specific
Thompson (2021)* USA BNT162b2, Ad26.CoV2.S, and mRNA-1273 Primary series Hospitalisations Non-specific
Tseng (2022)™ USA mRNA-1273 Booster Infections and hospitalisations Omicron
Table 1: Characteristics of included studies of effectiveness of COVID-19 vaccines

We specified models according to published guidelines
for three-level models,” using a restricted maximum-
likelihood procedure to estimate variance components.
Extracted vaccine effectiveness estimates were nested
within studies, allowing for the estimation of random
intercept components. Our procedure allowed us to
account for within-study heterogeneity (ie, differences in
vaccine effectiveness estimates between subgroups or
timepoints within studies, designated as level 2), and
between-study heterogeneity (differences in vaccine
effectiveness estimates produced between studies,
designated as level 3). To examine waning over time, we
computed model-predicted vaccine effectiveness for each
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timepoint, and did formal moderation tests on the
difference in vaccine effectiveness value at each follow-
up period compared with the baseline vaccine
effectiveness values. Importantly, for any given set of
analyses, all timepoints were modelled simultaneously in
the model (and time was specified as a moderator
variable). Following recommendations to improve the
reliability of meta-analytic inferences,” we only report
estimates for a given timepoint when at least four studies
provided data to pool meta-analytically at that timepoint.
However, for comprehensiveness, the results for
timepoints examined by fewer than four studies are
reported in the appendix (p 32).
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Baseline, days Follow-up, days r c
0-13 14-42 112-139 140-167 168-195 196-223 224-251 252-279 280-307
Any variant
Documented infections
Vaccine 67% (95% Cl  83%*(95% Cl  62%T (95% Cl  56%T (95% Cl  51%*t (95%Cl 56%t (95%Cl  50%*t (95% Cl  49%T (95% Cl  47%%t(95%Cl 53,47 048,
effectiveness  53to77; 80to 86; 53to0 69; 4710 63; 40to 60; 4310 66; 34t061; 2710 64; 18to 65]; 0-44
95% Pl 95% Pl 95% Pl 95% PI 95% PI 95% PI 95% PI 95% PI 95% PI
-20t0 91) 39to95) -29t0 89) -381t0 88) -44t0 87) -381t0 88) -46 to 86) -48to 86) -51to 86)
K 8(14) 40 (96) 22 (50) 31(77) 21(49) 15(23) 13(21) 8(12) 6(8)
Hospitalisations
Vaccine 88% (95% CI 92% (95% Cl 89%1 (95% Cl  86%1 (95% Cl  83%t(95% Cl  82%1 (95% Cl  79%t (95% Cl 33,65 0.51,
effectiveness  75to 94; 881t094; 8410 92; 8010 90; 74 t0 89; 70to 89; 65to 87; 072
95% Pl 95% Pl 95% Pl 95% Pl 95% Pl 95% PI 95% Pl
20t0 98) 51to 99) 33t098) 20t0 98) -2t097) -10to 97) -23t097)
K 4(7) 21(55) 11(37) 15(37) 9(19) 6(3) 7(9)
Mortality
Vaccine 91% (95% CI 91% (95% Cl  85%1(95% Cl  86% (95% Cl 26,69  0-46,
effectiveness 85to 95; 81t095; 73t091; 73t093; 075
95% Pl 95% PI 95% PI 95% PI
4510 99) 37t099 3t098) 9t098)
K 10 (23) 4(7) 8(15) 4(8)
Omicron
Documented infections
Vaccine 61% (95%Cl  36%%(95%Cl 31%*T (95% Cl 211%™t (95% Cl  34%*t (95% Cl 22%*1(95%C1 32,68 022,
effectiveness 51to 68; 18t0 50; 14 to 45; 0t038;95% Pl 16to 49; -9to45; 033
95% Pl 95% PI 95% Pl -44 10 66) 95% PI 95% PI
11to 83) -32t072) -36to 70) -34to71) -46t0 67)
K 12(21) 6(10) 7(14) 5(10) 6(8) 44)
Hospitalisations
Vaccine 71% (95% Cl 52%1 (95% Cl 40, 55 0-23,
effectiveness 58 to 80; 29to 67; 027
95% Pl 95% Pl
32t0 88) -12t079)
K 6(7) 4(4)
I*is Higgin's and Thompson's I* presented at the within-study and between-study levels. o is an estimate of t, the SD of effect sizes in the population, presented at the within-study and between-study levels.
k=number of studies pooled (number of cohorts or observations pooled). Pl=prediction interval. *Vaccine effectiveness at this follow-up timepoint is statistically different from the vaccine effectiveness observed
at baseline 1 (0-13 days). tVaccine effectiveness at this follow-up timepoint is statistically different from the vaccine effectiveness observed at baseline 2 (14-42 days).
Table 2: Vaccine effectiveness for any primary COVID-19 vaccine series against infections, hospitalisations, and mortality I*
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We report three indices of statistical heterogeneity for
each of our models. These include the I2 and o (ie, an
estimate of 1) statistics.®” Further, we also provide
95% prediction intervals for each predicted timepoint.
Prediction intervals reflect the likely range within which
a future observation (ie, a vaccine effectiveness estimate
from a new study or a vaccine effectiveness estimate
observed in a new context) would be expected to fall. This
measure contrasts with a CI, which only represents the
likely range in which the average population parameter
(eg, across studies or contexts) might be expected to fall.
Descriptions of these three indices are given in the
appendix (p 14).

We used meta-regressions comparing peer-reviewed
(published) versus preprint studies to assess publication
bias, supplemented with funnel plots for descriptive
purposes. We also assessed the effect of study design (eg,
comparing case-control studies with cohort studies) and
did leave-one-out analyses to assess the robustness of our
analyses.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
We screened 16 696 records at the title and abstract level,
appraised 832 (5-0%) full texts, and initially included
73 (0-4%) studies. Of these, we excluded five (7%) studies
because of critical risk of bias,®* leaving 68 (93%)
studies that were extracted for analysis (appendix p 16).
Of the 68 extracted studies, 53 (78%) were published in
peer-reviewed journals and 15 (22%) were preprints.
Studies recruited samples from over 23 countries.
39 (57%) studies used test-negative case-control designs,
26 (38%) studies used cohort designs, three (4%) studies
were randomised controlled trials (including one open-
label trial). 57 (84%) studies reported primary series data
and 17 (25%) studies reported booster-dose data (table 1).
We pooled infection data from 48 (71%) studies on the
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vaccine effectiveness of a COVID-19 primary vaccine
series. Vaccine effectiveness met WHO guidelines for
adequate protection at baseline, reaching 83% (95% CI
80-86; table 2). However, all follow-up periods after
112 days after vaccination showed a statistical reduction
in vaccine effectiveness, none of which reached adequate
protection levels (table 2; figure 1). We found adequate
levels of baseline vaccine effectiveness for hospitalisations
(92% [88-94]) from pooled data for 25 (52%) studies and
for mortality (91% [85-95]) from pooled data for ten (21%)
studies (table 2, figure 1). We found small but statistically
significant decreases in vaccine effectiveness over time:
vaccine effectiveness reduced to 79% [65-87] for
hospitalisations by 224-51 days and 86% [73-93] for
mortality by 168-95 days (table 2), both below WHO
adequate levels.

We pooled 14 (29%) studies for vaccine effectiveness
against infections and eight (17%) studies for vaccine
effectiveness against hospitalisations in response to the
omicron variant, but we had too few studies to pool on
mortality (k=1). Estimates of baseline vaccine effectiveness
against omicron were not considered adequate for neither
infections (61% [51-68]) nor hospitalisations (71% [58-80];
table 2).The patterns of vaccine effectiveness change were
similar for those against the omicron variant compared
with the general data on any variant—ie, we found large
reductions in vaccine effectiveness for infections but
small reductions for hospitalisations (table 2).

Analyses broken down by vaccine type (ie, mRNA
vaccines [BNT162b2 or mRNA-1273] and adenovirus
vaccines [ChAdOx1/AZD1222 or Ad26.COV2.S]), showed
similar patterns as already described; although, the
baseline data for adenovirus vaccines did not meet
adequate levels for hospitalisations and mortality
(table 3). Results for individual vaccine brands can be
found in the appendix (p 35).

The pooled infection data from 13 (19%) booster-dose
studies show that the baseline vaccine effectiveness did
not meet adequate levels (70% [95% CI 56-80]) and
significantly decreased over time (table 4, figure 2). We
pooled seven (62%) studies for hospitalisation data,
with a marginally inadequate baseline response
(89% [82-93)), followed by further reductions over time
(table 4, figure 2). We had too few studies to report on
booster vaccine effectiveness against mortality
(k=3). Findings for the vaccine effectiveness of
COVID-19 booster doses against the omicron variant
were largely identical to data for any variant (table 4);
however, this finding was because most of our data for
booster vaccine effectiveness were limited to mRNA
vaccines against omicron.

Our analyses found very high levels of heterogeneity, as
indicated by the I2and o estimates, and the 95% prediction
intervals (tables 2—4). Such heterogeneity can undermine
our confidence in generalising from the estimates, even
those with relatively narrow CIs. For instance, our point
estimate for the vaccine effectiveness of primary series
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Figure 1: Vaccine effectiveness of primary series

(A) Vaccine effectiveness of primary series against SARS-CoV-2 infections, by variant (k=48). (B) Vaccine effectiveness
of primary series against COVID-19-related hospitalisations (k=25) and deaths (k=10). The main data points with

error bars represent meta-analytical estimates of vaccine effectiveness with corresponding 95% Cls. The lighter
points scattered around each meta-analytical estimate represent estimates of vaccine effectiveness as extracted from
individual studies. The horizontal solid grey lines represent the 90% point estimate and dotted lines represent 70% Cl

protection levels, as stipulated by WHO.

against infections (for any vaccine and any variant) was
high at baseline (83% at 1442 days) with a narrow
95% CI (80-86). This finding indicates high confidence
that on average studies converge on this point estimate.
However, the 95% prediction interval ranged was 38-95,
indicating that predicting the results of any given new
study would be difficult (eg, predicting vaccine
effectiveness in a new context, such as in a country not
yet represented in the data).

Overall, risk of bias was serious for most studies, which
was based on the lack of adjustments for important
COVID-19 prognostic factors. Three (4%) studies had a
low overall risk of bias, 13 (19%) studies had moderate
risk, and 52 (76%) studies had serious risk.

Because of our small sample size, analyses of
publication bias were limited to the vaccine effectiveness
of primary series for infections and hospitalisations
(appendix p 45). Although preprint and published studies
both showed similar reductions in vaccine effectiveness
over time (for both outcome variables), we found a
significant effect of publication type for infections such
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Baseline, days Follow-up, days I’ o
0-13 14-42 112-139 140-167 168-195 196-223 224-251 252-279 280-307
Any mRNA vaccine
Any variant
Documented 71% (95% Cl 87%*(95% Cl  66%t (95% Cl  57%T* (95% 52%1*(95% Cl  52%71* (95% Cl  48%1* (95% CI  48%1* (95% Cl 51%T (95%Cl 32,68 0-37,0-54
infections 57to 80; 84 to0 90; 57to74; Cl 47 to 66; 39to0 63; 36to 65; 31to 62; 24to 64; 22t069;
95% PI 95% PI 95% PI 95% PI 95% PI 95% Pl 95% PI 95% PI 95% PI
-11t092)  53t097) —20t091) -37t0 89) -4410 87) -45t0 87) -49t0 86) -50t0 87) -4810 88)
K 6(8) 28(59) 14 (28) 24 (48) 13(26) 11(13) 9(14) 5@7) 4(5)
Hospitalisations 93% (95% Cl 89%1 (95% Cl  87%1 (95% Cl  84%t (95% Cl  82%t (95% Cl  80%t (95% Cl 26,73 0-47,0.78
89to 95; 83t093; 80t091; 73t0 90; 69to 90; 64to 88;
95% PI 95% PI 95% PI 95% PI 95% PI 95% PI
53t099) 31t098) 1410 98) -5t098) -15t097) -271097)
K 18(33) 8(20) 13(20) 6(9) 5(7) 6(7)
Mortality 94% (95% Cl 87%1t (95% Cl 25,71 0-49, 0-81
(88t097; 73t094;
95% Pl 95% PI
55t0 99) -2t098)
K 8(15) 6(8)
Omicron
Documented 67% (95% Cl 32%T (95% Cl 9,91 015,049
infections 53to77; 2to53;
95% Pl 95% PI
0to 89) -51t078)
K 8(12) 4(6)
Hospitalisations 72% (95% Cl 24,72 0-17,0-31
58to 81;
95% PI
32t0 88)
K 6 (6)
Delta
Documented 91% (95% Cl 73%T (95% Cl  72%T (95% Cl  69%* (95% Cl 20,80 018,037
infections 88t093; 63 to 80; 63t079; 58t077;
95% P 95% Pl 95% Pl 95% P
7810 96) 33t0 89) 33t088) 25t0 87)
K 7(12) 4(6) 7(11) 48) .
Hospitalisations 96% (95% Cl 91% (95% CI 48,51 067,069
90to0 98; 77 t0 96;
95% Pl 95% Pl 17 to
6310 100) 99)
K 5(7) 4(5)
(Table 3 continues on next page)
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that vaccine effectiveness at baseline began at a
significantly lower level for preprint studies (72% vs 84%
at 14-42 days, reflecting a log odds ratio [OR] of 0-57
[95% CI 0-05-1-09]; p=0-031). We found no statistical
differences between published and preprint studies in
estimates of vaccine effectiveness against hospitalisations
(appendix p 47). Funnel plots also showed some
skewness, indicating potential publication bias in this
literature (appendix p 48).

We did two sets of moderation analyses to examine the
robustness of our models. The first set of analyses
examined the degree to which vaccine effectiveness
estimates against infections (for which we had the most
data) differed across studies of different design types. We
found little evidence that our results would differ if
limited to either case-control or cohort-based studies

(and the effect of trials on our results is mostly negligible
due to their rarity; appendix p 51). Additionally, we
examined whether any given study might have a
disproportionate influence on our findings by generating
leave-one-out analyses (ie, computing our models for
primary and booster vaccines against infections and
hospitalisations, leaving out one study at a time). The
influence of omitting any one study at a time on our
results was largely negligible (appendix p 53).

Discussion

We found that the vaccine effectiveness of the primary
vaccine series against SARS-CoV-2 infections begins at
an adequate level, as defined by WHO, of 83% at
1442 days after series completion; however, vaccine
effectiveness decreased significantly by 112 days after
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Baseline, days Follow-up, days & o
0-13 14-42 112-139 140-167 168-195 196-223 224-251 252-279 280-307
(Continued from previous page)
Any adenovirus vaccine
Any variant
Documented 69% (95% Cl  56%1 (95% Cl  50%T (95% Cl  47%7 (95% CI 30,69  0-26,0-39
infections 60to75; 4210 66; 37to 61; 31to59;
95% PI 95% PI 95% PI 95% PI
1810 88) -15t0 83) -24to 81) -30to 80)
K 14(23) 7(12) 12(20) 7(13)
Hospitalisations 90% (95% Cl  89% (95% Cl  85% (95% Cl 32,66 046,066
83t094; 81t094; 7410 92;
95% Pl 95% PI 95% PI
4610 98) 42t098) 1810 97)
K 9(15) 5(11) 7(11)
Mortality 84% (95% ClI 75% (95% Cl 67,25 057,035
72t091; 53to 86;
95% PI 95% Pl
28t096) -14t0 94)
K 7(10) 5(6)
Delta
Documented 75% (95% CI 58%T (95% Cl 23,76 014,025
infections 6710 81; 4610 68;
95% PI 95% Pl
51to 87) 19t078)
K 5(8) 5(8)
I is Higgin's and Thompson's I* presented at the within-study and between-study levels. o is the estimate of t, the SD of effect sizes in the population, presented at the within-study and between-study levels.
k=number of studies pooled (number of cohorts or observations pooled). Pl=prediction interval. *Vaccine effectiveness at this follow-up timepoint is statistically different from the vaccine effectiveness observed
at baseline 1 (0-13 days). tVaccine effectiveness at this follow-up timepoint is statistically different from the vaccine effectiveness observed at baseline 2 (14-42 days).
Table 3: Vaccine effectiveness for mRNA or adenovirus primary COVID-19 vaccine series against infections, hospitalisations, and mortality

vaccination, reaching 47% by 280 days after vaccination,
well Dbelow an adequate level. For COVID-19
hospitalisations and mortality, vaccine effectiveness
levels were also adequate at baseline (>90%), but similarly
reduced 112 days after vaccination; although, vaccine
effectiveness remained high over time (>75%). When
looking at omicron-only data, we found similar waning
patterns, except that baseline levels of vaccine
effectiveness did not reach adequate levels for infections
or hospitalisations. What might be driving these omicron
patterns is unclear—eg, whether a degradation in
immunogenicity, changes in public health measures,
variations in case numbers and general transmission, or
a combination of all these. Although boosters might be
promising at re-establishing some protection, our results
found that the vaccine effectiveness of boosters at
baseline (7-28 days after receiving the booster) were still,
albeit by a small margin, below the WHO’s recommended
levels and in the long term, these numbers reduced
further. Our Dbooster-dose estimates predominately
represent mRNA vaccines against omicron, which
reflects the situation in many countries. Collectively,
these data suggest that vaccines are providing reasonably
stable protection against hospitalisations and mortality
over the long term, but that protection against infections
is more modest.
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When considering different classes of vaccines for the
primary series, patterns of the change in vaccine
effectiveness over time were consistent, but vaccine
effectiveness for adenovirus (vs mRNA) vaccines against
infections was lower overall. By contrast, both vaccine
classes were similar in terms of hospitalisations and
mortality. However, we included fewer studies on
adenovirus vaccines and few studies that directly compared
mRNA with adenovirus vaccines.” Thus, asserting that
any difference exists between the two classes is difficult.

Given the marginally adequate baseline vaccine
effectiveness against the omicron variant and declining
vaccine effectiveness over time, other COVID-19
mitigation measures (eg, the use of face masks, physical
distancing, and quarantining) might continue to be
needed to reduce COVID-19 spread and reduce
COVID-19-related hospitalisations and deaths.” Growing
evidence supports the utility of these measures in the
management of COVID-19;" however, most of this
evidence has not taken vaccination status into account.
Therefore, future research must study the effectiveness
of these measures on vaccinated individuals.

Generally, our vaccine effectiveness findings are
consistent with data on immunogenicity showing that the
strong immunological response initially elicited by
vaccination appears to reduce over time.”* Although
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Baseline days Follow-up days (B o
(7-28)
84-111 112-139
Any variant
Documented 70% (95% Cl 56%* (95% Cl 43%* (95% Cl 23,77 0-35,0:63
infections 56t080;95% Pl 35t070;95% Pl 14to 62; 95% Pl
2410 93) ~48t0 90) -61t0 87)
K 13 (28) 11(23) 8(16)
Hospitalisations 89%1 (95% Cl 74%* (95% Cl 71%* (95% Cl 34,64 0-35,0-47
8210 93;95% Pl 6010 83;95% Pl 51to 83;95% Pl
59to 97) 81t093) -6t092)
K 7(11) 8(15) 4(5)
Omicron
Documented 67% (95% Cl 51%* (95% Cl 40%* (95% Cl 32,68 0-35,0-51
infections 53t077;95% PI 30to66;95% Pl 11to59; 95% PI
-16t0 91) ~4410 87) —55t0 84)
K 11(24) 9(19) 7 (14)
Hospitalisations 89%1 (95% Cl 74%* (95% CI 71%* (95% Cl 30,68 0-32,0-48
82t093;95% Pl 60t083;95% Pl 51to83;95% Pl
59t0 97) 8t093) -6t092)
K 7(11) 8(13) 4(5)

I*is Higgin's and Thompson’s I* presented at the within-study and between-study levels. o is the estimate of T, the SD
of effect sizes in the population, presented at the within-study and between-study levels. k=number of studies pooled
(number of cohorts or observations pooled). Pl=prediction interval. *Vaccine effectiveness at this follow-up timepoint
is statistically different from the vaccine effectiveness observed at baseline 2 (14-28 days). tVaccine effectiveness at
this follow-up timepoint is statistically different from the vaccine effectiveness observed at baseline 1 (0-13 days).

Table 4: Vaccine effectiveness for booster COVID-19 vaccine series against infections, hospitalisations,
and mortality

long-term immunological data after booster doses are
scarce, Xin and colleagues” reported substantial
reductions in neutralising antibody titres around 6 months
after a booster dose of CoronaVac. However, the rate of
reduction in antibody titres after a booster dose might be
slower than after a second dose.”"™ Our booster-dose data
were compared with that of unvaccinated individuals and
did not directly compare a booster dose with the primary
series itself. Richterman and colleagues™ found a baseline
benefit of the two mRNA doses plus a booster dose
compared with two mRNA doses (OR 0-34) for omicron
infections that was only slightly decreased 112 days after
booster dose (OR 0-45). By contrast, Cerqueira-Silva and
colleagues® found a benefit at baseline of the CoronaVac
plus BNT162b2 booster versus CoronaVac (OR 0-41) for
omicron infections with a large reduction in protection
91-120 days after the booster dose (OR 0-84). Given
immunogenicity data, the relatively small proportion of
unvaccinated individuals worldwide, and the fact that
many countries are now giving second and third booster
doses, future monitoring of the long-term vaccine
effectiveness of different vaccine doses compared with
each other is warranted.

Considering the highly dynamic publishing landscape,
especially in the context of COVID-19, the consistency
in findings across published and preprint studies was
encouraging. However, the somewhat lower vaccine
effectiveness values for primary series data in preprint
(vs published) research highlights the importance of
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Figure 2: Vaccine effectiveness of a booster dose

(A) Vaccine effectiveness of a booster dose against SARS-CoV-2 infections
(k=13). (B) Vaccine effectiveness of a booster dose against COVID-19-related
hospitalisations (k=7). The main data points with error bars represent meta-
analytical estimates of vaccine effectiveness with corresponding 95% Cls.
The lighter points scattered around each meta-analytical estimate represent
estimates of vaccine effectiveness as extracted from individual studies.

The horizontal solid grey lines represent the 90% point estimate and dotted
lines represent 70% Cl protection levels, as stipulated by WHO.

including such articles in systematic reviews. Although
the lower vaccine effectiveness of preprints might reflect
the fact that such studies were often more recent
omicron-focused studies (for which vaccine effectiveness
is lower compared with against previous variants), this
pattern, along with the skewness we observed in funnel
plots (appendix p 49), could indicate publication bias.
Practices such as registering studies could attenuate the
potential for such bias.

Our study has several potential limitations. As with any
rapid review process, a slightly increased possibility exists
that studies might be missed when compared with a full
systematic review. Because of timing, we were not able to
contact authors for studies that could have potentially
provided data that were excluded (eg, those that reported
just graphical data). We also only included findings on
the four COVID-19 vaccines licensed in Canada, which do
not represent all available vaccines. As such, the findings
are unlikely to be generalisable to some countries such as
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China and India, where large parts of the population have
been vaccinated using inactivated virus vaccines. We used
a hierarchy when including infection data, meaning that
we reviewed a mixture of symptomatic and asymptomatic
data within the reported infection results; although,
within any specific study all reported data over time were
for the same outcome. Previous research has suggested
that vaccine effectiveness of COVID-19 vaccines for
symptomatic infections might be higher than for
asymptomatic infections;"" although, little work has been
done to examine how reductions in vaccine effectiveness
operate differentially between the two outcomes.
Therefore, our absolute point estimates of vaccine
effectiveness might be difficult to compare with those of
studies that included only symptomatic or asymptomatic
infections; however, reductions in vaccine effectiveness
are not likely to only affect one type of infection and not
the other.

There is also ongoing debate about the effect of hybrid
immunity, with factors such as the particular variant
concerned, number of vaccines received, and the timing
of vaccination all potentially playing a role.”> We did not
explore this issue directly; although, most included studies
either excluded or statistically adjusted for previous recent
infection, meaning that the results generally do not reflect
hybrid immunity. Data are scarce on the longer-term
effects of hybrid immunity. However, data from one study
by Carazo and colleagues” suggested that, when compared
with unvaccinated and uninfected individuals, there was
little difference over time in the vaccine effectiveness of
omicron-based reinfection between one dose and two
doses of vaccines in individuals who were previously
infected (ie, hybrid immunity). By contrast, we found that
a benefit might exist in those with three doses (although
we had only one follow-up data point in this group). Given
the greater infection prevalence of the omicron variant
compared with that of previous variants, future reviews
should be able to explore the issue of hybrid immunity in
greater depth as more data become available.

We also note that the literature itself has limitations that
cannot be overcome through a systematic review alone.
For instance, our supplemental analyses showed that
published studies, and studies with smaller samples sizes,
might produce higher baseline estimates of vaccine
effectiveness than those of unpublished and larger
studies. Future studies, beyond trials, might benefit from
regularly registering their intended procedures and using
other open-science practices to improve monitoring of
bias. Another limitation of the literature is that we were
only able to identify three studies that we qualified as
having low risk of bias. Two were randomised controlled
trials done early in the COVID-19 pandemic (with data
extending up to March, 2021) that found promising results
of vaccine effectiveness against infection.*” ** The third
was a more recent test-negative study from Canada that
found good vaccine effectiveness against delta infections
but very poor vaccine effectiveness against omicron
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infections across timepoints.* Clearly, high-quality studies
on vaccine effectiveness waning are needed, particularly
against hospitalisations and mortality.

Last, we would like to emphasise that our review found
a large degree of heterogeneity in the literature. This
finding is not a limitation of our review, as documenting
such heterogeneity is a valuable contribution and might
reflect complex interactions between vaccination and
contextual factors as they operate in the world. However,
such heterogeneity does introduce challenges in
predicting whether vaccination will be truly effective
under a given regimen, or for a given population. This
heterogeneity indicates that future studies and reviews
should examine factors that predict when, where, and for
whom the vaccines show differential effectiveness to
address possible disparities in protection. In so doing,
examining how vaccines interact with other protective
measures (eg, face-mask wearing and isolation policies)
might be particularly informative.

Our evidence synthesis also has additional strengths.
First, we used broad search terms and a high-quality rapid
review methodology, including the training of reviewers
and validation of included studies and extracted data.
Second, we used advanced three-level meta-analytic
models to examine whether vaccine effectiveness at
follow-up differed from that at baseline, taking into
account both within-study and between-study variability, a
technique which affords us more robust and reliable
conclusions than would be available with traditional fixed
and random effects models. Third, this living systematic
evidence synthesis provides important updates compared
with previous systematic reviews,** notably longer follow-
up periods and data on the omicron variant and mortality.

Our findings provide insights for clinicians, public
health-care policy makers, and researchers about the
long-term vaccine effectiveness of COVID-19 vaccines,
which can inform clinical and policy recommendations.
Our analyses indicate that vaccine effectiveness reduces
over time for both primary series and booster doses for
preventing SARS-CoV-2 infections, hospitalisations, and
mortality, a finding which is most pronounced for
infections. Furthermore, we found similar reductions
with the omicron variant, except that baseline levels of
vaccine effectiveness were noticeably lower and did not
meet the WHO criteria for an adequate vaccine response.
Given that omicron has become the dominant variant,
maintaining COVID-19 prevention behaviours might be
needed (eg, face-mask wearing and physical distancing)
in addition to vaccination to reduce the transmission of
the virus and limit increases in infections. However,
additional studies are needed to investigate the
effectiveness of using multiple transmission prevention
strategies simultaneously (eg, combining vaccination
and face-mask wearing).
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