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ABSTRACT
Introduction: COVID-19 vaccines have been highly effective in reducing morbidity and mortality during 
the pandemic. However, the emergence of the Omicron variant and subvariants as the globally 
dominant strains have raised doubts about the effectiveness of currently available vaccines and 
prompted debate about potential future vaccination strategies.
Areas covered: Using the publicly available IVAC VIEW-hub platform, we reviewed 52 studies on 
vaccine effectiveness (VE) after booster vaccinations. VE were reported for SARS-CoV-2 symptomatic 
infection, severe disease and death and stratified by vaccine schedule and age. In addition, a non- 
systematic literature review of safety was performed to identify single or multi-country studies inves
tigating adverse event rates for at least two of the currently available COVID-19 vaccines.
Expert opinion: Booster shots of the current COVID-19 vaccines provide consistently high protection 
against Omicron-related severe disease and death. Additionally, this protection appears to be conserved 
for at least 3 months, with a small but significant waning after that. The positive risk-benefit ratio of 
these vaccines is well established, giving us confidence to administer additional doses as required. 
Future vaccination strategies will likely include a combination of schedules based on risk profile, as 
overly frequent boosting may be neither beneficial nor sustainable for the general population.
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1. Introduction

As of 29 August 2022, over 12.5 billion doses of COVID-19 
vaccines have been administered worldwide [1,2] to more 
than 67% of the global population [3]. Yet, over 585 million 
cases of SARS-CoV-2 infections have been reported since the 
start of the pandemic. Over 6.4 million COVID-related deaths 
have been recorded, but the World Health Organization 
(WHO) estimates that the real death toll associated directly 
or indirectly with the COVID-19 pandemic (‘excess deaths’) 
could be approximately 14.9 million [4]. Between July 12 and 
August 9, over 28.9 million new cases and over 63,000 deaths 

were recorded globally [1,5], so much still needs to be done to 
contain the COVID-19 pandemic, particularly as only 20% of 
people in low-income countries have received at least one 
dose compared to more than 80% in upper-middle- and high- 
income countries [3]. These inequities between lower and 
higher income countries leave many of the most vulnerable 
populations in low-income countries unprotected, and thus 
may contribute to prolonging the pandemic.

We previously analyzed epidemiological data from the 
International Vaccine Access Center [(IVAC; Johns Hopkins 
Bloomberg School of Public Health, United States (U.S.)] [6] 
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on the most used mRNA vaccines [BNT162b2 (Pfizer- 
BioNTech), mRNA-1273 (Moderna), and combinations of 
both), as well as vector vaccines [AZD1222 (ChAdOx1 nCoV- 
19; AstraZeneca)]. Our results showed a consistently high 
(>90%) and comparable level of protection against serious 
clinical outcomes for all the vaccines, including hospitaliza
tions and deaths after primary schedule (two-dose) vaccina
tion. This high vaccine effectiveness (VE) was maintained 
against the Delta (B.1.617.2) SARS-CoV-2 variant of concern 
(VoC) and remained high and comparable between vaccine 
types [7]. However, the Omicron (B.1.1.529) VoC has now over
taken Delta and has quickly advanced from an emerging to 
a globally dominant strain [8,9], replete with sublineages 
(BA.1, BA.2, BA.2.12.1, BA.4, and BA.5). Cumulative data sug
gest that in vaccinated individuals, Omicron causes milder 
symptoms [10–15] like headaches, runny nose, and fatigue 
[16,17]. One observational study reported 66% lower infection 
fatality rates with Omicron than with Delta [18] (other studies 
reported similar findings – 0.27% vs. 1.07% [19]), along with 
a 78.7% reduction in case fatality rates compared to previous 
variants [20]. However, at many points during Omicron surges 
around the world, daily average deaths matched or surpassed 
the peaks reached by Delta [21–26], and its infectivity [21] and 
immune evasiveness [27–30] continue to hamper efforts to 

halt the pandemic. While Omicron is assumed to have 
decreased clinical severity compared to earlier variants, higher 
vaccination coverage and increased exposure to natural infec
tion will increase individual and community-level protection 
from disease. Thus, observations of reduced severity of 
Omicron-induced clinical illness may not be an accurate reflec
tion of this virus. Recent accounts of significant mortality due 
to Omicron in elderly, under-vaccinated populations suggest 
that Omicron may not be significantly milder than previous 
variants [31,32], per se. Notably, as primary vaccination pro
grams were implemented, waning VE [8,9,33–39], particularly 
against mild or symptomatic infections, was reported along
side the emergence of Omicron [10,11,40,41] and suggested 
that vaccines were less impactful against virus transmission. 
This general and widespread perception of Omicron’s reduced 
disease severity and mortality may be contributing to 
a slowing pace of vaccination in many regions [42–44]. 
Additionally, there are now sufficient data demonstrating 
that antibody neutralization activity is more reduced against 
Omicron than against previous strains [45–48], and that 
Omicron sub-lineages have developed a significant capacity 
to escape immune protection conferred by vaccination [49] 
and previous infection [50,51]. The speed at which these 
variants and sublineages have emerged should cause concern 
given that, even within its first week of emergence, 24 coun
tries had detected Omicron [52], including in previously 
infected or two-dose vaccinated individuals [53]. 
Furthermore, low and unequal vaccine access produces an 
undesirable selective pressure that may drive the emergence 
of new variants. These factors alone can further strain health
care systems and resources. For example, the initial surge of 
Omicron in December and January in the United Kingdom 
(UK) and U.S. overburdened healthcare systems and increased 
the risk of hospitalization and death for elderly, unvaccinated 
or comorbid individuals [54–57]. The general public are now 
being warned that complacency in getting boosters risks 
prolonging or worsening the pandemic [58–62].

Moreover, some confidence in COVID-19 vaccines has been 
eroded by misinterpretations of their safety and performance. 
Vaccine safety is a critical aspect of public acceptance, and ulti
mately the success of mass vaccination programs. While adverse 
reactions (ARs) and adverse events (AEs) can occur with all med
ical interventions, most are mild and self-limiting or resolve 
quickly. Like all vaccinations, COVID-19 vaccines are commonly 
associated with transient side effects like injection site pain and 
swelling, fevers, chills, fatigue, and headaches [63–65]. They are 
also occasionally associated with rare or very rare serious side 
effects [7,66,67] such as thrombosis, myositis, or allergic reactions 
related to vaccine components. Given the unprecedented scale 
of COVID-19 vaccination programs worldwide, rare ARs that 
would not have been detected in smaller-cohort randomized 
clinical trials have inevitably emerged. Decision-makers con
fronted with these challenges must consider the data on 
COVID-19 vaccine safety in the context of their associated bene
fits, and balance those against the risk of SARS-CoV-2 infections.

Given these issues, organizations like the U.S. Centers for 
Disease Control and the WHO started to provide guidance on 
booster vaccinations from as early as August 2021 [68,69]. 

Article highlights

● All COVID-19 vaccines have a lower VE against symptomatic infection 
due to Omicron than to the Delta variant, even following a booster 
dose – VE significantly wanes within the first 3 months post-booster 
dose.

● Regardless of vaccine schedule, VE after a booster dose consistently 
prevented severe disease, hospital admission and death. VE against 
Omicron-related severe disease and death is high (85.4%) and is 
conserved for at least 3 months post-booster dose with a mean VE 
of 87.5% for 7-14 days post-booster, and a mean VE of 86.2% for 15- 
90 days post-booster. A small but significant waning of VE is seen 
more than 3 months post-booster compared to more than 7-14 and 
15-90-days post-booster.

● We found no significant difference in booster VE among people with 
and without prior SARS-CoV-2 infection or between the general 
population and the elderly.

● VE against severe disease and death was comparable for both het
erologous and homologous vaccine schedules amongst individuals 
who received a COVID-19 vaccine booster dose.

● There were no statistically significant differences between a three- 
dose mRNA homologous schedule and a three-dose AZD1222 homo
logous schedule or a two-dose Ad26.COV2.S homologous schedule.

● More studies in high-risk, comorbid, immunocompromised, and 
elderly populations, should be performed as a priority, as these are 
the most vulnerable to severe outcomes, particularly as the pandemic 
evolves into an endemic situation.

● Large population-level safety studies reinforce the overall, relative 
safety of the current vaccines in use globally, and emphasize the 
favorable risk-benefit profiles of all of these vaccines.

● Future vaccination strategies could incorporate annual booster shots 
for the general population alongside evaluation of the incremental 
benefits of the next generation of vaccines.

● Vaccination programs could include more regular, shorter interval, 
4-6 monthly booster shots based on risk i.e. those who are elderly, 
and/or with comorbid conditions that increase the risk associated 
with a SARS-CoV-2 infection, as well as the use of a three-dose 
primary series to prolong the duration of protection, although data 
to support these recommendations is still lacking.
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Although less than 50% of Latin America and under 40% of the 
Asia Pacific region had received an additional dose (beyond that 
prescribed by vaccine manufacturer’s protocol) [70] by 
7 August 2022 [71], over 2 billion additional doses have now 
been administered globally. However, booster uptake remains 
low and uneven in Asia and Latin America [72,73], as well as in 
the U.S. and Europe [74–76].

When formulating future booster vaccination strategies, 
many factors need to be evaluated, including how quickly VE 
is waning, whether VE varies in subpopulations and risk 
groups, and how to balance the risks of COVID-19 complica
tions, SARS-CoV-2 exposure, and SARS-CoV-2 variants. There 
is also a need to understand the safety of booster doses, and 
their effectiveness in reducing COVID-19 incidence, hospita
lizations and/or deaths. In areas of low vaccine uptake or 
distribution, it is also critical to increase vaccine coverage, 
since the combination of high community transmission and 
low vaccination increases the risk of new variants emerging.

The updated WHO Global COVID-19 Vaccination Strategic 
Vision brief [77] now recommends collectively pursuing an 
‘all adults global vaccination goal with risk mitigation’ for 
2022; specifically, the goals of reducing disease burden, limit
ing health system impacts and putting countries on 
a trajectory toward resuming socioeconomic activity. 
Establishing this as a collective, global goal, levels the playing 
field for all countries to advance together, leaving no country 
behind. This brief also proposes establishing risk mitigation 
strategies that secure the systems and investments necessary 
to reach these goals (e.g. should boosters be needed) or 
advance further (e.g. in younger age groups) if deemed neces
sary and based on robust, long-ranging scientific evidence. To 
this end, we sought to analyze the real-world effectiveness 
and safety data of the world’s most frequently used vaccines. 
By reviewing the real-world VE of COVID-19 vaccines against 
variants of concern to date, we hope to provide evidence to 
support timely, global, public health responses, policies and 
vaccination programs, particularly in low- and middle-income 
countries.

2. Methods

2.1. VE study selection

VE data were extracted from the IVAC VIEW-hub database 
(https://view-hub.org/covid-19/effectiveness-studies) [6] up to 
the data-lock point of 30 June 2022.

● As per the strict IVAC inclusion/exclusion criteria, only 
observational study effectiveness results were included if 
they appeared in at least a detailed report or preprint, 
and if the comparison group included concurrent indivi
duals (no modeled or historic controls), laboratory- 
confirmed outcomes, a study design that accounted for 
confounding, self-reported vaccination status comprising 
no more than 10% of participants, reporting of confi
dence intervals, no significant bias, and unvaccinated 
controls (e.g. excluded if ‘unvaccinated’ included days 
0–12 post-vaccination). Only studies comparing persons 

with and without the clinical outcome under investiga
tion, and with and without vaccination, were included.

● Only VE data of booster dose schedules against specific 
disease endpoints [symptomatic disease, severe disease, 
hospitalization, emergency department/intensive care 
unit (ICU)/hospital admission and death] were extracted. 
Effectiveness against the Omicron variant was confirmed 
if a variant in all cases contributed to an estimate, or the 
variant caused the majority of cases in a study cohort or 
population. (Supplementary Figure 1)

● As few studies measured mortality as an endpoint, 
severe disease, hospitalization, ICU admission and death 
were combined into a composite ‘severe disease’ end
point for the analysis.

● One datapoint was omitted from the analysis due to 
suspicion of reporting error. One study showed a high 
level of VE (83.8%) during 0–1 week of booster dose, 
followed by a significant drop (32.7%) and increase 
(86.9%) during 2–4 weeks and 5–8 week respectively. 
This datapoint was excluded from the analysis due to 
contradiction with the natural process of immunity wan
ing over time, suggesting a high probability of error in 
the datapoint [78].

In general, a ‘booster dose’ refers to a third dose following 
a two-dose primary series. However, we do report VE esti
mate data including the Ad26.COV2.S vaccine (Janssen), 
either as a primary or booster vaccine are after 2 doses 
only. Our analysis also includes fourth-dose data extracted 
from the IVAC database. Note that all fourth-dose VE was 
estimated compared to a fully vaccinated and boosted 
population more than 3 months prior to receiving a fourth 
dose.

2.2. Data visualization and statistical analysis

● VE estimates were combined and stratified across time 
since booster dose, booster vaccine type, age, and 
prior SARS-CoV-2 infection. VE point-estimates are pre
sented graphically from highest to lowest with respec
tive confidence intervals. If a meaningful estimate of 
the time since vaccination was extracted, the potential 
waning of VE over time was assessed. Studies were 
stratified according to VE estimates recorded as 
‘early’ (7–14 days post-booster dose), ‘intermediate’ 
(15–90 days post-booster dose) and ‘late’ (90+ days 
post-booster dose).

● To allow discussions on vaccine and vaccine platform 
comparisons, means and confidence intervals were 
calculated for all figures. Statistical comparisons were 
conducted using independent t-tests or one-way 
ANOVA tests (for >2 group comparisons) with 
a significance level of 5%. Non-parametric tests (Mann- 
Whitney U and Kruskal-Wallis rank sum test) or Welch 
t-test were conducted when violations of normality or 
homogeneity of variance assumptions were detected. 
Weighted means were not calculated due to missing 
or incomplete sample size data for many studies. 
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Analyses were done using R statistical software 
(Version 3.5.2).

2.3. Other relevant VE data

The IVAC dataset has several gaps in its VE data, including 
limited data on fourth-dose booster and in patients with 
comorbidities or who are immunocompromised. To enable 
discussion and recommendations around the highly relevant 
fourth dose, we addressed these gaps by additionally review
ing one of the only publicly available datasets at the time of 
publication (a preprint from Northern Thailand, led by one of 
this paper’s authors [79]).

2.4. Safety data

The IVAC database does not currently include safety studies. 
To facilitate discussion of vaccine safety and vaccination stra
tegies for immunocompromised patients, we also performed 
non-systematic literature reviews to collate relevant data pub
lished during 2021 and 2022. For safety analyses, any single or 
multi-country studies were considered only if they investi
gated AE rates for at least two of the currently available 

COVID-19 vaccines or vaccine platforms. Seven studies were 
selected for analysis.

3. Results

IVAC included 325 point-estimates of VE from 52 studies with 
data on post-booster dose VE against SARS-CoV-2 infection, 
COVID-19-related symptomatic infection, severe disease, hos
pitalization or death (Omicron variant only). Most of the stu
dies were from North America, Europe and the United 
Kingdom where the mRNA vaccines were by far the most 
studied as a booster. Three studies were included from 
South America (all from Brazil) with no data from the 
Southeast Asia region available for inclusion (Table 1).

3.1. VE against symptomatic infection

Our analysis confirms emerging real-world data suggesting that 
VE against symptomatic infection due to Omicron is lower for all 
COVID-19 vaccines than the Delta variant, even following 
a booster dose. VE estimates against Omicron-related sympto
matic infection range between 0% and 94% with a mean VE of 
52.2% (95%CI: 48.8; 56.3). Further stratification of VE point- 
estimates based on the time since booster dose indicates 

Table 1. Characteristics of studies included in our review.

Study Characteristics
No. of Studies 

(No. of data points)

a. Booster vaccine(s) studied
BNT162b2 (Pfizer) 30 (144)
mRNA-1273 (Moderna) 15 (87)
BNT162b2 (Pfizer) or mRNA-1273 (Moderna) 24 (53)
CoronaVac (Sinovac) 2 (16)
AZD1222 (AstraZeneca) 6 (13)
Ad26.COV2.S (Janssen) 4 (12)

b. Primary vaccine(s) studied
BNT162b2 (Pfizer) 30 (126)
mRNA-1273 (Moderna) 15 (54)
BNT162b2 (Pfizer) or mRNA-1273 (Moderna) 23 (52)
CoronaVac (Sinovac) 2 (24)
AZD1222 (AstraZeneca) 6 (54)
Ad26.COV2.S (Janssen) 4 (15)

c. Study design
Test-negative case-control 39 (220)
Retrospective cohort 9 (54)
Other 4 (26)
Case-control 3 (23)
Prospective cohort 1 (2)

d. History of COVID-19
Included 31 (164)
Excluded 23 (110)
Previously infected only 3 (40)
Unknown 2 (11)
e. Outcomes
Severe 41 (184)
Symptomatic 26 (123)
Death 7 (18)

f. Geographical region of study
Continental Europe 5 (32)
United Kingdom 4 (64)
Northern America 32 (102)
Middle East 10 (71)
Central & Southern America 3 (51)
Africa 1 (4)
Australia 1 (1)
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significant waning of VE within the first 3 months post-booster 
dose (Figure 1). Stratification by booster vaccine type suggests 
that there is no significant difference in VE against symptomatic 
infection between mRNA vaccines (mRNA-1273, BNT162b2), the 
inactivated and viral vector vaccines [Ad26.COV2.S booster 
(p = 0.052), AZD1222 booster (p = 0.13) and CoronaVac booster 
(p = 0.13).] These findings were consistent with a Latin America- 
specific sub-analysis detailed in Supplementary Table 1.

3.2. VE against severe disease and death

VE against Omicron-related severe disease (hospitalizations and 
death) is high (mean VE of 85.4%, 95%CI: 83.3, 87.5) and is con
served for at least 3 months post-booster dose with mean VE of 
87.5% (95%CI: 84.4, 90.6) for 7–14 days post-booster, and a mean 
VE of 86.2% (95%CI: 83.4, 88.9) for 15–90 days post- 
booster (Figure 2). A small but significant waning of VE is seen 
more than 3 months post-booster compared to 7–14 (p < 0.01) 
and 15–90 days post-booster (p = 0.02). We found no significant 
difference in booster VE among people with and without prior 

SARS-CoV-2 infection (symptomatic disease: p = 0.16 and severe 
disease and death: p = 0.42). These findings were consistent with 
a Latin America-specific sub-analysis detailed in Supplementary 
Table 1.

3.3. VE against severe disease and death by vaccine 
schedule

VE against severe disease and death was comparable for both 
heterologous and homologous vaccine schedules amongst indi
viduals who received a COVID-19 vaccine booster dose (p = 0.13). 
There were no statistically significant differences between 
a three-dose mRNA homologous schedule and a three-dose 
AZD1222 homologous schedule (p = 0.19) or a two-dose Ad26. 
COV2.S homologous schedule (p = 0.09) respectively. However, 
VE after a three-dose mRNA homologous schedule was signifi
cantly greater than a homologous three-dose CoronaVac sche
dule (p < 0.01). There were no statistically significant differences 
between any heterologous booster schedules (p = 0.19) 
(Figure 3).

Figure 1. VE waning against symptomatic infection.

Figure 2. VE waning against severe disease and death.
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3.4. VE in elderly populations

In age-stratified analyses, there was no statistically significant 
difference in booster vaccine effectiveness against severe disease 
and death between the general population and the elderly 
(p = 0.13), indicating that VE is maintained against hospitaliza
tions and death in the elderly, irrespective of booster vaccine 
(Figure 4). In our stratifications, elderly is defined as those 
>60 years of age. The use of this cutoff is in part due to the 
availability and stratification of data within the IVAC dataset.

Mean incremental VE against symptomatic disease was 54% 
(95%:CI 39.7,68.3) after a fourth dose. Incremental VE against 
severe disease and death was 74.8% (95% CI: 69.1,80.6) (Figure 
5). All fourth-dose VE datapoints were evaluated in elderly 

populations relative to a fully vaccinated and boosted population 
more than 3 months prior to receiving the fourth dose, hence this 
is described as ‘incremental’ VE.

Mean VE and 95% Cis for all stratifications included is 
documented in Supplementary Table 1.

4. Expert opinion

4.1. Vaccine effectiveness against omicron VoC

4.1.1. VE against symptomatic infection
Our comprehensive analysis provides evidence that many of 
the currently used vaccines, even after 3 doses, provide lim
ited and rapidly waning protection against SARS-CoV-2 

Figure 3. VE against severe disease and death – booster vaccine comparisons.
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infections caused by the Omicron variant and its sublineages, 
which is consistent with the published literature [80–84]. 
Although no statistically significant difference in VE was seen 
between the different vaccine schedules, in absolute numer
ical terms, an mRNA booster dose did appear to confer 
a greater level of protection against infection than an inacti
vated or viral vector vaccine booster. However, the increasing 
and prevalent use of mRNA vaccines as boosters over inacti
vated and viral vector vaccines limits data on the latter and 
makes it difficult to make conclusions on their comparative 
efficacy.

4.1.2. VE against severe disease and death
Of greatest consequence to the public health and infectious 
disease community is our analysis showing that regardless of 
vaccine schedule, VE after a booster dose consistently pre
vented severe disease, hospital admission, and death. 
Crucially, VE was high and sustained against severe outcomes 
for all booster vaccines up to and beyond 90 days, with limited 
waning observed. With the exception of a three-dose 
CoronaVac schedule, that was associated with a lower VE 
compared to a three-dose mRNA homologous schedule, our 
analysis confirms that both homologous and heterologous 

schedules confer similar levels of protection, irrespective of 
vaccine platform.

Moreover, a previous SARS-CoV-2 infection was found to 
have no impact on VE. Based on the current immunological 
understanding of this virus, this Expert Working Group antici
pated that the combination of a previous SARS-CoV-2 infec
tion with a recommended vaccination course would confer 
some protective advantage from severe disease, but this was 
not observed in our analyses. We believe that there may be, in 
general, a bias or inflation of expected protection [85–87] in 
both the study and control (unvaccinated) groups, rendering 
the vaccine advantage less perceptible.

4.1.3. VE against severe disease and death in the elderly
Encouragingly, our analyses show no decline in VE against 
severe disease and death in the elderly compared to the general 
population and indicate that vaccinations maintain a high level 
of protection in this risk group. In instances where vaccine 
performance in other immunocompromised populations is 
sought, data in the elderly may serve as an informative proxy. 
Further investigation of the studies included in our analyses is 
required to tease out reasons for the lack of decline in VE, given 
that immune responses in the elderly are expected to be less 

Figure 4. VE against severe disease and death – age comparisons.

Figure 5. Fourth-dose VE in the elderly.
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robust than in younger populations. However, this is not cur
rently possible with the information available from IVAC.

4.1.4. Fourth-dose VE
Several studies have shown that the decline in two-dose 
mRNA vaccine VE [40,88] against Omicron could be increased 
or restored by a third vaccine dose. For example, the US 
VISION Network found that adults with a third dose had 
higher VE against hospitalizations during the Omicron surge 
than the Delta surge, even though VE waned with increasing 
post-vaccination duration [88] and may have accelerated 
potentially because of immune escape [89]. Importantly, the 
durability of VE was likely to be impacted by time from last 
inoculation [90], given that a faster decline was observed with 
a third dose than a second dose of vaccine [38,91,92], and that 
VE and duration of protection against Omicron significantly 
decreased at each month post-vaccination with a third dose of 
BNT162b2 [90].

Currently, most studies on VE of booster doses are based 
on mRNA vaccines; data for inactivated or viral vector vaccines 
remain sparse [93,94]. Studies from Israel [95–99] and Canada 
[100] during an Omicron-dominant period found that the VE 
of a fourth-dose mRNA vaccine depended on the VE initially 
achieved by the three-dose schedule and the extent of waning 
that occurred thereafter. However, these studies were limited 
by a short follow-up of up to ten weeks after the fourth dose.

Recent studies from Chang Mai, Northern Thailand, not yet 
included in the IVAC database, present encouraging data on 
the VE of fourth-dose boosters [79]. Importantly, protection 
against Omicron infection after a fourth dose improved sub
stantially (adjusted VE 75%, 95%CI:71.00, 80.00), and the 
observed VE for infection during both Delta- and Omicron- 
dominant periods was consistent across age groups. After 
a third dose, the adjusted VE demonstrated an 89% reduction 
in risk of severe COVID-19 (HR:0.11; 95%CI: 0.07, 0.17) and 
mortality (HR:0.11, 95%CI: 0.06, 0.21), versus the unvaccinated 
group. Also, amongst patients given a fourth dose, no severe 
outcomes or deaths were observed after a median follow-up 
of 53 days (IQR 29–75) after the last vaccine dose. The protec
tion offered against severe COVID-19 outcomes did not differ 
significantly across age groups and all three vaccine types 
used for boosting in Thailand (AZD1222, BNT162b2 and 
mRNA-1273). Comparing this to our VE estimates requires 
caution given the comparator group in the IVAC fourth-dose 
studies is a fully vaccinated group who received a third dose 
four months prior. Regardless, the data shows encouraging 
cumulative fourth-dose effectiveness, particularly in older 
individuals.

4.1.5. VE in special populations
To formulate the optimal vaccination strategy, decision- 
makers need sufficient data on VE in higher risk populations 
(e.g. the elderly, those with comorbidities, immunocompro
mised) that may need to be prioritized. One systematic review 
and meta-analysis [101] of eleven vaccines (including mRNA- 
1273, BNT162b2, AZD1222, Ad26.COV2.S, CoronaVac, and 
BBIBP-CorV) found that VE was 59.7% (95%CI: 45.00, 70.40) in 
older adults. Another review [102] of BNT162b2, mRNA-1273, 
Ad26.COV2.S and AZD1222 in immunocompromised groups 

found a wide range in VE – 64% to 90% against infection, 73% 
to 84% against symptomatic disease, 70% to 100% against 
severe disease, and 63% to 100% against hospitalizations. Of 
note, VE in immunocompromised populations was usually 
lower than in immunocompetent populations, and impor
tantly, was not significantly influenced by age, vaccine type 
or time of evaluation, but varied considerably among immu
nocompromised patient subgroups [103].

Many questions remain to be answered in these populations, 
such as whether poorer immune responses induce lower levels 
of antibodies, a less robust immune memory and a faster wan
ing of protection. Moreover, if improvement in VE is only mar
ginal, it is prudent to ascertain the number of booster shots 
necessary to maintain protection without being insufferable to 
these high-risk populations. The most effective alternative and 
adjuvant protection strategies for these populations also needs 
to be established. This Expert Working Group proposes that 
more studies in high-risk, comorbid, immunocompromised, 
and elderly populations, be performed as a priority, as these 
are the most vulnerable to severe outcomes, and as the pan
demic evolves into an endemic situation.

Another group currently under-represented in global effec
tiveness and safety data are pediatric populations. The most 
interesting data missing for this group relates to waning of 
immunity and duration of protection, and addresses the issue 
of whether their levels of immunity persist for longer than that 
of the general population. To confidently propose regular 
vaccination strategies covering the whole population, more 
data will be needed in pediatric and adolescent populations.

4.1.6. Studies reporting markedly low VE against severe 
disease and death
This Expert review of IVAC data raised concerns over several 
studies reporting markedly lower VE against severe disease and 
death. An additional review of outlier datapoints with VE against 
severe outcomes less than 60% were conducted. Three of the six 
outlier datapoints had a sample size of less than 20, suggesting 
that results are likely distorted by random error [104,105]. In 
Denmark, a significantly lower third-dose VE was found in two 
studies of the general population compared to the elderly. While 
the discrepancy could be attributed to differences in behaviors, 
it is more plausible that low VE was caused by selection bias in 
adults who were first to receive the third-dose vaccine. 
Immunocompromised individuals were among the first to 
receive third-dose vaccines in August 2021, followed by the 
elderly and healthcare workers in October 2021. Therefore, 
immunocompromised individuals or healthcare workers may 
be potentially over-represented among those who received 
third-dose vaccines during the study period (December 2021 
to March 2022), as both are at higher risk of severe COVID-19 
outcomes. It is thus possible that the true VE among those aged 
18–49 years is underestimated due to an existing selection bias 
[106]. We also included one test-negative study that was con
ducted during an Omicron peak in the United States [107], but 
a test-negative design can be prone to bias during an outbreak 
peak due to differential recruitment of self-reporting individuals 
and disease contact-tracing [108]. In this setting, people who are 
more likely to get vaccinated and tested are also more likely to 
access healthcare systems. Thus, VE could be underestimated 
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due to over-representation of vaccinated individuals with posi
tive COVID-19 tests [109].

4.1.7. Limitations of this study
Our study has some limitations. First, our analyses included 
a few datapoints from the same study. Although this scenario 
occurred in <5% of our datapoints, it is worth noting that the 
assumption of independent cannot be guaranteed for these 
datapoints. Second, our analyses included 5 types of COVID-19 
vaccines. While there are currently 10 types of COVID-19 vac
cines approved by the WHO, no evidence on other types of 
COVID-19 vaccines were available. Third, most studies did not 
specify whether omicron cases were confirmed genotypically. 
Hence, vaccine effectiveness may be under or overestimated 
following the assumption that all cases were Omicron cases 
during the Omicron waves. Fourth, age groups were not 
clearly defined in the IVAC dataset which added difficulties 
in age stratifications of our analyses.

4.2. Safety of available COVID-19 vaccines

Vaccine clinical trials enroll fewer individuals than are seen in 
mass vaccination programs, so rare side effects may only be 
observed in the latter scenario. For example, vaccination pro
grams have reported anaphylaxis (at an unknown frequency, 
although documented across many other types of vaccines) 
[110–112], capillary leak [113] syndrome (extremely rare), myo
carditis or pericarditis [114] and thromboembolic events with 
concurrent thrombocytopenia (very rare) [115]. Rather than 
attempt to reconcile the risks associated with one vaccine 
for a specific adverse event, and compare to another vaccine 
for different events, we reviewed studies evaluating multiple 
COVID-19 vaccines against comparable endpoints. Data for 
key AEs are available from seven studies. The UK COV-BOOST 
[116] evaluated the safety and immunogenicity of seven 
COVID-19 vaccines as a booster dose after a primary series of 
AZD1222 or BNT162b2 in 2,878 adults in the UK. While this 
small study could not capture rare events, it provided data on 
the rate of common AEs according to priming and booster 
schedules compared to a meningococcal control. Overall, 
approximately 5% of participants reported AEs, with a slight 
increase in AEs for BNT162b2 prime-AZD1222 boost or 
BNT162b2 prime-Ad26.COV2.S boost recipients, as well as in 
recipients of AZD1222 prime-mRNA-1273 boost, AZD1222 
prime-CoronaVac boost, BNT162b2 prime-mRNA-1273-boost 
or BNT162b2 prime-CoronaVac boost. This study suggests 
that AEs and ARs were slightly more frequent with some 
vaccines used in heterologous boosting than in homologous 
boosting. Notably, BNT162b2 prime-mRNA-1273 boost gave 
slightly higher (though mainly local and systemic) adverse 
responses. General AEs were slightly higher for heterologous 
schedules than homologous schedules [116,117].

Very recently, Patone et al [118] assessed the risks of more 
severe events associated with COVID-19 vaccination or SARS- 
CoV-2 infection in over 37 million UK adults; specifically, myo
carditis, pericarditis, and cardiac arrhythmias. Myocarditis risk 
was elevated by two events per million people within the first 
seven days of a first dose of AZD1222, or by one event 
per million people with a second dose of BNT162b2, or by 

six events per million people with both doses of mRNA-1273. 
In contrast to all of these vaccinations, there was 
a significantly increased risk of myocarditis for one month 
post-SARS-CoV-2 infection. The risk of pericarditis did not 
appear to be elevated in this analysis, although it was 
increased during the first two weeks post-SARS-CoV-2 infec
tion. While the cardiac arrhythmia risk was increased in the 
first seven days of a second dose of mRNA-1273, this risk was 
elevated for over a month post-SARS-CoV-2 infection. In addi
tion, in the first 28 days after a second vaccine dose, only 
mRNA-1273 produced a small excess risk of myocarditis (ten 
events per million vaccinated individuals); however, stratifica
tion for younger age also uncovered a small excess risk of 
myocarditis with BNT162b2. Interestingly, the second dose of 
mRNA-1273 was associated with a higher risk of myocarditis 
than SARS-CoV-2 infection. Excess event risks for pericarditis 
and myocarditis were not reported for other vaccines.

Whiteley et al [119] also evaluated major venous, arterial or 
thrombocytopenic events associated with AZD1222 and 
BNT162b2 in over 46 million individuals in the UK. The hazard 
ratios for most venous, arterial and thrombocytopenia events 
were lower in most vaccinated individuals (than in baseline 
cohorts), but the risk of intracranial venous events was slightly 
elevated for AZD1222, and the risk of thrombocytopenia and 
related events was slightly elevated for AZD1222 in those 
younger than 70 years. The adjusted HRs (aHRs) for AZD1222- 
vaccinated or unvaccinated individuals younger than 70 years 
and individuals older than 70 years were 0.90 and 0.76 for 
arterial thromboses, and 0.97 and 0.58 for venous thromboses, 
respectively. Correspondingly, the aHRs for BNT162b2 were 
0.94 and 0.72 for arterial thromboses, and 0.81 and 0.57 for 
venous thromboses, respectively. There was no added risk of 
stroke events in this age group. Notably, any increase in high- 
risk events never exceeded a two-fold level, representing 
a small, elevated risk in this large population study. In those 
older than 70 years, COVID-19 vaccinations generally reduced 
the risk of embolic events or stroke, compared to baseline.

Burn et al [120,121] evaluated the incidence of thrombosis 
and thrombocytopenia after SARS-CoV-2 infection or vaccina
tion with AZD1222 and BNT162b2 in two European Medicines 
Agency-funded studies involving over 6.1 million individuals in 
the UK and over 6.9 million individuals in Spain. In the UK, the 
overall standardized incidence rates of arterial and venous 
thromboembolism (ATE and VTE) were similar between 
AZD1222 and BNT162b2 and comparable to the background 
rate: 1.0 to 8.5 events per 100,000 person-years for deep vein 
thrombosis (DVT) with thrombocytopenia, 0.5 to 20.8 for pul
monary embolism (PE) with thrombocytopenia, 0.1 to 2.5 for 
splanchnic vein thrombosis with thrombocytopenia, and 1.0 to 
43.4 for myocardial infarction or ischemic stroke with throm
bocytopenia. While a potential safety signal for PE was identi
fied for both vaccines, this only represented a 1.2-fold higher 
incidence of post-vaccination PE than the background, while 
SARS-CoV-2 infections increased this incidence rate by 15-fold 
over the background. In younger males, AZD1222 slightly 
increased the risks of DVT and VTE. Both vaccines were asso
ciated with a small, elevated risk of immune thrombocytope
nia (two-fold or less) but again, this risk was greater in 
individuals experiencing a SARS-CoV-2 infection. Very small 
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increases in the number of cases versus expected were seen 
for cerebral venous sinus thrombosis (with an incidence of 
0.1 per 100,000 person-years) and stroke with thrombocyto
penia in 1.8 million people vaccinated with AZD1222 in 
a secondary analysis, but these were not significantly higher 
than background. The standardized incidence rates in Spain 
were similar to that in the UK – for example, 1.29 and 0.90 for 
VTE after first- and second-dose BNT162b2, and 1.15 after first- 
dose AZD1222; 1.35 and 1.19 for thrombocytopenia after first- 
and second-dose BNT162b2, and 1.03 after first-dose 
AZD1222. Similar safety profiles were also observed for both 
vaccines – for example, the rate of most events (DVT, PE, VTE, 
immune thrombocytopenia, VTE with thrombocytopenia) was 
far higher in individuals with SARS-CoV-2 infections. In the 
Spanish cohort, BNT162b2 was associated with slightly higher- 
than-expected rates of DVT, PE and VTE after a first dose and 
of thrombocytopenia after either dose. Neither vaccine 
increased the risk of thrombosis with thrombocytopenia 
syndrome.

Rahman et al [122] reported AEs in case-based safety mon
itoring after AZD1222, CoronaVac, and BNT162b2, in over 
20 million individuals in Malaysia. This report is relevant for 
many low- to middle-income countries due to its comprehen
sive study of CoronaVac in a large population, and its focus on 
severe AEs requiring hospitalization in individuals who 
received at least one dose of vaccine (although dose number 
stratification was not performed). Among all vaccines, a higher 
age-standardized absolute event rate was observed with 
BNT162b2. However, CoronaVac appeared to cause higher 
absolute rates for many events than AZD1222, although inac
tivated vaccines are widely perceived to have a better safety 
profile [123]. Older BNT162b2 recipients had an unexpectedly 
higher rate of myocarditis than younger recipients (2.9 events 
with BNT162b2, 0.3 events with CoronaVac and 1.9 events 
with AZD1222 in those aged 40 to 59 years per million 
doses, versus 1.2, 1.2 and none, respectively, in those aged 
18–29 years), and a thrombocytopenia rate twice that of UK 
populations in other studies (8 cases after BNT162b2 versus 4 
cases with other vaccines). Incidence rate ratios (IRR) showed 
no significantly increased risk for myocarditis/pericarditis, 
Bell’s palsy, stroke, and myocardial infarction in the 21 days 
following either vaccine dose, in all vaccine platforms. A slight 
elevation in IRRs was observed for BNT162b2 recipients in the 
risk of venous thromboembolism, arrhythmia, and convulsion/ 
seizure while CoronaVac vaccine recipients showed slightly 
increased IRR for arrhythmia overall, and slightly elevated 
risks for myocardial infarction, arrhythmia and hemorrhagic 
stroke after the first dose. Similarly, AZD1222 showed elevated 
IRRs for thrombocytopenia and venous thromboembolism, but 
the published confidence intervals were wide due to a small 
number of events in this group.

Finally, a recent European multi-country study evaluated 29 
adverse events of special interest in a large cohort study of 
over 25 million subjects. After adjustment for factors asso
ciated with severe COVID-19, 10 statistically significant asso
ciations of pooled IRRs remained based on dose 1 and 2 
combined [124]. Anaphylaxis was observed after AZD1222, 
TTS after both AZD1222 and Ad26.COV2.S, erythema multi
forme after mRNA-1273, Guillain-Barré syndrome and single 

organ cutaneous vasculitis after Ad26.COV2.S, thrombocytope
nia after Ad26.COV2.S and mRNA-1273, and VTE after mRNA- 
1273 and BNT1262b2. Importantly, the pooled rate ratio 
remained less than three-fold increased for all events with all 
vaccines except for Ad26.COV2.S. A comparative table of AE 
incidence rates reported in these studies is included as 
Supplementary Table 2.

Our analyses were limited by a lack of data on booster dose 
safety. With Omicron surges resulting in calls for further boos
ter doses, it remains to be seen if AEs will increase correspond
ingly. Regardless, these studies reinforce the overall, relative 
safety of the current vaccines in use globally. While the overall 
safety profiles are largely similar based on studies that evalu
ate multiple vaccines for similar events, certain safety signals 
should continue to be anticipated, like myocarditis in younger 
recipients. These remain relatively rare, not severe, can be 
managed clinically, and have a good prognosis. Similarly, 
signals like thrombocytopenia are rare or very rare, are more 
severe, and should also be anticipated. Appropriate training 
and management would thus be important to ensure better 
outcomes. In environments where vaccine choice exists, the 
effectiveness of mRNA and viral vector vaccines in both pri
mary and booster schedules appears very similar, so safety 
profiles will continue to be an important factor in vaccine 
selection.

4.3. Additional population-wide strategies for future 
proofing against SARS-CoV-2 infection

As governments seek to transition to ‘living with COVID-19,’ 
the choice of vaccination strategy will depend on a country’s 
income level classification. Equitable access to vaccines across 
the four dimensions of production, affordability, allocation and 
deployment, is a crucial deciding factor for low-to-middle- 
income countries (LMIC). For example, cold-chain transport 
and storage of vaccines may be prioritized during vaccine 
choice decisions in many LMICs (as represented by this paper’s 
authorship) with sizable rural or geographically disparate com
munities [125]. Cost-effectiveness of the most commonly used 
vaccines has been demonstrated via several national modeling 
studies [126,127]. However, cost-effectiveness comparisons 
between vaccines are complicated by the not-for-profit provi
sion of many vaccines to LMICs. As we transition into an 
endemic status, costs will become a key consideration for 
stakeholders seeking to maintain vaccination programs and 
manage changes in funding models. Beyond these considera
tions, broad vaccine coverage is further hampered by vaccine 
hesitancy, ‘pandemic fatigue’ [128,129] and general compla
cency, possibly due to the misperception that Omicron is 
a less harmful variant [18]. Vaccination challenges will be 
compounded if governments shift the cost of COVID-19 vac
cines to individuals, thus underscoring a need to understand 
the obstacles to vaccine uptake, and devise solutions to over
come these.

Although the IVAC database contains few studies from 
LATAM and Africa, our findings and conclusions include stu
dies from many LMIC, and accurately reflect our COVID-19 
vaccination challenges. In the absence of this analysis, we 
have chosen to briefly detail our obstacles to achieving herd 
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immunity to SARS-CoV-2 in our regions. We have consistently 
and substantially higher vaccine acceptance [130–132] than in 
countries like Russia and the United States, and lower vaccine 
hesitancy than in higher income countries [133]. Yet, vaccine 
hesitancy in LMIC is driven by worries about vaccine side 
effects and adverse events. It is thus still necessary to persist 
with efforts to increase confidence and trust in vaccines how
ever appropriate or necessary, e.g. through healthcare provi
ders or even celebrities [130]. Other countries with existing 
infrastructure for childhood immunizations (e.g. Bangladesh 
and Ghana [134]), require assistance or funding to improve 
or adapt these to facilitate large-scale, population-wide 
COVID-19 vaccination rollouts. The challenge of equitable vac
cine distribution must be addressed to help LMIC push quickly 
toward a collective immunity. In LATAM, Argentina, Bolivia, 
Brazil, Chile, Peru and Uruguay have the requisite two-dose 
vaccine quantities needed to immunize their populations 
[135], but Honduras, Nicaragua, and Venezuela remain unable 
to provide their entire population with a first vaccine dose. 
Many others struggle with vaccine hesitancy, insufficient dis
tribution and storage, and issues with local vaccine manufac
turing or distribution [6,136,137]. Incorporating 
a heterologous dose into primary vaccination schedules to 
mitigate against delayed vaccine supplies may be a prudent 
measure in these countries.

Finally, while Novavax, Sputnik and CanSino were not 
included in our study, these vaccines are also in use in world
wide, including in LMIC. In the UK, Novavax’s recombinant 
spike glycoprotein nanoparticle vaccine (NVX-CoV2373/ 
Covovax) [138] produced a VE of 95.6% or 85.6% against 
a non-VOC or VOC, respectively, while in South Africa, 
Novavax had a VE of 60%[139]. The heterologous recombinant 
adenovirus (rAd)-based Gam-COVID-Vac vaccine (Sputnik V), 
also gave robust and reliable protection in all age groups in 
a phase III trial[140], with an efficacy of 91.6%. CanSino 
Biologics’ single-shot, virus-vector Ad5-nCoV vaccine [141] 
has also effectively prevented symptomatic disease with 
65.7% VE in phase III trials in Pakistan. Where equitable and 
ready access to COVID-19 vaccines remains difficult, these 
vaccines will be an important contributor to achieving herd 
immunity against SARS-CoV-2.

5. Conclusion – future vaccine strategy

The results of our analysis suggest that the most effective way 
to achieve national vaccination coverage targets, particularly 
in resource-limited settings, would be to consider booster 
vaccines which have good safety and comparable effective
ness profiles against severe outcomes. The consistency of VE 
of current vaccines for severe disease against all variants, 
including Omicron, suggests a limited requirement for variant- 
specific vaccines at this time. Given the rate of mutation of the 
virus, pursuing variant or subvariant-specific vaccine develop
ment may distract from the immediate needs. Resources 
should instead be diverted toward improving coverage and 
access to currently available COVID-19 vaccines and challen
ging hesitancy and complacency.

This review reinforces the value of real-world evidence to 
support efforts advocating for the completion of primary 

series and booster vaccinations where appropriate, especially 
to restore waning VE against the more infectious Omicron 
variant and protect populations from severe outcomes, hospi
tal admissions, and longer lasting post-COVID-19 complica
tions, as well as mortality. Whilst acknowledging the 
limitations of our analysis, based on these findings and our 
own clinical experience, it is the opinion of this Expert 
Working Group that future vaccination strategies could incor
porate annual booster shots for the general population along
side evaluation of the incremental benefits of the next 
generation of vaccines. Vaccination programs could include 
more regular, shorter interval, 4-6-monthly booster shots 
based on risk i.e. those who are elderly, and/or with comorbid 
conditions that increase the risk associated with a SARS-CoV-2 
infection, as well as the use of a three-dose primary series to 
prolong the duration of protection, although data to support 
these recommendations is still lacking. The notion of more 
regular boosting than this would likely be neither beneficial 
nor sustainable for the general population. As we face up to 
an endemic COVID-19 future, important considerations must 
be given to optimizing protection in high-risk and immuno
compromised populations that either respond poorly to vac
cines or cannot be vaccinated.
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