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Phase 3 randomized-controlled trials have provided promising results of COVID-19 vaccine efficacy, rang-
ing from 50 to 95% against symptomatic disease as the primary endpoints, resulting in emergency use
authorization/listing for several vaccines. However, given the short duration of follow-up during the clin-
ical trials, strict eligibility criteria, emerging variants of concern, and the changing epidemiology of the
pandemic, many questions still remain unanswered regarding vaccine performance. Post-introduction
vaccine effectiveness evaluations can help us to understand the vaccine’s effect on reducing infection
and disease when used in real-world conditions. They can also address important questions that were
either not studied or were incompletely studied in the trials and that will inform evolving vaccine policy,
including assessment of the duration of effectiveness; effectiveness in key subpopulations, such as the
very old or immunocompromised; against severe disease and death due to COVID-19; against emerging
SARS-CoV-2 variants of concern; and with different vaccination schedules, such as number of doses and
varying dosing intervals. WHO convened an expert panel to develop interim best practice guidance for
COVID-19 vaccine effectiveness evaluations. We present a summary of the interim guidance, including
discussion of different study designs, priority outcomes to evaluate, potential biases, existing surveillance
platforms that can be used, and recommendations for reporting results.
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1. Introduction

Since its emergence in December 2019, SARS-CoV-2 has caused
over 170 million cases of Coronavirus disease 2019 (COVID-19),
and 3.5 million deaths worldwide [1]. Phase 3 randomized-
controlled trials of different SARS-CoV-2 vaccines have shown effi-
cacies ranging from 50 to 95% against symptomatic COVID-19.
Review of these results by WHO and other bodies has resulted in
approval for emergency use authorization/listing (EUA/EUL) for
several vaccines and, between December 2020 and February
2021, >100 countries have started vaccination programs [2]. As
for every new vaccine, vaccine effectiveness (VE) evaluations,
which measure the reduced risk of infection or disease among vac-
cinated individuals attributed to vaccination under real-world con-
ditions, should be conducted to address questions about the post-
implementation performance of these vaccines and to guide future
vaccination policy and strategy.

There is a critical need for post-introduction observational stud-
ies in a variety of countries and populations for a number of rea-
sons. First, when the vaccine is rolled out to wider population
groups, the overall effectiveness of the vaccine may differ from that
observed in trials, particularly in geographies or sub-populations
not included or underrepresented in the trials (e.g. the very frail,
persons with immunodeficiencies). Second, programmatic issues,
such as sub-optimal cold-chain, extended intervals between doses
and incomplete vaccine schedules, may affect VE. Third, circulating
variants of concern are an emerging issue and could affect VE.
Additionally, because review of data from clinical trials resulted
in issuance of EUA/EUL after only several months of post-
vaccination follow-up, assessing longer-term protection may only
be possible in VE studies. Lastly, if future COVID-19 vaccines, boos-
ter doses, or vaccination of additional populations (e.g. children,
pregnant women) are conditionally approved for use based on
immunogenicity results, VE studies will be necessary to confirm
the inferences from the immunological data.

Features of the COVID-19 pandemic that create special chal-
lenges in evaluating VE, include the rapidly changing epidemiol-
ogy, the emergence of variants of concern, biases and
confounding related to time-varying risk of infection and likeli-
hood of receiving vaccine, and the accelerated rollout of vaccines.
Given these challenges, the World Health Organization (WHO)
developed interim guidance on the best practices in undertaking
post-introduction evaluations of COVID-19 VE [3]. The guidance
document discusses critical considerations in the design, analysis,
interpretation, and reporting of COVID-19 VE evaluations. It is tar-
geted primarily for investigators and public health practitioners
planning to design and undertake COVID-19 VE evaluations and
for policy makers who will interpret and apply the results of such
studies. Although the guidance focuses on studies to be conducted
in lower- and lower-middle income settings, the principles laid out
are broadly applicable everywhere. This report summarizes the
issues to consider; more detailed information, and links to devel-
oped protocols, are available in the complete guidance document,
available on the WHO website.
2. Deciding to conduct a VE evaluation

The decision to conduct VE evaluations should be based both on
the need for country- or region-specific VE estimates to guide vac-
cine policy and on the available capacity to conduct rigorous VE
evaluations that are likely to yield reasonably unbiased results.
VE evaluations require significant planning, technical expertise,
resources, and time. It is not necessary that they be conducted in
every country; well-executed VE evaluations of a specific vaccine
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can provide representative results for similar settings. The follow-
ing criteria are suggested to be in place to conduct high-quality VE
evaluations:

� Clear public health rationale for conducting the VE evaluation in
terms of informing country-level, regional or global policy
decisions.

� Experienced epidemiologic team to develop protocol, execute
evaluation in the field, assess biases, analyze the data, and inter-
pret the results.

� Dedicated staffing including experienced field team.
� Identified sites of enrollment.
� Availability of reliable diagnostic tests in the study population,
preferably real-time reverse-transcription polymerase chain
reaction (rRT-PCR) testing, with ideally a sensitivity � 85%
and specificity � 98%. Testing should be free of charge to poten-
tial participants in VE evaluations.

� Ability to ascertain accurately the vaccination status of partici-
pants, usually through electronic or paper records, as well as
on key potential confounders such as age, ethnicity, indigenous
status, health worker status and co-morbidities.

� Data collection, management, and analytic capacity in place.
Statistician and appropriately trained epidemiologist involve-
ment are crucial.

� Ability to enroll enough participants to achieve the sample size
needed.

� Data dissemination plan in place. Willingness to report results
using standardized criteria and/or share results or data for mul-
tisite analyses.

� Funding secured to support a rigorous evaluation.
� Functional ethical review committee to review protocol expedi-
tiously, if deemed necessary according to local research
determination.

3. Outcomes of COVID-19 VE evaluations

For COVID-19 VE evaluations, several major outcomes of inter-
est can be considered. Estimating VE against death due to COVID-
19 has very high public health relevance given the disease’s signif-
icant mortality [1]. However, evaluating VE against COVID-19
deaths is methodologically challenging due to the difficulty of
ascertaining deaths due to COVID-19 in settings without wide-
spread ante-mortem COVID-19 testing, the ability to enroll suffi-
cient numbers of such deaths, and the challenge of obtaining an
accurate vaccination history for a deceased person.

Understanding vaccine effectiveness against severe COVID-19 is
important for guiding public health and policy-setting, as severe
COVID-19 has substantial repercussions on health-care systems.
While several case definitions of severe disease exist, we recom-
mend the use of one of two widely-used definitions to screen par-
ticipants for enrollment. One is the WHO COVID-19 case
management definition for severe or critical disease, which is an
adolescent or adult with clinical signs of pneumonia (fever, cough,
dyspnea, fast breathing) plus one of the following: respiratory
rate > 30 breaths/minute; severe respiratory distress; SpO2 < 90%
on room air; acute respiratory distress syndrome (ARDS); sepsis;
septic shock; or death, with onset in the last 10 days [4]. The other
recommended definition is based on the WHO surveillance case
definition for Severe Acute Respiratory Illness (SARI), which is a
person with acute respiratory infection with a history of fever or
measured fever of � 38 �C and cough with onset within the last
10 days and requiring hospitalization [5]. Which definition to use
will depend on the site of enrollment, such as building on an
already existing SARI sentinel surveillance site. In addition, we rec-
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ommend that regardless of which case definition is used, all the
relevant variables for both definitions be collected as the actual
measured values, rather than being lumped into a range if possible
(e.g., percent oxygen saturation, breaths per minute, at time of
admission or enrollment), so that post-hoc comparisons of evalua-
tions can be done using the same definitions of severity.

Evaluating VE against symptomatic COVID-19 will be the most
relevant outcome when comparing to the efficacy results from a
clinical trial, as this has been the primary endpoint in most trials.
We recommend that one of two widely-used definitions are used
to screen potential participants for symptomatic disease. The first,
a modification of the WHO surveillance case definition, is a person
who, within the last 10 days, has had acute onset of fever and
cough or acute onset of � 3 of the following signs or symptoms:
fever, cough, general weakness/fatigue, headache, myalgia, sore
throat, coryza, dyspnea, anorexia/nausea/vomiting, diarrhea, or
altered mental status [6]. The second recommended suspected case
definition to use is the influenza-like illness (ILI) definition, which
is a person with an acute respiratory infection with measured fever
of � 38 �C, cough, with onset within the last 10 days [5]. As with
severe disease, all the variables for both definitions of symptomatic
COVID-19 should be collected so as to apply either case definition
when comparing VE evaluations. Because of the multitude of rea-
sons for seeking COVID-19 testing, such as asymptomatic screen-
ing, and travel and quarantine related testing, we advise against
including persons in VE evaluations who do not meet a clinical case
definition when evaluating symptomatic and severe disease
outcomes.

Some vaccines have been shown to prevent both disease and
infection (e.g., measles) while others prevent disease but not infec-
tion (e.g. tetanus). There is preliminary evidence that some SARS-
CoV-2 vaccines reduce infection as well as probably infectiousness
of those who do become infected (i.e., transmission) [7–9]. The
extent of these effects will determine how much vaccines can con-
tribute to herd immunity and thereby to reducing transmission,
protecting both vaccinated and unvaccinated people to some
extent from exposure to the virus. Despite the public health impor-
tance of outcomes of infection and transmission, evaluating VE for
these outcomes is more challenging than for disease outcomes.
Such evaluations require active follow-up of participants, and per-
haps households, to test for asymptomatic infection and perhaps
viral load, requiring more resources. Optimal methodologies are
being developed to assess VE against infection and transmission,
and these evaluations will likely be undertaken in a limited num-
ber of settings [10,11].

For all outcomes, an important question is the duration of pro-
tection. Longer observational studies, extending beyond the three
months of follow-up of most clinical trials at the time of EUA/
EUL, will be needed to assess if VE wanes with time since
vaccination.
4. Vaccination

There are different types of COVID-19 vaccines in various stages
of use and development, with different schedules, making for a
complex landscape for both delivering the vaccine and for studying
VE [12]. Given the differences between vaccines, a separate VE esti-
mate should be calculated for each vaccine, except in the case
where different COVID-19 vaccines are administered to the same
person, in which case a VE estimate should be calculated for each
regimen used. Where sample size allows, VE analyses should
attempt to investigate the VE of partial vaccination, different or
delayed dosing schedules, and VE against specific variants. The
estimated sample size will need to be increased to allow for these
different VE estimates to be calculated with confidence.
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We recommend that receipt of COVID-19 vaccination be con-
firmed by reviewing documentation (e.g., vaccination card, immu-
nization registers), rather than by self-report alone.
Documentation allows critical information to be collected about
the vaccine product (for each dose) and the timing of vaccination,
as well as reducing recall bias of self-report. Lack of COVID-19 vac-
cination, in contrast, might only be obtained by self-report, except
in circumstances where there are complete population and vacci-
nation registers. For the analysis, a conservative approach should
be taken in considering a person as protected from vaccination
as from 14 days after the date of the first dose of vaccine, and, if
applicable, 7–14 days after the date of the second dose. The num-
ber of days post-vaccination to use in the primary analysis should
be driven by the specifications of the vaccine being evaluated.
5. Study designs

VE studies aim to emulate the results that might be obtained
from a randomized trial. However, an inherent weakness of all
observational evaluations is that non-randomized vaccinated and
unvaccinated groups potentially differ in key characteristics, such
as risk of infection and access to testing and healthcare. One of
the key challenges in observational studies is to design them so
as to minimize the confounding effects of differences between vac-
cinated and unvaccinated persons [13]. Table 1 outlines the main
study designs to evaluate VE against COVID-19 disease outcomes.
Regardless of which study design is used, only those persons
who are eligible for vaccine should be included.

5.1. Cohort studies

Retrospective or prospective cohort studies, in which individu-
als with known vaccination status are followed, allow direct calcu-
lation of the incidence of infection or disease in vaccinees versus
non-vaccinees, leading to estimation of the absolute reduction in
the incidence of infection or disease among vaccinated persons,
as well as the VE. Cohort studies could potentially be built onto
existing population-based studies, such as in demographic surveil-
lance sites, or focus on specific populations that have been priori-
tized for COVID-19 vaccination, such as health workers, in which
follow-up can be more efficient and complete. Additionally, with
accurate electronic health records that can link vaccination status
to disease outcome in individuals, a cohort study could be con-
ducted efficiently as has been done for COVID-19 in several coun-
tries already [14–16].

5.2. Case-control studies

Case-control studies, where investigators identify individuals
who were diagnosed with COVID-19 (i.e., cases), and a comparison
group of individuals who were not diagnosed with COVID-19 (i.e.,
controls), are frequently less expensive than cohort studies as the
required sample size is much smaller. However, it is challenging
to select the appropriate controls to be representative of the pop-
ulation from which cases arise, in terms of exposure to virus and
vaccination coverage, often leading to biased VE results.

5.3. Test-negative design studies

The test-negative design (TND) may be the most feasible
approach in most settings. This is a commonmethod for estimating
influenza and rotavirus VE due to its logistical ease and minimiza-
tion of some biases [17,18]. In a health facility (either inpatient or
outpatient), patients who seek care and meet a predetermined case
definition based on a predefined set of symptoms/signs (ideally



Table 1
Types of Observational Studies to Measure COVID-19 Vaccine Effectiveness [3].

Type of
Observational
Study

Strengths Weaknesses Resource requirement Comment

Cohort Studies
(prospective
or
retrospective)

� Results easily communicated to policy
makers and stakeholders

� Can estimate burden of COVID-19 in a
population and potentially measure the
impact of vaccination

� Easier to interpret when done early when
limited vaccine supply

� Can potentially be used to study asymp-
tomatic or mildly symptomatic
infections

� Vaccination status difficult to determine in ret-
rospective cohorts without good vaccination
records

� Rt if outcome of interest is uncommon such as
severe COVID 19

� May be expensive, especially if prospective
� If prospective, possible ethical dilemma in fol-

lowing unvaccinated persons who are recom-
mended for vaccination

High Could be undertaken in certain situations
such as among healthcare workers, in
institutionalized settings, Health
Maintenance Organizations or sentinel
hospitals with electronic medical records,
or in well circumscribed outbreaks

Case-Control
(CaCo)
Studies

� Efficient as requires smaller sample size,
as focus on identifying cases rather than
following a large population with few
cases

� Less expensive than cohort studies
� Most people familiar with case-control
design

� Need to choose controls to reflect the population
from which cases arise, in terms of exposure to
virus and vaccination coverage

� Vaccinated persons may be more likely to seek, or
have access to, health care and become cases, bias-
ing towards reduced VE

� Misclassification of vaccination status greater com-
pared to cohort studies, especially prospective
cohort studies

Moderate Controls should be enrolled at same time
as case enrolled in changing incidence
setting.

Test-Negative
Design (TND)
Case-Control
Studies

� Reduces bias of differences in healthcare
seeking behavior and access by vaccine
status

� All cases and controls seek care at same
facilities, potentially decreasing differ-
ences in access to vaccines and commu-
nity-level confounders

� Vaccination status often obtained before
results of laboratory tests available, min-
imizing diagnostic bias

� Can use existing surveillance platforms,
such as those for influenza

� Logistics are simplified, less resource
intensive

� False negative misclassification more likely than
CaCo as both cases and controls have COVID-19-
like illness.

� Test-negative controls more likely to be tested for
exacerbation of an underlying illness (e.g., COPD),
that is an indication for COVID-19 vaccination lead-
ing to increased VE.

� Cases and controls need to be matched or the anal-
ysis needs to be adjusted by time

� Does not remove confounding from common pre-
dictors of vaccination and exposure to infection,
such as being in a priority group by age or
occupation

Moderate Probably most efficient and least biased
study design for VE studies of COVID-19
disease in most settings.

Screening
Method

� Markedly reduced expenses since relies
on available coverage data and leverages
ongoing disease surveillance

� Do not have to collect data among non-
cases since uses vaccine coverage
surveys

� Estimation of expected number of cases
who are vaccinated (I.e., breakthrough
cases)

� Coverage survey data may not be representative of
population from which cases are being collected
(e.g. differences in healthcare access and health-
care seeking behavior)

� Vaccination status may come from administrative
data rather than surveys raising concerns about
validity of coverage estimate

� Must have vaccine status of all reported cases
� Unable to adjust for individual level covariates

Minimal Rapid rollout makes coverage estimate
moving target; disaggregation of coverage
data by target populations is difficult.
Could be used to determine expected
number of cases among vaccinated.

Regression
Discontinuity
Design

� Minimizes selection bias as vaccine allo-
cation is based on programmatic
criterion

� Minimizes temporal and geographic
trends among the groups

� Defining the ”neighborhood” around cut-off value
for vaccination can be challenging

� Potentially small sample size
� Spillover vaccination among those outside cut-off
� Herd protection among unvaccinated
� Age cut-offs for vaccination may change rapidly
depending on vaccine availability.

Moderate
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using one of those mentioned above) are enrolled in the evaluation
and tested for SARS-CoV-2. Cases are those that test positive; con-
trols are those that test negative. The TND has several advantages.
First, all cases and controls have sought care at the same facilities.
Hence cases and controls will generally have come from the same
communities, reducing bias due to community-level variations in
vaccine access and disease risk. Secondly, cases and controls have
all sought care and been tested for a similar set of symptoms,
reducing confounding due to differences in health-care seeking
behavior or access between cases and controls, which can be a
source of bias in traditional case-control studies. Third, vaccine sta-
tus is typically collected and recorded at the time of specimen col-
lection, prior to knowing the test result, reducing the likelihood of
differential exposure misclassification. The TND, however, still is
subject to many of the same biases as other study designs. Since
everyone in a TND undergoes laboratory testing for SARS-CoV-2,
there is a particular risk of misclassification of cases and controls
due to lack of perfect test performance. This is more relevant for
studies focused on assessing VE against severe COVID-19, as these
patients tend to become severely ill after the first week of illness
when viral RNA might no longer be detectable in the upper respi-
ratory tract.

5.4. Screening method

The screening method is a pseudo-ecologic design, in which two
data points are needed to calculate VE: the proportion of reported
cases occurring in vaccinated persons and the vaccination coverage
in the population. As such, it is relatively easy to perform and inex-
pensive [19]. The screening method requires valid coverage esti-
mates corresponding precisely to the population from which
cases came. It can be difficult to adjust for some potential con-
founders using this design, given lack of individual-level data in
the population. We recommend against the use of screening
method designs for estimating COVID-19 VE in the early stages
of vaccine rollout when vaccine coverage is rapidly changing; it
could potentially be used in defined settings where coverage is
more stable.

5.5. Regression discontinuity design

The regression discontinuity design (RDD) is a quasi-
experimental design that does not randomize individuals or units
but leverages programmatic assignment of vaccine allocation
based on a clear cut-off value [20]. In the case of COVID-19 vacci-
nes this would likely be an age cut-off for older adults. RDD
assumes there is a similar risk of disease and distribution of con-
founders in ‘‘a small neighbourhood” around the cut-off (e.g.
5 years above and below age cut-off) [21]. Rates of COVID-19
would be compared between those eligible for vaccination above
the age cut-off and not eligible for vaccine below the age cut-off,
yielding a VE estimate. The RDD has several disadvantages that
are noted in Table 1.
6. Laboratory testing

We currently recommend the use of laboratory-confirmed out-
comes for COVID-19 VE evaluations, ideally with rRT-PCR on sam-
ples from the upper respiratory tract, because the presentation of
COVID-19 is not sufficiently specific to distinguish it clinically from
other diseases. Updated guidance from WHO for ideal samples to
collect and on test-performance characteristics should be reviewed
before choosing a diagnostic test, particularly in light of new vari-
ants that might affect test performance [22]. Tests with imperfect
sensitivity and specificity can bias a VE estimate, with poor speci-
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ficity having more impact on causing invalid VE estimate [23,24].
Ideally, any test used should have at least � 85% sensitivity
and � 98% specificity to reduce the risk of misclassification bias,
based on simulations run using a methodology previously
described for influenza VE evaluations [23]. Antibody testing
should not be used as the primary method to classify participants
as cases or non-cases. This is because antibody testing has limited
accuracy which would lead to misclassification of participants,
antibody testing cannot determine if a person was infected prior
to or after vaccination, and depending on the type of vaccine
administered, one might not be able to differentiate natural from
vaccine-induced antibodies.

Variants of SARS-CoV-2 have arisen with multiple mutations,
leading some viruses to be deemed Variants of Concern (VOCs)
due to higher transmissibility, severity, or potential to evade
vaccine-induced immunity. WHO has guidance on when genomic
characterization (e.g. sequencing) should be conducted as part of
routine surveillance [25]. Genomic characterization within the
context of VE evaluations offers an opportunity to assess whether
current vaccines protect against VOCs. If possible, positive speci-
mens from all cases in VE evaluations, regardless of vaccination
status, should undergo genomic characterization. If a sufficient
number of cases have their samples characterized, one could deter-
mine the VE against commonly circulating variants, with particular
interest against VOC. Of note, if genomic characterizationof all
cases is not possible, then characterizing a representative subset
of positive specimens to document the circulating variants in the
population will allow the results to be interpreted in light of that
context.
7. Biases

Due to lack of randomization of persons to vaccination in real-
world settings, all observational studies are subject to bias, and the
measured VE estimate may differ from the true VE. Biases may
make a vaccine appear more or less protective than it is, and the
magnitude of particular biases may change during the course of a
study. Proper study designs can minimize bias. Confounding is a
type of bias in which a third variable is associated with both vac-
cination and disease, but is not in the causal chain from vaccine
to disease prevention. Some potential confounders are known
and can be measured and partially controlled for in the design or
analysis, such as age and sex, while others are unknown and/or
unmeasurable. Results of VE evaluations should always be inter-
preted with the potential for residual biases in mind.

For most biases, undertaking studies when vaccination cover-
age in the vaccine-target group is neither too low (<10%) nor too
high (>90%) is recommended, as persons who get vaccinated first,
or do not get vaccinated when coverage is high, tend to have differ-
ent levels of risk of exposure and/or disease, resulting in greater
likelihood of biases.

Table 2 outlines potential biases of COVID-19 VE studies. Some
of the key biases are discussed here. Confounding can occur when a
person’s vaccination status is associated with their risk of being
exposed to SARS-CoV-2. If vaccinated persons are those who are
at increased risk, for example health workers (HWs) treating
COVID-19 patients, the risk of exposure is greater, leading to
decreased estimates of VE. Conversely, some people who choose
not to get vaccinated might also choose not to engage in nonphar-
maceutical interventions (NPIs), putting them at higher risk of
infection, thereby leading to spuriously elevated VE estimates.

Health-care seeking/access bias is when people who have better
access or higher tendency to utilize health-care will both be more
likely to be vaccinated and also to present for care when symp-
tomatic. This can lead to a higher proportion of vaccinated people



Table 2
Potential biases of COVID-19 vaccine effectiveness studies [3].

Bias Description Designs
affected*

Typical
Magnitude

Direction on
VE estimate

Outcomes /
subgroups in
which VE
affected

Methods to minimize bias Comments

Care-seeking
behavior/
access to care

Those more likely to
get vaccine seek
care more, thus
more likely to be
cases

CaCo, cohort Large Decrease Non-severe
more than
severe
disease

Use TND; enroll only
severe patients.

TND partially addresses,
but can create collider
bias [32]

Care-seeking
based on
vaccine status

Vaccinated persons
less likely to seek
care/testing due to
COVID-19-like
illness due to
perception of
protection

All Small-
moderate

Increase in
CaCo and
cohort;
decrease in
TND, if
vaccine
confers some
protection.

Non-severe
more than
severe
disease

Smaller magnitude in TND Might partially offset
care-seeking
behavior/better access
bias

Collider bias [32] Health-seeking and
SARS-CoV-2
infection both lead
to testing

TND unknown Unknown,
depends on
how health-
seeking and
infection
affect testing

Non-severe
more than
severe
disease

Limit to severe patients;
limit to older adults

Confounding
other than by
factors
mentioned
above

Occurs when there
are common causes
of receipt (or lack of
receipt) of vaccine
and risk of SARS-
CoV-2 exposure

All Unknown Unknown
(depends on
direction risk
of vaccination
and exposure
are affected)

All Stratification, regression
adjustment, or matching
for potential confounders
(e.g., HW occupation)

It is important to collect
high quality data on
potential confounding
factors, particularly
adherence to NPI.
Example of healthy
vaccinee effect

Diagnostic bias HWs more likely to
test unvaccinated
persons for COVID-
19

All Varies on
setting

Increases Non-severe
more than
severe
disease

Test all persons or a
systematic random
sample meeting protocol-
specified case definitions

Misclassification
of the
outcome

False negatives
(persons with
COVID-19 disease
who test negative)

TND > CaCo,
cohort [23]

Small Decrease Severe
disease more
affected due
to later
presentation
for testing

Use a highly sensitive test;
limit to illness
onset � 10 days; exclude
TND controls with COVID-
19-specific symptoms
(e.g. loss of taste)

Rapid tests currently have
lower sensitivity than
PCR; If vaccination
shortens shedding time,
could lead to increased
estimate of VE.

Misclassification
of the
outcome

False positives
(persons without
COVID-19 disease
who test positive)

TND > CaCo,
cohort

Small Decrease All Limit to illness
onset � 10 days, use
highly specific test, use of
clinical case definition for
enrollment.

Possible chronic shedder/
persistent PCR positive
who is ill from another
cause, but likely rare;
could be more
problematic when
incidence is high.

Misclassification
of the
exposure

Vaccine effect may
start before/after
specified cutoff for
considering
individual
vaccinated

all Large but can
be nearly
eliminated by
design

Decrease All Exclude from primary
analysis outcomes
occurring in periods of
ambiguous vaccine effect,
e.g. 2 weeks after first
dose

Particular concern for
COVID-19 when rollout is
fast and large proportion
of follow-up time and
cases will occur soon after
vaccination.

Nonspecific
vaccine effect

Vaccine prevents
diseases for which
controls seek care

TND Small (has not
been shown)

Either;
depends if
vaccine
increases or
decreases
other diseases

All Exclude controls with
diseases possibly affected
by COVID-19 vaccines [33]

E.g., adenovirus-vector
vaccines might prevent
adenovirus illness

Prior infection If known prior
SARS-CoV-2
infection, less likely
to get vaccinated

All Small-
moderate
(depends on
seroprevalence
/ past incidence
of infection)

Decrease All Sensitivity analysis
excluding those with prior
SARS-CoV-2 by history or
lab

Assumes prior infection
confers immunity.
Asymptomatic prior
infection could occur in
risk group targeted for
early vaccine (e.g. HWs)

Spurious waning Unvaccinated
individuals become
immune through
natural infection
faster than
vaccinated [34]

All Small soon
after vaccine
campaign, large
with increasing
time since
campaign

Decreases
with time
since
vaccination

VE of
duration of
protection

Do VE study soon after
vaccine introduction;
anchoring in time of cases
and controls

Occurs with ‘‘leaky”
vaccine that partially
protect against infection
and there is high
incidence of infection [35]
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Table 2 (continued)

Bias Description Designs
affected*

Typical
Magnitude

Direction on
VE estimate

Outcomes /
subgroups in
which VE
affected

Methods to minimize bias Comments

Survivorship Unvaccinated more
likely to die of
COVID-19

All Small Decrease Severe
disease;
high-risk
mortality
groups

Quantify percent of
COVID-19 deaths in non-
study population who
were vaccinated. If
conducting inpatient
evaluation, attempt to
enroll fatal cases

Refers to deaths of person
before they would have
chance to be enrolled in
study

* Designs include traditional case-control (CaCo), test-negative design case control (TND), and cohort studies

Table 3
Potential Reasons for Vaccine Effectiveness (VE) estimates that are different from vaccine efficacy results [3].

VE estimate valid VE estimate not valid

� Population being studied has different VE for epidemiologic or biolog-
ical reasons

� Error in implementation (e.g. enrollment of persons not meeting case definition, poor
specimen collection/handling)

� Vaccine mishandling � Biases
� Systematic error in vaccine administration � Unmeasured or incompletely controlled confounders
� Problems with vaccine batch � Chance finding; more likely with small sample size
� Waning immunity resulting in lower VE
� Different outcome or schedule is being evaluated from clinical trial
� Vaccine less effective due to mutations in SARS-CoV-2 virus
� Contribution of vaccine associated enhanced disease (VAED) (espe-
cially severe disease outcome)

� Prevalence of prior infection in population different from that of effi-
cacy study
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among cases, lowering the VE estimate. TNDs partially mitigate
this bias since all enrolled persons have sought care.

Several biases can occur in the first couple of weeks after vacci-
nation. Individuals who are experiencing early COVID-19 symp-
toms or who were recently exposed might defer vaccination,
leading to an apparent protective effect in the first few days after
the first dose, when the vaccine is expected to have no effect. Per-
sons experiencing side effects from the vaccine might be more
likely to seek care and testing post-vaccination, which could also
lead to an early elevated VE when using the TND. Conversely, expo-
sure misclassification might occur soon after vaccination due to a
delay between the date of infection and development of symptoms
and presentation for testing, creating a delay in when positive VE
becomes apparent. Additionally, infection could precede vaccina-
tion and the vaccine might not protect post-exposure, leading to
an apparently decreased VE soon after vaccination. In VE studies
with relatively short follow-up time, these biases in the first few
weeks after vaccination might have significant impact on the over-
all VE estimate. To ensure validity, it may be necessary to exclude
from the primary analysis outcomes occurring during the periods
of approximately 14 days after the first dose and 7–14 days after
the second dose, as the individual’s immunization status when
they were infected may be uncertain.

Spurious waning of the VE may occur if natural infection provides
strong protection against reinfection whereas a vaccine only partially
protects an individual against infection, a so-called leaky vaccine
[26]. The measured VE will decrease with time since vaccination,
as the unvaccinated group is depleted of susceptible individuals
due to natural infection occurring faster than in the vaccinated group,
who get partial protection against natural infection. This bias makes
evaluation of the duration of protection challenging.

Prior SARS-CoV-2 infection can create both confounding and non-
confounding bias. If persons were aware of having had prior SARS-
CoV-2 infection they might be less likely to get vaccinated, and also
less likely to get infected if prior infection confers immunity [27].
4019
Documenting known prior SARS-CoV-2 infection among study par-
ticipants might allow for exclusion of prior infection in the analysis,
or a stratified analysis as has been done in the United Kingdom [7].
While baseline serological status of participants in VE evaluations
can allow for secondary analyses based on serostatus, in many
resource limited settings it might not be possible to obtain baseline
serology on all participants in VE evaluations. Additionally, serologi-
cal testing has limitations, and not everyone with a prior infection is
seropositive [22]. However, the baseline seroprevalence in the popu-
lation in which the evaluation is taking place, if known, can help to
quantify the expected bias on VE estimates.
8. Covariates

Covariates are variables that are collected as part of the enroll-
ment process in VE evaluations. Besides the standard demographic
and clinical data, for VE studies of COVID-19 vaccines it is impor-
tant to collect a history of previous SARS-CoV-2 infection, adher-
ence to NPIs, and if the person is in a priority group for
vaccination (e.g. HW). Potential confounders of COVID-19 VE eval-
uations include previous SARS-CoV-2 infection, access to health-
care, socio-economic status, being in a priority group for
vaccination and risk reduction behaviors such as mask use and
social distancing. As some covariates change over time, as does dis-
ease incidence, time of onset is often an important covariate to
include in analyses. Effect modifiers (I.e. different VEs in different
subgroups) could be age, chronic medical conditions, or certain
medications. A detailed list of covariates to collect is provided in
the guidance document [3].
9. Interpretation of results from VE evaluations

The findings of any VE evaluation should be interpreted in light
of the efficacy results from the clinical trials, if available. If the VE is
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unexpectedly high or low compared to efficacy estimates or other
published VE results, the VE estimate may be valid in the study
context. However, unexpected VE estimates could also reflect
methodological flaws (Table 3). Unexpected results should be
followed-up with a detailed programmatic and epidemiological
evaluation. However, given the complexity of these studies, all
results should lead to an examination of the implementation of
the evaluation and methods for analysis to ensure that case defini-
tions were applied consistently, that case ascertainment was
appropriate, that vaccination status was appropriately determined,
that known confounders were controlled for and that identifiable
biases did not occur, or if biases occurred that the results were
interpreted taking these into account.

10. Platforms for COVID-19 VE evaluations

A potentially efficient approach to conducting COVID-19 evalu-
ations is to build an evaluation onto an existing platform used for
another purpose. Platforms that could be leveraged include influ-
enza SARI and ILI surveillance sites, inpatient sentinel disease
surveillance sites for other diseases (e.g. acute febrile illness),
already existing health worker surveillance or cohorts, cohort
event monitoring for COVID-19 Adverse Events Following Immu-
nization, and administrative databases. Outbreaks, especially in
well-defined populations such as prisons, long-term care facilities,
boarding schools and military barracks, also could serve as settings
in which to undertake VE evaluations efficiently. Both cohort and
case-control studies can be undertaken in outbreak settings. [19]

11. Reporting results

WHO encourages consistent and standardized reporting of
results of COVID-19 VE evaluations that include sufficient details
on study participants, data collection, and analyses to enable read-
ers to judge the validity of the study. Lack of complete reporting of
key VE study elements and heterogeneity in reporting will create
limitations in being able to compare across studies conducted in
different settings. Without consistent reporting, pooled analyses
or meta-analyses that increase power to evaluate VE will be diffi-
cult to interpret, as observed for influenza VE evaluations [28,29].
Having a standardized format for reporting will facilitate ease of
interpretation for the many audiences that will be interested in
COVID-19 VE studies.

The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) consensus guidelines were created to aid
authors in ensuring high-quality presentation of observational
studies [30]. STROBE guidelines consist of a minimum set of
reporting elements for observational studies, typically compiled
in a checklist that authors must complete before submitting a rel-
evant manuscript to a journal. These include descriptions of set-
ting, dates of enrollment and follow-up, case definitions,
exposure measurement, sample sizes, patients included/excluded,
and key characteristics of the study participants. The STROBE
guidelines provide a starting point for COVID-19 VE reporting.
However, due to the unique aspects of COVID-19 epidemiology
and vaccines, additional data elements for COVID-19 specific VE
studies expanding upon the STROBE checklist are recommended
(Table 4). Additionally, WHO encourages sharing of COVID-19 VE
evaluation databases in data repositories available to the public,
to encourage transparency and facilitate pooling of results [31].

12. Conclusions

VE evaluations will play an important role in answering key
programmatic and policy questions related to the multiple
4020
COVID-19 vaccines rapidly being rolled out worldwide. However,
these studies are not simple and require careful planning and suf-
ficient technical and financial resources to ensure that the evalua-
tions are addressing relevant questions, the design is appropriate,
collected data include all important confounders and are of suffi-
cient quality, biases are minimized, data are interpreted correctly,
and data are shared in a way that facilitates comparisons and pro-
motes transparency. To promote optimal and relevant COVID-19
VE evaluations, WHO has published best practice guidance which
describes the various aspects to consider when planning and con-
ducting a VE evaluation.
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Table 4
Strengthening the reporting of observational studies in epidemiology (STROBE) checklist [30]and recommended additional elements for reporting COVID-19 vaccine effectiveness
studies* [3].

Section/Topic STROBE
Item no.

STROBE COVID-19 VE studies

TITLE AND
ABSTRACT

Title/abstract 1 � Indicate the study’s design with a commonly used term in the
title or the abstract

� Specify study design (e.g., case-control, TND or cohort)

� Provide in the abstract an informative and balanced summary
of what was done and what was found

� Report vaccine type(s), outcome, target vaccine groups evalu-
ated, study location, VE and 95% confidence intervals

INTRODUCTION
Background/

rationale
2 Explain the scientific background and rationale for the

investigation being reported
� Mention efficacy results from pivotal clinical trial that led to
EUL/EUA or licensure of vaccine being studied

� Describe specific vaccine products in use, timeline of introduc-
tion, targeted populations and coverage, NPI measures in place
in study area

� Describe COVID-19 epidemiology preceding and during period
of study, including baseline seroprevalence in the target pop-
ulation if known, disease activity, and predominant variants
during the study

Objectives 3 State specific objectives, including any prespecified hypotheses � Was study done to provide local/subpopulation VE estimates
or answer global evidence gap in VE data?

METHODS
Study design 4 Present key elements of study design early in paper � TND, traditional case-control, cohort, other
Setting 5 Describe the setting, locations, and relevant dates, including

periods of recruitment, exposure, follow-up, and data collection
� Describe the enrollment setting (e.g. SARI surveillance, hospi-
talized patients), location or region

� COVID-19 incidence at time of study, vaccines in use, introduc-
tion dates, and timing of rollout in target groups, NPI measures
in place, and common circulating SARS-CoV-2 variants

� Report time period when data were collected
Participants 6 Cohort study—Give the eligibility criteria, and the sources and

methods of selection of participants. Describe methods of follow-
upCase-control study—Give the eligibility criteria, and the
sources and methods of case ascertainment and control selection.
Give the rationale for the choice of cases and controls

� Report specific clinical case definition used for enrollment
� Report definition of severity used
� Describe eligible study population in terms of age and vaccine
target groups (e.g., HWs, chronic medical conditions) and
exclusion criteria

Variables 7 Clearly define all outcomes, exposures, predictors, potential
confounders, and effect modifiers. Give diagnostic criteria, if
applicable

COVID-19 vaccine variables

� Report definition for vaccination status, including exclusions
based on vaccine timing (e.g., receipt of vaccine < 14 days of
illness onset) and fully vs. partially vaccinated, dose interval
COVID-19 outcomes

� Report sensitivity and specificity of diagnostic test used; if
rapid antigen test, give test name and antigen target;

� Indicate if COVID-19 result known prior to or after enrollment.
� Explain how possible vaccine reactions were handled in TND
studies (e.g., exclude recent vaccinees tested for possible feb-
rile reaction to vaccine)
Covariates

� Report covariates assessed for confounding, and if and how
adjusted for

� Report the specific cut points used for continuous variables
that are categorized (e.g. age groups).

� Provide the list of conditions included as ‘‘high risk”
� Provide the unit if time if adjusting for calendar time.
� Describe how prior COVID-19 infection was defined

Data sources/
measurement

8 For each variable of interest, give sources of data and details of
methods of assessment (measurement). Describe comparability
of assessment methods if there is more than one group

COVID-19 vaccine
� Report source of vaccination data (e.g., vaccine card, medical
record, registry, provider report, patient report, or some com-
bination of the above).

� List the type and brand of vaccine (lot number if available).
� Report recommended schedule for vaccination (number of
doses and time interval between doses)

COVID-19 outcomes
8 � Report procedures for collection of respiratory samples and

RT-PCR testing, include type of respiratory samples collected
(e.g. nasal, nasopharyngeal), type of swab used (e.g. flocked),
transport media (e.g. universal transport media or report if
dry swabs were used) and maximum interval from onset to
swab collection;

� Report up to how many days before enrollment a positive
COVID-19 test was acceptable; Were subjects with compatible
clinical illness without lab confirmation enrolled?

Bias 9 Describe any efforts to address potential sources of bias � Report if prior COVID-19 infection and exposure risk to COVID-
19 (e.g., mask-wearing) were assessed and how handled

Study size 10 Explain how the study size was arrived at � Adjust sample size calculation to expected COVID-19 inci-
dence and estimated VE from clinical trial

(continued on next page)
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Table 4 (continued)

Section/Topic STROBE
Item no.

STROBE COVID-19 VE studies

Quantitative
variables

11 Explain how quantitative variables were handled in the analyses.
If applicable, describe which groups were chosen and why

� Report the specific cut points used for continuous variables
that are categorized (e.g. age groups). Provide the unit of time
if adjusting for calendar time

Statistical
methods

12 Describe all statistical methods, including those used to control
for confounding

� Describe the specific regression method used (e.g. logistic
regression) and confidence limits methodology

� Report the time periods for which data were analyzed and if
COVID-19 was circulating throughout

� Specify any matching variable (e.g. time) and whether regres-
sion model accounts for matching

� Specify how covariates assessed for inclusion in the model and
final covariates included

� Describe how partially vaccinated persons were handled in the
analysis (e.g., one dose)

� Describe how data were pooled if gathered from multiple sites
and measure of heterogeneity calculated

Statistical
methods

12 Describe any methods used to examine subgroups and
interactions

� Describe any analyses of subgroups (e.g. age groups, chronic
conditions, HWs)

� Describe interactions assessed (e.g. prior COVID-19 infection)
Explain how missing data were addressed � Describe whether a complete case analysis was used or if miss-

ing data were imputed. Name the package used for imputation
(e.g. ICE in Stata).

Cohort study—If applicable, explain how loss to follow-up was
addressedCase-control study—If applicable, explain how
matching of cases and controls was addressed

� In case-control studies, if more than one control group
enrolled, explain rationale.

Describe any sensitivity analyses � For example, excluding verbal reports of vaccination; limited
to positive test within 72 h of enrollment; limited to PCR
+ only (if rapid antigen tests included)

Other � Indicate if and where study protocol and/or study data are
publicly available

RESULTS
Participants 13 a) Report numbers of individuals at each stage of study—

e.g., numbers potentially eligible, examined for eligibility,
confirmed eligible, included in the study, completed fol-
low-up, and analyzed

b) Give reasons for non-participation at each stage
c) Consider use of a flow diagram

Descriptive data 14 a) Give characteristics of study participants (e.g., demo-
graphic, clinical, social) and information on exposures
and potential confounders

� Describe percentage of each COVID-19 vaccine used in the
study population

� Report number of participants who received only one dose of
two dose schedule, and if different vaccines given for each
dose

� Describe seroprevalence of study population, if available
b) Indicate number of participants with missing data for

each variable of interest
c) Cohort study—summarize follow-up time (e.g., average

and total amount)
Outcome data 15 Cohort study—Report numbers of outcome events or summary

measures over timeCase-control study—Report numbers in each
exposure category, or summary measures of exposure

� Describe number/percent of tests which were PCR, rapid anti-
gen test, other.

� Report COVID-19 genomic information among vaccine fail-
ures, if available. Particularly variants of concern.

Main results 16 a) Give unadjusted estimates and, if applicable, confounder-
adjusted estimates and their precision (e.g., 95% confi-
dence intervals). Make clear which confounders were
adjusted for and why they were included

� Report adjusted VE and 95% CI by vaccine type
� Report adjusted VE and 95% CI for target groups separately, if
sufficient power

� Report heterogeneity statistics for pooled data
b) Report category boundaries when continuous variables

were categorized
c) If relevant, consider translating estimates of relative risk

into absolute risk for a meaningful time period
Other analyses 17 Report other analyses done—e.g. analyses of subgroups and

interactions, and sensitivity analyses
� Report age-stratified VE and 95% CI estimates separately
� Report separate VE and 95% CI among those with one dose,
two doses and at least one dose COVID-19 vaccines

� Report separate VE and 95% CI by SARS-CoV-2 variant if suffi-
cient power

DISCUSSION
Key results 18 Summarize key results with reference to study objectives
Limitations 19 Discuss limitations of the study, taking into account sources of

potential bias or imprecision.Discuss both direction and
magnitude of any potential bias

� Specifically discuss potential biases affecting COVID-19 VE
studies, including health-seeking bias, misclassification bias,
diagnostic bias

Interpretation 20 Give a cautious overall interpretation of results considering
objectives, limitations, multiplicity of analyses, results from
similar studies, and other relevant evidence

� Explain potential differences in study VE from efficacy in rele-
vant clinical trials (e.g., different target group, different out-
come, immunization system factors)

Generalizability 21 Discuss the generalizability (external validity) of the study results � Was baseline seroprevalence different from other settings?
Predominant viral variant found in other settings?
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Table 4 (continued)

Section/Topic STROBE
Item no.

STROBE COVID-19 VE studies

OTHER
INFORMATION

Funding 22 Give the source of funding and the role of the funders for the
present study and, if applicable, for the original study on which
the present article is based

* Table modified from unpublished work by the WHO Working Group on Observational Influenza Vaccine Effectiveness Reporting Standards, 2017.
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