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ABSTRACT 

Background: 

Differential SARS-CoV-2 exposure between vaccinated and unvaccinated individuals may 
confound vaccine effectiveness (VE) estimates. 

Aim: 

We conducted a test-negative case–control study to determine VE against SARS-CoV-2 
infection and the presence of confounding by SARS-CoV-2 exposure. 

Methods: 

We included adults tested for SARS-CoV-2 at community facilities between 4 July and 
8 December 2021 (circulation period of the Delta variant). The VE against SARS-CoV-2 
infection after primary vaccination with an mRNA (Comirnaty or Spikevax) or vector-based 
vaccine (Vaxzevria or Janssen) was calculated using logistic regression adjusting for age, 
sex and calendar week (Model 1). We additionally adjusted for comorbidity and education 
level (Model 2) and SARS-CoV-2 exposure (number of close contacts, visiting busy locations, 
household size, face mask wearing, contact with SARS-CoV-2 case; Model 3). We stratified 
by age, vaccine type and time since vaccination. 

Results: 

The VE against infection (Model 3) was 64% (95% CI: 50–73), only slightly lower than in 
Models 1 (68%; 95% CI: 58–76) and 2 (67%; 95% CI: 56–75). Estimates stratified by age 
group, vaccine and time since vaccination remained similar: mRNA VE (Model 3) among 
people ≥ 50 years decreased significantly (p = 0.01) from 81% (95% CI: 66–91) at < 120 days 
to 61% (95% CI: 22–80) at ≥ 120 days after vaccination. It decreased from 83% to 59% in 
Model 1 and from 81% to 56% in Model 2. 

Conclusion: 

SARS-CoV-2 exposure did not majorly confound the estimated COVID-19 VE against 
infection, suggesting that VE can be estimated accurately using routinely collected data 
without exposure information. 
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INTRODUCTION 

Various vaccines to prevent coronavirus disease (COVID-19) were developed rapidly in 
response to the COVID-19 pandemic. In Europe, the European Medicines Agency granted 
market authorisation of the first COVID-19 vaccine (Comirnaty; BNT162b2 mRNA, 
BioNTech-Pfizer) in December 2020, followed by Vaxzevria (ChAdOx1-S, AstraZeneca) 
and Spikevax (mRNA-1273, Moderna) in January and COVID-19 Vaccine Janssen (Ad26.
COV2-S, Janssen-Cilag International NV) in March 2021 [1-4]. The Netherlands started its 
COVID-19 vaccination campaign on 6 January 2021 [5]. 

Although efficacy of the mRNA (Comirnaty and Spikevax) and vector-based vaccines 
(Vaxzevria and Janssen) was proven in clinical trials, studies need to be conducted to 
monitor real-world effectiveness [6-9]. Many factors can confound or alter vaccine 
effectiveness estimates: intrinsic host factors such as age, sex and comorbidities, 
environmental factors such as geographical location and socioeconomic status which can 
manifest in differential risk of infection and vaccine uptake, and the chance of exposure 
such as the number of close contacts [10,11]. In addition, new variants of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) have been shown to alter vaccine 
effectiveness [12]. Due to lack of randomisation, observational studies investigating vaccine 
effectiveness are prone to bias because of possible differences between vaccinated and 
unvaccinated individuals. Differences in the chance of exposure to SARS-CoV-2, such as 
the adherence to non-pharmaceutical interventions (NPI), might act as confounder of the 
vaccine effectiveness estimates. Persons who choose to adhere to NPI might be more 
likely to get vaccinated, leading to an overestimation of the vaccine effectiveness. On the 
other hand, vaccinated persons may feel they have a smaller risk of infection and therefore 
adhere less to NPI, leading to an underestimation of the vaccine effectiveness. 

COVID-19 vaccine effectiveness studies have been predominantly performed using 
routinely collected electronic health data. Although details are often available on age 
and sex, and sometimes on comorbidities and socioeconomic status, information on the 
individual’s exposure to SARS-CoV-2 is mostly lacking [13]. A close-contact cohort study 
that controlled for SARS-CoV-2 exposure showed lower vaccine effectiveness than studies 
based on routinely collected electronic health data, suggesting that differences in the 
chance of exposure to SARS-CoV-2 might have a substantial effect on vaccine effectiveness 
estimates [14]. 

We conducted a test-negative case–control study between 4 July and 8 December 2021, the 
period of circulation of the SARS-CoV-2 Delta variant (Phylogenetic Assignment of Named 
Global Outbreak (Pango) lineage designation B.1.617.2) to assess vaccine effectiveness 
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of complete primary vaccination against SARS-CoV-2 in adults testing for SARS-CoV-2 
at Public Health Service (PHS) testing facilities We also aimed to determine the effect 
of adjustment for potential confounders, in particular exposure to SARS-CoV-2, on the 
vaccine effectiveness estimates to asses if routinely collected data without exposure can 
be used instead. 

METHODS 

Study design 

We conducted a test-negative case–control study among adults attending SARS-CoV-2 PHS 
testing facilities throughout the Netherlands. Testing for SARS-CoV-2 at one of the PHS 
facilities was free of charge, has been widely available since 1 June 2020, and people could 
access them via car, bicycle or on foot throughout the Netherlands [15]. Appointments 
could be made by telephone or online. Testing was done either using a lateral-flow antigen 
test (LFAT), a reverse transcription PCR (RT-PCR) test or a loop-mediated isothermal 
amplification (LAMP) test. Testing was available for persons experiencing COVID-
19 symptoms, for persons with known contact with a person who tested positive for 
SARS-CoV-2, or for travellers returning from countries that were classified by the Dutch 
government as high-risk areas for COVID-19 at the time. Persons who needed testing to 
travel or to access events were not allowed to test at PHS test facilities. 

Individuals were invited to participate in the study via a link in the email confirmation 
the test appointment. Recruitment started on 8 February and ended on 11 March 
2022. Individuals 18 years and older were eligible to participate if they completed the 
questionnaire before receiving test result, did not reside at a care facility and had not 
previously participated in the study. Participants who stated they had already received 
their test results were not able to fill in the questionnaire. 

Data collection 

The online questionnaire collected sociodemographic data (age, sex, education level [16], 
household size including the participant, country of birth and healthcare worker status) 
and information on clinical presentation (asymptomatic, respiratory and/or other non-
respiratory symptoms), the presence of comorbidities, vaccination history, contact with a 
COVID-19 case in the 14 days before taking the survey, any previous (confirmed) COVID-19 
episodes, and exposure-related variables (number of close contacts indoors and outdoors, 
whether or not they had been to a busy location indoors or outdoors 14 days before getting 
tested, and facemask wearing routine in public spaced indoors). 
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When making an appointment for testing at the PHS test facilities, people received a 
unique identifier in the appointment confirmation email. Participants were asked to fill in 
this unique identifier in the study questionnaire. Through this unique identifier, test results 
were later linked to the questionnaire data. 

Definitions 

We defined a person as fully vaccinated if they received their second dose of Comirnaty, 
Spikevax or Vaxzevria vaccine ≥ 14 days before onset of symptoms (or before getting 
tested in case of asymptomatic infections or missing date of onset) or ≥ 28 days for those 
vaccinated with a single dose of Janssen vaccine [17]. Comorbidities were defined as 
diabetes type II, chronic lung disease, immunodeficiencies, heart disease, renal disease, 
liver disease, obesity (BMI > 30) or active cancer. Contact with a SARS-CoV-2-positive 
person was defined as one of the following types of contact with a SARS-CoV-2-positive 
person in the 14 days before getting tested: contact of > 15 min at > 1.5 m distance, 
contact of < 15 min at < 1.5 m distance or household contact. Close contacts (indoors and 
outdoors) were defined as any close contact with people at < 1.5 m distance for > 15 min, 
irrespective of the SARS-CoV-2 status of this person. Busy locations (indoors or outdoors) 
were defined as locations where the participant was not able to keep 1.5 m distance to 
others for > 15 min. 

Study population 

This study focused on vaccine effectiveness of primary vaccination against the SARS-CoV-2 
Delta variant. Therefore, we included participants who were tested between 4 July 2021 
and 8 December 2021, the period in which the Delta variant caused virtually all infections 
[18]. During the study period, there was an Oxford stringency index for control measures 
between 32 of 100 (e.g. no restrictions on gatherings, no stay at home requirements, 
public events possible under certain conditions) on 4 July, which increased to 56 of 
100 on 8 December (e.g. cancel public events, restrictions on gatherings, stay at home 
requirements) [19,20]. We included both symptomatic and asymptomatic persons. Only 
people who had an RT-PCR test were included. We excluded people who were partially 
vaccinated, received a booster (second vaccination in case of Janssen, third vaccination in 
case of the other vaccines) or third vaccination and those with heterologous vaccination 
schemes, with missing data regarding vaccination status, with onset of symptoms > 10 days 
before getting tested, people who reported a previous laboratory-confirmed SARS-CoV-2 
infection, those with inconclusive test results and people who went to the test facility for 
confirmation of a positive self-administered LFAT to minimise recall bias. 
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Statistical analysis 

We compared characteristics between cases and controls and tested for significant 
differences using Pearson's chi-squared test. We compared the odds of vaccination 
between persons testing SARS-CoV-2-positive (cases) and -negative (controls). Vaccine 
effectiveness was calculated as 1 minus the odds ratio (OR). Firstly, OR and 95% confidence 
intervals (CI) were calculated using logistic regression, adjusting for age (spline), sex and 
calendar week (spline) (Model 1). Secondly, we additionally adjusted for comorbidity and 
education level (Model 2) to show the effect of these covariates separately from the 
exposure variables. Finally, we also adjusted for exposure through the following covariates 
as proxies: household size, number of close contacts indoors and outdoors, having visited 
busy locations indoors and outdoors, face mask wearing and contact with a SARS-CoV-2-
positive person (Model 3). We selected the covariates a priori because of their presumed 
association with vaccination, infection or both. 

We calculated vaccine effectiveness overall, per vaccine brand and per age group (18–49 
and ≥ 50 years). In addition, we calculated vaccine effectiveness stratified by two age 
groups (18–49 and ≥ 50 years), vaccine type (mRNA and vector-based) and time since last 
vaccination (< 120 days and ≥ 120 days since completion of vaccination). We assessed 
whether differences in estimates between vaccine brands were significant (Model 3) 
and whether estimates of vector-based and mRNA-based vaccines were significantly 
different by time since vaccination (comparing < 120 days to ≥ 120 days in adults 18–49 
and ≥ 50 years). Sensitivity analyses were performed restricting the data to symptomatic 
(at time of testing) individuals. Lastly, we estimated vaccine effectiveness including persons 
with previous SARS-CoV-2 infections in the analyses. 

Statistical analyses were conducted using R version 4.0.2 (Vienna, Austria). 

RESULTS 

Study population 

From 4 July to 8 December 2021, 12,497 individuals participated, of whom 4,655 were 
excluded from analyses: persons tested with an LFAT or LAMP (n = 310), with previous 
laboratory-confirmed SARS-CoV-2 infection (n = 973), reporting a positive self-administered 
LFAT as reason for testing (n = 1,051), with symptom onset > 10 days before testing 
(n = 920), partially vaccinated (n = 1,083), heterologous vaccination (n = 35) or with three 
(or two in case of Janssen) vaccinations received (n = 75), and persons with missing data 
on vaccination (n = 208) (Figure). 
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Figure:  Flowchart of exclusions of participants in the COVID-19 vaccine effectiveness study, 
the Netherlands, 4 July–8 December 2021 (n = 12,497) 
COVID-19: coronavirus disease. 

A total of 7,842 participants were included of whom 7,127 (91%) were SARS-CoV-2-negative 
and 715 (9%) positive. Characteristics of the test-positive cases and test-negative controls 
are shown in Table 1. 
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Table 1. Characteristics and frequency of exposures of the study participants, COVID-19 
vaccine effectiveness study, the Netherlands, 4 July–8 December 2021 (n = 7,842) 

Variables

SARS-CoV-2 test results

p valuea

Negative Positive

n N % n N %

Age group (years)

 18–29 1,210 7,127 17 114 715 16

0.014

 30–44 1,521 7,127 21 129 715 18

 45–59 2,215 7,127 31 213 715 30

 60–69 1,522 7,127 21 171 715 24

 ≥ 70 659 7,127 9 88 715 12

Sex

 Male 2,285  7,104 32 280 714 39 < 0.001

Education level [16]

 Low 134 7,043 2 19 708 3
0.005 Middle 2,134 7,043 30 250 708 35

 High 4,775 7,043 68 439 708 62

Country of birth

 The Netherlands 6,043 6,652 91 616 672 92
0.48

 Other 609 6,652 9 56 672 8

Comorbiditiesb

 Yes 1,171 7,127 16 120 715 17 0.81

Vaccination status

 Unvaccinated 292 7,127 4 83 715 12
< 0.001

 Fully vaccinated 6,835 7,127 96 632 715 88

Month of swab (2021)

 July 737 7,127 10 103 715 14

< 0.001

 August 590 7,127 8 67 715 9.00

 September 762 7,127 11 33 715 5

 October 1,462 7,127 21 79 715 11

 November 3,105 7,127 44 372 715 52

 December 471 7,127 7 61 715 9

Clinical presentation

 Asymptomatic 1,257 7,127 18 92 715 13

0.003
 �Respiratory (and 

other) symptoms
5,702 7,127 80 610 715 85

 �Only other 
symptoms

168 7,127 2 13 715 2
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Variables

SARS-CoV-2 test results

p valuea

Negative Positive

n N % n N %

Healthcare worker

 Yes 1,115 7,127 16 124 715 17 0.24

Contact with SARS-CoV-2-positive person

 Yes 2,401 7,127 34 447 715 63 < 0.001

Household size (number of persons)c

 1 1,350 7,127 19 95 715 13

< 0.001 2–3 4,169 7,127 58 433 715 61

 ≥ 4 1,608 7,127 23 187 715 26

Facemask wearing

 Always 2,414 6,763 36 282 662 43

< 0.001

 Mostly 1,414 6,763 21 162 662 24

 Sometimes 843 6,763 12 66 662 10

 Rarely 599 6,763 9 42 662 6

 Never 1,493 6,763 22 110 662 17

Number of people with close contact indoors

 None 1,828 6,992 26 219 707 31

0.014

 1–4 persons 1,916 6,992 27 204 707 29

 5–9 persons 1,325 6,992 19 118 707 17

 10–19 persons 899 6,992 13 71 707 10

 ≥ 20 persons 1,024 6,992 15 95 707 13

Number of people with close contact outdoors

 None 3,053 6,736 45 342 684 50

0.2

 1–4 persons 1,832 6,736 27 170 684 25

 5–9 persons 822 6,736 12 73 684 11

 10–19 persons 437 6,736 7 45 684 7

 ≥ 20 persons 592 6,736 9 54 684 8

Visited busy locations indoors

 Yes 3,058 7,127 43 287 715 40 0.15

Visited busy locations outdoors

 Yes 1,064 7,127 15 125 715 17 0.07

COVID-19: coronavirus disease; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2. 
a Pearson's chi-squared test. 
b �Diabetes type II, chronic lung disease, immunodeficiencies, heart disease, renal disease, liver disease, 

obesity (BMI > 30) or cancer. 
c Including the participant. 
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Compared with controls, cases were more often male (39% vs 32% p < 0.001), older (36% 
≥ 60 compared with 30% p = 0.014), had a lower education level (3% low and 35% middle 
vs 2% low and 30% middle p = 0.005), experienced more frequently respiratory symptoms 
(85% vs 80% p = 0.003) and were more often unvaccinated (11% vs 4%, p < 0.001). There 
were no significant differences in country of birth, presence of comorbidities, or the 
number of healthcare workers between controls and cases. Most cases were diagnosed 
in November, followed by July and October 2021. There was no change in testing protocol 
during the study period. 

Vaccine effectiveness 

In total 7,467 of 7,842 (95%) individuals were considered completely vaccinated: 4,817 
(65%) with Comirnaty, 753 (10%) with Spikevax, 1,305 (17%) with Vaxzevria and 592 (8%) 
with Covid vaccine Janssen. The detailed characteristics and frequency of exposure by 
vaccine brand are provided in Supplementary Table 1. 

Vaccine effectiveness against SARS-CoV-2 infection adjusting for age, sex, calendar week, 
education level, comorbidities and exposure (Model 3) was 64% (95% CI: 50–73). Adjusting 
for age, sex and calendar week only (Model 1) or in combination with education level and 
comorbidities (Model 2), but without the exposure variables, resulted in slightly higher 
estimates: 68% (95% CI: 58–76) and 67% (95% CI: 56–75), respectively (Table 2). The fully 
adjusted (Model 3) vaccine effectiveness for Comirnaty was 64% (95% CI: 51%–74), for 
Spikevax 76% (95% CI: 62–85), for Vaxzevria 53% (95% CI: 32–68) and for the Janssen 
vaccine 55% (95% CI: 32–70), showing slightly lower estimates than in Models 1 and 2. 
(Table 2). Adjusting for chance of exposure (Model 3) resulted in a decrease in vaccines 
effectiveness estimates compared with the model without exposure variables (Model 1) 
in adults aged 18–49 years: for example, the vaccine effectiveness of primary vaccination 
was 60% in adults 18–49 years when adjusted for chance of exposure (Model 3) and 66% 
without adjusting for exposure (Model 1), compared with 67% (Model 3) and 66% (Model 
1) in adults ≥ 50 years (Table 2). 
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CI: confidence interval; COVID-19: coronavirus disease; SARS-CoV-2: severe acute respiratory syndrome 
coronavirus 2. 
a Adjusted for age, sex and calendar week.
b Adjusted for age, sex, calendar week, education level and comorbidities.
c �Adjusted for age, sex, calendar week, education level, comorbidities, household size, number of close 
contacts inside and outside, face mask wearing habits, visiting busy locations inside and outside, contact 
with a SARS-CoV-2-positive person.

d �Statistical significance between vaccine brands: Spikevax–Vaxzevria p < 0.01, Spikevax–Janssen p < 0.01, 
Spikevax–Comirnaty p < 0.05, Comirnaty–Vaxzevria p < 0.05, Comirnaty–Janssen p = 0.1, Vaxzevria–Janssen 
p = 0.8.

The mRNA vaccine effectiveness (Model 3) among people aged ≥ 50 years was 81% (95% 
CI: 66–91) at < 120 days and decreased significantly (p < 0.01) to 61% (95% CI: 22–80) 
at ≥ 120 days after vaccination. The vector-based vaccine effectiveness for this age group 
decreased (p = 0.1) from 69% (95% CI: 35–86) at < 120 days to 52% (95 CI: 4–76) at ≥ 120 days 
after vaccination. Among those aged 18–49 years, mRNA vaccine effectiveness decreased 
significantly (p < 0.05) from 70% (95% CI: 55–80%) at < 120 days to 57% (95% CI: 35–72%) 
at ≥ 120 days after vaccination. Vector-based vaccine effectiveness for this age group 
increased significantly (p < 0.05) from 17% (95% CI: −42 to 52%) at < 120 days to 65% 
(95% CI: 37–81%) at ≥ 120 after vaccination (Table 3). Estimates from Model 3 remained 
comparable to those from Models 1 and 2 without adjustment for chance of exposure.

In sensitivity analyses, estimates were similar if the analyses were restricted to persons 
reporting COVID-19 symptoms, except for the Janssen vaccine for which vaccine 
effectiveness estimates became 4–5 percentage points higher (Table 4). Estimates were 
slightly lower when we included people with previous SARS-CoV-2 infections in the 
analyses. 

Table 2 Continued
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DISCUSSION 

This study allowed to assess real-world vaccine effectiveness of COVID-19 vaccines 
adjusting for chance of SARS-CoV-2 exposure as potential confounder in addition to age, 
sex, calendar week, comorbidities and education level. The fully adjusted overall vaccine 
effectiveness against SARS-CoV-2 infection during Delta period was 64% (95% CI: 50–73). 
We used the number of close contacts inside and outside, face mask wearing habits, 
household size, whether busy locations inside and outside were visited, and contact with 
a SARS-CoV-2-positive person as proxy for chance of exposure to SARS-CoV-2. In our study, 
chance of exposure to SARS-CoV-2 did not majorly confound the estimation of COVID-19 
vaccine effectiveness (only 2-6% difference). 
The World Health Organization stated that it is essential to conduct real-world vaccine 
effectiveness studies taking into account various potential confounders, such as differences 
in risk-taking behaviour, in order to minimise bias due to differences between individuals 
who choose to get vaccinated and those who choose not to [11]. 

In our study population, unvaccinated individuals reported contact with a SARS-CoV-2-
positive person more often than vaccinated individuals (50% vs 36%; p < 0.001). Differential 
exposure to a SARS-CoV-2-positive person between vaccinated and unvaccinated 
individuals is likely to confound vaccine effectiveness estimates, if not adjusted for. 
However, adjusting for these differences in the chance of SARS-CoV-2 exposure showed 
only a minor decrease in the vaccine effectiveness estimates. Potentially, individuals with 
more risk-taking behaviour (e.g. more close contacts) are at higher risk for other respiratory 
diseases besides SARS-CoV-2 and might more often take a test. Using a test-negative 
design might therefore inherently (partially) adjust for chance of exposure. Nonetheless, 
our findings in the Dutch setting suggest that vaccine effectiveness can be calculated 
relatively accurately using routinely collected electronic health data that lack information 
on individuals’ risk-taking behaviour, at least in a test-negative case–control study. 

Vaccine effectiveness estimates of complete primary COVID-19 vaccination against 
infection (Model 1) were comparable to results of other test-negative case–control studies, 
which showed estimates between 69% and 88% for Comirnaty, between 73% and 82% for 
Spikevax, between 54% and 67% for Vaxzevria, and of 50% for the Janssen vaccine, and 
also higher estimates when looking only at symptomatic infections at time of testing [21-
24]. Although estimates in these studies were adjusted for several covariates (age, sex, 
ethnicity, comorbidity and/or socioeconomic status), none were adjusted for determinants 
reflecting chance of exposure as potential confounder [21-24]. Household and close contact 
study designs allow standardisation of exposure by restricting analyses to households with 
at least one case or those with known contact with a COVID-19 case. The COVID-19 vaccine 
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effectiveness results from such studies – associated with more intense exposure than 
within the community – generally show lower vaccine effectiveness than case–control or 
cohort studies that do not consider exposure [14,25,26]. This corresponds to the somewhat 
lower vaccine effectiveness in our Model 3, adjusting for chance of exposure. Adjusting 
for exposure decreased vaccine effectiveness in 18–49-year-old adults but not in people 
≥ 50 years, possibly reflecting differences in risk-taking behaviour between these age 
groups: 18–49-year-olds reported contact with a SARS-CoV-2-positive person more often 
than ≥ 50 year-olds (38% vs 35% p < 0.05), more close contacts inside (17% vs 13% with 20 
or more contacts, p < 0.001) and outside (11% vs 7% with 20 or more contacts, p < 0.001) 
and visited more often busy locations inside (48% vs 38%, p < 0.001) and outside (18% vs 
13%p < 0.001). Not adjusting for chance of exposure might slightly overestimate the VE 
in this age group. 

Vaccine effectiveness of mRNA vaccines decreased significantly over time with greater 
waning in adults aged ≥ 50 years. This is in accordance with results from a test-negative study 
in the United Kingdom that showed a greater decrease in vaccine effectiveness in adults 60 
years and older (58.9% 2–9 weeks after vaccination to 36.6% at ≥ 20 weeks) compared with 
40–64 year-olds (63.6% 2–9 weeks after vaccination to 57.8% at ≥ 20 weeks) [27]. 

For vector-based vaccines, however, we saw that vaccine effectiveness increased in adults 
18–48 years ≥ 120 days after vaccination, compared with a decrease in adults ≥ 50 years. 
This difference in vaccine effectiveness over time between vector-based and mRNA 
vaccines has been demonstrated previously in the Dutch population [28,29]. Assuming 
that vaccine effectiveness against infection is predominantly dependent on antibody titres 
[30], the results could be explained by differences in titres over time, with antibodies 
initially rising faster after vaccination with mRNA vaccines compared with vector-based 
vaccines. That antibody levels rise more slowly has especially been seen for the Janssen 
vaccine [17]. This vaccine has predominantly been administered to the younger population 
in the Netherlands, which could explain the difference in vaccine effectiveness over time 
between age groups. In our study population, the share of Janssen vaccine among those 
who had received a vector-based primary vaccination was 57% in the age group 18–49 
years vs 20% in the age group ≥ 50 years. 

We also looked at bias from prior SARS-CoV-2 infection. Dutch research has shown good 
protection against infection with the SARS-CoV-2 Delta variant in individuals with either 
previous SARS-CoV-2 infection (76%) or primary vaccination (71%), but higher protection 
with both vaccination and previous infection (96%) [31]. Including individuals with 
immunity from previous COVID-19 in analyses may lead to underestimation of the vaccine 
effectiveness. For SARS-CoV-2, this gained immunity effect is greater in unvaccinated 
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people [31]. In our study population, 17% of unvaccinated individuals reported a previous 
confirmed SARS-CoV-2 infection compared with 5% of the vaccinated (p < 0.001). Including 
these individuals in our analysis resulted in a slight decrease in the estimates, showing 
the importance of excluding, or adjusting for, previous infections. However, residual 
confounding might still be present if participants had (asymptomatic) infections without 
realising and/or testing for it. 

We were able to determine the effect of adjustment for potential confounders, in particular 
chance of exposure to SARS-CoV-2, on the vaccine effectiveness estimates. Using a test-
negative design allowed us to minimise ascertainment bias due to differences in healthcare 
seeking behaviour: individuals who are more likely to get vaccinated might also be more 
likely to get tested when experiencing COVID-19-like symptoms. In addition, inclusion 
of participants was prospective, and the participants needed to fill in the questionnaire 
before they knew their test results, thus reducing recall bias. 

We used various behavioural characteristics such as the number of close contacts as 
proxies for chance of SARS-CoV-2 exposure. It is uncertain whether the factors are a good 
representation of exposure risk, and residual confounding might be present. Nonetheless, 
the number of close contacts has been used to predict the development of SARS-CoV-2 
surges during the pandemic in the Netherlands and reflect transmission routes of SARS-
CoV-2 and its control measures [32,33]. 

Furthermore, even though we included more than 7,800 participants in our study, this is 
only a small selection of the individuals who got tested at the PHS facilities during the study 
period. The study population is overrepresented by Dutch, highly educated, vaccinated 
and/or adults aged between 40 and 65 years and underrepresented by adults aged ≥ 65 
years compared with the overall Dutch population [5,34,35]. This raises concerns about 
the generalisability of the results, since research showed that minorities and persons 
with a lower education level were likely to be more at risk for SARS-CoV-2 and less likely 
to be vaccinated [36,37]. Also, persons who are unwilling to get vaccinated might have 
different risk behaviour but might also be less inclined to get tested and/or participate 
in the study. This could lead to an overrepresentation of individuals who adhere to NPI 
and consequently an underestimation of the effect of chance of exposure as confounder. 

We used self-reported vaccination status to calculate vaccine effectiveness, potentially 
leading to misclassification. As participants fill out the questionnaire before they know 
the test result, this misclassification will probably not depend on the outcome and may 
therefore lead to underestimation of the vaccine effectiveness. 
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Our results are based on data from the period when the SARS-CoV-2 Delta variant was 
dominant. It cannot be excluded that with a more transmissible variant such as Omicron, 
chance of exposure has more effect on the vaccine estimates than in our results. However, 
we believe that the principles of our methods remain the same regardless of the variant 
circulating and that the results are transferable to future variants. 

CONCLUSIONS 

Overall, we found a moderate-to-high vaccine effectiveness against SARS-CoV-2 infections 
during the Delta period, with decreasing effectiveness by time since vaccination for the 
mRNA vaccines. Chance of exposure to SARS-CoV-2 confounded the estimation of COVID-
19 vaccine effectiveness against SARS-CoV-2 infection only slightly, suggesting that COVID-
19 vaccine effectiveness can be calculated relatively accurately using routinely collected 
electronic health data without exposure information. 
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