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a b s t r a c t 

Objectives: We estimated vaccine effectiveness (VE) of primary and booster vaccinations against SARS- 

CoV-2 infection overall and in four risk groups defined by age and medical risk condition during the 

Delta and Omicron BA.1/BA.2 periods. 

Methods: VAccine Study COvid-19 is an ongoing prospective cohort study among Dutch adults. The pri- 

mary end point was a self-reported positive SARS-CoV-2 test from July 12, 2021 to June 06, 2022. The 

analyses included only participants without a previous SARS-CoV-2 infection based on a positive test or 

serology. We used Cox proportional hazard models with vaccination status as the time-varying exposure 

and adjustment for age, sex, educational level, and medical risk condition. 

Results: A total of 37,170 participants (mean age 57 years) were included. In the Delta period, VE < 6 

weeks after the primary vaccination was 80% (95% confidence interval 69-87) and decreased to 71% (65- 

77) after 6 months. VE increased to 96% (86-99) shortly after the first booster vaccination. In the Omicron 

period, these estimates were 46% (22-63), 25% (8-39), and 57% (52-62), respectively. For the Omicron 

period, an interaction term between vaccination status and risk group significantly improved the model 

( P < 0.001), with generally lower VEs for those with a medical risk condition. 

Conclusion: Our results show the benefit of booster vaccinations against infection, also in risk groups; 

although, the additional protection wanes quite rapidly. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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After implementation of a vaccination program, real-world vac- 

ine effectiveness (VE) should be monitored to inform further 

accination policy [1] . The COVID-19 vaccination program in the 

etherlands started on January 6, 2021. Different vaccines were 

ecommended and administered in varying age groups [ 2 , 3 ]. The 

rst booster campaign for adults was initiated on November 18, 

021, prioritizing health care workers and those aged ≥60 years. 

rom March 4, 2022, a second booster vaccination was offered to 

dults aged ≥60 years [ 2 , 4 ]. 
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Since the start of the vaccination program, various new SARS- 

oV-2 variants of concern emerged, including the Delta (B.1.617.2) 

nd Omicron (B.1.1.529) variants. The Delta variant was first de- 

ected in the Netherlands in April 2021 and replaced the Alpha 

ariant as the dominant strain in July 2021 [5] . The Omicron vari- 

nt was first detected in late November 2021 and caused 90% of 

he infections 6 weeks later. 

As in other countries, the nationwide COVID-19 surveillance 

ata in the Netherlands, including testing and contact tracing data, 

ave been used to monitor and evaluate VE against SARS-CoV-2 in- 

ections [6–8] . The advantages of using national surveillance data 

re the large sample size and data availability in real time. The 

isadvantages are dependence on testing infrastructure and testing 

ehavior. For example, the Dutch government scaled down free-of- 

harge testing at community test centers from April 11, 2022 on- 
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ards; the general public was encouraged to self-test when having 

ymptoms from that date onwards. 

The VAccine Study COvid-19 (VASCO) is a large population- 

ased prospective cohort study collecting extensive data, including 

emographics, vaccination data, and positive (self-)tests that en- 

bled us to study VE, irrespective of available registration data [9] . 

ere, we report on the VE of primary, as well as first and second 

ooster vaccination, against self-reported SARS-CoV-2 infection by 

ime since vaccination and in four subpopulations defined by age 

nd medical risk condition, during July 12, 2021 to June 6, 2022, 

he period in which the Delta and Omicron BA.1 and BA.2 variants 

ere sequentially dominant. 

ethods 

tudy design and study population 

VASCO is an ongoing population-based prospective cohort study 

ith a 5-year follow-up [9] . The study was initiated during the 

oll-out of the COVID-19 vaccination program in the Netherlands. 

etween May 3, 2021 and December 15, 2021, 45,552 community- 

welling adults aged 18-85 years were included. Participants had 

o be able to understand Dutch because all study materials were 

ritten in Dutch. Participants were asked to complete monthly on- 

ine questionnaires in the first year and 3-monthly online ques- 

ionnaires in years 2-5, including questions on sociodemographic 

actors, health status, COVID-19 vaccination, SARS-CoV-2-related 

ymptoms, testing results, and test intention. At inclusion, 6 and 

2 months after inclusion, and 1 month after primary vaccination, 

articipants were asked to take a self-collected finger prick blood 

ample at home. Samples were tested for SARS-CoV-2 antibodies 

y Elecsys Anti-SARS-CoV-2 immunoassay (Roche Diagnostics, Vi- 

nna, Austria) using the NIBSC 20/136 WHO standard for quantifi- 

ation. In the current analysis, serology data were used to iden- 

ify participants who had had a SARS-CoV-2 infection before the 

tudy period by determining the presence of immunoglobulin an- 

ibodies against the SARS-CoV-2 nucleocapsid protein. Written in- 

ormed consent was obtained from all participants before enroll- 

ent into the study. The VASCO study is conducted in accordance 

ith the principles of the Declaration of Helsinki and the study 

rotocol was approved by the not-for-profit independent medical 

thics committee of the Stichting Beoordeling Ethiek Biomedisch 

nderzoek, Assen, the Netherlands. 

accination status 

Self-reported vaccination data were linked to vaccination data 

egistered in the Dutch national COVID-19 vaccination information 

nd monitoring system (CIMS) [3] . Vaccination data from the CIMS 

egistry were considered the primary source, except when the par- 

icipant did not provide written informed consent for vaccination 

egistration in CIMS or for linking study and CIMS data. If CIMS 

nd/or self-reported data were incomplete, data from both sources 

ere combined (see Additional file 1 and Table S1 for a detailed 

escription). Vaccination status was categorized as unvaccinated 

no vaccination received), primary vaccination series received (one 

ose of Jcovden [Janssen] 28 + days ago, or two doses of Vaxzevria 

AstraZeneca], Comirnaty [BioNTech/Pfizer], or Spikevax [Moderna] 

4 + days ago), primary vaccination series and one booster received 

primary vaccination series + one additional dose 7 + days ago), 

r primary vaccination series and two boosters received (primary 

accination series + two additional doses 7 + days ago) [ 2 , 3 ]. For

ndividuals with a severe immune deficiency, the primary vaccina- 

ion consisted of three doses. Therefore, a third dose administered 

efore the start of the general public booster campaign (Novem- 

er 18, 2021) was considered an additional primary series vacci- 
37 
ation and not a booster vaccination. A second booster vaccination 

n the spring of 2022 was only available for individuals aged ≥60 

ears and some highly vulnerable groups. The 7, 14, or 28 person- 

ays between vaccine administration and obtained vaccination sta- 

us were excluded because we assumed that immunity was not 

et fully established. Participants were excluded if they reported 

o have received more doses than possible according to the Dutch 

accination strategy [2] . 

ARS-CoV-2 infections 

The primary end point was a self-reported positive SARS-CoV-2 

est. Participants were asked to notify all positive SARS-CoV-2 tests 

hrough the study website or app (either a test by a community 

esting center free-of-charge, a test at a commercial test center, 

r a self-administered antigen test). Community testing was scaled 

own from April 11, 2022 onward. To facilitate testing after that 

ate in case of symptoms associated with COVID-19 and/or contact 

ith a person infected with SARS-CoV-2, the study team provided 

elf-tests to participants from May 2022 onward. Reported infec- 

ions were considered Delta infections if the positive test date was 

etween July 12, 2021 and December 19, 2021, the period in which 

 90% of the cases was caused by the Delta variant [10] . Reported

ositive tests from January 10, 2022 until June 6, 2022 were at- 

ributed to the Omicron BA.1 or BA.2 variant. Participants who had 

eported a positive test or tested positive for antibodies against the 

ARS-CoV-2 nucleocapsid protein before start of follow-up in the 

urrent analysis were excluded from the analysis in order to esti- 

ate effects of vaccination only. 

ovariates 

Sociodemographic data were collected at baseline and during 

ollow-up. Educational level was classified as low (no education or 

rimary education), intermediate (secondary school or vocational 

raining), or high (bachelor’s degree, university). A medical risk 

ondition was present when a participant reported to have one or 

ore of the following conditions: diabetes mellitus, lung disease or 

sthma, asplenia, cardiovascular disease, immune deficiency, can- 

er (currently untreated but treated in the past, currently treated, 

ntreated), liver disease, neurological disease, renal disease, organ 

r bone marrow transplantation. Four risk groups were defined by 

ge (18-59 and 60-85 years) and presence of a medical risk condi- 

ion (present or absent). 

tatistical analyses 

Cox proportional hazard models were used to estimate the VE 

f the primary series and the first and second booster vaccination 

gainst SARS-CoV-2 infection in the Delta and Omicron BA.1/BA.2 

eriod. Vaccination status was included as a time-varying expo- 

ure. Participants entered the study at the start of the study pe- 

iod (July 12, 2021) or the date of completion of the baseline ques- 

ionnaire, if they became a participant later than July 12, 2021. 

articipants were followed up until the date of the first reported 

ositive test. If no positive test was reported, participants were 

ollowed up until the most recent questionnaire completion date 

lus the median time between follow-up questionnaires (to in- 

lude only person-time in which participants were assumed to 

e active) or the end date of the study period (June 06, 2022), 

hichever came first. The median time between follow-up ques- 

ionnaires was determined per person and separately for year 1 

nd years 2-5 because frequency of follow-up questionnaires dif- 

ered. Calendar time was used as the underlying timescale for the 

ox regression. This effectively means that on each date, partici- 

ants with different vaccination statuses were compared, thereby 
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Table 1 

Baseline characteristics of participants included in analysis. 

Total (n = 36,816) 18-59 years (n = 16,575) 60-85 years (n = 20,241) 

Sex (%) 

Male 13,874 (37.7) 4633 (28.0) 9241 (45.7) 

Female 22,922 (62.3) 11,923 (71.9) 10,999 (54.3) 

Other 20 (0.1) 19 (0.1) 1 (0.0) 

Median age (years; interquartile range) 61 (15) 48 (17) 65 (7) 

Medical risk condition a at inclusion, yes (%) 11,078 (30.1) 3307 (20.0) 7771 (38.4) 

Cardiovascular disease 6612 (18.0) 1322 (8.0) 5290 (26.1) 

Lung disease or asthma 2852 (7.7) 1289 (7.8) 1563 (7.7) 

Diabetes mellitus 1820 (4.9) 393 (2.4) 1427 (7.1) 

Immune deficiency 697 (1.9) 336 (2.0) 361 (1.8) 

Educational level b (%) 

Low 5151 (14.0) 1105 (6.7) 4046 (20.0) 

Intermediate 10,328 (28.1) 4976 (30.0) 5352 (26.4) 

High 21,119 (57.4) 10,441 (63.0) 10,678 (52.8) 

Other 218 (0.6) 53 (0.3) 165 (0.8) 

a Medical risk condition: one or more of following conditions: diabetes mellitus, lung disease or asthma, asplenia, cardiovas- 

cular disease, immune deficiency, cancer (currently untreated, currently treated, untreated), liver disease, neurological disease, 

renal disease, organ or bone marrow transplantation. Four most frequent conditions are presented here. 
b Educational level was classified as low (no education or primary education), intermediate (secondary school or vocational 

training), or high (bachelor’s degree, university). 
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djusting for factors changing over time during the pandemic, i.e ., 

nfection pressure and the number of vaccinated persons in the 

opulation. Potential violation of assumptions regarding propor- 

ional hazards was checked using graphical diagnostics based on 

he scaled Schoenfeld residuals. 

Models were stratified by Delta and Omicron periods and by 

ime since the start of the vaccination status in 6-week intervals. 

he analyses were first adjusted for sex, educational level, and age 

roup, and then additionally for the presence of a medical risk 

ondition. Age group and the presence of a medical risk condition 

ere included as time-varying confounders. Risk group member- 

hip based on age (18-59 and 60-85 years) and medical risk condi- 

ion (present or absent) was examined as a potential effect modi- 

er by extending the model with an interaction term and by strat- 

fied analysis. In the sensitivity analyses, analyses were repeated 

n two specific subpopulations. First, in participants who reported 

o (almost) always test for SARS-CoV-2 infection in case of SARS- 

oV-2 related symptoms. Second, in participants who had received 

nly Comirnaty vaccine doses versus unvaccinated participants. We 

lso present the VE estimates stratified by sex and the VE esti- 

ates of the primary vaccination series stratified by vaccine prod- 

ct (Comirnaty, Spikevax, Vaxzevria, and Jcovden) and the VE es- 

imates of first booster vaccination stratified by vaccine product of 

he booster (Comirnaty or Spikevax) and primary vaccination se- 

ies (mRNA vaccine or Vaxzevria). 

VE was calculated as 100% × (1 − hazard ratio). All statistical 

nalyses were performed in statistical package R version 4.1.3, us- 

ng packages Epi and survival. 

esults 

tudy population 

Of the 44,633 participants participating (partly) during the 

tudy period without missing covariates, 6826 participants (15.3%) 

eported to have had a positive SARS-CoV-2 test before start of 

ollow-up in the current analysis. In addition, 991 (2.2%) tested 

ositive for antibodies against the SARS-CoV-2 nucleocapsid pro- 

ein before the start of follow-up. Consequently, 36,816 partici- 

ants were included in the analyses ( Table 1 ). The median age 

f the participants at inclusion was 61 years. More women (62%) 

han men were included, and 57% of the participants was highly 

ducated. At the start of the study period, 12,152 participants 

ere included in the study, of which 11,908 (98.0%) had com- 
38 
leted their primary vaccination series, and 244 (2.0%) were un- 

accinated (Additional file 1, Figure S1). At the start of the Omicron 

eriod, the cohort consisted of 27,646 active participants. Of those, 

802 (13.8%) participants had only completed their primary vacci- 

ation series, 23,352 (84.5%) participants had additionally received 

 first booster vaccination, and 492 (1.8%) participants were un- 

accinated. Of all participants that contributed vaccinated person- 

eeks during the study period (n = 36,109), the first vaccine dose 

as most often Comirnaty (41.5%). Other first vaccination prod- 

cts were Vaxzevria (33.7%), Spikevax (13.0%), Jcovden (9.9%), other 

0.01%), or unknown (0.1%). 

Participants had a median follow-up time of 27.7 person-weeks. 

his was relatively short because participants were included over 

 period of 7 months and were censored after a reported posi- 

ive SARS-CoV-2 test. During a total of 1,032,976 person-weeks of 

ollow-up, 13,756 first SARS-CoV-2 infections were reported, corre- 

ponding with an infection rate of 13.3 infections per 10 0 0 person- 

eeks. Reported positive tests were often a polymerase chain reac- 

ion test (72.7%) or antigen test (can be self-administered) (26.1%), 

ith the share of antigen tests increasing sharply during the Omi- 

ron period (Additional file 1, Figure S2). The largest proportion 

f reported infections (12,129, 88.2%) occurred during the Omi- 

ron BA.1/BA.2 period ( Figure 1 ). Infection rates were higher during 

erson-weeks for unvaccinated than person-weeks for vaccinated 

ndividuals (Figure 1; Additional file 1, Table S2). 

accine effectiveness 

The fully adjusted VE in the Delta period was estimated to be 

0% (95% confidence interval [CI] 69.3-87.0) < 6 weeks after com- 

leting the primary series, counting from the start of the vacci- 

ation status not vaccine administration ( Figure 2 ). This decreased 

o 71% (95% CI 64.7-76.8) 18-23 weeks after the completion of the 

rimary vaccination series. VE increased again to 96% (95% CI 86.1- 

8.6) < 6 weeks after the booster vaccination. The VE estimates 

or the Omicron period were substantially lower than those in the 

elta period. VE < 6 weeks after completing the primary vaccina- 

ion series was estimated to be 46% (95% CI 21.7-62.7) and de- 

reased to 25% (95% CI 7.7-39.1) 18-23 weeks after completion of 

he primary vaccination series. VE increased to 57% (95% CI 51.9- 

2.3) < 6 weeks after booster vaccination and decreased to 31% 

95% CI 16.6-43.5) at 18-23 weeks. For the participants aged ≥60 

ears, the VE against Omicron infection within 6 weeks after the 

econd booster vaccination was 50% (95% CI 34.0-62.1) (Additional 
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Figure 1. The 7-days moving average of number of infections reported per 10 0,0 0 0 VAccine Study COvid-19 (VASCO) participants by vaccination status from July 12, 2021 

to June 06, 2022 

Figure 2. Vaccine effectiveness a for primary vaccination series and first booster vaccination in Delta and Omicron BA.1/BA.2 period from July 12, 2021 to June 06, 2022 
a Adjusted for age group, sex, educational level, medical condition. 
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le 1, Figure S3 and Table S3). The Delta VE estimates of the mod- 

ls with and without medical risk condition as confounder were 

omparable (Additional file 1, Table S2). VE estimates for Omicron 

ere slightly lower when additionally adjusting for the presence of 

 medical risk condition. 

VE estimates showed a similar pattern in the sensitivity analy- 

is restricted to participants with a high intention to test in case of 

ymptoms (n = 26,520, median age = 61), except that the VE es- 

imates for the Omicron infection were higher in this specific pop- 

lation ( Figure 3 ). The higher estimates in this sensitivity analysis 

ere in line with a higher intention to test in vaccinated partici- 

ants (Additional file 1, Figure S4). 

In the sensitivity analysis restricted to participants who only 

eceived Comirnaty vaccine doses (as primary series and as a 

ooster[s] if a booster[s] was received) (n = 14,652 (39.8% of full 

nalysis population), median age = 60), the VE estimates for the 

elta period were comparable to the VE estimates of the complete 
39 
tudy population (Additional file 1, Table S4). For the Omicron pe- 

iod, the VE estimates for the booster vaccination were slightly but 

onsistently lower in the Comirnaty subpopulation than the total 

tudy population. VE estimates stratified by vaccine product of the 

rimary series and first booster vaccination are given in Additional 

le 1, Tables S5 and S6. Generally, the estimates were higher for 

pikevax as the primary series and lower for Vaxzevria and Jcov- 

en than Comirnaty. For the booster vaccination, the estimates for 

pikevax as booster were generally higher than for Comirnaty as 

ooster, irrespective of the vaccine product of the primary series. 

For the Delta period, the models with and without an interac- 

ion term between vaccination status and risk group did not differ 

ignificantly. For the Omicron period, the interaction term did sig- 

ificantly improve the model ( P < 0.001). The interaction term was 

ignificant between at least two risk groups for all periods after 

ooster vaccination (Additional file 1, Table S7). When stratifying 

he model according to risk group, the VE of booster vaccination in 
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Figure 3. Vaccine effectiveness a for primary vaccination series and first booster vaccination in Delta and Omicron BA.1/BA.2 period in participants with high intention to 

test if experiencing symptoms from July 12, 2021 to June 06, 2022. 
a Adjusted for age group, sex, educational level, medical condition. 

Figure 4. Vaccine effectiveness a for primary vaccination series, booster and second booster vaccination per risk group in the Omicron BA.1/BA.2 period from January 10, 

2022 to June 06, 2022. 
a Vaccine effectiveness was not reported when number of person-weeks < 500; Adjusted for age group, sex, educational level. 
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he Omicron period was lower among participants with a medical 

ondition than those without ( Figure 4 ). The number of infections 

nd person-weeks in unvaccinated persons with medical risk con- 

ition were relatively small, resulting in large CIs around the VE. 

he VE estimates for males and females were comparable for both 

he Delta and Omicron period (Additional file 1, Table S8). 

iscussion 

We evaluated the effectiveness of COVID-19 vaccines against 

elta and Omicron BA.1/BA.2 SARS-CoV-2 infection in a real-world 

etting overall and in four risk groups based on age and presence 

f medical risk condition. Compared with unvaccinated individu- 

ls, having completed the primary vaccination series was associ- 

ted with protection against Delta and Omicron BA.1/BA.2 SARS- 

oV-2 infection. However, protection against the Omicron infec- 

ion was markedly lower than protection against Delta infection. 

E decreased over time after completing the primary vaccination 

eries but increased again after receiving a first booster vaccina- 

ion, also in risk groups. In those aged ≥60 years, the VE increased 

gain after receiving a second booster. The VE of booster vaccina- 

ions also decreased over time since vaccination. Our data showed 
40
hat unvaccinated participants had a lower intention to test if hav- 

ng symptoms than vaccinated participants. Indeed, when restrict- 

ng our analysis to participants with a high intention to test, the 

E against Omicron infection was higher. Despite the large CIs, the 

E against Omicron BA.1/BA.2 infection appeared lower among par- 

icipants with a medical risk condition than participants without, 

hich was visible both in younger and older individuals. Our esti- 

ates concern effects of vaccination only because previous infec- 

ions were excluded. 

Our study results are in line with national [6] and international 

urveillance data [11–15] , showing a higher VE against Delta infec- 

ion than Omicron infection, resulting from considerable immune 

scape by the Omicron variant [ 16 , 17 ]. The reported estimates for 

E shortly after completion of a primary series ranging from 78% 

o 91% against Delta infection and 40% to 66% against Omicron in- 

ection are consistent with our findings of 80% to 46%, respectively. 

he VE estimates of the booster vaccination against Delta (96%) 

nd Omicron infection (57%) were consistent with those found us- 

ng surveillance data (86-99% and 56-72%, respectively) [ 6 , 11–15 ]. 

imilar to our findings, other studies have shown waning of the 

ffectiveness of both primary and booster vaccination [11–13] . One 

reprint reported a VE of second booster vaccination against Omi- 
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ron BA.2 infection in adults. The VE decreased from 64% (95% CI 

0.7-74.2) to 51% (95% CI 35.5-63.0) 14-30 to 31-90 days after the 

ourth dose [18] . Our estimates were slightly lower (50% after 0-5 

eeks and 16% after 6-11 weeks) but were based on data of adults 

ged ≥60 years only. 

Only two other prospective cohort studies have reported VEs 

gainst the Delta infection [ 19 , 20 ]. In both studies, nose and/or

hroat swabs for polymerase chain reaction testing were regularly 

ollected, irrespective of having symptoms, allowing the detection 

f symptomatic and asymptomatic infections. The VE of Comirnaty 

rimary vaccination series in the Delta period reported in the ONS 

IS study decreased from 85% at 14 days after the second dose to 

5% at 90 days [20] . The results of our sensitivity analysis in partic-

pants who had only received Comirnaty vaccine doses were con- 

istent with the ONS CIS Comirnaty estimates (81% at 0-5 weeks 

nd 79% at 6-11 weeks after the primary series). The VE estimate 

n the HEROES-RECOVER study was lower (66%, 95% CI 26-84), but 

he time since vaccination was not taken into account and the 

tudy population consisted of health care workers only with likely 

igh exposure [19] . The ONS CIS study further showed that the 

E of Vaxzevria primary vaccination series was considerably lower 

han for Comirnaty (68% at 14 days and 61% at 90 days), which 

as consistent with our results. Our results showed that the VE 

f Comirnaty booster vaccination was lower than the VE of Spike- 

ax booster vaccination. This is consistent with literature showing 

igher antibody levels after a Spikevax booster [21] . 

There are limited data on the VE against infection in medical 

isk populations. One test-negative case-control study found a sig- 

ificant interaction between immunocompromised status and vac- 

ination status in both the Delta and Omicron periods. The strat- 

fied analysis showed a lower three-dose VE against infection in 

mmunocompromised individuals (Delta: 70.6%, 95% CI 31.0-87.5; 

micron: 29.4%, 95% CI 0.3-50.0) compared with immunocompe- 

ent individuals (Delta: 93.7%, 95% CI 92.2-94.9; Omicron: 70.5%, 

5% CI 68.6-72.4) [12] . The differences between the groups were 

arger than the differences we observed; yet, our definition of 

edical risk was broader than immunocompromised individuals 

nly. An Israelian historic cohort study showed a lower VE of two 

oses against infection in both individuals with diabetes and car- 

iovascular disease (82%, 95% CI 62-92) and immunocompromised 

ndividuals (71%, 95% CI 37-87) than overall (92%, 95% CI 83-96) 

22] . Taking into account the increased risk for severe COVID-19 

utcomes [23] , our results support the Dutch vaccination strategy 

o recommend booster vaccination for high-risk groups. 

This study has several strengths. In this cohort study, we were 

ble to adjust for (time-varying) confounders using extensive data 

rom monthly questionnaires. Also, serological data enabled us to 

xclude participants with previous unreported SARS-CoV-2 infec- 

ions. A recent study by Kahn et al. emphasized the added value of 

erological testing to exclude participants with previous infection 

24] . Also, we were able to include self-administered antigen tests 

s an outcome so we were not dependent on the testing infrastruc- 

ure, and we facilitated the use of self-tests by providing those to 

he participants. Furthermore, the questionnaire on test behavior 

llowed an analysis restricted to participants with a consistently 

igh intention to test in case of symptoms. 

Some limitations need to be discussed. Although the Cox pro- 

ortional hazards models were adjusted for potential confounders, 

he differences in (time-varying) factors between vaccinated and 

nvaccinated participants, including test frequency and infection 

xposure, can still confound the results. The vaccinated individuals 

n our cohort had a higher intention to test when the symptoms 

ccurred than unvaccinated individuals, possibly because they are 

ore health-conscious. Still, vaccination may have reduced testing 

f breakthrough infections are more often mild or asymptomatic. 

n other contexts, vaccinated individuals may test less frequently, 
41 
f public health authorities request more frequent testing of un- 

accinated individuals (corona check app). These behavioral fac- 

ors might have resulted in either an underestimation or overes- 

imation of the VE. Furthermore, vaccinated individuals may be- 

ome more heavily exposed to the virus, if they feel safer to at- 

end (high-risk) exposure activities [25] . Even though it is sug- 

ested that there is little change in behavior early after vaccination 

26] and a recent study showed that the differences in chance of 

ARS-CoV-2 exposure due to behavior did not relevantly confound 

he VE estimates in a test-negative setting [27] , this phenomenon 

ight decrease the benefit of vaccination [28] . Furthermore, the 

ase and availability of self-administered antigen tests is likely to 

ave encouraged testing among those with no or mild symptoms, 

ossibly increasing the proportion of asymptomatic and mild in- 

ections during the Omicron period compared with the Delta pe- 

iod and therefore partly explaining the differences between the 

E during Delta and Omicron period. A sensitivity analysis restrict- 

ng to symptomatic infections only, however, showed a minimal in- 

rease in the VE estimates in both the Delta and Omicron period. 

n this study, no data were available on hospitalization, against 

hich the VE also remained high also during the Omicron period, 

ccording to literature [ 12 , 14 ]. 

Overall, our results show that VE was lower against Omicron in- 

ection than Delta infection, and both the first and second booster 

accination increased waned effectiveness again; although the ad- 

itional protection was rather short-lived. Importantly, this booster 

ffect was also seen among risk groups but the protection of vac- 

ination against Omicron infection was consistently lower among 

isk groups. Thus, our data show the benefit of booster vaccination 

n preventing SARS-CoV-2 infections, also in risk groups. 
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