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Objectives: Vaccine effectiveness against transmission (VET) of SARS-CoV-2-infection can be estimated
from secondary attack rates observed during contact tracing. We estimated VET, the vaccine-effect on
infectiousness of the index case and susceptibility of the high-risk exposure contact (HREC).
Methods: We fitted RT-PCR-test results from HREC to immunity status (vaccine schedule, prior infection,
time since last immunity-conferring event), age, sex, calendar week of sampling, household, background
positivity rate and dominant VOC using a multilevel Bayesian regression-model. We included Belgian
data collected between January 2021 and January 2022.
Results: For primary BNT162b2-vaccination we estimated initial VET at 96% (95%CI 95–97) against Alpha,
87% (95%CI 84–88) against Delta and 31% (95%CI 25–37) against Omicron. Initial VET of booster-
vaccination (mRNA primary and booster-vaccination) was 87% (95%CI 86–89) against Delta and 68%
(95%CI 65–70) against Omicron. The VET-estimate against Delta and Omicron decreased to 71% (95%CI
64–78) and 55% (95%CI 46–62) respectively, 150–200 days after booster-vaccination. Hybrid immunity,
defined as vaccination and documented prior infection, was associated with durable and higher or com-
parable (by number of antigen exposures) protection against transmission.
Conclusions: While we observed VOC-specific immune-escape, especially by Omicron, and waning over
time since immunization, vaccination remained associated with a reduced risk of SARS-CoV-2-
transmission.

� 2023 The Authors. Published by Elsevier Ltd.
1. Introduction vaccination and, for immunocompromised persons, additional
In an effort to reduce the spread and severity of COVID-19, Bel-
gium started the roll-out of a large-scale vaccination campaign at
the end of 2020. After prioritizing nursing home residents, health-
care professionals and persons with a high risk of severe COVID-19,
the general population, from the oldest to the youngest, was
invited to be vaccinated. For primary vaccination, four different
vaccines were used: two mRNA-vaccines (BNT162b2, mRNA-
1273) and two viral-vector vaccines (Ad26.COV2.S, ChAdOx1). By
September 2021, all adults residing in Belgium had received an
invitation to complete their primary schedule. Booster-
doses were offered from September onwards using almost exclu-
sively mRNA-vaccines. The administration of booster-vaccines
continued into 2022.

From January 2021 to January 2022, three periods (waves) with
high COVID-19 incidences were observed in Belgium: March-April
2021 (associated with the Alpha variant of concern), October-
December 2021 (Delta) and January 2022 (Omicron). Throughout
this period, public health authorities continued tracing and testing
of high-risk exposure contacts (HREC). Originally set up in May
2020, contact tracing relied on index cases (any person with a
laboratory-confirmed SARS-CoV-2-infection) to report HREC (any
persons with whom they had close contact; e.g. direct physical
contact or more than 15 min contact at <1.5 m). The main indica-
tors and performance metrics of Belgium’s contact tracing during
2021 can be consulted elsewhere [1].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2023.03.069&domain=pdf
https://doi.org/10.1016/j.vaccine.2023.03.069
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In a study performed in July 2021 [2], we described high initial
vaccine effectiveness (VE) against transmission of SARS-CoV-2-
infection during high-risk exposure. Vaccines reduced susceptibil-
ity of HREC (VEs) and infectiousness of breakthrough cases (VEi).
The combined effect (reduced risk of transmission, VET) was esti-
mated at 92% when both persons in a high-risk exposure contact
completed BNT162b2 primary-vaccination. Primary-vaccination
(typically two doses) outperformed partial (single) dose vaccina-
tion and mRNA-vaccines outperformed viral-vector vaccines. In a
follow-up study [3], including data until December 2021, we inves-
tigated vaccine effectiveness over time during periods of Alpha and
Delta-dominance. Vaccine-induced protection, both VEs and VEi,
decreased over time. This process is typically referred to as waning.
Older age was associated with lower initial VEi and faster waning.
For the period of Delta-dominance, we observed reduced VEs and
especially reduced VEi compared to the period of Alpha-
dominance. Waning and Delta’s ability to escape vaccine-induced
immunity reduced VET against Delta to 61% (CI 60–63), 150–
200 days after BNT162b2 primary-vaccination. We also quantified
the protective effect of a prior infection and found what appeared
to be good cross-neutralization from Alpha to Delta. Hybrid immu-
nity (documented prior infection and vaccination) was associated
with the largest and most durable reduction in transmission. Bel-
gium’s neighboring countries also reported significantly reduced
Delta-transmission after vaccination, lower however than the esti-
mate against Alpha-transmission [4,5].

From January 2022 onwards, the majority of the Belgian adult
population was booster-vaccinated and Omicron became domi-
nant. Both events affected SARS-CoV-2-transmission.. Omicron
led to a rapid increase in the number of infections through its
transmissibility [6], ability to escape immunity [7,8] and high
propensity for reinfection [9], while booster-vaccination increased
the levels of neutralizing antibodies [10]. In this study we aim to
investigate Alpha, Delta and Omicron SARS-CoV-2-transmission
during high-risk exposure by immunity status (primary vaccina-
tion, booster-vaccination or infection) and time since immuniza-
tion of HREC and index case.
2. Methods

2.1. Data included

We included data on high-risk exposure events from 26 January
2021 to 10 January 2022. During this period, the testing strategy
required HREC to be tested twice: a first PCR-test as soon as possi-
ble and a second test (when the first test was negative), 7 days
after the last contact or as soon as symptoms appeared. A single
negative test sufficed during the summer holidays (July-August
2021) and from 2 December 2021 for persons who completed
primary-vaccination and if there had been no contact with the
index case in the last three days. If asymptomatic, no testing was
necessary if HREC tested positive for SARS-CoV-2 in the last
180 days. We included test results of first and second tests from
unvaccinated persons and persons who completed primary or
booster-vaccination. Persons who received a single dose of a
two-dose vaccine schedule (incomplete vaccination) or a mixed
(heterologous) primary-vaccination schedule were excluded.

Belgium’s genomic surveillance of COVID-19 applies a baseline
random sampling approach aiming to cover 5–10% of all RT-PCR
positive samples, which allows for the monitoring of circulating
VOCs [11]. Time periods during which at least 80% of sequenced
samples were identified as a certain VOC were used as period-
proxies for VOC-dominance. The period from 26 January 2021 to
18 June 2021 was defined as the period-proxy for Alpha the period
from 15 July 2021 to 22 December 2021 as period-proxy for Delta
3293
and 3 January 2022 to 10 January 2022 as period-proxy for Omi-
cron. High-risk exposure events in transition periods were
excluded.

HREC with a potential negative duration of exposure were
excluded: when the HREC was tested earlier than the index case
or, if symptoms were reported, when symptom-onset was earlier
in HREC. In order to exclude a possible ‘within-index case
clustering’-effect and a possible superspreader-effect we randomly
selected three HREC for inclusion and excluded the others HREC for
index cases with more than three HREC.

2.2. Model variables

Person-level data on personal characteristics (age, sex), test-
results (result of the test, sampling and testing date), vaccination
(vaccine brand and date of vaccination) and contact tracing (date
of symptom onset, date of last contact, household-membership)
were linked by a pseudonymized National Registry Number.

Primary-vaccination was considered effective 14 days after the
second dose of ChAdOx1/ mRNA-1273, seven days after the second
dose of BNT162b2 and 21 days after a single dose of Ad26.COV2.S.
Booster-vaccination was considered effective 7 days after adminis-
tration of the booster-vaccine [12]. We chose to include the four
brands used for primary-vaccination and two types of prime-
boost schedules (1) mRNA-vaccines followed by a mRNA-
booster-dose (mRNA + Booster) and (2) viral-vector-vaccines fol-
lowed by a mRNA-booster dose (VV + Booster). We included two
different prime-boost schedules as persistence of humoral
responses has been reported to differ by schedule [13]. Prior
SARS-CoV-2-infection was defined as a documented positive RT-
PCR or antigenic test more than 90 days prior to the date of sam-
pling. Time to last immunity-conferring event was defined as the
time between sampling (after high-risk exposure) and prior infec-
tion or vaccination, whichever was most recent. Hybrid immunity
refers to vaccinated persons with a prior infection, irrespective of
the sequence of prior infection and vaccination.

Sex and age at sampling were obtained from the National Reg-
istry. Age groups were 0–2, 3–5, 6–8, 9–11, 12–18, 18–24, 25–44,
45–64 and 65 to 84 years old. As we could only include a small
number of persons aged 85 years and older, these were excluded
from the analysis. VE was not estimated for persons younger than
12 years as this age group was only eligible for vaccination (with a
pediatric vaccine) late in the study period. We included a dummy
variable to indicate if the index case and HREC were part of the
same household. We included whether the test was a first test or
a second test (in combination with the test result of the first test).
Calendar time, the week during which the sample was taken, was
included as a random effect in the model. Finally, the background
exposure was included as the positivity rate (centered 7-day mov-
ing average) of all PCR and antigenic tests of the province of resi-
dency of the HREC at the sampling date.

2.3. The model

We estimated Vaccine Effectiveness against transmission (VET),
susceptibility (VEs) and infectiousness (VEi) as:

VET ¼ 1� PpostestHREC jvaccinatedindex&vaccinatedHREC
PpostestHRECjunvaccinatedindex&unvaccinatedHREC

VEs ¼ 1� PpostestHREC junvaccinatedindex&vaccinatedHREC
PpostestHRECjunvaccinatedindex&unvaccinatedHREC

VEi ¼ 1� PpostestHREC jvaccinatedindex&unvaccinatedHREC
PpostestHRECjunvaccinatedindex&unvaccinatedHREC
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To obtain the probability of a positive test (PpostestHREC) we fitted
a multilevel Bayesian regression-model to the test results of the
HREC. The probability of a positive test was a function of character-
istics of the index and HREC (age, sex, household, immunity
(Imm)), the dominant VOC, background exposure and the calendar
week.

PpostestHREC ageindex þ sexindex þ ageHREC þ sexHREC þ householdþ VOC

þ backgroundexposureþ calendarweek

þ ðIndexÞImmAgeGroup;Sex;pC:Vacc;t;VOC

þ ðHRECÞImmAgeGroup;Sex;pC:Vacc;t;VOC
2.4. Immunity: The effect of vaccination and prior Covid-19 infection

The effect of immunity (Imm) was included for the index case
(effect on infectiousness) and the HREC (effect on susceptibility)
as an initial effect (pC:Vacc þ ageþ sex) in interaction with waning
(WaningAge;Sex;pC:Vacc;tÞ and the VOC (VOCpC:Vacc).

ImmAge;Sex;pC:Vacc;t;VOC ¼ pC:Vacc þ ageþ sexð Þ
�WaningAge;Sex;VOC;pC:Vacc;t � VOCpC:Vacc

Prior infection and vaccination (pC:Vacc) were included as a fac-
tor with 14 factor-levels (2*7: yes / no prior infection and unvacci-
nated / Ad26.COV2.S / ChAdOx1 / BNT162b2 / mRNA-1273 /
VV + Booster / mRNA + Booster). WaningAge;Sex;VOC;pC:Vacc;t is included
as a linear spline over 50-day periods since the last immunity-
conferring event with a single knot at 150 days. Splines with mul-
tiple knots were explored, but these resulted in comparable func-
tions. The spline’s coefficients are determined by age group, sex,
VOC and the combination of vaccination and prior infection.

WaningAgeGroup;Sex;pC:Vacc AgeGroupþ Sexþ VOC þ pC:Vacc

One way to interpret the model is to look at its three levels. The
first level represents a baseline for transmissibility (infectiousness/
susceptibility) defined by age, sex (of index case and HREC), house-
hold, VOC, background exposure and calendar week. The second
level represents the initial effect of the vaccination/prior infection
(first 50 days after last immunity-conferring event). The third level
represents the waning of this initial effect. Note that variables such
as age, sex, vaccination (brand)/prior infection are included on all
three levels. The model allows age to be associated with changes
in susceptibility, changes in vaccine effectiveness and faster or
slower waning.

We reported 95% credible intervals as CI. The Bayesian model
was fitted using the R-package nimble. Code for the model and
the priors used can be found in the supplementary material.
Females aged 45–64 years old without a prior infection were used
as reference category in this paper. Whenever VE is reported with-
out additionally mentioning sex, age group and prior infection, it
refers to females aged 45 to 64 years of age without prior infection.
BNT162b2 and mRNA + Booster were most frequently adminis-
tered in Belgium and are therefore used as reference in this study.

3. Results

3.1. Hrec and index cases included

Over the study period, 1 761 574 test results were available.
Results were excluded because of missing variables for the HREC
(N = 7 102), missing variables for the index case (N = 208 352),
sampling during transition periods between VOC-dominance
(N = 73 694), incomplete or mixed primary schedule (N = 117
319), second tests in fully vaccinated persons during summer
3294
(N = 21 618), an index case or HREC aged 85 years or older
(N = 11 726), more than 3 HREC per index case (N = 222 780)
and misclassification (e.g. testing of HREC before testing of index
case, N = 121 709). We included 1 134 400 test results, of which
266 862 were positive (23.5%), from 413 363 index cases and
703 057 HREC in the analysis.

The number of included HREC and index cases by prior infec-
tion, vaccine brand, VOC and age can be found in Table 1 and
Table 2 respectively. Descriptive statistics on the temporal evolu-
tion of the unadjusted secondary attack rate in HREC are provided
in the supplementary material.

3.2. Impact of the VOC on initial effectiveness

We observed significant differences in VEi and VEs estimates by
VOC, with a decrease from Alpha to Delta and the lowest estimates
for Omicron. The reduction was most pronounced in VEs against
Omicron. We estimated VEs close to 0 after primary-vaccination
and around 37–42% after booster-vaccination against Omicron.
Hybrid immunity resulted in the highest effectiveness against sus-
ceptibility to an Omicron-infection. VEi-estimates dropped signifi-
cantly from Alpha to Delta. Omicron was associated with a further
decrease of VEi-estimates for primary-vaccination. For booster-
vaccination, VEi against Delta and Omicron was comparable and
estimated around 35% (Fig. 1).

3.3. Booster-vaccination

Booster-vaccination significantly increased VET-estimates
against Delta after primary-vaccination with a viral-vector-
vaccine. For example: primary-vaccination of both index and HREC
with ChAdOx1 resulted in an initial VET-estimate of 64% (CI 60–
68). After booster-vaccination, this increased to 84% (CI 82–86). If
primary-vaccination consisted of mRNA-vaccines, booster-
vaccination resulted in initial VET-estimates of 87% (CI 86–89)
(compared to VET of 79% (CI 76–81) for primary vaccination with
BNT162b2). Booster-vaccination considerably increased initial
VET-estimates against Omicron. Initial VET-estimates for all pri-
mary schedules were low; these were 18% (CI 14–22) and 28%
(CI 23–35) for ChAdOx1 and BNT162b2 respectively, which
increased to 65–68% after booster-vaccination (Fig. 2).

3.4. Waning of the initial effectiveness

We observed waning of VET-estimates, driven mainly by wan-
ing of VEs-estimates (see also Supplementary Fig. 3-7), with faster
waning during the initial period (first 150 days), followed by
slower waning in the subsequent period. For immunity that was
vaccine-induced only, slightly faster waning was observed com-
pared to infection-acquired immunity (Fig. 3).

4. Discussion

In this study we investigated protection by primary-
vaccination, booster-vaccination and prior infection against trans-
mission of Alpha, Delta and Omicron-infection during high-risk
exposure. While vaccine-induced and infection-acquired immunity
of either index case or HREC decreased the risk, VOC-specific
immune-escape and waning of immunity increased the risk of
SARS-CoV-2 transmission.

4.1. Increased immune-escape by omicron

We previously described immune-escape by Delta (3). The per-
iod of Omicron-dominance, however, was associated with addi-



Table 1
Number of included High-Risk Exposure Contacts by prior infection, age group (at the time of high-risk exposure contact) and vaccination. The positivity rate of the first test of the
HREC is presented in brackets (%). HREC < 12 years not presented. Belgian contact tracing, 26/01/2021–10/01/2022.

VOC Prior Infection Age Group Unvaccinated Ad26.COV2.S ChAdOx1 BNT162b2 mRNA-1273 VV + Booster mRNA + Booster

Alpha Yes [12,18) 855 (0.08) / / / / / /
[18,25) 1344 (0.06) / / 91 (0.03) / / /
[25,45) 3032 (0.07) / / 247 (0.03) 20 (0.1) / /
[45,65) 1938 (0.06) / / 204 (0.02) 18 (0.11) / /
[65,85) 237 (0.08) / / 34 (0.03) / / /

No [12,18) 27,645 (0.26) / / 74 (0.07) / / /
[18,25) 25,624 (0.23) / 10 (0) 630 (0.04) 30 (0) / /
[25,45) 64,020 (0.22) 15 (0) 56 (0.07) 2567 (0.06) 209 (0.03) / /
[45,65) 48,944 (0.23) 20 (0.1) 36 (0.06) 2540 (0.07) 238 (0.01) / /
[65,85) 11,070 (0.28) / / 793 (0.07) 91 (0.01) / /

Delta Yes [12,18) 1063 (0.12) / / 1227 (0.03) 21 (0) / /
[18,25) 843 (0.13) 193 (0.03) 76 (0.07) 1514 (0.04) 129 (0.02) / 20 (0)
[25,45) 2273 (0.14) 273 (0.04) 671 (0.05) 5939 (0.06) 913 (0.04) 70 (0) 196 (0.04)
[45,65) 803 (0.1) 343 (0.03) 1035 (0.05) 2996 (0.04) 395 (0.03) 82 (0.01) 139 (0.01)
[65,85) 57 (0.07) 17 (0.12) 157 (0.02) 450 (0.04) 37 (0) 54 (0) 99 (0.04)

No [12,18) 17,886 (0.33) 26 (0.23) / 26,519 (0.09) 187 (0.06) / 34 (0.06)
[18,25) 8389 (0.33) 2313 (0.17) 720 (0.14) 17,773 (0.11) 1472 (0.08) 145 (0.1) 210 (0.08)
[25,45) 21,777 (0.34) 3941 (0.21) 8841 (0.18) 86,736 (0.16) 12,188 (0.12) 1512 (0.12) 2622 (0.1)
[45,65) 9672 (0.34) 4831 (0.22) 16,032 (0.19) 47,488 (0.17) 6085 (0.12) 1605 (0.13) 2451 (0.1)
[65,85) 1088 (0.4) 186 (0.22) 5343 (0.18) 13,613 (0.21) 1155 (0.13) 2167 (0.12) 3286 (0.13)

Omicron Yes [12,18) 725 (0.49) / / 818 (0.31) 18 (0.06) / /
[18,25) 337 (0.47) 29 (0.45) / 562 (0.35) 52 (0.42) 48 (0.19) 88 (0.25)
[25,45) 1150 (0.46) 77 (0.43) 57 (0.42) 1875 (0.37) 258 (0.36) 256 (0.29) 830 (0.3)
[45,65) 406 (0.44) 54 (0.31) 140 (0.27) 697 (0.27) 119 (0.29) 383 (0.19) 638 (0.23)
[65,85) 29 (0.34) / / 31 (0.23) / 59 (0.15) 147 (0.14)

No [12,18) 3773 (0.57) / / 10,695 (0.46) 101 (0.49) / 50 (0.34)
[18,25) 1364 (0.53) 202 (0.43) 25 (0.4) 4465 (0.4) 408 (0.35) 540 (0.3) 701 (0.29)
[25,45) 4513 (0.53) 415 (0.51) 403 (0.48) 15,732 (0.45) 2058 (0.46) 2747 (0.37) 8157 (0.4)
[45,65) 1923 (0.49) 335 (0.49) 1241 (0.43) 6742 (0.4) 874 (0.43) 4901 (0.32) 7609 (0.31)
[65,85) 203 (0.52) 19 (0.79) 75 (0.4) 316 (0.43) 32 (0.28) 1389 (0.26) 3097 (0.25)

Table 2
Number of included index cases (included once per tested High-Risk Exposure Contact) by prior infection, age group (at the time of high-risk exposure contact) and vaccination.
The positivity rate of the first test of the HREC reported by the index case is presented in brackets (%). Index cases < 12 years not presented. Belgian contact tracing, 26/01/2021–
10/01/2022.

VOC Prior Infection Age Group Unvaccinated Ad26.COV2.S ChAdOx1 BNT162b2 mRNA-1273 VV + Booster mRNA + Booster

Alpha Yes [12,18) 477 (0.09) /
[18,25) 637 (0.07) / / 23 (0.04) / / /
[25,45) 1640 (0.09) / / 85 (0.12) / / /
[45,65) 877 (0.11) / / 50 (0.06) / / /
[65,85) 152 (0.11) / / 29 (0) / / /

No [12,18) 22,267 (0.16) /
[18,25) 28,313 (0.18) / / 150 (0.07) / / /
[25,45) 77,560 (0.25) / 13 (0) 637 (0.1) 54 (0.11) / /
[45,65) 51,411 (0.29) 15 (0.2) / 547 (0.11) 38 (0.03) / /
[65,85) 9383 (0.3) / / 173 (0.11) 11 (0.09) / /

Delta Yes [12,18) 836 (0.1) 324 (0.07) /
[18,25) 644 (0.15) 51 (0.1) 44 (0.05) 449 (0.06) 33 (0.15) / /
[25,45) 1630 (0.18) 118 (0.08) 225 (0.09) 1847 (0.13) 238 (0.12) / 41 (0.15)
[45,65) 481 (0.21) 44 (0.07) 306 (0.11) 820 (0.1) 81 (0.07) / 23 (0.04)
[65,85) 26 (0.15) / 33 (0.06) 99 (0.11) / / 21 (0.05)

No [12,18) 26,154 (0.19) 29 (0.28) / 8775 (0.13) 44 (0.09) 15 (0.33)
[18,25) 13,722 (0.22) 3914 (0.11) 1696 (0.1) 13,921 (0.11) 918 (0.1) 60 (0.02) 84 (0.21)
[25,45) 35,898 (0.33) 4822 (0.23) 12,006 (0.2) 73,643 (0.2) 7868 (0.18) 489 (0.21) 871 (0.22)
[45,65) 12,458 (0.36) 5556 (0.22) 16,645 (0.2) 37,161 (0.2) 3558 (0.15) 536 (0.16) 924 (0.18)
[65,85) 1265 (0.35) 139 (0.28) 3669 (0.25) 9264 (0.26) 517 (0.19) 547 (0.19) 905 (0.23)

Omicron Yes [12,18) 645 (0.4) 577 (0.29) / /
[18,25) 356 (0.42) 37 (0.32) 11 (0.27) 566 (0.27) 45 (0.22) 30 (0.27) 49 (0.24)
[25,45) 1463 (0.45) 68 (0.43) 63 (0.38) 1835 (0.37) 275 (0.37) 103 (0.38) 372 (0.36)
[45,65) 472 (0.47) 42 (0.31) 119 (0.39) 647 (0.39) 85 (0.44) 113 (0.25) 234 (0.35)
[65,85) 16 (0.5) / / 20 (0.35) / 19 (0.05) 45 (0.27)

No [12,18) 4084 (0.48) / 12,955 (0.41) 93 (0.33) 54 (0.31)
[18,25) 1809 (0.43) 299 (0.31) 54 (0.19) 6646 (0.31) 530 (0.27) 415 (0.21) 454 (0.26)
[25,45) 6562 (0.51) 546 (0.5) 691 (0.43) 22,388 (0.43) 3063 (0.42) 1698 (0.42) 4406 (0.41)
[45,65) 2148 (0.53) 446 (0.5) 1689 (0.42) 7453 (0.44) 939 (0.45) 2471 (0.37) 3290 (0.37)
[65,85) 222 (0.44) 22 (0.64) 52 (0.44) 289 (0.45) 25 (0.56) 655 (0.39) 1231 (0.37)
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tional escape from both infection-acquired and vaccine-induced
immunity. Protection by prior infection was limited: 32% (CI 24–
39). Protection by primary-vaccination was even lower: VEs 3%
3295
(CI 1–5, BNT162b2). This is considerably lower than the VEs-
estimate against Delta (62% (CI 56–66)) and Alpha (73% (CI 60–
80)). VEi was less impacted by Omicron: 20% (CI 17–27, BNT162b2



Fig. 1. Initial, 0–50 days after vaccination, effectiveness VEs (susceptibility, upper) and VEi (infectiousness, lower) by VOC by vaccine and prior infection, females, 45–
64 years, Belgian contact tracing, 26/01/2021 – 10/01/2022.
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primary-vaccination only). This however was again lower than
VEi-estimates against Delta and Alpha (36% (CI 32–41) and 63%
(CI 55–70) respectively). VEi represents lower infectiousness of
breakthrough infections compared to infections in unvaccinated
persons and has been linked to accelerated viral clearance [14–
17], reduced viral shedding [14,18] and severity of symptoms [19].

Omicron’s immune-escape, including the high probability of re-
infection, has been described previously [9,20] and linked to muta-
tions mainly in the spike protein [21]. The inclusion of Alpha, Delta
and Omicron within the same transmission-model highlighted
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how the immune-escape increased from Alpha to Delta to Omi-
cron. The magnitude of the escape was different for susceptibility
and infectiousness (e.g. reduction of infectiousness after vaccina-
tion was better maintained against Omicron compared to suscepti-
bility). The emergence of Omicron has challenged the
generalizability of past observations. For example, the observation
that ‘natural immunity showed roughly similar effect sizes regard-
ing protection against reinfection across different SARS-CoV-2 vari-
ants’ [22], no longer holds true. Only little protection was offered
by primary-vaccination or prior infection only. It is important to



Fig. 2. VET-estimates for females aged 45–64 years old without prior infection by VOC (upper = Delta, lower = Omicron) and time since vaccination (left = 0–50 days,
right = 150–200 days). Belgian contact tracing, 26/01/2021 – 10/01/2022. The first column presents VE-estimates against susceptibility (protection of the HREC by vaccination
against exposure from an unvaccinated index case), the lowest row presents VE-estimates against infectiousness (protection of unvaccinated HREC through reduced
infectiousness of an index case by vaccination).
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note that we could only include a short time period for Omicron as
the mandatory testing of HREC ended shortly after Omicron
became dominant. Consequently, protection against Omicron by
prior infection excludes prior Omicron-infection. Both the Alpha
and Delta periods were long enough (greater than90 days) to
include such observations. Future studies should include addi-
tional details on prior infection or on the sequence of prior infec-
tions (for multiple prior infections). When evaluating the impact
of Omicron, all characteristics should be taken into account. We
previously also reported immune-escape with respect to symp-
tomatic infection and hospitalization [23] and a lower intrinsic
severity within Belgian hospitalized COVID-19 patients compared
to Delta [24].
4.2. Waning

All VE-estimates waned, but the rate of waning was higher for
VEs compared to VEi (see also Supplementary Fig. 4-7). Vaccine-
induced immunity seemed to wane faster than immunity that
was (partially) infection-acquired. While we observed waning,
the effect was small compared to the VOC-specific decrease in rel-
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ative risk reduction. A Danish study, with a similar study period,
also reported that VOCs made a larger contribution to the
increased transmission between vaccinated persons compared to
waning [25].

The low VEs against Omicron, the larger impact of Delta on VEi
compared to VEs and the faster waning of VEs compared to VEi
possibly all reflect the underlying biological mechanisms that dif-
ferentiate VEs from VEi. While, in both cases, the mechanisms con-
sist of several components, to some extent, VEs reflects
neutralizing antibodies as, e.g. T cells cannot prevent host cells
from initially becoming infected, [26–28] while cellular immunity,
e.g. increased neutralized breadth of memory B cells and T cell
mediated viral clearance after vaccination [29,30], affects VEi.
4.3. Booster-vaccination & hybrid immunity

Our findings illustrate that booster-vaccination can be used to
restore waning immunity as well as to compensate for lower
VET-estimates associated with less effective primary-vaccination
schedules. Irrespective of the schedule used for primary-
vaccination, we estimated VET above 80% against Delta after



Fig. 3. VET-estimates against Omicron over time since vaccination/prior infection by immunity status (mRNA + Booster without and with prior infection, BNT162b2 primary-
vaccination and infection-acquired immunity without vaccination), females 45–64 years, Belgian contact tracing, 26/01/2021 – 10/01/2022.

T. Braeye, L. Catteau, R. Brondeel et al. Vaccine 41 (2023) 3292–3300
booster-vaccination. Against Omicron, booster-vaccination was
necessary to considerably increase the low VET-estimates associ-
ated with primary-vaccination (e.g. 28% for BNT162b2). Other
studies that compared two to three doses also attributed effective-
ness against Omicron mostly to the third dose [10,27]. Serological
data and studies on infectious viral load offer further insight:
Puhach et al. reported reduced viral load after booster-
vaccination, but not after primary-vaccination for Omicron [14].
Hybrid immunity did not outperform booster-vaccination against
Omicron, as it did against Delta, when the number of antigen expo-
sures was equal. Hybrid immunity associated with booster-
vaccination did offer most protection (see also Supplementary Fig-
ure 6), but was typically associated with four antigen exposures.
Future research should investigate how differences in routes of
exposure affect the different immunological layers (e.g. IgA) [31]
in addition to between VOC cross-neutralization.
4.4. Transmission

A meta-analysis found that the secondary attack rate (SAR)
associated with household transmission of Alpha, Delta and wild-
type SARS-CoV2 is lower for vaccinated compared to unvaccinated
index cases [32]. While less pronounced, we found this to still hold
true for Omicron and reported significant VEi- and VET-estimates
after primary and booster-vaccination. Studies from Denmark
[33], Norway [34], US [6,35] and England [36] have also reported
a limited, but significant effect of vaccines on transmission of Omi-
cron. The significant relative risk reduction by vaccination needs to
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be separated from the high absolute risk of Omicron-transmission.
Our study and the previously cited studies all reported high SAR for
Omicron (US, Norway and Denmark in the range 30–50%, England
notably lower: 15%), higher than the SAR associated with previous
VOCs [32].
4.5. Limitations

Since the capacity of both contact tracing and testing were
exceeded during January 2022, mandatory testing of vaccinated,
asymptomatic HREC was discontinued and we could only include
a short period of Omicron-dominance. Testing was still mandatory
for the period until 10 January 2022 and contact tracing partially
scaled to the higher Omicron incidences: a 27% higher case-
incidence was associated with a 15% increase in the number of
index cases contacted compared to the week of peak Delta inci-
dence (week 47 2021). Possible reduced case-finding associated
with high circulation of Omicron, was unlikely to already affect
VE-estimates obtained for the first week of Omicron-dominance.
Incomplete case-finding prior to and over the study period how-
ever remains a possible bias for our VE-estimates. Despite high
capacity and free RT-PCR-tests, Belgian seroprevalence studies
report underdiagnosis of SARS-CoV-2-infections [37].

Our conclusions are constrained to what is allowed by the
underlying model. For example, since we included calendar week
as a random effect, it was hard to compare transmissibility
between periods of VOC-dominance. Given the vaccination strat-
egy with its age-specific roll-out and the specific temporal domi-
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nance of VOCs, VOC-specific waning might be confounded with
age-specific waning. It is also unclear if such a term is needed for
VEs. Studies on neutralizing antibodies have reported similar decay
rates against different variants [38]. There seems to be more con-
sensus on the necessity to allow for waning differences between
infection-acquired and vaccine-induced immunity [39]. Our model
did not include brand-age interactions for the waning coefficients
(brand and age were included separately). A diminished IgG
response in male versus female and older versus younger recipi-
ents has been reported specifically for BNT162b2 [40].

In addition to limitations by the underlying model, we were fur-
ther limited by the data that was included. For HREC, VE against
outcomes other than infection could not be estimated. Clinical pre-
sentation has been reported to impact transmission. Higher SARs
were observed in households with symptomatic rather than
asymptomatic index cases [32]. Symptomatic prior infections have
been associated with more pronounced protection [25]. We tried
to limit misclassification (transmission from HREC to index case)
by use of the dates available to us and further included the back-
ground positivity rate as a second possible source of infection. Mis-
classification however remains possible and background positivity
rate is only a crude measure for other possible sources of infection.

Mandatory and repeated testing of HREC avoided bias associ-
ated with differences in testing behavior, but as most epidemiolog-
ical studies, we cannot exclude a bias introduced by differences in
risk behavior (e.g. within household physical distancing) between
vaccinated an unvaccinated persons. Part of the data used in this
study has previously been used for the estimation of VET against
Alpha (2) and Delta (3). Given that we expanded (e.g. smaller age
groups were included) and refitted the model with more data,
some VET-estimates differ slightly (some percentage points) from
our previous studies, but in general, estimates were robust.
5. Conclusion

Vaccination and prior infection reduced susceptibility and
infectiousness. The extent to which they did, decreased over time
and was affected by the dominant VOC. Delta increased both sus-
ceptibility and infectiousness after breakthrough infection, but
the latter effect was largest. Omicron further increased infectious-
ness, but in contrast to Delta, its main immune-escape was associ-
ated with susceptibility. Susceptibility after primary-vaccination or
prior infection only, remained high for Omicron. A higher number
of antigen-exposures, either through booster-vaccination or hybrid
immunity, improved protection. In conclusion, we report signifi-
cant VET-estimates for SARS-CoV-2-infection during a period of
Alpha, Delta and Omicron-dominance (January 2021 to January
2022).
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