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SUMMARY

In 2021, an ultra-rapid rollout vaccination campaign in the Schwaz district, Tyrol, Austria, delivered the
COVID-19 vaccine BNT162b2 to 66.9% of eligible residents (dose 1: March 11–16, dose 2: April 8–13).
Alongside the campaign, we recruited 11,955 residents into the prospective study REDUCE, of whom
3,859 participated in a booster vaccination initiative (November 20–28, 2021). Over a 24-month follow-
up, 1,672 participants had incident RT-PCR-confirmed SARS-CoV-2. Compared to other Tyrolean districts,
effectiveness in reducing SARS-CoV-2 infection at months 1–9 versus months 10–24 was 81.6% (95% CI
80.0–83.2%; hazard ratio 0.18 [0.17–0.20]) versus 38.2% (35.8–40.6%; 0.62 [0.59–0.64]) among
REDUCE participants, and 22.5% (20.5–24.4%; 0.78 [0.76–0.80]) versus 17.0% (16.2–17.8%; 0.83 [0.82–
0.84]) in the entire Schwaz district, with substantial variability during follow-up. By March 2023, 61% of
Schwaz residents had received booster vaccination versus 55% in other Tyrolean districts. Consequently,
vaccinating individuals at high pace effectively reduced SARS-CoV-2 infections and achieved higher vacci-
nation coverage.

INTRODUCTION

The outbreak of the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) and the resulting coronavirus disease 2019 (COVID-

19) pandemic in 2020 had amajor impact on public health and economy. ByMay 2023, when theWorld Health Organization no longer consti-

tuted COVID-19 as ‘‘a public health emergency of international concern’’,1 over 760 million cases of SARS-CoV-2 had been documented

worldwide.2 Consequently, themajority of individuals developed an immune response against SARS-CoV-2 either acquired through infection,

vaccination, or both. For instance, in the Federal State of Tyrol in Austria, 95.8% of blood donors were seropositive for Spike receptor-binding

domain IgG antibodies against SARS-CoV-2 (anti-S IgG) by September 2022, albeit at differing concentrations.3

Vaccines have been shown to effectively reduce the risk of SARS-CoV-2 infection and COVID-19.4–6 For instance, between July and

November 2020, i.e., during a time when the SARS-CoV-2 wild type variant was dominant, two doses of BNT162b2 were 95% (95% credible

interval 90.3–97.6%) efficacious in preventing COVID-19 over a median follow-up of two months.4 Because protection against SARS-CoV-2

infection wanes over time, especially with newly emerging viral variants,7,8 additional booster doses have been recommended, and a third

dose of BNT162b2 has been shown to be 95.3% (95% confidence interval [CI] 89.5–98.3%) effective in reducing the risk of COVID-19 during

a median follow-up of 2.5 months9 and was 50% (95% CI 4–74%) effective in reducing documented COVID-19 at 16–20 weeks after vaccine

administration.10 Long-term effectiveness of a booster dose of BNT162b2 versus a two-dose regimen during a time, when mainly Omicron
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sub-variants of SARS-CoV-2 were dominant, was 30.4% (95% CI 27.5–33.3%) over a median follow-up of 203 days, although it waned over

time.11

As of September 2023, 13.4 billion vaccine doses had been administered worldwide.2 In order to provide vaccination to the public, vacci-

nation campaigns have been conducted around the globe.12–17 In March 2021, an ultra-rapid rollout vaccination campaign was initiated in

the district of Schwaz in the Federal State of Tyrol in Austria in order to counteract the large number of SARS-CoV-2 infections with the Beta

and Alpha + E484K sub-variants.17 This initiative stands out by providing vaccination to over 40,000 people within only one week, corre-

sponding to 66.9% of the eligible population.17 We have previously shown in the accompanied REDUCE study, including 11,955 individuals,

that the vaccination campaign was 91.1% (95% CI 89.6–92.3%) effective in reducing incident SARS-CoV-2 infections over six months upon

receipt of two BNT162b2 doses when comparing participants from the REDUCE study to individuals from other districts of Tyrol.17 The

extent to which vaccination with booster doses also translates into reduced incidence of SARS-CoV-2 infections over a long-term follow-

up is, however, unclear.

In November 2021, residents of the district of Schwaz were offered to receive booster doses of BNT162b2 as part of the previously con-

ducted vaccination campaign.17 We recruited REDUCE study participants into a two-year follow-up prospective cohort study to assess the

long-lasting impact of the vaccination campaign. Our specific aims were 3-fold: (1) to estimate the effectiveness of the vaccination campaign

in reducing incidence of SARS-CoV-2 in REDUCE study participants and the district of Schwaz compared to other districts in the Federal State

of Tyrol, (2) to assess vaccination coverages achieved in the district of Schwaz compared to other districts in Tyrol, and (3) to identify factors

associated with a two-year risk of breakthrough infection, i.e., acquiring a SARS-CoV-2 infection.

RESULTS
Study population, participant characteristics, and SARS-CoV-2 incidence

Our analyses included 11,955 REDUCE study participants. During the initial six-month follow-up period, four participants died from causes

unrelated to COVID-19, two individuals withdrew from the study, and 215 participants received the second dose of BNT162b2 outside

19–42 days after the first dose. Of the 11,734 participants that completed the six-month follow-up, we were able to recruit 3,862 during

the booster vaccination campaign in the district of Schwaz. Of those, we censored three participants after six months, as they did not receive

the third dose of BNT162b2 during the vaccination initiative after aligning their vaccination dates with information from the national electronic

vaccination registry. Moreover, five additional participants died during the two-year follow-up period. Consequently, 3,854 participants

completed the two-year follow-up.

An overview of the participant characteristics at time of enrollment is provided in Table S1. Median age was 44.6 (IQR 32.2–55.8) years,

51.3%were female, and 13.8% had a prior SARS-CoV-2 infection. Of the individuals with long-term follow-up data, 56.8%were living in house-

holds of three or more persons as compared to 53.2% of those without long-term follow-up data (p < 0.001). They also differed by occupation

and by highest education (both p < 0.001). Also, individuals who did not participate in the long-term follow-up were less likely to have chronic

lung disease (p = 0.002).

Vaccination coverage with at least three doses was higher in the district of Schwaz

As demonstrated in Figure 1A, over the entire follow-up period, the proportion of individuals vaccinated with at least three doses was persis-

tently higher in the district of Schwaz compared to all other districts of Tyrol combined (see Figure S1 for district-specific vaccination

coverage). While the proportion of individuals vaccinated with at least three doses was comparable before the booster vaccination campaign

in November 2021, after the campaign, the proportion was substantially higher in the district of Schwaz than in other districts of Tyrol. For

instance, in March 2022, 58% of residents of the district of Schwaz were vaccinated with at least three doses versus 50% in other districts

of Tyrol. This trend lasted until the end of the two-year follow-up, when 61% had received at least three doses of vaccination in the district

of Schwaz as compared to 55% in the other districts of Tyrol. Percentages of individuals vaccinated with four doses are provided in Figure S2.

By the end of follow-up, 14.1% of the participants of the REDUCE study, 13.2% of individuals living in the district of Schwaz, and 14.4% of

individuals living in other districts of Tyrol had received four doses of vaccination against COVID-19.

The vaccination campaign was effective in the REDUCE study and the district of Schwaz

Over 532,005 person-weeks of follow-up, an incident SARS-CoV-2 infection was recorded in 1,672 individuals (Table S2). The majority (90.2%)

of incident infections were symptomatic with 83.7% of infections being accompanied by respiratory symptoms. Over the entire follow-up, the

incidence rate was 314.3 (95%CI 299.6–329.7) per 100,000 person-weeks andwas the lowest between June and September 2021 and the high-

est between December 2021 and March 2022. SARS-CoV-2 incidence rates in the REDUCE study, the district of Schwaz, and other districts of

Tyrol are depicted in Figure 1B.

Cumulative incidence plots for the REDUCE study, the district of Schwaz, and all other districts of Tyrol combined are depicted in Figure S3.

District-specific cumulative incidences are provided in Figure S4. As depicted in Figure 2, we estimated that after the implementation of the

vaccination initiative, 1,400 SARS-CoV-2 infections had been averted in the REDUCE study population and 9,842 SARS-CoV-2 infections in the

whole district of Schwaz by the end of the study period, in case the daily incidence rate would have behaved similarly to other districts of Tyrol.

In addition, as shown in Figure 3, compared to other districts of Tyrol, the booster vaccination campaign was significantly effective in reducing

the risk of incident SARS-CoV-2 infections. Over the entire follow-up period, effectiveness of the vaccination campaign was 45.5% (95%
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CI 43.6–47.4%) in the REDUCE study and 17.7% (16.9–18.4%) in the district of Schwaz, corresponding to hazard ratios of 0.54 (95%CI 0.53–0.56)

and 0.82 (0.82–0.83), respectively. Effectiveness estimates varied over time andwere 81.6% (80.0–83.2%; hazard ratio 0.18 [95%CI 0.17–0.20]) in

the REDUCE study and 22.5% (20.5–24.4%; 0.78 [0.76–0.80]) in the district of Schwaz between March 2021 and November 2021, before the

booster initiative took place. After the booster initiative, between December 2021 and March 2023, effectiveness estimates were 38.2%

(35.8–40.6%; 0.62 [0.59–0.64]) and 17.0% (16.2–17.8%; 0.83 [0.82–0.84]) in the REDUCE study and the district of Schwaz, respectively. Results

remained broadly similar when including recurrent SARS-CoV-2 infections as shown in Figures S5 and S6.

Several participant characteristics were related to the risk for incident SARS-CoV-2 infections

Hazard ratios for incidence of SARS-CoV-2 across several participant characteristics are provided in Table 1. Individuals who were female,

never/former smokers, currently employed, and those without a previous SARS-CoV-2 infection had a statistically significantly higher risk

of incident SARS-CoV-2 over the entire follow-up period. In addition, between baseline and May 2022, individuals at younger age were at

higher risk for incident SARS-CoV-2. When splitting the follow-up period at December 1, 2021 (after all participants received the booster

dose), we found a significantly higher risk for incident SARS-CoV-2 infections in individuals living in larger households and in thosewith chronic

lung disease during the first period. Additionally, during the second period, individuals who were female, never/former smokers, currently

employed, and those without a previous SARS-CoV-2 infection were at higher risk for incident SARS-CoV-2. Also, between December

2021 andMay 2022 individuals at younger agewere at higher risk for incident SARS-CoV-2.Wedid not find a statistically significant association

between receipt of a fourth dose during follow-up and the risk to develop incident SARS-CoV-2 (hazard ratio 1.21 [95% CI 0.79–1.85];

p = 0.389).

A

B

Figure 1. Percentage vaccinated against COVID-19 and incidence rate of SARS-CoV-2 infections

(A) This panel shows the percentage of people that had received two doses vs. three doses of vaccination against COVID-19 in the district of Schwaz and other

districts of Tyrol.

(B) This panel shows the 7-day SARS-CoV-2 incidence per 100,000 person-weeks in the REDUCE study and the district of Schwaz compared to other districts of

Tyrol. aPeriod in which BNT162b2 dose 2 (April 8-13, 2021) and dose 3 (November 20-28, 2021) were administeredwithin the REDUCE study. Abbreviations: SARS-

CoV-2, severe acute respiratory syndrome coronavirus type 2.
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DISCUSSION

In this study, we demonstrate that an ultra-rapid rollout vaccination campaign conducted inMarch 2021, in the district of Schwaz in the Federal

State of Tyrol, Austria, was effective in reducing the general risk to develop SARS-CoV-2 infections over a long-term follow-up of two years. In

addition, the vaccination campaign resulted in a sustained higher vaccination coverage in the Schwaz district compared to other districts of

Tyrol.

Several previously conducted vaccination campaigns have been demonstrated to effectively lower incidence of SARS-CoV-2.13,18–20 Mass

vaccination campaigns were conducted at different pace across countries, with an average of 64, 54, and 51 days to reach 5 doses per 100

people in Gulf Cooperation Council, the G7 countries, and Organization for Economic Cooperation and Development countries, respec-

tively.21 Accelerated vaccination rollout was suggested to have a beneficial effect on SARS-CoV-2 incidence and on the management of

the pandemic. For instance, an investigation of the COVID-19 vaccination program in Brazil demonstrated that providing vaccination faster

could have prevented more than 100,000 hospitalisations and almost 50,000 deaths.22 The mass vaccination in Israel was particularly fast,

reaching 50 doses per 100 people in only 39 days,21 and its first nationwide vaccination program with BNT162b2, initiated in late 2020,

was largely effective in reducing SARS-CoV-2 infections.13,15 Israel was also the first country that implemented a nationwide booster

vaccination campaign,23 which decreased the number of SARS-CoV-2 infections by an estimated 80% between July and November

2021.24 The vaccination initiative in the district of Schwaz, in which the REDUCE study was embedded, stands out by administering vaccination

at a highly accelerated pace (during the initiative, dose 1 and 2 were each administered within seven days and dose 3 within ten days). As we

have shown previously, this led to an effectiveness in reducing incident SARS-CoV-2 infections by >90% in the REDUCE study population and

>60% in the whole district of Schwaz during the initial six months after receiving the first dose of BNT162b2, when compared to other districts

of Tyrol.17 In the present study, we now show that accelerated vaccination rollout had a sustained effect on the incidence of SARS-CoV-2 in-

fections. By the end of the two-year follow-up, between December 2022 and March 2023, the effectiveness of the vaccination campaign was

still significant, with 65% in the REDUCE study and 31% in the district of Schwaz compared to other districts of Tyrol.

A

B

Figure 2. Estimated number of SARS-CoV-2 infections averted

(A) This panel shows the estimated number of SARS-CoV-2 infections averted among participants of the REDUCE study.

(B) This panel shows the estimated number of SARS-CoV-2 infections averted in the district of Schwaz. The counterfactual scenario assumes that numbers of

SARS-CoV-2 infections would have been the same as in other districts of Tyrol. aPeriod in which BNT162b2 dose 2 (April 8-13, 2021) and dose 3 (November

20-28, 2021) were administered within the REDUCE study. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2.
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The underlying reasons for a long-term effectiveness could be multifaceted. The fact that the percentage of individuals vaccinated with

three doses was substantially higher in the district of Schwaz compared to other districts of Tyrol throughout the follow-up period may play

a major role. By March 2023, vaccination coverage with at least three doses was 6% higher in the district of Schwaz compared to other

districts of Tyrol. Among participants of the BNT162b2 phase II/III clinical trial, a third dose of BNT262b2 resulted in an efficacy of

95.3% (95% CI 89.5–98.3%) over 2.5 months in reducing the risk of incident SARS-CoV-2 compared to two doses of BNT162b2.9 Vaccine

effectiveness against documented SARS-CoV-2 infections has also been shown to be high in real-world studies but is prone to waning over

time.10 Notably, a feature of our study distinguishing it from previous effectiveness studies is that it does not compare individuals with a

third dose of BNT162b2 to individuals with less or without vaccination, but compares individuals embedded into the vaccination campaign

and in the district of Schwaz to individuals living in other districts of Tyrol who have a different vaccination behavior (including individuals

without vaccination and with different numbers of vaccination doses). However, we cannot certainly conclude that the booster vaccination

alone was responsible for the effectiveness of the vaccination campaign. Although the percentage of individuals vaccinated with at least

three doses was higher in the district of Schwaz as compared to other districts of Tyrol, the difference in these percentages decreased over

time while effectiveness of the vaccination initiative tended to increase over time. Furthermore, it is unlikely that an additional booster dose

contributed to the long-term effectiveness of the vaccination initiative, as the percentage of individuals vaccinated with four doses was

similar in the REDUCE study, the district of Schwaz, and the other districts of Tyrol. Therefore, the specific reason for a higher effectiveness

of the vaccination campaign toward the end of the study is not entirely clear and could be multifaceted. First, between study baseline and

February 2022, numerous non-pharmaceutical interventions against the spread of SARS-CoV-2 were implemented in Austria. It has been

demonstrated that non-pharmaceutical interventions alone and in combination with vaccination have an important effect on reducing

SARS-CoV-2 transmission.25 Moreover, seasonal trends have been demonstrated for SARS-CoV-2 with accelerated activity during winter

Time perioda

Mar − May 2021

Jun − Aug 2021

Sep − Nov 2021

Mar 2021 − Nov 2021

Dec 2021 − Feb 2022

Mar − May 2022

Jun − Aug 2022

Sep − Nov 2022

Dec 2022 − Mar 2023

Dec 2021 − Mar 2023

Entire follow−up

Effectivenessb

(95% CI), %
71.3 (67.1−74.9)
47.8 (44.9−50.6)

82.8 (77.9−86.6)
55.9 (51.3−60.1)

90.5 (89.2−91.6)
11.3 (8.6−13.9)

81.6 (80.0−83.2)
22.5 (20.5−24.4)

42.7 (39.0−46.2)
7.2 (5.8−8.6)

26.0 (20.2−31.3)
16.5 (15.0−18.1)

34.5 (26.9−41.2)
27.6 (25.6−29.6)

39.1 (32.5−45.0)
29.4 (27.5−31.2)

64.6 (59.2−69.3)
30.6 (28.1−33.1)

38.2 (35.8−40.6)
17.0 (16.2−17.8)

45.5 (43.6−47.4)
17.7 (16.9−18.4)

HRc (95% CI)

0.29 (0.25−0.33)
0.52 (0.49−0.55)

0.17 (0.13−0.22)
0.44 (0.40−0.49)

0.10 (0.08−0.11)
0.89 (0.86−0.91)

0.18 (0.17−0.20)
0.78 (0.76−0.80)

0.57 (0.54−0.61)
0.93 (0.91−0.94)

0.74 (0.69−0.80)
0.83 (0.82−0.85)

0.66 (0.59−0.73)
0.72 (0.70−0.74)

0.61 (0.55−0.67)
0.71 (0.69−0.73)

0.35 (0.31−0.41)
0.69 (0.67−0.72)

0.62 (0.59−0.64)
0.83 (0.82−0.84)

0.54 (0.53−0.56)
0.82 (0.82−0.83)

0 20 40 60 80 100REDUCE Schwaz

Figure 3. Effectiveness of the booster vaccination campaign in the REDUCE study and the district of Schwaz compared to other districts of Tyrol

Data are represented as effectiveness, defined as one minus the corresponding hazard ratio, and 95% confidence interval. aIn general, time periods start at the

first day of the month first mentioned and last until the last day of the month second mentioned, except for the first period, March–May 2021, which started on

March 15, and the last period, December 2022 –March 2023, which ended onMarch 15. bEffectiveness of the vaccination campaign as compared to other districts

of Tyrol. cHazard ratio for incident SARS-CoV-2 infection as compared to other districts of Tyrol. Abbreviations: CI, confidence interval; HR, hazard ratio.
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months in Europe and the United States.26 In Austria, the majority of non-pharmaceutical interventions against SARS-CoV-2 were lifted by

March 2022. Consequently, the winter months in 2022/2023 were the first ones without active non-pharmaceutical interventions against

SARS-CoV-2. A combination of higher SARS-CoV-2 activity, absence of non-pharmaceutical interventions, and lower vaccination coverage

by the end of the two-year follow-up period could have introduced higher incidence of SARS-CoV-2 infections in other districts of Tyrol.

Second, although effectiveness of a third dose of BNT162b2 wanes over time,10 waning is slower after three doses as compared to two

doses,27 and a third dose resulted in a higher antibody response.28,29 For instance, among blood donors from the Federal State of Tyrol, in

September-December 2022, geometric mean levels of anti-S IgG antibodies were 2,196 Binding Antibody Units (BAU)/mL (95% CI 2,133–

2,261) in individuals who were vaccinated with a booster dose and 1,063 BAU/mL (1,007–1,121) in vaccinated individuals without a booster

dose.30 In addition, between March 2021 and December 2022 (i.e., during a time that is similar to our study period), twice the level of anti-S

IgG has been shown to be related to a 12.5% lower risk of incident SARS-CoV-2 infection, and this inverse association remained even

after >21 months of follow-up.31 Third, during the two-year follow-up period, the COVID-19 pandemic was characterized by different domi-

nant SARS-CoV-2 variants. While Alpha was the predominant variant in Austria until June 2021, Delta dominated between June and

December 2021,32 and different Omicron sub-variants dominated since December 2021.33 As the effectiveness of BNT162b2 has been

demonstrated to vary across variants,34,35 this could have introduced time varying effectiveness of the vaccination campaign. Fourth, it

is possible that a specific group of individuals were recruited into the REDUCE study, whose awareness for SARS-CoV-2 infections could

be higher as compared to individuals that did not participate in the study. Consequently, study participants may have a more careful

behavior and protect themselves more cautiously against SARS-CoV-2 infections. Conversely, participating in the REDUCE study may

have affected the behavior of individuals, which is known as the so-called Hawthorn effect.36 Finally, the situation regarding vaccine avail-

ability changed during the two-year follow-up period. While the first phase of the REDUCE study was conducted during a time of vaccine

scarcity, vaccines were broadly available during the second phase of the study. This may have influenced the composition of our study

Table 1. Hazard ratios for incidence of SARS-CoV-2 across participant characteristics including 11,154 participants of the REDUCE studywith complete

data on all characteristics

Characteristic

Entire follow-upa

Period 1: until November

2021b
Period 2: from December

2021b

HR (95% CI) P- value HR (95% CI) P- value HR (95% CI) P- value

Age - per 10 years younger

March 2021 – May 2022c 1.20 (1.15–1.26) <0.001 1.08 (0.91–1.28) 0.357 1.21 (1.16–1.27) <0.001

June 2022 – March 2023d 0.91 (0.85–0.97) 0.006 – – 0.92 (0.86–0.98) 0.012

Female sex 1.20 (1.08–1.33) <0.001 0.95 (0.61–1.46) 0.808 1.22 (1.10–1.35) <0.001

R3 persons in household 1.13 (1.02–1.26) 0.017 2.69 (1.62–4.46) <0.001 1.08 (0.97–1.20) 0.148

Overweight/obese 1.03 (0.93–1.14) 0.561 1.31 (0.84–2.03) 0.227 1.02 (0.91–1.13) 0.784

Current smoker 0.73 (0.65–0.83) <0.001 0.78 (0.46–1.31) 0.345 0.73 (0.65–0.83) <0.001

Currently employed 1.22 (1.08–1.38) 0.002 1.32 (0.77–2.27) 0.309 1.21 (1.07–1.37) 0.003

High educatione 1.14 (1.03–1.26) 0.014 1.39 (0.89–2.15) 0.144 1.12 (1.01–1.25) 0.032

Prior SARS-CoV-2 infection 0.43 (0.35–0.51) <0.001 0.19 (0.06–0.61) 0.005 0.44 (0.36–0.53) <0.001

Other pre-existing conditions

Cardiovascular disease 1.20 (1.01–1.42) 0.036 0.82 (0.37–1.82) 0.630 1.22 (1.03–1.46) 0.024

Diabetes mellitus 0.79 (0.53–1.18) 0.253 3.40 (1.29–8.92) 0.013 0.67 (0.43–1.03) 0.069

Chronic lung disease 1.26 (0.98–1.63) 0.072 3.21 (1.60–6.47) 0.001 1.14 (0.87–1.50) 0.346

Cancer 0.93 (0.69–1.25) 0.649 0.82 (0.20–3.37) 0.778 0.95 (0.70–1.28) 0.716

Renal disease 1.22 (0.78–1.91) 0.392 0.97 (0.13–7.23) 0.979 1.25 (0.79–1.98) 0.345

Liver disease 1.26 (0.71–2.25) 0.429 1.76 (0.24–12.90) 0.579 1.25 (0.68–2.28) 0.476

Intake of immunosuppressants 1.10 (0.68–1.77) 0.706 1.04 (0.14–7.57) 0.966 1.09 (0.67–1.79) 0.732

Analyses included participants with complete data on all characteristics (for more details see Table S1).
aThe Cox regression model was adjusted for all characteristics mentioned in the table and an interaction term of age with time split at June 1, 2022.
bThe Cox regression model was adjusted for all characteristics mentioned in the table, an interaction term of age with time split at June 1, 2022, and interaction

terms of all of these variables with time split at December 1, 2021.
cThis period starts at March 15, 2021 and ends at May 31, 2022.
dThis period starts at June 1, 2022 and ends at March 15, 2023.
eHigh education was defined as vocational school, Advanced level, or university diploma. Abbreviations: CI, confidence interval; HR, hazard ratio; SARS-CoV-2,

severe acute respiratory syndrome coronavirus type 2. After correcting for multiple testing, p-values<0.003 (0.05/16 covariates) are deemed statistically signif-

icant, which are marked in bold.
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sample. For instance, individuals who had received a third vaccine dose before the start of the booster vaccination campaign would not

qualify for inclusion into the long-term follow-up study.

Our study did not show a significant association with a fourth dose of vaccination against COVID-19 and the risk of SARS-CoV-2 infections.

A second booster dose has shown to effectively lower risk for hospitalization and death due to COVID-19 in individuals R60 years of age.37

However, in a study among health care workers, vaccine effectiveness of four versus three doses of BNT162b2 has been reported to wane over

time with no statistically significant effectiveness 15–26 weeks after receipt of the fourth dose against SARS-CoV-2 infection (�2% [95%CI�27

to 17%]).38 Moreover, a nationwide study conducted in Austria including approximately four million previously infected individuals compared

individuals with four vaccine doses against COVID-19 with those with three vaccine doses (>80% of all vaccine doses are from BNT162b2).39

The study found a significantly lower risk for incident SARS-CoV-2 infections fromNovember 1 until December 1, 2022 (hazard ratio 0.83 [95%

CI 0.81, 0.86]) but a significantly higher risk for incident SARS-CoV-2 infections from January 1 until June 30, 2023 (hazard ratio 1.17 [95% CI

1.15, 1.19]).39 This study’s and our results could be affected by several, possibly biasing, factors including a potential higher willingness of

testing for SARS-CoV-2 infections of individuals deciding upon taking a fourth dose of vaccination against COVID-19.

In the present study, the risk to develop incident SARS-CoV-2 infections was higher in females as compared to males. Results from the

literature regarding sex differences in risk of incident SARS-CoV-2 infections point toward the same direction.40,41 In a study including

over 60,000 health care workers from Europe who had received a booster dose of a COVID-19 vaccine, the odds for a SARS-CoV-2 break-

through infection were significantly higher in females as compared to males.40 Moreover, in a prospective, population-based study in

the UK including >10,000 participants who had received a booster dose, the hazard ratio for SARS-CoV-2 infection was 0.86 (95% CI 0.74–

1.00) in males as compared to females.41 In addition, in line with previous findings, our study yielded a reduced risk of incident SARS-

CoV-2 infection in individuals with a previous infection.40,41 We also found a lower risk for SARS-CoV-2 infections in current versus former

or never smokers. This paradox finding has been observed previously.42,43 However, it has been discussed that the negative association be-

tween current smoking and risk for SARS-CoV-2 infection is likely to be biased.44,45 A Mendelian randomization analysis, which allows esti-

mating associations independent of confounding, has shown that smoking initiation was causally related to a higher risk of SARS-CoV-2 infec-

tion.46 In general, it has to be noted that our study had an observational design, which does not allow drawing any conclusions about causality.

Furthermore, participation in our study was voluntary, which may have introduced specific forms of selection bias such as collider bias.45

Our study has several strengths. These include the large sample size and the long-term follow-up of two years. In addition, the suc-

cessful implementation of this vaccination initiative was only possible because of an intensive and tight collaboration of different stake-

holders from universities (e.g., designing and conducting the scientific study) and politics and public health institutions (e.g., organizing

the vaccine doses in a situation of high demand, setting up the vaccination centers). As we were able to set this study up with immense

speed (within only a week), we believe that such an initiative may also feasible within other settings, given that various stakeholders are

acting in concert. Moreover, our study stands out by participants being vaccinated over a very short time frame and according to the

same vaccination regimen. Consequently, study participants were exposed to the same occurrence of infection waves and to the

same SARS-CoV-2 variants of concern during follow-up. Furthermore, we obtained data on a range of covariates by questionnaire, which

allowed assessing the risk of incident SARS-CoV-2 infections across several participant characteristics and adjusting hazard ratios for po-

tential confounders.

Conclusion

This study demonstrates that an ultra-rapid rollout vaccination campaign was effective in reducing risk of incident SARS-CoV-2 infections over

a long-term follow-up of two years in the study itself and in the whole district of Schwaz, in which it was conducted. Moreover, vaccination

coverage was higher in the district of Schwaz compared to the other districts of Tyrol throughout the follow-up period.

Limitations of the study

Our study also has limitations. Data on SARS-CoV-2 infections were obtained from the central database of the Austrian Agency for Health and

Food Safety and is strongly dependent on the testing behavior of the participants. Consequently, incidence of SARS-CoV-2 may have been

underestimated. However, we compared SARS-CoV-2 incidence with district-level data, which also depend on the testing behavior of indi-

viduals, and still found significant effectiveness in the REDUCE phase 2 study as well as the district of Schwaz compared to other districts of

Tyrol. In addition, the majority (90.2%) of SARS-CoV-2 infections in REDUCE study participants were symptomatic. It is likely that asymptom-

atic SARS-CoV-2 infections were under-ascertained specifically toward the end of the follow-up period of our study. Also, the proportion of

asymptomatic infectionsmight have been higher in the district of Schwaz as compared to other districts of Tyrol, as vaccination coverage with

three doses was higher. Unfortunately, data on symptomatic infections were only available for REDUCE study participants but not for the

whole district of Schwaz or for other districts of Tyrol. This prevented us from obtaining effectiveness estimates for symptomatic SARS-

CoV-2 infections. Performing serological analyses would have enabled to assess asymptomatic infections. However, due to the rapid set

up and large sample size of our study it was not feasible to perform serological tests.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� This paper analyzes existing, publicly available data. The websites where these datasets can be accessed are listed in the key resources table. In addition,
the paper analyzes participant-level data, which cannot be deposited in a public repository because of data protection regulations.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study oversight and reporting

The study was approved by the Ethics Committee of the Medical University of Innsbruck (no 1095/2021). All participants provided written

informed consent. Results of this study are reported according to the strengthening the reporting of observational studies in epidemiology

(STROBE) statement. The STROBE checklist is provided in Table S3.

Study design and participants

The design of this study has been published previously.17 Briefly, the REDUCE study is an observational prospective cohort study that accom-

panied the ultra-rapid rollout vaccination campaign in the district of Schwaz in the Federal State of Tyrol, located in the Western part of

Austria. BetweenMarch 12 and 15, 2021, 11,955 individuals were recruited into the REDUCE study across nine vaccination centers. Individuals

were eligible to be included if they (1) received vaccination as part of the vaccination campaign, (2) were 18 years of age or older, (3) were

legally competent, and (4) fulfilled the vaccination criteria according to EuropeanMedicines Agency approval.47 As part of the study, the par-

ticipant’s sex was requested by questionnaire and was taken into account in the statistical analyses whenever possible.

METHOD DETAILS

Study setting

During the recruitment into the vaccination campaign, participants received their first dose (30 mg) of the BNT162b2 vaccine by intramuscular

injection. According to the vaccination regimen, individuals received a second dose of BNT162b2 between April 8 and 13, 2021 in any of the

vaccination centers. During the resting period after the first dose, individuals completed a questionnaire on date of birth, sex, previous SARS-

CoV-2 infection, medical history, socioeconomic status, and lifestyle.

Eight months later, the vaccination campaign was extended to offer booster vaccination with BNT162b2 to residents of the district of

Schwaz during November 13-28, 2021. REDUCE study participants were recruited at nine centers and received vaccination during November

20-21, 2021 (one center) and November 26-28, 2021 (eight centers). During the resting period after receiving vaccination, individuals affirming

that they participated in the first phase of the REDUCE study were asked for written consent to consult their information on incident

SARS-CoV-2 infections and vaccination against COVID-19 for two years after their first dose of BNT162b2.

Ascertainment of vaccination and outcomes

We obtained information on vaccination against COVID-19 from the national electronic vaccination database. We verified that participants

received the third dose of BNT162b2 during the extension of the REDUCE study. Furthermore, data on additional booster doses were ex-

tracted. Incident SARS-CoV-2 infections were obtained from the central database of the Austrian Agency for Health and Food Safety and

were based on a confirmed RT-PCR test. SARS-CoV-2 infections were considered symptomatic if individuals reported at least one of the

following symptoms: respiratory symptoms, disturbance of taste or smell, diarrhea, pneumonia, or other symptoms.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Open-source data on SARS-CoV-2 infections at

district-level. Accessed June 30, 2023.

https://www.data.gv.at/katalog/dataset/

covid-19-zeitliche-darstellung-von-daten-zu-

covid19-fallen-je-bezirk

N/A

Software and algorithms

Stata https://www.stata.com/ Version 15.1

Other

Data obtained by questionnaire. This paper. N/A

Data on incident SARS-CoV-2 infections of

study participants.

This paper. Obtained from Austrian Agency for

Health and Food Safety.

N/A

Data on vaccination against COVID-19. This paper. Obtained from the National

Electronic Vaccination database.

N/A
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QUANTIFICATION AND STATISTICAL ANALYSIS

Summary statistics are reported as numbers and percentages for categorical variables, means and standard deviations (SDs) for normally

distributed continuous variables, and medians and interquartile ranges (IQRs) for other continuous variables. We compared participant char-

acteristics between REDUCE study participants who did versus did not participate in the long-term follow-up using a t-test for continuous

normally distributed variables, a Mann-Whitney-U-test for continuous non-normally distributed variables, and a X2-test for categorical

variables.

For all statistical analyses, we define the baseline as March 15, 2021 when all participants had received a first dose of BNT162b2. We split

the follow-up time into eight equally spaced periods: Baseline to May 31, 2021; June 1, to September 30, 2021; October 1, to November 30,

2021; December 1, 2021 to February 28, 2022; March 1, toMay 31, 2022; June 1, to September 30, 2022; October 1, toNovember 30, 2022; and

December 1, 2022 to March 15, 2023. Moreover, we combined some of these periods to study the time before (baseline to November 30,

2021) and after (December 1, 2021 to March 15, 2023) the booster vaccination initiative took place.

For all analyses, if not stated otherwise, time to event was defined as time from baseline to first SARS-CoV-2 infection, death, withdrawal

from the study, or end of follow-up, whichever occurred first. End of follow-up was defined as two years after study entry (March 12-15, 2023)

for individuals who consented to participate in the long-term follow-up of the REDUCE study and as six months after study entry, otherwise.

We also censored individuals after five weeks of follow-up in case they did not receive a second dose of BNT162b2 within 19–42 days after the

first dose.

We calculated incidence rates for SARS-CoV-2 per 100,000 person-weeks.We assessed incidence of SARS-CoV-2 infections at district-level

and estimated the effectiveness of the booster vaccination campaign using data from the Austrian epidemiological reporting system (EMS),

which includes daily incident SARS-CoV-2 infections starting at February 26, 2020.48 We compared cumulative incidence curves between the

REDUCE study, the district of Schwaz, and other districts of Tyrol. Moreover, we estimated SARS-CoV-2 infections averted in the REDUCE

study population and the district of Schwaz. This was achieved by using data on the number of SARS-CoV-2 infections that occurred on

each day. First, we obtained the percentage of individuals infected on each day within other districts of Tyrol. In a next step, we estimated

the number of SARS-CoV-2 infections in the REDUCE study and the district of Schwaz if the daily percentage of individuals infected would

have been the same as within other districts of Tyrol (counterfactual scenario). We then obtained a cumulative sum of the daily number of

SARS-CoV-2 infections in the counterfactual scenario and compared them to the recorded daily number of SARS-CoV-2 infections (actual

scenario). In addition, we obtained hazard ratios for incident SARS-CoV-2 infections in the REDUCE study and the district of Schwaz compared

to other districts of Tyrol as described previously.49 Effectiveness was defined as one minus the corresponding hazard ratio. In a sensitivity

analysis, we obtained cumulative incidence curves and estimated effectiveness allowing for recurrent events, considering individuals to be

at risk for a SARS-CoV-2 re-infection at 91 days after they had experienced an infection, as suggested previously.50

Based on data from the national electronic vaccination database, we compared cumulative numbers of vaccination doses administered in

the district of Schwaz to those administered in other districts of Tyrol. We calculated the percentage of individuals vaccinated with two and

three doses in the district of Schwaz and in other districts of Tyrol. Moreover, we calculated the percentage of individuals vaccinated with four

doses in the district of Schwaz, in other districts of Tyrol, and in the REDUCE study (restricting the REDUCE study population to individuals that

participated in the long-term follow-up).

Using Cox regression analysis, we obtained hazard ratios for incident SARS-CoV-2 infections across several participant characteristics.

The proportional hazards assumption was checked using Schoenfeld residuals and by inspecting log-log plots of survival. The proportional

hazards assumption was violated for age. Therefore, we included age and an interaction of age with time (split at June 1, 2022) into our

models. We assessed the risk for incident SARS-CoV-2 for participants with versus without a fourth dose of vaccination against COVID-19.

In this analysis, the receipt of a fourth dose was treated as a time-varying variable and we additionally adjusted for sex, baseline age, an inter-

action of age with time (split at June 1, 2022), and previous SARS-CoV-2 infection at baseline. Moreover, we estimated hazard ratios for inci-

dent SARS-CoV-2 infection across the variables age (per 10 years younger), sex (female versus male), previous SARS-CoV-2 infection (yes

versus no), household size (R3 versus fewer persons), obesity (body mass index R25 versus <25 kg/m2), smoking (current versus former/

never), occupation (employed versus not employed), education (Advanced level [A-level] or higher versus other), pre-existing conditions

(yes versus no) including cardiovascular disease, diabetes mellitus, chronic lung disease, cancer, kidney disease, and liver disease, and intake

of immunosuppressants (yes versus no). These analyses were adjusted for sex, age, an interaction of age with time (split at June 1, 2022), pre-

vious SARS-CoV-2 infection, household size, obesity, smoking, occupation, education, pre-existing cardiovascular disease, diabetesmellitus,

chronic lung disease, cancer, kidney disease, liver disease, and intake of immunosuppressants, as appropriate. The analyses were restricted to

participants with complete information on all covariates. To study the risk for incident SARS-CoV-2 infections across participant characteristics

over time, we split the follow-up period at December 1, 2021 and estimated hazard ratios during the first period, i.e., until November 2021,

and during the second period, i.e., fromDecember 2021. For this analysis, we created a variable indicating the time period and included inter-

action terms with this variable and all covariates in the Cox regression model described above.

Statistical analyses were conducted with Stata 15.1 (StataCorp LLC, Lakeway Drive, Texas: USA). All statistical tests were two-sided. In gen-

eral, p-values %0.05 were deemed as statistically significant and p-values were Bonferroni-corrected for multiple testing, if appropriate.
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