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Abstract

Background Amidst the COVID-19 pandemic, vaccination has been a crucial strategy for mitigating transmission and
disease severity. However, vaccine-effectiveness may be influenced by various factors, including booster vaccination,
as well as personal factors such as age, sex, BMI, smoking, and comorbidities. To investigate the potential effects of
these factors on SARS-CoV-2 infection and disease severity, we analyzed data from the third round of the Cologne
Corona Surveillance (CoCoS) project, a large cross-sectional survey.

Methods The study was conducted mid-February to mid-March 2022 in Cologne, Germany. A random sample of
10,000 residents aged 18 years and older were invited to participate in an online survey. Information on participants’
demographics (age, sex), SARS-CoV-2 infections, vaccination status, smoking, and preexisting medical conditions
were collected. The outcomes of the study were: (1) the occurrence of SARS-CoV-2 infection despite vaccination
(breakthrough infection) and (2) the occurrence of moderate-to-severe disease as a result of a breakthrough infection.
Cox proportional-hazards regression was used to investigate possible associations between the presence/absence

of booster vaccination, personal factors and the occurrence of SARS-CoV-2 infection. Associations with moderate-to-
severe infection were analyzed using the Fine and Gray subdistribution hazard model.

Results A sample of 2,991 residents responded to the questionnaire. A total of 2,623 primary immunized participants
were included in the analysis of breakthrough infection and 2,618 in the analysis of SARS-CoV-2 infection severity
after exclusions due to incomplete data. The multivariable results show that booster vaccination (HR=0.613, 95%Cl
0415-0.823) and older age (HR=0.974, 95%Cl 0.966-0.981) were associated with a reduced hazard of breakthrough
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infection. Regarding the severity of breakthrough infection, older age was associated with a lower risk of moderate-
to-severe breakthrough infection (HR=0.962, 95%Cl0.949-0.977). Female sex (HR=2.570, 95%Cl1.435-4.603), smoking
(HR=1.965, 95%Cl1.147-3.367) and the presence of chronic lung disease (HR=2.826, 95%Cl|1.465-5.450) were
associated with an increased hazard of moderate-to-severe breakthrough infection.

Conclusion The results provide a first indication of which factors may be associated with SARS-CoV-2 breakthrough
infection and moderate-to-severe course of infection despite vaccination. However, the retrospective nature of the
study and risk of bias in the reporting of breakthrough infection severity limit the strength of the results.

Trial registration DRKS.de, German Clinical Trials Register (DRKS), Identifier: DRKS00024046, Registered on 25 February

Keywords Moderate-to-severe breakthrough infection, Booster vaccination, Age, Female sex, Smoking, Chronic lung

Introduction

On March 11, 2020, few months after its outbreak in
Wuhan (China), the World Health Organization (WHO)
declared COVID-19 a pandemic. By the time of writ-
ing in March 2023 over 759 million confirmed cases and
over 6.8 million deaths worldwide have been caused by
the ‘Severe acute respiratory syndrome coronavirus
type 2’ (SARS-CoV-2) [1]. Germany counted more than
38 million cases and 168 thousand COVID-19-associated
deaths by March 2023 [1].

A major contribution to preventing infections was
made by the SARS-CoV-2-vaccines [2]. Previous stud-
ies have shown that vaccinated individuals have a lower
viral load, experience fewer symptoms, and are at a sig-
nificantly lower risk of transmitting the disease [3]. At
the time the here presented study was conducted in
mid-February to mid-March 2022, five vaccines namely
BNT162b2 (mRNA vaccine by Pfizer-BioNTech), mRNA-
1273 (mRNA vaccine by Moderna), Ad26.COV2.S
(adenoviral vector vaccine by Janssen), NVX-CoV2373
(protein-based vaccine by Novavax) and ChAdOx1 (ade-
noviral vector vaccine by AstraZeneca) were available
and approved for use in Germany [4]. By then, more than
171 million vaccine doses had been administered to over
63 million people in Germany, with more than 85,5% of
the adult population (age 18 or older) having reached full
vaccination status as defined by the Paul Ehrlich Institute
in January 2022 (Primary immunization with two single
doses of the above vaccines) [5, 6].

The vaccines licensed for use in Germany have been
shown to be highly protective against SARS-CoV-2 infec-
tion [7, 8]. However, infections with SARS-CoV-2 do
occur despite vaccination, and these cases are referred to
as breakthrough infections [9, 10]. Even more important
than protection against infection appears to be protec-
tion against a severe course of SARS-CoV-2 infection.
Studies suggest a protective effect of vaccination against
severe disease in the case of breakthrough infection [11].
However, severe disease courses occur despite vaccina-
tion [12, 13]. Regular booster vaccinations are intended

to maintain a high level of protection and counteract a
decline in vaccine efficacy [14]. Current recommenda-
tions are to revaccinate against SARS-CoV-2 infection
after 3—6 months to maintain a high level of protection
[15]. The effectiveness of booster vaccination is the sub-
ject of intensive scientific research [16—18].

In addition to booster vaccination, other factors
are under discussion to influence the risk for vaccine
breakthrough and severe COVID-19 disease progres-
sion despite vaccination. These include older age, smok-
ing, and preexisting conditions such as obesity, chronic
lung disease, cardiovascular disease, immunodeficiency,
or cancer [12, 19]. It is important to identify the factors
that increase the risk of vaccine breakthrough and severe
COVID-19 disease despite vaccination, as this knowledge
will allow more targeted protection beyond vaccination
and further reduce the risk of SARS-CoV-2 infection,
which is fatal in the worst case.

The primary objectives of this study were (1) to dem-
onstrate a possible association between booster vaccina-
tion and the occurrence of breakthrough infection and
(2) to investigate a possible association between booster
vaccination and the severity of breakthrough infection.
Secondary objectives of this study were to investigate
possible associations of age, smoking, and pre-existing
medical conditions with the occurrence of SARS-CoV-2
breakthrough infection and the severity of breakthrough
infection. For this purpose, we used data from the third
round of the Cologne Corona Surveillance (CoCoS) proj-
ect, a large cross-sectional survey.

Methods

Setting

The CoCoS project was conducted in Cologne, a west
German city situated in the federal state of North Rhine-
Westphalia. With a population approaching 1.1 mil-
lion, Cologne is the fourth-largest city in Germany. The
average age of Cologne’s inhabitants approximates 42
years, however around 17.5% of the citizens are older
than 65 years, considered as a vulnerable age group for
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a severe COVID-19 [20]. At the time of implementation
of the third round of the CoCoS project, there were over
268,000 officially reported cases in Cologne and 1012
people had already died from or with SARS-CoV-2 in
Cologne [21]. At that time, 85.4% of the adult population
of Cologne had achieved primary immunization against
COVID-19 [5, 6].

Study design

The study reported here is cross-sectional. It represents a
further development of earlier surveys conducted as part
of CoCoS project [22—24]. The procedure was approved
in advance by the Ethics Committee of the Medical Fac-
ulty of the University of Cologne and the Ethics Commit-
tee of the North Rhine Medical Association. The study
was also registered in the German Clinical Trials Register
(identifier: DRKS00024046). The survey was conducted
from February 15 to March 15, 2022, a duration of exactly
4 weeks.

Sample and setting

To participate in the survey, the following inclusion cri-
teria applied: residence in Cologne and an age of 18
years or older. Exclusion criteria were: not resident in
Cologne, under 18 years of age, or unable to give consent.
We restricted the analysis of the associations between
absence or presence of booster vaccination/age/smoking/
preexisting medical conditions and SARS-CoV-2 infec-
tion/moderate-to-severe disease progression to those
participants who had already completed their primary
immunization and reported no SARS-CoV-2 infection
prior to completing their primary immunization.

Study procedures and data collection

A random sample of 10,000 Cologne residents was
drawn from the municipal-registration office using a ran-
dom generator in the official registration management
program (MESO, HSH Soft- und Hardware Vertriebs
GmbH, 16,356 Ahrensfelde OT Lindenberg). Partici-
pants were invited to partake in the study by mail on
February 15, 2022. The invitation letter contained basic
information about the purpose of the study and a printed
QR code. Using this code, or alternatively the link that
was also printed, participants were able to access the
study homepage using their PC, tablet or smartphone.
The homepage was kept as simple as possible in order
to attract even citizens with little Internet experience to
participate. First, the preferred language was queried. The
choices were German, English and Turkish. Before start-
ing the online questionnaire, participants were provided
with comprehensive information about the study, e.g.
about data protection, the approximate time needed to
take part and the right to withdraw from participation at
any time and to withdraw the data provided. Participants
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could then give their consent to participate by clicking on
a button. The questionnaire was available for completion
from February 15 to March 15, 2022. On February 24,
2022, all participants, who had not submitted a response
yet received a reminder letter.

Questionnaire

The online questionnaire first collected information
on age, sex, height and weight. Subsequently, the par-
ticipants were asked about medical conditions that had
already existed prior to a possible SARS-CoV-2 infection.
They were asked about their current smoking habits, the
presence of chronic lung disease, cardiovascular disease,
immunodeficiency and/or cancer. Participants were then
asked about SARS-CoV-2 infections they had experi-
enced and whether they had been vaccinated against
COVID-19. If participants indicated that they had
already had one or more SARS-CoV-2 infections, they
were asked when these had occurred and what symptoms
they had experienced. Regarding COVID-19 vaccination,
participants were asked to indicate the date of the first
vaccination, the date of the second vaccination, and, if
applicable, the date of the booster vaccination.

Definitions

SARS-CoV-2 infection was considered as such only when
confirmed by a positive RT-qPCR test. SARS-CoV-2
infection despite primary immunization was considered
a breakthrough infection. Infection severity among par-
ticipants who reported a prior SARS-CoV-2 infection was
assessed using the clinical spectrum classification crite-
ria established by the U.S. National Institute of Health.
According to this classification, SARS-CoV-2 infection
is no longer considered mild when symptoms include
shortness of breath or dyspnea. Further differentiation
of disease progression into moderate, severe or criti-
cal is based on clinical parameters such as pulse oxim-
etry oxygen saturation, respiratory rate and the presence
of respiratory failure [25]. If participants reported that
symptoms ranging from shortness of breath to dyspnea
were present during their SARS-CoV-2 infection, the
course was classified as moderate-to-severe. If partici-
pants reported the absence of this symptom, the course
was classified as mild.

Primary immunization was considered to have been
achieved if respondents reported having received two
doses of a COVID-19 vaccine (Comirnaty (BioNTech/
Pfizer), Spikevax (Moderna), Vaxzevria (AstraZeneca),
Janssen (Johnson & Johnson), Nuvaxovid (Novavax) or
a combination thereof, with the last dose having been
administered at least 14 days before SARS-CoV-2 infec-
tion onset. The presence of booster vaccination was
defined as a third dose of a COVID-19 vaccine [15, 26]
given at least 7 days prior to infection. The interval of at
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least 14 days between primary immunization and infec-
tion, or 7 days between booster vaccination and infec-
tion, was chosen because studies show that the full effect
of primary immunization does not occur until at least
14 days after the second dose [26], and the full effect of
booster vaccination does not occur until 7 days after the
booster [16, 26].

Smoking referred to participants’ smoking habits by the
time of the questionnaire. Chronic lung disease included
asthma, chronic bronchitis, chronic obstructive pulmo-
nary disease (COPD) or emphysema. Cardiovascular dis-
ease identified chronic cardiovascular disorders, such as
hypertension, coronary heart disease, heart insufficiency,
irregular heartbeat, previous heartattack or stroke. A
status of immunodeficiency was assumed if a primary
immune disorder, transplantation of organ, chemother-
apy or immunosuppressive medication such as cortisone
was stated. Participants were required to report a cancer
diagnosis of any type if they were currently undergoing
treatment or had received treatment within the past year.

Statistical analysis
We used the Cox proportional-hazards model to calcu-
late the hazard ratios and 95% confidence intervals (CIs)
of association between the absence or presence of SARS-
CoV-2 booster vaccination and breakthrough infection.
The variable “booster vaccination” was included in the
model as a time-dependent covariate. As a time-scale
defining time to infection, we used the date of second
vaccination to the date of booster vaccination, infection,
or participation in the survey, whichever occurred first.
Hereafter, this time-scale will be referred to as “calendar
time” In addition to the booster variable, participants’
age at study entry, sex, Body-Mass-Index (BMI), smok-
ing, presence of chronic lung disease, cardiovascular dis-
ease, immunodeficiency, and/or cancer were included in
the model. Analyses were first univariable and then mul-
tivariable. In the multivariable analysis, backward selec-
tion (based on the Akaike Information Criterion (AIC))
from a pool of candidate variables was used to build a
parsimonious model. To analyze associations between
the aforementioned variables and severity of progression,
an analysis of competing risks was performed using the
Fine and Gray subdistribution hazard model. A mod-
erate-to-severe course of SARS-CoV-2 infection is in a
competing risk situation to a mild course of SARS-CoV-2
infection. Here, too, the booster variable was included in
the model as a time-dependent covariate, and calendar
time was again used as the time-scale. Variable selection
here was analogous to the procedure described above.
Only those variables that had at least five events, were
included in the analysis. Multicollinearity was assessed
by examining the variance inflation factors (VIF) of all
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included variables. Any variable with a VIF greater than
five was to be excluded.

Statistical analysis was performed using SPSS Statistics
(IBM Corp., Version 28.0, Armonk, NY, USA) and the
statistical software R (R Foundation for Statistical Com-
puting, Version 4.2.1, Vienna, Austria).

Results

Sample characteristics

The flow chart in Fig. 1 provides an overview of the
recruitment for the third round of the CoCoS project,
the selection of the cohorts up to the datasets eventu-
ally analyzed here. Of the 10,000 Cologne residents who
were contacted, 2,991 (29.9%) gave their consent to par-
ticipate in the survey. Of these, 2,823 individuals stated
that they had already received primary immunization
against SARS-CoV-2 infection and had not contracted a
SARS-CoV-2 infection prior to this primary immuniza-
tion. However, of this selected cohort, an additional 200
individuals were excluded from the analyses due to miss-
ing or implausible time data on primary immunization or
booster vaccination. The data set used for the analysis of
associations with breakthrough infection thus included
2,623 primarily immunized adult residents of Cologne.
With regard to the analysis of the severity of the SARS-
CoV-2 breakthrough infection, five more participants had
to be excluded from the analysis. They reported that they
had suffered a SARS-CoV-2 infection after their primary
immunization, but at the same time did not answer the
questions necessary to classify the severity of the SARS-
CoV-2 infection. Accordingly, the dataset used for the
analysis of associations with the severity of SARS-CoV-2
breakthrough infection included 2,618 adult residents of
Cologne who had received primary immunization. Par-
ticipants’ sociodemographic characteristics, vaccination
status, smoking habits, and preexisting medical condi-
tions subdivided by outcome are summarized in Table 1.

Analysis of associations between vaccination status, age,
sex, body-mass-index, smoking habits, preexisting medical
conditions and breakthrough infection

Of the 2,623 primarily immunized adult Cologne resi-
dents included in this analysis, 287 (10.94%) reported a
breakthrough infection. The date of first reported break-
through infection in the cohort analyzed here was 1 April
2021. Among the participants who received a booster
dose in addition to the primary immunization, the mean
time between the primary immunization and the booster
dose was 166.7 days (SD=34.3). The results of both uni-
variable and multivariable cox proportional hazard
regression analysis with calendar time as time-scale and
dependent variable breakthrough infection are presented
in Table 2 and Supplementary Fig. 1. In the multivari-
able analysis, 2,566 participants with complete cases for
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Inhabitants of Cologne, >18 years of age
(N = 913,009)

A 4

Randomly generated sample

(n = 10,000)
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h 4

Written informed consent not provided
(n=7,009)

Written informed consent provided
(n=2,991)

\4

No basic immunization (n = 52) or Item on
vaccination status not answered (n=11)

A4

Selected Cohort: Basic immunization w/o
preceding SARS-CoV-2 infection
(n=2,823)

A 4

SARS-CoV-2 infection before completion of basic
immunization (n = 81) or date of past SARS-CoV-2
infection missing (n = 7) or Item on past SARS-
CoV-2 infection not answered

(n=17)

A 4
Data set analysis 1 (‘breakthrough
infection’)
(n=2,623)

Date when basic immunization was received not
stated (n = 179), date when booster vaccination
was received not stated (n=17), implausible data
on dates of vaccinations (n = 4)

Y

Data set analysis 2 (‘severity of the SARS-
CoV-2 infection’)
(n=2,618)

Y

Severity of the SARS-CoV-2 infection suffered
cannot be determined (n =5)

Fig. 1 Overview of the recruitment for the third round of the CoCoS project, the selection of the cohorts up to the datasets eventually analyzed here

the variables used here could be included. Of 2,623 par-
ticipants, 51 participants were excluded from the mul-
tivariable analysis, five because of missing information
on smoking behavior, and one participant because of
incomplete information on body mass index and one par-
ticipant because of incomplete information on body mass
index and missing information on smoking behavior. The
multicollinearity test did not reveal any indication to take
further steps. The results of the multicollinearity assess-
ment are included in the Supplementary Material to this
article, specifically in Supplementary Table 1.

Association between vaccination status and breakthrough
infection

The vast majority of the cohort analyzed here had already
received booster vaccination beyond primary immuniza-
tion against SARS-CoV-2 infection at the time of the sur-
vey. Among participants censored (no infection) in the

Cox proportional-hazards regression analysis, the pro-
portion who had already received an initial booster vacci-
nation against SARS-CoV-2 infection beyond the primary
immunization was 93.6%. Of the 287 participants who
reported a breakthrough infection, 61.0% reported that
they had received a booster dose of the SARS-CoV-2 vac-
cine at some point in the past. The Lexis plot in Fig. 2
shows the time course for each participant from the date
of primary immunization to possible booster vaccina-
tion and possible SARS-CoV-2 infection. The Lexis plot
ends for participants either with a SARS-CoV-2 infection
or, in the case of no infection, at the end of the survey
on 15 March 2022. Figure 2 also shows that the time of
the participants’ booster vaccination was during the cold
season and the phase of changing predominant variants
from Delta to Omicron [24]. In the univariable analy-
sis with vaccination status as a time-dependent covari-
ate and calendar time as the time axis, a statistically
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s =28 s significant association between vaccination status and
S 453 hazard of breakthrough infection was shown. Additional
Te booster vaccination against SARS-CoV-2 infection was
S w ~ associated with a significantly reduced hazard of break-
é g s 2 'i - through infection compared with primary immunization
alone (HR=0.483, 95% CI 0.356-0.652, p<.001). This
§ - finding could be confirmed in the multivariable analysis
g 2 22 g (HR=0.613, 95% CI 0.415-0.823, p=.002).
= 3 323
;‘o Associations between age, sex, body-mass-index, smoking
5 habits, preexisting medical conditions and breakthrough
AN infection
s $| N While censored participants (without breakthrough
£ o ofo infection at the time of the survey) were on average 50.44
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g & 2 with increasing age (HR=0.972, 95% CI 0.965-0.979,
Sl a2, p=<0.001). The significant association between younger
age and breakthrough infection also remained in the
- multivariable Cox proportional-hazards model. In the
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e | °7F° the hazard of breakthrough infection by 2.6%, which was
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S TE g _ é 3 e 8 from the model during stepwise backward selection).
- 2s f i 23 2 _%— In terms of pre-existing medical problems, the group
5 g g E g g % g o of participants with breakthrough infection had a lower
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Table 2 Associations with vaccination breakthroughs- results of univariable and multivariable Cox proportional hazards survival

regression
Variables Univariable analysis Multivariable analysis (N=2,566)
N Hazard Ratio 95% Cl p Adjusted Hazard Ratio 95% ClI p

Age1 2,623 0972 0.965-0.979 <0.001 0974 0.966-0.981 <0.001
Sex

Male 1,215 Reference Reference

Female 1,408 1.260 0.995-1.549 0.055 1.231 0.970-1.561 0.087
Body Mass Index 2,571 0.995 0971-1.020  0.699 1.015 0991-1.040 0214
Vaccination status*

Primary immunization 262 Reference Reference

Primary immunization +booster 2,361 0.483 0.356-0.652 <0.001 0613 0.451-0.832 0.002
Smoking

No smoker 2,074 Reference

Smoker 543 1.154 0876-1.519 0309
Chronic lung disease

No 2,405 Reference

Yes 218 0.730 0453-1.177 0.197
Cardiovascular disease

No 1,996 Reference

Yes 627 0.636 0.467-0.864 0.004
Immunodeficiency

No 2,554 Reference

Yes 69 1.030 0.510-2.080 0.934
Cancer

No 2,559 Reference

Yes 64 0.683 0.282-1.654 0.399

*The booster variable was included in the model as a time-dependent covariate

(6.3% vs. 8.6%), cardiovascular disease (17.1% vs. 24.7%)
or cancer (1.7% vs. 2.5%) than the group of participants
without breakthrough infection. The two groups were
similar with regard to immunodeficiency (2.8% vs. 2.6%).
Cox regression (univariable) showed a statistically sig-
nificant association with breakthrough infection only for
pre-existing cardiovascular disease. Univariable analysis
showed that the presence of a cardiovascular disease was
associated with a significantly lower risk of breakthrough
infection (HR=0.636, 95% CI 0.467-0.864, p=.004). In
the multivariable analysis, all variables concerning preex-
isting medical conditions were excluded from the model
during stepwise backward selection.

Analysis of associations between vaccination status,

age, sex, body-mass-index, smoking habits, pre-

existing medical conditions and severity of SARS-CoV-2
breakthrough infection

Of the 2,618 adult Cologne residents with primary
immunization included in this analysis, 60 reported to
have suffered from a moderate-to-severe breakthrough
infection and 222 reported to have suffered from a mild
breakthrough infection. The results of the univariable
and multivariable analyses of competing risks are sum-
marized in Table 3 and Supplementary Fig. 2. The mul-
tivariable analysis included data from 2,562 individuals.

Of 2,618 participants, 50 participants were excluded
from the multivariable analysis, five because of missing
information on smoking behavior, and one participant
because of incomplete information on body mass index
and one participant because of incomplete information
on body mass index and missing information on smoking
behavior. The test for multicollinearity did not reveal any
need for corrections. The results of this multicollinearity
analysis are presented in Supplementary Table 2 attached
to this article.

Associations between vaccination status and severity of
SARS-CoV-2 breakthrough infection

The percentage of censored participants who had
received an additional booster vaccination against SARS-
CoV-2 at the time of the survey was 93.6%. Among par-
ticipants who reported moderate-to-severe breakthrough
infection, the percentage who had received a booster
dose was 65.0%. Among those who reported a mild
breakthrough infection, the percentage who had received
a booster dose was 60.8%. In univariable analysis of com-
peting risks with vaccination status as a time-dependent
covariate and calendar time as a time axis, additional
booster vaccination against SARS-CoV-2 infection was
associated with a lower hazard of moderate-to-severe
breakthrough infection than primary immunization
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Table 3 Associations with moderate-to-severe course of COVID-19- results of univariable and multivariable Fine and Gray

subdistribution hazard regression

Variables Univariable analysis Multivariable analysis (N=2,562)
N Hazard Ratio 95% Cl p Adjusted Hazard Ratio 95% ClI p

Age1 2,618 0.964 0.950-0.978 <0.001 0.962 0.949-0.977 <0.001
Sex

Male 1,214 Reference Reference

Female 1,404 2.524 1.404-4.537 0.002 2570 1.435-4.603 0.002
Body Mass Index 2,583 1.014 0952-1.079  0.669 1.032 0.982-1.084 0211
Vaccination status*

Primary immunization 262 Reference

Primary immunization +booster 2,361 0.819 0457-1.468 0.502
Smoking

No smoker 2,071 Reference Reference

Smoker 541 1.978 1.156-3.384  0.013 1.965 1.147-3.367 0.012
Chronic lung disease

No 2,405 Reference Reference

Yes 218 2.585 1.346-4.964 0.004 2.826 1.465-5.450 0.002
Cardiovascular disease

No 1,996 Reference

Yes 627 0.723 0.376-1.392 0332

*The booster variable was included in the model as a time-dependent covariate

alone. However, this association did not reach statistical
significance (HR=0.819, 95% CI 0.457-1.468, p=.502). In
the multivariable analysis, the variable vaccination status
was excluded from the model during stepwise backward
selection.

Associations between age, sex, BMI, smoking habits,
preexisting medical conditions and severity of SARS-CoV-2
breakthrough infection
Participants who reported moderate-to-severe break-
through infection (40.331+13.13 years) and participants
who reported mild breakthrough infection (43.18+15.44
years) were on average significantly younger than cen-
sored participants without breakthrough infection
(50.44+16.88 years). Univariable analysis of compet-
ing risks showed a statistically significant association
between younger age and moderate-to-severe break-
through infection (HR=0.964, 95% CI 0.950-0.978,
p=<0.001). This significant association remained stable
in multivariable analysis. In the multivariable Fine and
Gray subdistribution hazard regression, one additional
year of life reduced the hazard of a moderate-to-severe
breakthrough infection by 3.8%, which was statistically
significant (HR=0.962, 95% CI 0.949-0.977, p=<0.001).
Among participants reporting moderate-to-severe
SARS-CoV-2 breakthrough infection (75.0%), the propor-
tion of women was significantly higher than among par-
ticipants reporting mild breakthrough infection (54.5%)
or censored participants with no breakthrough infection
(53.0%). There was a statistically significant association
between participant sex and the hazard of moderate-
to-severe SARS-CoV-2 breakthrough infection. With

a Hazard Ratio of 2.524 (95% CI 1.404-4.537) in uni-
variable analysis and a Hazard Ratio of 2.570 (95% CI
1.435-4.603) in multivariable analysis, women had a
significantly increased risk of moderate-to-severe break-
through infection compared with men. The mean BMI of
participants reporting moderate-to-severe (25.74 kg/m?),
mild breakthrough infection (25.27 kg/m?), or censored
participants (25.46 kg/m?) differed insignificantly from
each other. In line with this finding, BMI neither showed
significant association with the severity of SARS-CoV-2
breakthrough infection in the univariable (HR=1.014,
95% CI 0.952-1.079, p=.669) nor in the multivariable
(HR=1.032, 95% CI 0.982-1.084, p=.211) Fine and Gray
subdistribution hazard regression. The percentage of
smokers among participants who reported moderate-
to-severe SARS-CoV-2 breakthrough infection (33.3%)
was strikingly higher than among participants who
reported mild breakthrough infection (19.8%) or among
censored participants without breakthrough infection
(20.4%). In the univariable competing hazards analy-
sis, a significant association was found between smok-
ing behavior and the risk of SARS-CoV-2 breakthrough
infection. Smokers had a significantly increased hazard
of moderate-to-severe breakthrough infection compared
with non-smokers (HR=1.978, 95% CI 1.156-3.384,
p=.013). This finding was confirmed in multivariable
analysis (HR=1.965, 95% CI 1.147-3.367, p=.012). With
regard to pre-existing medical conditions, the variables
immunodeficiency and cancer were not included in the
analysis because of the 60 participants who reported
moderate-to-severe breakthrough infection, none or only
one had such pre-existing medical conditions. Among



Oberste et al. BMC Public Health (2024) 24:548

participants reporting moderate-to-severe breakthrough
infection, the prevalence of chronic lung disease was
significantly higher (18.3%) than among participants
reporting mild breakthrough infection (2.3%) or among
censored participants with no breakthrough infection
(8.6%). Univariable (HR=2.585, 95% CI 1.346-4.964,
p=.004) and multivariable analysis (HR=2.826, 95% CI
1.465-5.450, p=.002) confirmed an association between
the presence of chronic lung disease and an increased
risk of moderate-to-severe breakthrough infection. Pre-
existing cardiovascular disease was proportionally less
frequent in the moderate-to-severe group and in the
mild breakthrough infection group than in the censored
participants. However, univariable (HR=0.723, 95% CI
0.376-1.392, p=.332) and multivariable analysis (the vari-
able was excluded from the model using stepwise back-
ward selection) showed no systematic association.

Discussion

The results presented above are based on data from
more than 2,600 adults in Cologne who had completed
the primary immunization schedule. In the cohort stud-
ied, breakthrough infections occurred with a relative
frequency of 10.94% in the period from the start of the
pandemic in January 2020 (the first known case of SARS-
CoV-2 infection in Germany is dated 28 January 2020
[27]) to the study cut-off date of 15 March 2022. Our
results suggest that younger age, lack of booster vaccina-
tion and the absence of cardiovascular disease are associ-
ated with vaccine breakthrough. Our results also suggest
that younger age, female sex, smoking and chronic lung
disease are associated with COVID-19 breakthrough
infection of moderate-to-severe disease course.

The finding that additional booster vaccination is
associated with a statistically significant lower hazard of
breakthrough infection compared with primary immuni-
zation alone is consistent with the results of recent stud-
ies [28]. Booster vaccines have been shown to improve
the immune response, inducing higher antibody lev-
els and higher virus neutralization [29]. However, our
results did not show a statistically significant advantage
of booster vaccination over primary immunization alone
in terms of severity of breakthrough infection. This find-
ing differs from the results of other studies showing a
high efficacy of booster vaccination in preventing severe
COVID-19 infections [16]. As shown in Fig. 2, most
booster vaccinations in our cohort were given during the
cold season, when more and more severe infection can be
expected [30, 31]. The change in the predominant SARS-
CoV-2 variant in Germany from Delta- to Omicron in
January 2022 [26] also coincides with most booster vac-
cinations in our cohort. These and other time-vary-
ing covariates should be controlled for in the present
study by using calendar time as the time scale of the
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time-to-event regression models used. The use of calen-
dar time as the time scale in the analysis performed here
allows comparison between participants who received an
additional booster vaccination and those who received
only a primary immunization to be made on participants
at risk at the same calendar time. Thus, the comparison
is made under the same time-dependent conditions (e.g.,
SARS-CoV-2 incidence, predominant virus variant, time
of the year), and time-varying covariates are unlikely to
explain the lack of effect of booster vaccination on the
risk of severe breakthrough infection. Lund and col-
leagues (2023) show in their article that the use of calen-
dar time is the most effective way to control for bias due
to time-varying covariates in studies of COVID-19 vac-
cine efficacy [32]. However, covariates such as virus vari-
ant can still confound results. This may be the case, for
example, if vaccines lose significant efficacy against new
virus variants and at the same time the number of new
infections increases significantly.

Empirically, the additional booster vaccination showed
an advantage over the primary immunization alone. The
lack of statistical significance could be due to the sample
size with a relatively small effect. The small effect of the
booster vaccination compared to primary immuniza-
tion could potentially be explained by the timing of the
booster administration. The recommendation for booster
vaccination is 3—-6 months after primary immunization,
as indicated in current guidelines [15], which is consis-
tent with the majority of participants in our study receiv-
ing a booster within this time interval. However, it is
important to note that the study was conducted amidst
the emergence of the Omicron variant. As the majority
of participants received a booster before this time, it is
likely that they were vaccinated with older vaccines that
were not specifically adapted to the Omicron variant
[33]. The age of our participants showed a statistically
significant association with the hazard of SARS-CoV-2
breakthrough infection. Younger age was associated with
a higher likelihood of vaccine breakthrough. Studies on
the process of infection have attributed a similar risk of
disease to younger and older people, because the process
of infection does not differ significantly between the two
groups [34]. However, retrospective cohort studies such
as this one, but also prospective cohort studies, repeat-
edly show that younger age is associated with a higher
risk of infection [35, 36]. This has recently been shown
specifically for breakthrough infections in adults with
primary immunization against SARS-CoV-2 [37]. The
main explanation given for these findings is that older
people are more cautious and more likely to comply with
preventive measures than younger people. According to
literature this finding is equivocal with supportive [38]
and contradicting results [39]. Surprisingly, our study
also showed a positive association between younger
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age and the hazard of a breakthrough infection becom-
ing moderate-to-severe. Prospective cohort studies with
clinical symptom recording by professionally trained staff
have shown the opposite. Higher rates of severe cases
were found in older age groups [40]. Infectious disease
studies suggest that a greater propensity to inflammation,
an aged immune system and changes in the cytokine pro-
file are associated with this higher susceptibility to severe
outcomes in old age [34]. One reason why our results
differ from these studies may be the classification of
moderate-to-severe disease used here. Our participants
were asked whether they experienced symptoms ranging
from breathlessness to shortness of breath during their
SARS-CoV-2 infection. It is well known from research
on asthma patients and patients with other chronic lung
diseases that older patients may downplay symptoms
of breathlessness and shortness of breath and may even
perceive them as less severe than younger people [41,
42]. This is even more true for early or mild symptoms of
breathlessness [43].

Participant sex did not show a statistically significant
association with the hazard of breakthrough infection.
However, sex did show a statistically significant asso-
ciation with the severity of a breakthrough infection.
Surprisingly, our study showed a higher risk of moderate-
to-severe disease in women compared to men. This find-
ing is at odds with the current state of research. Many
epidemiological and infectious disease studies suggest
that men are more likely to develop and die from severe
COVID-19 [40, 44, 45]. As described above for age, the
reason may be subjective reporting of severity as the
presence of shortness of breath to dyspnea. Studies show
that women report symptoms such as shortness of breath
and dyspnea more frequently and more severely than
men with the same lung function impairment [46, 47].

Our results found no significant association between
participant’s BMI and the likelihood of a SARS-CoV-2
breakthrough infection or disease severity. This contra-
dicts previous research that has identified a greater risk
of severe COVID-19 in individuals with higher BMI and
obesity, even after receiving basic vaccination [48, 49].
Excess body fat has been associated with a range of func-
tional disorders, including local infiltration with immune
cells, higher leptin levels and the release of pro-inflam-
matory cytokines that can negatively impact the func-
tion of other tissues in the body. These processes can
exacerbate COVID-19 symptoms [50]. As mentioned
earlier, we identified moderate-to-severe COVID-19
cases by the presence of dyspnea. However, the pro-
inflammatory effects of adipose tissue are not restricted
to the respiratory system but can also affect other organ
systems involved in the progression of severity [50].
In order to gain a better understanding of how obesity
affects COCID-19 severity, a comprehensive definition
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of severe infection that considers the impact of obesity
on multiple organ systems and associated symptoms is
necessary. Another possible explanation for the divergent
findings could be the reliance on BMI as the sole measure
for defining obesity. BMI has limitations, as it does not
consider differences in body composition and distribu-
tion of body fat [51]. Therefore, higher BMI values alone
may not provide an accurate representation of how obe-
sity impacts COVID-19 severity. Other measures, such as
waist circumference, waist-to-hip ratio or body fat per-
centage, may provide more precise measures of obesity
and better predict the risk of severe COVID-19 outcomes
[52].

Smoking behavior did not show a statistically signifi-
cant association with the likelihood of vaccine break-
through. However, smoking did show a statistically
significant association with the likelihood of moderate-
to-severe vaccine breakthrough. In our cohort, we found
a significantly higher risk of moderate-to-severe break-
through infection in smokers compared with non-smok-
ers. This finding is consistent with other studies [53]. On
a biological level, the greater susceptibility of smokers
to severe outcomes is explained by increased systemic
inflammation and increased viral replication in lung tis-
sue as a result of smoking [54]. In addition, nicotine has
been shown to increase the expression of angiotensin
converting enzyme 2 (ACE-2) in human bronchial epi-
thelial cells [55].

For three of the four pre-existing medical problems
examined here, there was a univariable trend towards a
lower risk of breakthrough infection. This may seem sur-
prising at first sight. However, extra cautious behavior
and strict adherence to hygiene measures may have com-
pensated for a possible increased susceptibility. There is
little research on whether people with pre-existing condi-
tions have adapted their behavior in this way. However,
early evidence suggests that this is the case. Regarding
the severity of the breakthrough infection, there was a
statistically significant association between the presence
of chronic lung disease and the likelihood of a moderate-
to-severe breakthrough infection. This is consistent with
the results of other studies [56, 57] and is to be expected
because SARS-CoV-2 initially attacks the respiratory sys-
tem. This, together with chronic lung disease, can lead to
acute respiratory distress syndrome [58]. It is important
to inform people with chronic lung disease about the
possible severity of infection despite vaccination, so that
they can adjust their behavior to avoid infection.

The participation rate of the study (29.91%) is high,
considering that participation was unrewarded (and of
course voluntary). The questionnaire covered a wide
range of areas and provided a detailed description of par-
ticipant’s sociodemographic characteristics, potentially
risk behaviors, vaccination status and health condition.
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Using calendar time as the time scale for statistical
analysis allows comparison of participants in terms of
reported infections who were at risk at the same calen-
dar time. This controls for associations between variable
expression and seasonal variation in infection numbers.

Our study is limited to the population aged 18 and
older. Therefore, the results may not be generalizable to
the entire population, including children and adolescents.
Since most SARS-CoV-2 vaccines are now also applicable
to and even recommended for the youth population [59],
future studies could do a further investigation on asso-
ciations with vaccine breakthrough and poor outcomes
also including persons younger than 18 years. The ques-
tionnaire method of data collection entails a high risk of
response bias. This is particularly true for the severity of
breakthrough infection. When participants reported hav-
ing an infection, they were asked whether they had expe-
rienced symptoms ranging from shortness of breath to
dyspnea as part of that infection. However, as explained
above, the perception and willingness to report this
depends on a number of factors and is not an objective
measure. In addition, the classification of severity based
on the presence of shortness of breath to dyspnea only
allows a very rough division of severity into moderate to
severe. Although moderate infections are likely to be a
distressing experience for those affected, they are by defi-
nition not life-threatening. Another notable limitation
of our study is the digital divide bias. Despite efforts to
facilitate access, participants who are comfortable using
the internet may be systematically different from non-
users. This may have resulted in older adults and those
less familiar with the internet and digital media feeling
less addressed. In addition, information provided by par-
ticipants with limited digital experience may have intro-
duced bias, due to typographical and other errors.

Conclusion

The study provides insights into factors associated with
breakthrough infections and their severity. It suggests
that absence of booster vaccination and younger age are
associated with vaccine breakthrough, while moderate-
to-severe breakthrough infection is associated with
smoking, chronic lung disease, younger age and female
sex. These findings can help identify individuals who may
be at higher risk of breakthrough infection and severe
outcomes and inform targeted communication and vac-
cination strategies to mitigate the impact of COVID-19.
However, due to risk of bias in the recording of severity
of breakthrough infection, caution should be taken in
interpreting and acting on these results.
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