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Abstract
To investigate whether wastewater treatment plant (WWTP) workers and residents living in close proximity to a WWTP 
have elevated carriage rates of ESBL-producing Enterobacterales, as compared to the general population. From 2018 to 
2020, we carried out a cross-sectional study in Germany, the Netherlands, and Romania among WWTP workers (N = 344), 
nearby residents (living ≤ 300 m away from WWTPs; N = 431) and distant residents (living ≥ 1000 m away = reference 
group; N = 1165). We collected information on potential confounders via questionnaire. Culture of participants’ stool 
samples was performed with ChromID®-ESBL agar plates and species identification with MALDI-TOF–MS. We used 
logistic regression to estimate the odds ratio (OR) for carrying ESBL-producing E. coli (ESBL-EC). Sensitivity analyses 
included stratification by country and interaction models using country as secondary exposure. Prevalence of ESBL-EC 
was 11% (workers), 29% (nearby residents), and 7% (distant residents), and higher in Romania (28%) than in Germany 
(7%) and the Netherlands (6%). Models stratified by country showed that within the Romanian population, WWTP workers 
are about twice as likely (aOR = 2.34, 95% CI: 1.22–4.50) and nearby residents about three times as likely (aOR = 3.17, 
95% CI: 1.80–5.59) to be ESBL-EC carriers, when compared with distant residents. In stratified analyses by country, we 
found an increased risk for carriage of ESBL-EC in Romanian workers and nearby residents. This effect was higher for 
nearby residents than for workers, which suggests that, for nearby residents, factors other than the local WWTP could 
contribute to the increased carriage.

Keywords  Antimicrobial resistance · Antibiotic resistance · ESBL-producing E. coli · Wastewater treatment plants · 
Environmental exposure

Introduction

Antibiotic resistance (AR) is currently one of the most 
important threats to public health and clinical medicine. 
In some regions, current AR rates are alarmingly high, 
with 58.4% of Escherichia coli (E. coli) isolates reported 
in 2018 to the European Antimicrobial Resistance Surveil-
lance Network being resistant to at least one antibiotic group 
under surveillance (i.e. aminopenicillins, fluoroquinolones, 
third-generation cephalosporins, aminoglycosides and 

carbapenems) [1]. This is partly due to the use, overuse, 
and misuse of antibiotics by healthcare professionals and 
patients, but also in animal husbandry and agriculture [2–6]. 
Antibiotic resistant bacteria (ARB) can be introduced into 
the environment by different routes [7], including waste-
water from the general human population [8–15]. These 
residual waters arrive and are collected at municipal waste-
water treatment plants (WWTPs). Enteric ARB such as E. 
coli, as well as Klebsiella spp., Enterobacter spp., Serratia 
spp., and Citrobacter spp. (KESC) have been found in water 
[16–22] and air [23–25] samples from WWTPs. Moreover, 
the WWTPs effluents can discharge ARB into nearby water 
bodies because eliminating ARB is not part of the cur-
rent wastewater treatment processes, which focus instead 
on reducing nutrient loads and pathogens to the receiving 
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surface water. While some studies have reported either no 
changes in relative abundances of ARB [26] or a decrease 
in absolute and relative abundance of ARGs [27–29], other 
studies have reported an increased relative prevalence of 
ARB after wastewater treatment processes, in comparison 
to the untreated wastewater entering the plant [16, 17, 22, 
30–38]. These aspects make WWTPs potential transmission 
hubs for the spread of ARB into the environment [39].

It has been proposed that ARB could be transmitted to 
humans by the air or wastewater at the WWTPs through 
different exposure routes including ingestion of droplets, 
hand-to-mouth contact, or inhalation of aerosols [21–24]. 
Further, an increased prevalence of gastrointestinal and res-
piratory diseases [40], as well as high levels of antibodies 
against bacteria, viruses, and parasites in WWTP workers, 
suggests an increased exposure to these pathogens [41–43]. 
Under this scenario, and extending this idea to AR, WWTP 
workers would be at a high risk of exposure to ARB. Fur-
thermore, and considering that extended-spectrum betalac-
tamase (ESBL)-producing E. coli (ESBL-EC) can be found 
up to 150 m both up- and downwind away from animal farms 
[44], nearby residents living in close proximity to WWTPs 
could also be highly exposed to these ARB. However, to our 
knowledge, no large-scale study has yet been carried out in 
humans potentially at risk of carriage of antibiotic resist-
ant Enterobacterales working at or living close to WWTPs. 
Such studies are critical to aid our current understanding of 
the exposure status of humans working at or living around 
WWTPs, and to devise preventive strategies and interven-
tions to reduce this potential exposure.

Therefore, in the present study, we aimed at investigat-
ing whether WWTP workers and residents living in close 
proximity to a WWTP have elevated carriage rates of 
ESBL-producing Enterobacterales, as compared to the gen-
eral population. Our hypothesis is that the risk of carrying 
ESBL-producing Enterobacterales increases with proximity 
to the WWTP.

Materials and methods

Study design and population

The project “Antibiotic Resistance in Wastewater: Transmis-
sion Risks for Employees and Residents around Wastewater 
Treatment Plants (AWARE)” is a cross-sectional study, with 
data collection carried out from September 2018 to March 
2020 in three European countries with different background 
prevalences for AR: Germany, the Netherlands, and Roma-
nia. A thorough description of the study methodology can 
be found elsewhere [45]. Briefly, our target population con-
sisted of two exposed groups working at or living in close 
proximity to wastewater treatment plants (WWTP workers 

and nearby residents) and one unexposed population of dis-
tant residents. Nearby residents were defined as living within 
a 300-m radius from a WWTP, while distant residents were 
defined as living more than 1000 m away from a WWTP. 
Data on nearby residents was only collected in Germany 
and Romania, while data on WWTP workers and distant 
residents was collected in all three countries. The process of 
recruiting participants per country is described as follows.

Germany

We generated a sampling frame of WWTPs and ranked them 
in descending order based on number of employed workers 
and of estimated nearby residents in their vicinity to maxi-
mize the chances of achieving the minimum sample size 
for these two exposed groups. Out of 18 eligible WWTPs 
with the largest number of employed workers and nearby 
residents, eight were interested in participating and were 
thus invited into the study. Of these eight plants, six were 
willing to participate, of which one had too few workers 
and was thus not eligible, one could not participate anymore 
because of the situation regarding COVID-19 in early 2020, 
and one was selected as a pilot phase plant because it had a 
lower number of workers and nearby residents (Fig. 1). The 
remaining three plants were enrolled in full participation.

After a pilot phase examining the feasibility of the study 
methods, a total of 137 workers employed at three WWTPs 
in Southern Germany were invited to participate in our study 
(response 22%). For nearby and distant residents of each of 
these three WWTPs, postal addresses were obtained from 
the local civil registries whenever possible, and all individu-
als living at each household were invited to participate in our 
study via postal service. In study locations where this was 
not possible, we generated a sampling frame of addresses 
within the specified distances to the WWTP for nearby and 
distant residents using Google Maps™, and went door-to-
door delivering invitation letters to mailboxes. In addition to 
the invitation letter, two reminders were sent to non-respond-
ers. In parallel, local newspapers published an article about 
the project on the same week that the participants received 
the invitation letter. We also carried out a recruitment cam-
paign via Facebook, targeting potential participants within 
the desired age range and located at the study sites. All par-
ticipants who successfully completed the study were eligible 
for a raffle of shopping vouchers with a total value of 1500 
EUR. In total, we invited 1453 nearby residents within the 
eligible age range (response 6.95%) and 3153 distant resi-
dents (response 11%).

The Netherlands

In the Netherlands, WWTPs are managed by regional water 
authorities called waterboards. Our unit of recruitment for 
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Fig. 1   Flow diagram of the recruitment process, AWARE Study, 2021
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the Netherlands was therefore the waterboard and not the 
WWTP. Of a total of 21 waterboards across the whole coun-
try, 12 were interested in participating in the study. Over-
all, 626 WWTP workers were invited to participate using a 
combination of WWTP visits for presenting the study plus 
invitations by e-mail in ten out of these twelve WWTPs, and 
using only e-mail invitations in the remaining two plants 
(response 26%). We did not carry out data collection for 
residents living in close proximity to WWTPs in the Nether-
lands. For distant residents, general practitioners (GP) prac-
tices located 2 to 5 km away from the selected WWTPs were 
identified and these GPs were invited to cooperate with us as 
their practices served as a collection and preservation point 
for stool samples. Using ArcGis [46], we then identified all 
postal addresses within a 500-m radius from the cooperating 
GP practices, and then, using the Dutch Personal Records 
Database, we randomly retrieved the contacting information 
of potential participants living in 300–500 addresses sur-
rounding each GP practice. A total number of 13,918 indi-
viduals living at these addresses received an invitation letter 
per postal service, of which 1080 responded to the invita-
tion (recruitment response 7.8%). Of these 13,918 invited 
people, 10,448 individuals were between the age of 16 and 
67 years old and thus eligible by age (response among eligi-
ble individuals 6.4%). All participants completing the study 
received a gift card worth 20 EUR.

Romania

WWTP operators were recruited through a formal letter 
containing information about the project and an invitation 
to join the study. Nine plants were invited, of which two 
were pilot plants, and all of them were ultimately enrolled 
in the study. WWTP workers from participating plants were 
contacted by their respective operators and invited to partici-
pate. A total number of 247 workers were reached (response 
62%). Nearby and distant residents were invited to partici-
pate using the door-to-door approach. Further, potential 
participants in public places like streets, parks, and markets 
in the vicinity of WWTPs were also addressed orally and 
invited to participate, given that they were eligible. In total, 
we contacted 620 nearby and 280 distant residents within the 
eligible age range (response 53% and 54%).

Data collection

Exposure of interest

We consider ingestion of droplets, hand-to-mouth contact, or 
inhalation of aerosols the main exposure routes for WWTP 
workers. Nearby residents would be exposed through 
inhalation of aerosols. Therefore, we used the variable 

participation group (WWTP worker, nearby resident, distant 
resident) as a proxy variable for the exposure. We defined 
WWTP workers as the highest exposed group followed by 
nearby residents as the second most-exposed group, while 
distant residents served as an unexposed comparison group. 
Nearby residents were defined as persons living fewer 
than 300 m away from the WWTP. Distant residents were 
defined as persons living further than 1000 m away from 
any WWTPs.

Outcome of interest

The main outcome of interest was the presence of ESBL-
EC in stool samples, reported binarily (positive/negative). A 
secondary outcome of interest was the presence of bacteria 
from the Klebsiella, Enterobacter, Citrobacter, and Serratia 
(KESC) group in stool samples, also reported binarily (posi-
tive/negative). In Germany and Romania, only participants 
who successfully filled in the study questionnaire were sent 
a stool sample kit. In the Netherlands, enrolled participants 
were required to hand in a stool sample before receiving a 
link to fill in the online questionnaire. Nearby and distant 
residents received a stool sample collection kit by postal 
service, whereas workers received it at their workplace. Each 
participant was asked to record the date and time of stool 
sample collection, maintain the sample refrigerated (tem-
perature ranging from 2 to 8 °C), and bring it to the closest 
collection point (WWTPs or main train station in Germany, 
WWTPs or GP offices in the Netherlands, home visits in 
Romania). Samples were transported to the laboratory in 
cooling boxes within 24 h after sampling, where they were 
stored at 4 °C, and processed within 24–48 h after sampling.

At the local laboratories in Germany, the Netherlands and 
Romania, all the stool samples were inoculated directly onto 
the following culture media: ChromID® ESBL (for ESBL-
EC), TBX (in the Netherlands and Romania) or MacConkey 
(in Germany) (for E. coli), and incubated at 36 °C ± 1 °C 
for 24–48 h. In case of positive results, 2 separate isolates 
belonging to the ESBL-EC phenotype were collected from 
the ChromID® ESBL plate, screened for antibiotic resist-
ance and identified by MALDI-TOF MS (Matrix Assisted 
Laser Desorption Ionization-Time of Flight Mass Spectrom-
etry). Participants with a negative stool culture on TBX/
MacConkey were excluded from further analyses.

Confounding variables

Information on confounding variables was obtained from 
eligible individuals through an online questionnaire explor-
ing sociodemographic characteristics, work history includ-
ing contact with animals during farming or slaughterhouse 
activities, contact with patients or human tissues at work, 
international travels, use of antibiotics, hospital visits, and 
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health condition (personal history of surgery, hospitaliza-
tions, chronic diseases, antibiotic and antacid intake, diar-
rhea, respiratory health, and self-reported health status), all 
in the past 12 months [45].

Educational level was asked using the educational struc-
ture of each country and then dichotomized using the Inter-
national Standard Classification of Education (ISCED) 
[47–49] into low (0–2 ISCED points, i.e. pre-primary edu-
cation to lower secondary education) and high (more than 
2 ISCED points, i.e. upper secondary education to Doctoral 
or equivalent).

Work with patients or human tissues was constructed 
by merging the information of two separate survey ques-
tions: “In your current job, how often have you typically 
had direct interaction or contact with patients within in the 
last 12 months?” and “How often have you worked with 
human tissue, blood, body fluids (urine, feces, vomit, spu-
tum, saliva) or primary cell lines within the last 12 months?” 
Each question could be answered with a frequency scale 
(never, rarely, sometimes, often, always). If the participant 
had answered rarely, sometimes, often or always in either 
of the two questions, a “yes” was assigned. Else, a “no” was 
assigned. Use of antibiotics was assessed with the question 
“Have you taken an antibiotic within the last 12 months?” 
to which possible answers were “Yes,” “No,” and “Do not 
know.” Participants answering “Do not know” were assigned 
into the “No” category.

When asked about international travel, participants were 
asked to provide information about the region where they 
had been in the past year: Europe, Asia, North Africa, Sub-
Saharan Africa, North America, Central America and Mex-
ico, South America, and Australia and Oceania. For each of 
these regions, participants could state the frequency of travel 
within the last year: never, once, 2 to 3 times, more than 3 
times, I don’t know. Additionally, if the participant reported 
travels to Europe, they were asked about travels to specific 
European countries with a high background prevalence of 
ESBL-EC: Italy, Slovenia, Bulgaria, and Greece (yes/no). 
Travels to high-risk areas for ESBL was defined as report-
ing travels to at least one of the following areas or coun-
tries within the past year: Asia, North Africa, Sub-Saharan 
Africa, Central America and Mexico, South America, Italy, 
Slovenia, Bulgaria, and Greece.

Statistical analyses

To present summary statistics for the descriptive character-
istics of the study population, numerical variables (i.e. age) 
were assessed visually for normality using histograms and 
are presented as mean ± standard deviation if normally dis-
tributed or as median ± inter-quartile range if non-normally 
distributed. Categorical variables are presented using abso-
lute and relative frequencies. Either chi-square of Fisher’s 

exact test was used for bivariate hypothesis testing of cat-
egorical variables, depending on cell counts.

We assume that the missing values in the outcome of 
interest are missing at random because it is highly unlikely 
that participants would know their personal status of ESBL-
EC in stools beforehand. We therefore proceeded to simu-
late missing values for this outcome and other variables of 
interest where the missingness mechanism was at random 
or completely at random by using multiple imputation with 
chained equations [50]. With twenty iterations per dataset, 
we generated a total of ten imputed datasets, from which 
we estimated regression models whose estimates were then 
pooled and reported. Because of the differences in partici-
pation response across countries, we weighted our study 
population using inverse probability of sampling weights 
[51]. Weights were defined as the inverse of the participation 
response per country and per participation group.

The direct causal effect of participation group (WWTP 
worker, nearby resident, distant resident) as a proxy for expo-
sure routes (ingestion of droplets, hand-to-mouth contact, 
or inhalation of aerosols) in and around the local WWTP 
on the presence of ESBL-EC in participants’ stool samples 
(no/yes) was estimated using logistic regression models. We 
present unweighted crude and adjusted estimates, weighted 
crude and adjusted estimates, and their corresponding 95% 
confidence intervals in graphical form. Sensitivity analyses 
included models stratified by country, an interaction model 
with country as a secondary exposure, and models stratified 
by participation group.

Variable selection for the models was done using a 
combination of experts’ opinion from within the AWARE 
consortium, evidence in the current literature, and the use 
of Directed Acyclic Graphs (DAGs) [52, 53] (Fig. 2). All 
analyses were done in R version 3.5.0 and up [54] using 
the following R packages: epiR [55], mice [56], mitml [57], 
mitools [58], and survey [59, 60].

Results

Descriptive characteristics of the study population

A total of 1940 participants across the three countries were 
eligible for analyses, with 25% of participants from Ger-
many (n = 480), 43% from the Netherlands (n = 826), and 
33% from Romania (n = 634, Table 1). The majority of the 
population was middle-aged (median age 49 years, IQR 
36–58), female (52%), and highly educated (64%). Across 
the three countries, WWTP workers were mostly men and 
the majority reported contact with human tissues, which we 
attribute to the presence of human feces in wastewater.

In Germany, approximately two-thirds of the WWTP 
workers reported working with human tissues (68%) in 
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contrast to nearby and distant residents, where approxi-
mately a third of each group reported this type of contact 
at work (32% and 35%, p 0.0015). Distant residents from 
Germany were more highly educated than nearby resi-
dents, and these in turn more than WWTP workers (72%, 
47%, and 30%, p < 0.001).

In the Netherlands, fewer WWTP workers reported 
using antibiotics in the past year in comparison to the 
distant residents (11% vs. 20%, p = 0.01) and visiting hos-
pitals as a patient (1.2% vs. 6.0%, p = 0.02). More WWTP 
workers reported visiting farms than distant residents 
(16% vs. 8.2%, p = 0.005).

In Romania, workers were, on average, older (median 
age among workers 49 [41, 53] vs. median age among 
distant residents 40 [33, 50] in distant residents) and bet-
ter educated (97% vs. 91) than distant residents. Also, in 
comparison to distant residents, nearby residents had a 
lower level of education (65% vs. 91%) and traveled less 
to high risk areas for AR (10% vs. 33%).

Carrier status for ESBL‑producing Enterobacterales

The overall prevalence of ESBL-EC across the three coun-
tries was 13%, with the highest prevalence observed in the 
Romanian population (28%). The prevalence of ESBL-
producing bacteria of the KESC group across countries 
was 3.8%, with the highest value observed also in Romania 
(10%).

In Germany, ESBL-EC were not detected in stools of any 
of the workers (n = 30), but among 8.4% of distant residents 
and 5.7% of nearby residents. In the Netherlands, carriage 
of ESBL-EC was similar in WWTP workers (4.4%) and dis-
tant residents (6.0%) (p = 0.53). In Romania, the prevalence 
of ESBL-EC was 23% among workers, 36% among nearby 
residents, and 12% among distant residents (p < 0.001).

Because the prevalence for KESC bacteria was rela-
tively low and thus limiting the statistical power of our 
inferential analyses, we decided to focus only on the pri-
mary outcome: ESBL-EC. The effect of participation 

Fig. 2   Directed Acyclic Graph (DAG) for the direct effect of partici-
pation group (wastewater treatment plant–WWTP–worker, nearby 
resident, distant resident) as a proxy for exposure routes (ingestion 

of droplets, hand-to-mouth contact, or inhalation of aerosols) in and 
around the local WWTP on the presence of ESBL-producing E. coli 
in stool samples, AWARE Study, 2021
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group (WWTP worker, nearby or distant resident) on the 
carriage of ESBL-EC varied by country (Online Resource 
Table 1). Overall, the proportion of WWTP workers and 
nearby residents with a positive stool sample for ESBL-
EC was higher than that of distant residents (11% and 29% 
vs. 7.5%, p < 0.001). This result was driven by the Roma-
nian population (23% and 36% vs. 12%, p < 0.001), while 
there were no statistically significant differences between 
participation groups in the proportions of positive ESBL-
EC carriers either in Germany (0.0% and 5.7% vs. 8.4%, 
p = 0.22) or in the Netherlands (4.4% vs. 6.0%, p = 0.53).

Statistical models

Across the three countries, the unweighted crude odds 
ratio for the carriage of ESBL-EC among WWTP workers 
was 1.71 (95% CI: 1.12–2.61). Among nearby residents, it 
was 4.95 (95% confidence interval, CI: 3.63–6.73), com-
pared to the unexposed group (Fig. 3). These unweighted 
estimates changed to 1.17 (95% CI: 0.74–1.86) for WWTP 
workers and 2.24 (95% CI: 1.50–3.37) for nearby residents 
upon adjustment for age, sex, education, country, travels 
to high risk areas for AR, working with human tissues, 
antibiotic use, farm visits, hospital visits as patients, and 
hospital visits as a professional. After applying inverse 
probability of sampling weights for the response in each 
country and in each participation group, crude estimates 
changed to 1.28 (95% CI: 0.82–2.00) among workers and 
to 2.46 (95% CI: 1.65–3.69) among nearby residents, 
while the adjusted estimates changed to 0.76 (95% CI: 
0.44–1.29) and 1.47 (95% CI: 0.83–2.59), respectively.

Although we could not estimate an effect of expo-
sure within the German and the Dutch subpopulations 
(Table  2), models stratified by country showed that, 
within the Romanian population, WWTP workers were 
about twice as likely (adjusted OR, aOR = 2.34, 95% CI: 
1.22–4.50) and nearby residents about three times as likely 
(aOR = 3.17, 95% CI: 1.80–5.59) to be ESBL-EC carriers, 
when compared with distant residents.

Additionally, and according to our weighted and 
adjusted model, participants who reported traveling to high 
risk areas for AR in the past 12 months were almost twice 
as likely to have a positive result for ESBL-EC in stool 
samples, as compared to participants who did not travel to 
these high-risk areas (aOR 2.06, 95% CI: 1.33–3.19). None 
of the other covariates showed a statistically significant 
effect (see Online Resource Table 2 and Online Resource 
Fig. 1). The magnitude and direction of these estimates, 
as well as their confidence intervals, were fairly conserved 
in the stratified models by participation group (see Online 
Resource Fig. 2).

Missing values

The highest proportion of missing values was found in the 
carriage of ESBL-EC (n = 163, 8.4%), driven mostly by the 
German population (n = 114, 24%, Table 1). A comparison 
of crude and adjusted odds ratios (OR) along with 95% CI 
for logistic regression models with complete case analysis 
and with the imputed dataset showed that the direction of 
effect did not change after imputation (Online Resource 
Table 3).

Discussion

Across the three countries, we found no evidence of an 
increased risk for carriage of ESBL-EC neither in WWTP 
workers nor in residents living in close proximity to these 
WWTPs, as compared to the general population. We did 
find, however, evidence of increased odds for carriage of 
ESBL-EC in WWTP workers and in nearby residents in the 
Romanian population. Contrary to what we initially hypoth-
esized, the effect for nearby residents was higher than the 
effect for WWTP workers in Romania.

An increased background prevalence of ESBL-EC in 
Romania, supported by our data, could be a risk factor for 
ESBL-EC carriage that sets the Romanian study population 
apart from the German and the Dutch. Additionally, travel to 
high-risk areas for AR has been identified as a risk factor for 
the carriage of ESBL-producing Enterobacterales because of 
the increased background prevalence of AR in some travel 
destinations [61–65]. Our data show that participants travel 
differently to high-risk areas for AR depending on their orig-
inal country of residence. In Germany, our data collection 
took place in the south of the country where residents tend 
to choose Italy or Slovenia for their vacations because of 
the close geographical proximity, resulting in approximately 
half of the German participants reporting travels to high-risk 
areas for AR (Table 1).

Finding a higher ESBL-EC estimate for nearby residents 
than for WWTP workers in Romania, even after adjustment 
for other potential confounders and sources of exposure, 
suggests that the main source of exposure for nearby resi-
dents might not be the local WWTP. Potential sources of 
exposure for which we did not collect data and that might 
uniquely affect nearby residents in Romania but not WWTP 
workers are mentioned as follows. Risk factors for acquir-
ing community-associated ESBL infection include use of 
corticosteroids [66] and personal history of diabetes mel-
litus [66, 67], which is relevant for our study because, at 
11.6%, Romania is one of the countries with the highest 
prevalence of diabetes mellitus in Europe [68]. Person-to-
person transmission of ESBL-producing Enterobacterales 
within households has been documented in Spain [69], the 
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Fig. 3   Comparison of models estimating the effect of participation 
group (wastewater treatment plant–WWTP–worker, nearby resident, 
distant resident) as a proxy for exposure routes (ingestion of drop-
lets, hand-to-mouth contact, or inhalation of aerosols) in and around 
the local WWTP on the presence of ESBL-producing E. coli in stool 
samples, AWARE Study, 2021. Models adjusted for age, sex, edu-
cation, country, travels to high risk areas, working with human tis-
sues, antibiotic use, farm visits, hospital visits as patient and hospital 
visits as a professional. IPW: Inverse Probability Weighted model. 

ref. = Reference level. Travel to high risk areas for AR in the past 
year includes travels to North Africa, Sub-Saharan Africa, Asia, 
Central and South America, as well as the European countries Italy, 
Greece, Bulgaria, and Slovenia. Crude: Model with only the given 
variable, ignoring potential covariates. Adjusted: Model with the 
given variable, including all potential covariates in the exposure-
outcome relation. Unweighted: Model without applying inverse prob-
ability weights (IPW). Weighted: Model applying inverse probability 
weights (IPW). See text for details
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Netherlands [70], and the USA [71], even showing identi-
cal strains between patients who had community-acquired 
infections with ESBL-producing Enterobacterales and their 
household members [72]. Additionally, ethnicity encodes 
cultural, social, and health behaviors that could result in a 
higher carriage rate for ESBL-EC [73]. From the door-to-
door visits, differences in household size, sociodemographic 
characteristics, and underlying comorbidities were observed 
for nearby residents in Romania, although not systematically 
recorded. Therefore, these risk factors might differ between 
exposure groups in Romania at a greater degree than in the 
other countries.

Within the Romanian population, there is also a striking 
difference in travels to high-risk areas for AR depending on 
their participation group: although the proportion of par-
ticipants among WWTP workers and the distant residents is 
similar regarding travels to high-risk areas for AR (30% and 
33%), the proportion of nearby residents traveling to these 
high-risk areas for AR was, in comparison, low (10%). We 
observed a similar trend regarding educational level, where 
the proportion of highly educated participants in Romania 
was higher for WWTP workers and distant residents (97% 
and 91%) than for nearby residents (65%). In fact, when 
considering country of residence as an interaction term 

Table 2   Unweighted models for the carriage of ESBL-producing E. coli, stratified by country, n = 1940, AWARE Study, 2021

ESBL Extended-Spectrum Beta-Lactamases, AR Antibiotic Resistance
a cOR: crude odds ratio
b aOR: adjusted odds ratio
c Nearby residents live within a 300 m radius from a WWTP
d Data on Nearby residents in the Netherlands was not collected
e Not possible to estimate the OR for WWTP workers because all workers in Germany had a negative stool sample result for ESBL-producing E. 
coli
f Educational level according to the International Standard Classification of Education (ISCED): Low = ISCED 0–2 (Pre-primary education to 
Lower secondary education), High = ISCED ≥ 3 (Upper secondary education to Doctoral or equivalent)
g Travel to high risk areas for AR in the past year: Includes travels to North Africa, Sub-Saharan Africa, Asia, Central and South America, as 
well as the European countries Italy, Greece, Bulgaria and Slovenia
h Work with patients or human tissues in the past year: Includes self-reported contact with patients at work and with human tissues (e.g. blood, 
urine, sputum, feces, vomit, saliva, or primary cell lines)
j Not possible to estimate the OR for farm visits because all participants who stated visiting a farm in the past year had a negative stool sample 
result for ESBL-producing E. coli

Germany, n = 482 The Netherlands, n = 828 Romania, n = 608

cOR (95% CI) a aOR (95% CI) b cOR (95% CI) a aOR (95% CI) b cOR (95% CI) a aOR (95% CI) b

Group: Nearby resident c 0.72 (0.27–1.90) 0.81 (0.29–2.30) d d 3.73
(2.18–6.38)

3.17
(1.80–5.59)

Group: WWTP worker 0.00
(0-Inf)e

0.00
(0-Inf)e

0.71
(0.31–1.62)

0.95
(0.37–2.44)

2.01
(1.08–3.74)

2.34
(1.22–4.50)

Educational level: Highf 1.72 (0.71–4.17) 1.16 (0.45–2.99) 2.07
(1.10–3.89)

1.85
(0.95–3.59)

0.46
(0.30–0.70)

0.66
(0.41–1.04)

Sex: Male 0.92 (0.42–1.98) 1.01 (0.45–2.24) 0.92
(0.51–1.65)

0.93
(0.48–1.8)

0.95
(0.67–1.36)

1.05
(0.70–1.56)

Age 0.97 (0.95–1.01) 0.98 (0.95–1.01) 1.01
(0.98–1.03)

1.01
(0.99–1.03)

0.98
(0.96–0.99)

0.98
(0.96–0.99)

Travels to high-risk areas: Yesg 2.41 (0.99–5.90) 2.29 (0.90–5.78) 2.03
(1.11–3.69)

1.92
(1.04–3.52)

0.54
(0.32–0.92)

0.75
(0.43–1.32)

Work with patients or human tissues: 
Yesh

0.88 (0.38–2.06) 0.99 (0.40–2.43) 0.70
(0.37–1.32)

0.72
(0.37–1.4)

0.54
(0.32–0.93)

0.59
(0.32–1.07)

Hospital visits as a patient: Yes 0.97 (0.34–2.79) 1.00 (0.33–2.99) 0.39
(0.05–2.91)

0.42
(0.05–3.31)

1.18
(0.65–2.16)

1.02
(0.52–2.03)

Hospital visits as a professional: Yes 0.48 (0.06–3.63) 0.44 (0.05–3.50) 1.28
(0.16–10.04)

1.31
(0.15–11.23)

0.59
(0.13–2.62)

1.20
(0.22–6.46)

Use of antibiotics: Yes 1.19 (0.52–2.72) 1.09 (0.46–2.55) 0.80
(0.35–1.82)

0.86
(0.36–2.02)

0.98
(0.64–1.49)

1.28
(0.77–2.12)

Farm visits: Yes 0.86 (0.32–2.34) 0.99 (0.35–2.83) 1.13
(0.43–2.95)

1.34
(0.5–3.56)

0.00
(0-Inf)j

0.00
(0-Inf)j
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for the effect of participation group on carriage of ESBL-
EC (Online Resource Table 4), the effect of Romania as 
country of residence alone disappeared (aOR 1.55, 95% CI: 
0.79–3.05), while the effect of being a nearby resident in 
Romania carried the observed effect (aOR 5.49, 95% CI: 
1.79–16.80). As frequency of travels and educational lev-
els are proxies for socio-economic status (SES), we suspect 
that nearby residents in Romania have a lower SES, which 
would then affect our exposure-outcome relation. Although 
we did not directly collect data about SES, the constructed 
DAG (Fig. 2) confirmed that adjusting for other potential 
confounders is enough to find an unbiased estimate for the 
direct causal effect of proximity to WWTP (defined by par-
ticipation group) on carriage of ESBL-EC. In our study, we 
did not measure the full extent of SES (only partially by 
e.g. education). Thus, SES is an unobserved confounder of 
the causal effect of participation group on carriage of ESBL-
EC. It was therefore not possible to calculate an unbiased 
total effect of the exposure-outcome relation. However, 
adjusting for age, sex, education, country, travels to high 
risk areas for AR, antibiotics use, farm visits, work with 
patients or tissues, hospital visits as patients, and hospital 
visits as a professional made it possible to estimate the direct 
causal effect.

Strengths and limitations

As far as we know, and despite the abundance of studies 
analyzing ARB in water and air samples from WWTPs 
[21–24], this is the first study investigating the carriage of 
ESBL-producing Enterobacterales in humans hypothesized 
to be exposed through ingestion of droplets, hand-to-mouth 
contact, or inhalation of aerosols due to close proximity to a 
WWTP, either from working at a WWTP or from living in 
the surroundings. Several characteristics make the AWARE 
Study unique in its design. Data collection was conducted in 
three European countries with different background preva-
lences for AR. We explored the exposure-outcome relation 
defining two exposed groups and one comparison group, 
we followed a systematic sampling of participants adapted 
to the local regulations and logistical capabilities, we used 
reminders and incentives to increase participation, we devel-
oped our study questionnaire within a multidisciplinary team 
of experts, we used validated questions whenever possible, 
we conducted a pilot study to assess the feasibility of our 
methods, we conducted quality control processes for data 
input and data cleaning processes, we used standardized 
operating procedures (SOPs) in all three locations to guar-
antee laboratory methods to be comparable, and used posi-
tive controls for culture analyses. Additionally, we avoided 
using data-driven methods for variable selection. Instead, we 
conducted a thoughtful identification of potential confound-
ers a priori with the help of a directed acyclic graph, and we 

used methods such as multiple imputation and inverse prob-
ability of sampling weights to analytically reduce the impact 
of missing values and low response. Our results are consist-
ent in sensitivity analyses using alternative analytical meth-
ods to model our exposure-outcome relation: Traditional 
unweighted logistic regression models with complete case 
analysis and imputed analysis (Online Resource Table 3), 
unweighted stratified models by country (Table 2), model 
using country of residence as an interaction term (Online 
Resource Table 4).

Our study is, however, not exempt of limitations. Threats 
to internal validity include the risk of selection bias evi-
denced by the low participation response, especially in 
Germany and the Netherlands, for which we decided to use 
inverse probability of sampling weights. In our study, we 
suspect that the reasons for the observed low response in 
WWTP workers, nearby, and distant residents from Ger-
many (response 22%, 6.95%, and 11%) and in the Nether-
lands (response 26%, and 6.4%) when compared with the 
response in Romania (response 62%, 53%, and 54%), reflect 
our recruitment methods and possibly background potential 
cultural differences among the countries. In Germany and 
in the Netherlands, we invited potential participants using 
invitation letters sent by postal service, whereas in Romania, 
we used a door-to-door approach because, in our experience, 
this method is more effective in Romania than postal letters. 
Also, studies involving stool samples have been reported to 
have a low response because of inherent reasons related to 
the nature of the stool sample [74, 75]. These reasons put our 
study at risk of selection bias. Inverse probability of sam-
pling weights has been described as an analytical method to 
adjust for selection bias where weights are assigned based on 
the factors that generate selection, which in our case is the 
response, and thus serve to reduce the differences between 
the study population and the target population [51, 76].

Additionally, after recruitment and applying exclusion 
criteria for the analysis, we failed to reach the desired sam-
ple size for nearby residents in Germany and in Romania. 
We also failed to reach the desired sample size for workers in 
Germany at the recruitment stage. This has implications for 
the statistical power of our study to detect a desired effect, if 
there is in fact one. A post hoc power test restricted to study 
participants who completed all study phases (including pro-
viding a stool sample) shows that our data provides us with 
63% and 75% statistical power to detect a minimum OR of 
1.7 in workers and in nearby residents, when compared with 
distant residents.

Further, our data showed a proportion of 8% of missing 
values on the ESBL-EC carriage across countries (n = 163). 
Some of these missing values came from samples collected 
in the Netherlands (n = 4) and in Romania (n = 45) but the 
majority of the missing values for stool samples came from 
Germany (n = 114). Our data collection methods in Germany 
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shed some light into this large number of missing values: 
only participants who had already completed the baseline 
questionnaire received a stool sample kit, and then were 
given a short time frame to hand in stool samples in person 
at the previously arranged time and place. These constraints 
were caused by the limited availability of the local micro-
biological laboratory to process samples, by the fact that we 
could not guarantee adequate preservation of samples if sent 
to the laboratory by postal service, and thus having to col-
lect stool samples in person. Consequently, these values are 
missing completely at random or, worst case scenario, miss-
ing at random conditional on the country of residence. We 
are confident that randomness is key in the missing mecha-
nism because participants would not have been able to self-
assess their AR carriage status a priori. Besides fulfilling the 
randomness assumption for applying multiple imputation in 
our data, we performed post hoc imputation diagnostics by 
comparing models with complete cases vs. after imputation 
and did not find major differences in the directionality of 
estimates (Online Resource Table 3).

Finally, we have not included information about the het-
erogeneity of treatment processes in WWTPs across the 
three countries, nor have we included specific working con-
ditions at the WWTP for the workers. Actual contact with 
raw wastewater can be limited to occasional sampling but 
could pose a higher threat of exposure depending on the 
time spent at certain locations within the WWTP, the type 
of activity performed, and the frequency of given activity, 
which are relevant factors for exposure intensity. Upcoming 
analyses from our project will include a formal exposure 
assessment for these study populations based on spatial 
techniques including physical distance of participants to 
the WWTPs, working conditions and preventive behavior 
at work for WWTP workers, and the specific operative char-
acteristics of enrolled WWTPs.

Conclusions

To the best of our knowledge, this is the first study investi-
gating the carriage of ESBL-producing Enterobacterales in 
humans exposed to antibiotic resistant factors due to close 
proximity to a WWTP, either from working at a WWTP 
or from living in the surroundings. Using data collected in 
Germany, the Netherlands, and Romania, we did not find 
evidence of an increased risk of carriage of ESBL-producing 
E. coli in WWTP workers or in nearby residents across the 
three countries, as compared to the general population. We 
did find an increased risk for carriage of ESBL-EC in the 
subset of the Romanian population, both in WWTP work-
ers and in nearby residents, which could be at least partially 
attributed to the local WWTP. However, this effect was 
higher for nearby residents than for workers, which suggests 

that, for nearby residents, unmeasured confounding factors 
could contribute to the increased carriage. Upcoming analy-
ses from this project will perform exposure assessment using 
spatial techniques, including working conditions at WWTPs 
and working behavior from WWTP workers, and consider-
ing the heterogeneity of WWTP characteristics in terms of 
treatment efficacy and its consequences for the environment.
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