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Data generated by the rapidly evolving human biomonitoring (HBM) programmes are providing invaluable
opportunities to support and advance regulatory risk assessment and management of chemicals in occupational
and environmental health domains. However, heterogeneity across studies, in terms of design, terminology,
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biomarker nomenclature, and data formats, limits our capacity to compare and integrate data sets retrospectively
(reuse). Registration of HBM studies is common for clinical trials; however, the study designs and resulting data
collections cannot be traced easily. We argue that an HBM Global Registry Framework (HBM GRF) could be the
solution to several of challenges hampering the (re)use of HBM (meta)data. The aim is to develop a global, host-
independent HBM registry framework based on the use of harmonised open-access protocol templates from
designing, undertaking of an HBM study to the use and possible reuse of the resulting HBM (meta)data. This
framework should apply FAIR (Findable, Accessible, Interoperable and Reusable) principles as a core data
management strategy to enable the (re)use of HBM (meta)data to its full potential through the data value chain.
Moreover, we believe that implementation of FAIR principles is a fundamental enabler for digital transformation
within environmental health.

The HBM GRF would encompass internationally harmonised and agreed open access templates for HBM study
protocols, structured web-based functionalities to deposit, find, and access harmonised protocols of HBM studies.
Registration of HBM studies using the HBM GRF is anticipated to increase FAIRness of the resulting (meta)data. It
is also considered that harmonisation of existing data sets could be performed retrospectively. As a consequence,
data wrangling activities to make data ready for analysis will be minimised. In addition, this framework would
enable the HBM (inter)national community to trace new HBM studies already in the planning phase and their
results once finalised. The HBM GRF could also serve as a platform enhancing communication between scientists,
risk assessors, and risk managers/policy makers. The planned European Partnership for the Assessment of Risk
from Chemicals (PARC) work along these lines, based on the experience obtained in previous joint European
initiatives. Therefore, PARC could very well bring a first demonstration of first essential functionalities within the
development of the HBM GRF.

1. Introduction

Human biomonitoring (HBM) is defined as the method for assessing
human exposure to chemicals or their effects by measuring chemicals,
their metabolites or reaction products (and/or their effects biomarkers)
in human specimens (WHO, 2015a). HBM is a valuable tool to support
the environment and health policy-making process because it provides
quantitative actual distribution of exposures in a population. Environ-
mental pollutants can then be mapped for emerging pollutants, as well
as data regarding their resulting health effects, and/or population
susceptibility.

HBM has a long history serving health surveys with well-known
national programs such as the German Environmental Surveys
(GerES), the US National Health and Nutrition Examination Survey
(NHANES), the Canadian Health Measures Survey (CHMS), and the
Korean National Environmental Health Survey (KoNEHS). (Becker et al.,
2003; Choi et al., 2017; Cox, 1992; Haines et al., 2017). However, only
recently HBM has become more widely used in risk assessment and
management frameworks. HBM is considered the “gold standard” for
assessing people’s exposure to environmental chemical agents (Sexton
et al., 2004). The increased availability of exposure and effect bio-
markers is helping HBM to become an even more valuable tool to
investigate associations between internal exposures and health out-
comes. This approach presents well-known complementary information
on and advantages over cell-based and experimental animal studies
(Burns et al., 2019; Mustieles and Fernandez, 2020). In the current
article, we define HBM studies as “all observational studies that apply
HBM as a tool to collect data” (WHO, 2015a). These might include
studies where the main scope is a health survey, health surveillance, as
well as biomonitoring programmes in both general and occupational
populations.

HBM research in combination with results from human and/or ani-
mal toxicological studies, for example in the form of hypothesized
Adverse Outcome Pathway (AOP) networks or the use of biomonitoring
equivalents, can provide interpretation tools for human hazard and risk
assessment (Baken et al., 2019; Faure et al., 2020; Mustieles et al., 2020;
St-Amand et al., 2014; Zare Jeddi et al., 2020). Moreover, HBM provides
a holistic perspective, enabling an integrative measurement of combined
exposures from all routes (ingestion, inhalation, and dermal uptake) and
all environmental sources (air, water, soil, dust, food), the results of
toxicokinetic processes and individual differences in combination with
signs of (early) responses with effect biomarkers (Mustieles et al., 2020;
Zare Jeddi et al., 2020). If combined with health surveys and cohorts,

HBM (meta)data can also provide opportunities to investigate the rela-
tionship between internal exposure and health effects, promote
risk-reduction measures, monitor exposure trends, and evaluate the
effectiveness of implemented national and global policies (e.g., (Eykel-
bosh et al., 2018; Romano et al., 2020)). Overall, the use of HBM (meta)
data increases the value of exposure information in risk assessment and
management context (Wilhelm, 2020).

Given the multiple benefits of using HBM at national and global
levels, the use of HBM is a recognized priority in chemical safety. HBM
can increase the robustness of regulatory long-term decisions for mar-
keted chemicals, and in particular, the increased importance of mixture
risk assessment of chemicals and grouping approaches, as echoed at
national, supranational, and intergovernmental level such as UN, WHO,
OECD and EU (EC, 2020a; OECD, 2018; SAICM, 2013; WHO, 2015b). To
serve this role, methodologies should be harmonised and HBM (meta)
data should be easily findable, accessible, interoperable, secure, shared
and reused by default (EC, 2020a).

Regrettably, HBM has received little regulatory application to date
which is partly due to a lack of sufficient, reliable, quality-assured, and
well-structured (meta)data. HBM is an important and useful tool, yet
quite complicated in terms of its design, application, and interpretation.
The existing legislative frameworks on chemicals do not currently pro-
vide clear harmonised guidance for developing a comprehensive and
integrated assessment of (combined) internal exposures to chemicals
from different sources and routes. Any available guidance has evolved
separately in different regulatory frameworks (Bopp et al., 2018;
Drakvik et al., 2020; Evans et al., 2016; Fantke et al., 2020a; Louro et al.,
2019).

This article aims to describe the challenges and needs to drastically
increase the use and possible reuse of HBM data. It describes re-
quirements to make HBM study information (metadata as wells as
measurement data) more FAIR (Findable, Accessible, Interoperable, and
Reusable) (Wilkinson et al., 2016). In this article, these four principles
are grouped in the coupled cornerstones of findability/accessibility and
interoperability/reusability. Findability/accessibility is a system to store
HBM (meta)data. Interoperability/reusability is how the (meta)data
themselves should be expressed (and stored in HBM data repositories).
For both cornerstones, harmonisation is critical. Harmonisation of
storage systems for HBM (meta)data helps to find and better access HBM
(meta)data (better findability and quicker access) where harmonisation
of the HBM (meta)data generation itself enables reuse and interopera-
bility. This article attempts to scrutinise whether a framework for
harmonised, web-based HBM study registries, as so called HBM Global
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Registry Framework (HBM GRF), could accommodate existing needs.

2. Harmonisation and FAIRification of HBM studies, needs,
challenges and opportunities

Systematic harmonisation and FAIRification of HBM (meta)data
production through the data value chain can improve all aspects of
HBM. First, results from several HBM studies could be compared easier
to delineate e.g., exposure patterns. This refers to challenges for instance
regarding differences in the definition of age groups (teenagers e.g.,
10-18 years old or 13-19 years old), lifestyle parameters measured,
biological matrices used, and of sampling methods, storage conditions as
well as analytical procedures (Agerstrand et al., 2018; Bocato et al.,
2019; Joas et al., 2012). Moreover, the metadata including information
about the studies are not always readily available. Even when such data
are accessible, data are often scattered and/or incomplete thereby
undermining the proper understanding, interpretation, and final use of
the HBM data collected to support chemical risk assessment. Second, it
could facilitate performing combined (meta)analyses of data from
different HBM studies, aiming for increased statistical power, to find e.
g., correlations between exposure biomarkers and effect biomarkers to
support exposure to outcome assessments (Boyden and Walnicki, 2021).
The use of systematic reviews and (meta)analyses is gaining acceptance
in exposure science to transparently synthesize and evaluate a body of
scientific evidence to answer research or policy questions (Hubal, 2019;
Wikoff et al., 2020; Wolffe et al., 2019). Nevertheless, handling and
comparing heterogeneous data generated across multiple scientific dis-
ciplines is challenging. This is especially true when a high degree of
variability across studies is expected in terms of study aims and designs,
population characteristics, exposure assessment procedures, data anal-
ysis and reporting (Burns et al., 2019; Goodman et al., 2019; Hubal,
2019). Third, it would also enable data sharing and data integration
which are of particular relevance for decision making in environmental
and occupational health policies (Kromerova and Bencko, 2019; Louro
et al., 2019). It is clear that there is an increasing use purpose for HBM
data in compliance to the FAIR (Findable, Accessible, Interoperable,
Reusable) data principles.

Currently, the abovementioned opportunities are unfortunately
hindered by problems with data comparability due to lack of harmo-
nisation. Based on a survey regarding national practices in risk assess-
ment and risk assessors’ views on HBM use in Europe (Louro et al.,
2019), the European Human Biomonitoring Initiative HBMA4EU'
recognized that regulatory practices related to HBM still vary across
different countries. HBM data should be collected using harmonised
study protocols to a significant extent to facilitate data interpretation
(Fiddicke et al., 2021). In addition, the need for harmonised coding of
substances and metabolites measured and the statistical analysis such as
aggregation of individual data to percentiles of a distribution of HBM
levels has received particular attention under recent HBM research
projects. Harmonised study designs and structured study registries could
counter these problems.

The HBM community would profit from global sharing of informa-
tion of existing, new, and planned HBM studies. The authors envisage
that any registry system should be globally useable and legislative
framework independent, be it national legislation such as in the USA,
Canada, Japan, Korea, Germany, France, or regional legislations in the
EU or a framework like the OECD. Given that, we hereby present the
concept for a web-based system based on modern IT-technology and
independent of any website host requirements as part of an overarching
HBM GREF.

The HBM GRF would facilitate and promote prospective (a priori)
harmonisation of HBM study designs and thus the resulting HBM data
would follow the FAIR data principals. As a consequence, data

1 https://www.hbm4eu.eu/.
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wrangling activities to make data ready for analysis will be minimised.
Therefore, prospective (a priori) harmonisation of foreseen or already
planned HBM studies is recommended rather than focusing on retro-
spective (post-hoc) harmonisation. The prospective (a priori) harmo-
nisation leads to a higher degree of data homogeneity in an effective
way. It should be noted that aligning in terms of harmonisation is
essential but is different from standardization. HBM is not science in the
sense of duplicating experiments based on standardised methods. It is a
tool for field studies where some parts obviously could be standardised
in the future, such as analytical chemical methods while the process of
defining study population and the sampling process can be harmonised
but not standardised. The HBM GRF should facilitate a step-by-step
harmonisation process but not necessarily standardization using a
scientifically and technically sound and viable system. Fig. 1 provides a
general overview of the HBM GRF concepts and potentials.

3. Existing initiatives towards verification of HBM data

Comparability and combination of results and interoperability of
data are often difficult due to a lack of harmonisation, even when
different HBM studies have investigated similar research questions (Joas
et al., 2012; Lermen et al., 2020). In the last 10-15 years, significant
efforts have been made towards harmonising HBM studies prospectively
such as in the European Commission funded projects COPHES, DEMO-
COPHES and HBM4EU (Ganzleben et al., 2017) as well as the European
Cooperation in Science and Technology (COST) Action DiMoPEx
(DiMoPEx, 2015). Codebooks were developed for both the HBM expo-
sure data as well as accompanying variables important for interpretation
(age, sex, gender, NUTS [Nomenclature of Territorial Units for Statis-
tics] codes, season of sampling, etc.) in a harmonised structure and
format. Statistical analysis protocols scripted in R were used to extract
comparable and machine-readable summary statistics or “aggregated
data” that can be compared across data collections of the HBM4EU
aligned studies and also across existing studies that share similarities in
design. This has allowed the development of an interactive dashboard to
display the data of the HBM4EU project (https://www.hbm4eu.eu/eu-h
bm-dashboard/). Work on occupational exposure under the HBM4EU
project is also directed to harmonise methodologies and data collection
by developing standard operating procedures (SOPs), that can be used in
multiple countries and analysed in an integrative approach (Santonen
et al., 2019).

Registries containing some (meta)data on HBM studies or studies
containing an HBM part exist such as the WHO International Clinical
Trials Registry Platform?, the US Clinical Trials database®. In addition,
registries exist in which planned work is registered before the execution
of the study. PROSPERO" is an example of such an international data-
base of prospectively registered systematic reviews with a health-related
outcome. Others such as the EU Clinical Trials Register’, already con-
tains human intervention studies.

Moreover, there are several initiatives as listed in Table 1 regarding
data collections containing mainly environmental monitoring and
external exposure monitoring data. The Information Platform for
Chemical Monitoring (IPCHEM®), the NORMAN network’, the Elixir
community (ELIXIR, 2017), the BBMRI-ERIC® and the Hazchem@work
for occupational exposure data have been created to tackle the lack of
harmonised information (EU, 2016). Most of these portals have their
own challenges, some of which are highlighted in Table 1. In addition,

https://www.who.int/clinical-trials-registry-platform.
https://clinicaltrials.gov/.
https://www.crd.york.ac.uk/prospero/.
https://www.clinicaltrialsregister.eu/.
https://ipchem.jrc.ec.europa.eu/.
https://www.norman-network.net.
https://www.bbmri-eric.eu.
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Fig. 1. HBM Global Registry Framework (HBM GRF).

there are many health surveys and HBM studies at national, regional
and/or international levels which are not typically integrated into these
platforms despite their potential for enhancing informed decision
making in environment, public and occupational health.

IPCHEM was established by the European Commission (EC) to sup-
port a coordinated approach for collecting, storing, sharing, and
assessing data on the occurrence of chemicals and chemical mixtures in
humans and the environment. It is structured in four thematic modules:
‘environmental monitoring’, ‘human biomonitoring’, ‘food and feed’
and ‘products and indoor air.” IPCHEM is designed to specifically pro-
vide access to chemical monitoring data and underlying (meta)data
currently not readily accessible, making them findable and accessible
and to a certain extent interoperable and reusable (Comero et al., 2020;
Knetsch and Ruether, 2016; Wilkinson et al., 2016). IPCHEM is intended
to assist scientists and risk managers/policy makers to discover and
access chemical monitoring data on existing, new, emerging and
less-investigated chemicals, covering a wide range of matrices and
media (Comero et al., 2020). It is however not intended to register study
designs ex ante. IPCHEM is the European Commission’s reference access
point for searching, accessing and retrieving chemical occurrence data
collected and managed in Europe. IPCHEM is a distributed infrastruc-
ture. Data owners/data providers can decide on the level of detail to
which the different IPCHEM user groups can access their data. As shown
in Fig. 2, the volume of HBM datasets uploaded to the IPCHEM platform
has increased by over 400% in the last two years. It includes now more
than 100 (meta)data for HBM data collections gathered under the
HBMA4EU project (EC, 2020b).

The platform already includes particularly useful (meta)data, con-
taining crucial information concerning study design, population size and
age, sampling, analytics, and substances/biomarkers monitored, etc.,
amongst others. However, it is not able (yet) to quickly upload new data
from data collections as the data collections themselves and the pre-
ceding study designs are lacking sufficient harmonisation. This limits
easy and wider reuse and meta-analyses. There is for example currently
not yet an optimal use of ontologies to facilitate linking different
biomarker metabolites measured in different data collections but origi-
nating from the same parent substance to that parent substance.

4. Remaining challenges to be addressed by development of the
HBM registry system under the HBM GRF

The current absence of harmonised study design templates makes

searching HBM studies and their (meta)data cumbersome, and retro-
spective information validation processes time-consuming and often
subject to errors. Data and metadata data harmonisation, at least from a
retrospective point of view, requires access to a lot of information on
each study including objectives, measured biomarkers and biological
matrices, sampling methods, protocols, questionnaires, etc., which
needs to be validated. Moreover, retrospective harmonisation processes
are, to some extent, subjective processes and can thus present an
inherent risk of biased (meta)data in a ‘post-hoc harmonised’ repository.

In addition, researchers typically provide the data, including the
(meta)data, quite some time after study completion. This can be prob-
lematic as other researchers and regulatory risk assessors, providing
scientific advice to risk managers/policy makers, are often looking for
fast and user-friendly access to information as well as protocols
regarding planned and ongoing studies. Early-on registration of the plan
for an HBM study, even in draft form, would enable other researchers to
prepare for (re)using the new data once available.

Another main issue is the lack of harmonisation in reporting of the
chemical compounds investigated in HBM studies. Hundreds of non-
endogenous compounds are found in HBM samples, some of them
being known chemicals with a Chemical Abstract Services Registry
Number (CAS RN), but many are unknown. Even known metabolites do
not have CAS RNs as usually only the parent substance has been regis-
tered. Beyond this, even the use of a CAS RN for known compounds can
be ambiguous (Williams and Yerin, 2013). Therefore, it is essential to
harmonise how chemical compounds (parents and metabolites) are
identified and findable (fulfil the FAIR criteria) in HBM studies. The
InChI/InChlIKey framework of IUPAC (IUPAC, 2018) is, to our knowl-
edge, the only system for unique identification of chemical substances
with a known structure (including stereochemistry). Ontologies based
on fragmentation in molecular structure might help in linking metabo-
lites to parent compounds.

Although several environmental exposure studies have been regis-
tered in existing platforms (e.g., Study number NCT03440307 in the US
ClinicalTrials database”), these platforms currently lack the design to
enhance and optimize the dialogue between the scientific disciplines of
epidemiology, HBM, toxicology and risk assessment. Most of these
platforms merely make HBM-related studies findable. The harmo-
nisation of HBM would also be useful for prospective cohorts. Indeed,

9 https://www.bbmri-eric.eu.
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Table 1
Examples of existing platforms related to chemical monitoring data.

Platform Coverage Funding Main aim(s) Limitation(s)

IPCHEM (Information Platform for Europe EC e Assisting policy makers and scientists to o Differences in data quality
Chemical Monitoring) discover and access chemical monitoring o Differences in representativeness of
https://ipchem.jrc.ec.europa.eu/ data on chemicals covering a range of populations”

matrices and media (environment, food and e Discrepancies in reporting formats
feed, human biomonitoring, indoor air, and (harmonised for the essential fields
products) but leaving room for data collection
e Hosting data currently not readily accessible specific fields)
(e.g., outcomes of research projects, off-line e Only occurrence data from targeted,
stored monitoring data) quantitative analyses
e Providing chemical monitoring data and
information of defined quality in terms of
spatial, temporal, methodological and
metrological traceability

Canada Open Government, 2020 Canada Canada government o Present HBM results of the 5 cycles of the e Metadata not directly available in
Canadian Health Measures Survey Canadian Health Measures Survey the app
(CHMS) (2007-2017).

Human Biomonitoring Data for e Tabulated CSV-downloadable results
Environmental Chemicals

Health Canada, Ottawa, ON (2020)

http://open.canada.ca/data/en/dataset

/8cc88229-8132-4ccd-a3dd-b4565

79158¢6

NORMAN Association Europe, Not for profit network; e Enhancing the exchange of information and e Focus only on environment

https://www.norman-network.com/ North self-funded by its collection of data on emerging e Absence of information regarding

America, and members environmental substances human data
Asia e Encouraging the validation and

harmonisation of common measurement

methods and monitoring tools

e Ensuring that knowledge on emerging

pollutants is maintained and developed by

stimulating coordinated, interdisciplinary

projects on problem-oriented research and

knowledge transfer to address identified

needs

BBMRI-ERIC (Biobanking and Bio- Europe European Research e Collecting and making available information e Only puts in contact people who
molecular Resources Research Infrastructure about biobanks throughout Europe that are search information on biobanks
Infrastructure) Consortium funded by willing to share their data and/or samples, e Sample query processing missing
https://www.bbmri-eric.eu/ its members and to collaborate with other research

groups

Elixir community Europe National funding in Managing and safeguarding the increasing e Currently mostly focussed on human
https://elixir-europe.org/ each country (hubs) volume of data being generated by publicly endogenous compounds (DNA,

funded life sciences research proteins, small molecules)

HazChem@work Europe European Commission Create a database and developing a model to e Discontinued

https://www.certifico.com/sicurezza-1 (DG Employment)
avoro/documenti-sicurezza/68-docume

nti-ue/3859-hazchem-work-project-

to-estimate-occupational-exposure-che

micals

estimate the occupational exposure for a list of Dedicated only to specific chemicals
hazardous chemicals in EU countries and in the

EFTA/EEA countries.

EC-European Commission; EFTA - European Free Trade Association; EEA — European Economic Area.
2 E.g., samples in one ‘national’ HBM cohort might be taken in 50 different locations in that country where another cohort in the same country might be taken at only

10 different locations.

n1e L ETih ) 201

Dataset trend by module

Fig. 2. Time trend of monitoring data included in IPCHEM.

the proposed HBM GRF should promote a dialogue between organisers
of HBM surveys and cohort studies since cohort data add a longitudinal
component to better investigate exposure-effect-outcome relationships.
Beyond this, a dialogue with the fields of toxicology and risk assessment
must also be fostered. Toxicological data, preferably organized through
AOPs (Adverse Outcome Pathways), help prioritise the most relevant
effect biomarkers and adverse health outcomes to be investigated. Effect
biomarkers are at the intersection of toxicology, epidemiology and
HBM, and a more systematic use of effect biomarkers in HBM studies has
been proposed (Zare Jeddi et al., 2020). Notwithstanding, given the
complexity and diversity of effect biomarkers, a prospective harmo-
nisation of the type of biological samples collected (e.g., blood, urine),
their processing (e.g., whole blood with or without RNA preservation,
DNA isolation, serum, plasma, red blood cells, white blood cells) and
their storage and biobanking are crucial for an optimal evaluation.
Pourchet et al. (2020) in their recent publication on suspect and
non-targeted screening of biomarkers in human matrices highlighted
that harmonisation of quality assurance/quality control (QA/QC)
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criteria and structure of reporting results appear necessary for better
comparability of results produced by different laboratories (Pourchet
etal., 2020). In addition, Galea et al. highlighted in their lessons learned
from undertaking the HBM4EU chromates study that users must receive
training and instruction to ensure that harmonised templates used to
collect study data are populated correctly (Galea et al., 2021). A rigorous
structure for reporting of screening-level monitoring data in environ-
mental matrices is already incorporated in the NORMAN Database
System in the EMPODAT (Environmental Monitoring of POllutants
DATabase) module (Dulio et al., 2020) and the first prototype for
structured collection of non-target and suspect screening data has been
developed in its Digital Sample Freezing Platform module (DSFP (Aly-
gizakis et al., 2019)). Another critical issue is how to deal with obser-
vations below the LOD (limit of determination) or LOQ (limit of
quantification) in the statistical analyses and aggregation of the indi-
vidual data. Obviously, these are issues that could be included in the
harmonisation efforts as part of the HBM GRF.

In addition, policy support is not a strong component of existing
platforms, which tend to function primarily as a repository of scientific
information for researchers and not as an easily useable source of in-
formation for regulatory risk assessors, providing advice to risk man-
agers/policy makers.

Existing platforms should be scrutinized for their strengths and
weaknesses when developing the HBM GRF. Overall, user friendly web-
based platforms would be key to facilitate further use of HBM (meta)
data available or accessible via HBM GREF for regulatory risk assessment
of chemicals and their mixtures.

5. Aim and objectives of the HBM Global Registry Framework
(HBM GRF)

The aim of the HBM GREF is to make HBM research FAIR (Fig. 1). Only
by doing so, the ethical imperative to make the most out of human
volunteer data would be met.

Based on crucial needs, a series of underlying objectives can be
defined that, when accomplished, will increase wider use of HBM (meta)
data. An HBM GRF is expected to be able to contribute to the following
objectives:

1. Creating an open-access web-based registry system that allows re-
searchers to register HBM studies.

2. Improving data management infrastructure that will meet the FAIR
principles by facilitating registrations of HBM studies. For example,
assigning a unique reference ID for each study, which can be referred
to in any research using data from that study. This would simplify the
identification of studies generating new data or reusing data (orig-
inal study).

3. Harmonising identifiers for chemical substances, including parent
substances, metabolites, and effect biomarkers. Examples of effect
biomarkers are hormones, specific DNA methylation, markers for
gene expression of specific nuclear receptor, cholesterol, liver
enzymes.

4. Facilitating multidisciplinary interaction among research scientists,
regulatory risk assessors and risk managers/policy makers in the
domain of HBM, epidemiology, toxicology, and risk assessment.

As an HBM GRF would benefit many stakeholders (national, EU,
international), Table 2 summarises suggested intended audiences for the
proposed HBM GRF including other regulatory frameworks and risk
assessment processes, as well as for demonstrating regulatory efficacy
(Louro et al., 2019). In addition, policy initiatives foreseen under the
European Green Deal might benefit from an HBM GRF. A tabulated
overview as prepared by the HBM4EU project indicates where HBM data
could support directly and indirectly the European Green Deal (see
Annex A, unpublished HBM4EU deliverable).
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Table 2

Description of potential users and foreseen advantages of the HBM Global
Registry Framework (HBM GRF).

Users/Regulatory More specific data/ Advantages
Frameworks information to be
provided by the
registries”
HBM and Questionnaires; Informed  Harmonised approaches;
epidemiological consent templates; Comparability of the data;
researchers/REACH”, Sampling templates; Awareness of data

OSH‘, Food safety

Exposure researchers
and regulatory
exposure assessors/
REACH, OSH, Food
safety

Regulatory risk assessors
and competent
authorities/REACH,
OSH, Food safety

Industry and trade
associations/REACH
and OSH

Analytical methods, QC/
QA; Guidelines for ethics,
monitoring and
reporting; Methods
description; Harmonised
Standard Operating
Procedures (SOPs)
describing some of the
above; Statistical analysis
plan; Biological sample
processing and
biobanking.

Harmonised SOPs;
Methods description;
Guidelines for ethics,
monitoring and
reporting; Statistical
analysis plan.

Access to planned HBM-
related studies
(measuring exposure as
well as effect biomarkers)
also pointing at
contextual data of
studies; HBM results
might enable setting of
HBM guidance and limit
values.

Access to planned HBM-
related studies also
pointing at contextual
data of studies.

requirements,
Identification of gaps and
needs for further research;
Discovery of chemical
analytical methods
available; Use of HBM
data for building and
evaluating exposure
models.

Harmonised approaches;
Comparability of the data;
Data available to support
modelling; Awareness for
data requirements;
Support for defining new
HBM campaigns/
programmes.

Definition of priorities for
RMMs (risk management
measures)
implementation;
identification of new
RMMs; Risk assessment
options; Identification of
needs for further
regulatory actions to be
supported by robust and
available scientific
knowledge.

Definition of priorities for
RMM s implementation;
identification of new
RMMs.

? The registries aimed at are not about results, but about the contextual data,

and information on the study (sampling plan, study population, QC/QA,
research hypotheses etc).
b EU Regulation on Registration, Evaluation and Authorisation of CHemicals.
¢ Occupational Safety and Health.

6. How to make the HBM Global Registry Framework (HBM
GRF) happen?

In Europe there is an opportunity to bring the outlined concepts to
fruition. In the coming years, the EU-wide research and innovation
program PARC (Partnership for the Assessment of Risks from Chemicals)
will run (see intermezzo overleaf). We think that this provides an
excellent opportunity to investigate feasibility and options for devel-
opment of such a registry framework. The current organisations
involved in the preparation of the Partnership represent 28 EU and non-
EU countries and include ministries (for research, health, and environ-
ment), national and EU agencies and research organisations as well as
academia and research institutions. We believe that this broad set-up is
very well suited and capable of developing further the HBM GRF as
advocated by the authors of in this article from various parts of the
world. The stimulus could very well come from Europe under PARC.
Global input during the process could be processed through the inter-
national PARC Advisory Board. Global contributions where possible
along the process would be essential to ensure worldwide use of the
HBM GREF to enhance registration of new and ongoing HBM studies e.g.,
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NHANES in the USA, the CHMS in Canada, KNEHS in Korea and JECS in
Japan. Additionally, support from and cooperation with UN, WHO and
OECD would help global implementation of this initiative.

PARC - Partnership for the Assessment of Risks from
Chemicals

PARC is an EU-wide research and innovation programme that will
run 2022-2028. The Partnership will promote harmonisation of
data and exchange between different actors (scientific commu-
nity, health agencies, regulators, policymakers etc.) and disci-
plines (e.g., exposure science, toxicology) to promote
transparency, support risk assessment, and facilitate wider reuse
of obtained data. To achieve this, it will build on existing data
platforms included in or collaborating with the Partnership and
contribute to extend their usability for risk assessors and man-
agers. It will ensure data and associated information is FAIR and
addresses the GDPR (EU General Data Protection Regulation)
related challenges for data exchange. Important will be that all
relevant EU Agencies can duly contribute to and access relevant
PARC activities and outputs, and the most relevant European
Commission Directorates General will be involved as well.

The Partnership will strive towards fostering European leadership
at the international level for research and innovation in chemical
risk assessment and will promote cooperation and collaboration
across Europe and internationally. The Partnership will contribute
to international fora, dealing with chemicals, pollution, and the
SDGs (UN Sustainable Development Goals), such as the World
Health Organisation (WHO) (e.g., International Programme on
Chemical Safety IPCS Chemical Risk Assessment Network) and
Strategic Approach to International Chemicals Management
(SAICM), UN Environment Programme (UNEP) and OECD,
dealing with chemicals, pollution, and the SDGs. Bilateral re-
lations with major international risk assessment agencies (e.g., U.
S. Environmental Protection Agency) and research institutions (e.
g., U.S. National Toxicology Program) will also be envisaged.
Member States are already contributing as single entity to many of
these networks. Collaboration of MS in the Partnership will
strengthen the influence of the EU in addressing global challenges
associated with chemical risk assessment and place the EU as the
front runner of the international community in this area.

Dialogue and collaboration with the international community is
essential for mutual support and for the identification of needs and
opportunities for harmonisation actions and development of tools
that support the collaboration. Connecting this Partnership with
the international community will foster the dissemination of re-
sults and will promote the importance of data and knowledge
sharing among international networks. An international board
consisting of experts from other international chemical risk
assessment platforms, scientific advisory boards or scientific so-
cieties, or experts in related EU or international activities will
contribute to ensuring the Partnership establishes links and dia-
logue with relevant international activities.

7. Summary and conclusion

Overall, we propose to develop an HBM Global Registry Framework
(HBM GRF) aiming at harmonising the design and structuring the
registration of HBM studies and by such, making the ultimate HBM
(meta)data more FAIR (Findable, Accessible, Interoperable and Reus-
able). Consequently, this will improve the assessment, comparability
and combination, reuse, and interpretation of HBM-study results. Pre-
paring HBM study protocols would be facilitated with such a web-based
system as they would be based on digitised and harmonised templates.
This would result in harmonised data entries into registries.

The ultimate objective could be to make HBM (meta)data accessible
in a virtual, federated, infrastructure, so that data with the right
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credentials become instantaneously accessible for human and machine
interactions. Implementing the FAIR principles in the HBM domain
could act as fundamental enabler for digital transformation in the
environment and health domain.

HBM GRF would facilitate the process of data creation and use to its
final use and reuse (the data value chain). This is expected to better
channel knowledge on the internal exposure of chemicals (exposure
biomarkers) and early warnings of effects (effects biomarkers) in human
samples into regulatory risk assessment and risk management (Burns
et al., 2019).

The HBM GRF would help to close the science to policy interface gap
between scientific ambitions and regulatory and policy requirements
resulting in an added value in protecting human health (Burns et al.,
2019).This knowledge transfer is of particular relevance for the Euro-
pean Chemicals Sustainability Strategy, which needs more and better
exposure data, as well as in the scope of international conventions
aiming to protect human health from chemical exposures. Creating the
HBM GRF as proposed here would advance exposure science and would
ultimately support a better protection of citizen’s health throughout the
world (Fantke et al., 2020Db).
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Per- and poly-fluoroalkyl substances (PFAS) are a range of persistent organofluorine contaminants, some of
which have been found to accumulate in humans and have long half-lives. In longitudinal studies, when relying
on measurements obtained at different points in time, it is critical to understand the associated analytical un-
certainties when interpreting the data. In this manuscript we assess precision measurements of serum PFAS
analysis in a follow-up study undertaken approximately 5 years after the initial study. These measurements
included intra-(n = 58) and inter-batch duplicates (n = 57), inter-batch replicates (n = 58), inter-laboratory
replicates (n = 10) and a re-analysis of 120 archived serum samples from the initial study. Average co-
efficients of variation (CV) for perfluorooctanoic acid (PFOA), perfluorohexane sulfonate (PFHxS) and per-
fluorooctane sulfonate (PFOS) associated with the reanalysis of archived samples ranged from 4 to 8%, which
was greater than the inter- and intra -batch duplicates (<3%), but lower than the inter-laboratory comparison
(CV > 10%). Multi-centre analytical capacity in studies increases the variance within the dataset and imple-
mentation of variability-measures are useful to refine and maintain comparability. Due to long PFAS half-lives,
this variance is an important consideration when deciding appropriate time intervals for sample collections in

longitudinal studies, to ensure the difference is greater than the analytical uncertainty.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a group of manmade
fluorinated organic compounds used in applications and products such
as stain repellents, cookware and aqueous film forming foam (AFFF).
Due to the high production and use, as well as the persistency of these
compounds, PFASs are ubiquitously detected in the environment, in
wildlife and in humans globally (Lindstrom et al., 2011).

The most frequently studied PFASs, belonging to the group of per-
fluoroalkyl acids (PFAAs), are perfluorooctane sulfonate (PFOS), per-
fluorohexane sulfonate (PFHxS) and perfluorooctanoic acid (PFOA).
Worldwide, biomonitoring studies estimate exposure to these PFASs
through measuring the blood serum concentrations (Calafat et al., 2007;
Eriksson et al., 2017; Ingelido et al., 2018; Li et al., 2018; Zhou et al.,
2014). Studies have suggested that PFAS exposure may be associated
with adverse health effects. PFAS serum concentrations have been found
to associate with biomarkers for several health outcomes such as car-
diovascular disease, liver and kidney function, and have been discussed
in several recent reviews (Ballesteros et al., 2017; Kirk et al., 2018; Zhao
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E-mail address: s.nilsson@ugq.edu.au (S. Nilsson).
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et al., 2020). However, studies have not always been consistent, and
longitudinal studies are needed to reduce the risk of bias, uncontrolled
confounding and reverse causality (Buckley et al., 2018). Additionally,
longitudinal studies are necessary to estimate temporal exposure trends
and are of special importance after exposure control attempts, when
evaluating the success of intervention and estimating the apparent
elimination half-lives.

Notwithstanding, longitudinal study designs implicit numerous
challenges such as increased temporal and financial demands and the
possibility of incomplete follow-up of individuals. The loss to follow up
may be especially apparent in studies using invasive sample collections,
such as blood collection, due to increased time-commitment, intrusive-
ness and burden to the study participants (Boyle et al., 2020; Galea and
Tracy, 2007). Minimizing the degree and frequency of sampling can
limit the burden on study participants, as well as shorten the study
duration and deliver faster outcomes. Planning and interpretation of
such a study, will need to consider the associated uncertainties. It is
critical to relate the precision and accuracy of PFAS analysis to the long
half-life of PFASs (>several years for longer chained PFAAs) (Li et al.,
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2019; Olsen et al., 2007). Consideration of appropriate temporal dis-
tance between sample collections is critical to be able to detect PFAS
concentration trends and differentiate them from the variability of PFAS
analysis.

In the last two decades PFAS analysis has substantially advanced.
Standard methods using isotopically labelled standards have been
developed and reference materials have become available (Martin et al.,
2004). Inter-laboratory studies are available on an annual basis for PFAS
serum analysis, and have shown that experienced laboratories can
quantify several PFAAs, including PFOA, PFHxS and PFOS, in human
serum, with precision and accuracy, using validated sample preparation
methods, labelled and native standards and appropriate instrumentation
(Kaiser et al., 2021; Keller et al., 2010; Lindstrom et al., 2009).

However, the development of PFAS analysis over time needs to be
considered in longitudinal studies. For example, if samples are obtained
and analysed over the course of several years, potential changes of
analytical methods may also influence the uncertainty when comparing
data from the different years, and this has been discussed as a major
limitation in previous studies investigating half-lives in individuals fol-
lowed over time (Li et al., 2018; Olsen et al., 2012).

The overall aim of this manuscript is to assess uncertainties in a
longitudinal biomonitoring study. We evaluate the uncertainty associ-
ated with the use of analytical data obtained approximately five years
apart versus the reanalysis of archived samples. We compare this to the
uncertainties associated with other aspects of analysis, such as the
analytical variation within a batch, between batches and between
laboratories.

a 2013-2014 b
Exposure study
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2. Methods
2.1. Overview

This manuscript focuses on a range of samples that were included as
quality assurance and quality control (QA/QC) in an exposure study,
and a flowchart of the methodology is presented in Fig. 1. The study was
approved by the Human research ethics committee (number
2014000614 and 2018001790), and consent from participants was
recorded verbally. The study was first undertaken in 2013-2014, where
serum from airport firefighters was analysed for PFASs (Rotander et al.,
2015)(Fig. 1(a)). After analysis, serum samples of consenting partici-
pants were archived in a —20° freezer. In 2018-2019, airport firefighters
were recruited again, including both new and previous study partici-
pants (Fig. 1(b)). A total of 130 participants had two longitudinally
collected samples (2013-2014 and 2018-2019), while 671 had a single
sample from 2018 to 2019. Archived serum samples (n = 120) from
2013 to 2014 were re-extracted and analysed together with all samples
collected in the 2018-2019 study to assess the agreement between the
two analysis years. PFOA, PFHxS and PFOS were the dominant PFASs in
the 2013-2014 study, with the highest detection frequency and greatest
concentration and are therefore the compounds of main interest in the
longitudinal study. Likewise, these three compounds are generally the
dominant PFASs in both exposed communities and the general pop-
ulations. The longitudinal dataset is limited to PFOA, PFHxS, PFOS and
is the main focus in this manuscript. However, other variability mea-
surements include an extended suite of PFASs, and are presented in the

2018-2019 d
Exposure study
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Fig. 1. Flowchart of the methodology and measurements of variability performed in the current study. The current study focuses on a range of quality assurance/
quality control measurements (c—e), which were included in an 2018-2019 exposure study(b), as a follow up to a 2013-2014 exposure study(a).
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Serum samples were extracted and analysed in 58 batches during a
period of 5 months (June-November 2019) (Fig. 1(c)). Each batch
consisted of 14 individual serum samples from the 2018-2019 study, as
well as 1-3 of the archived serum samples. In each batch, one serum
sample was extracted and analysed as an intra-batch duplicate, and one
sample as an inter-batch duplicate. Additionally, two aliquots (spiked
and un-spiked) of a pooled serum sample were included as inter-batch
replicates (aliquots from the same pooled serum sample were included
in all batches). In total, the following QA/QC measurements were ob-
tained for the assessment of precision/variability within the laboratory;
intra-batch duplicate samples (n = 58 pairs), inter-batch duplicate
samples (n = 57 pairs) and two inter-batch replicates (spiked (n-58), and
un-spiked (n = 58). The variability associated with storage and long
term variance within our laboratory is assessed by the 120 stored sam-
ples that were reanalysed, by comparing the measurements to what was
measured in the 2013-2014 study. Additionally, one participant pro-
vided multiple blood samples on several different days and times of the
day, including fasting and non-fasting samples (Fig. 1(d)). These sam-
ples were extracted as triplicates and used to investigate potential daily
variability of serum PFAS levels and consequently assess sample
collection time as a factor of variability. However, as only one partici-
pant was used for this assessment, this is not considered a main result,
and any further details of this assessment are presented in the SI. In
addition to the variation that could be assessed within our laboratory,
inter-laboratory variation was assessed with ten randomly selected
serum samples which were extracted and analysed at two other labo-
ratories that are accredited for serum PFAS analysis (National Associa-
tion of Testing Authorities accredited) (Fig. 1(e)). Each measurement of
variability, as well as a graphical presentation of the analytical batch
construction and QA/QC measurements are explained in detail in the SI.

2.2. Extraction and instrumental analysis

Serum samples were extracted according to previously described
methods (Rotander et al., 2015; Toms et al., 2019) with some minor
modifications. Briefly, serum samples (1 mL), spiked with labelled PFAS
mix, were vortex mixed and sonicated with acetonitrile, centrifuged,
filtered and concentrated before they were spiked with recovery mix.
PFASs were analysed using a high-performance liquid chromatograph
(HPLC, Nexera, Shimadzu Corp., Kyoto Japan), coupled to a tandem
mass spectrometer (SCIEX Triple Quad 6500+, Concord, Ontario, Can-
ada) equipped with an electrospray ionisation source and run on nega-
tive ionisation mode and scheduled multiple reaction monitoring mode
(MRM). Separation was achieved by gradient elution on a Kinetex EVO
C18 column (2.6 pm, 100 A, 100 x 2.1 mm, Phenomenex). Reported
concentrations are for linear isomers, with the exception of PFOS where
the total concentration of both linear and branched isomers is presented.
Further details of the solvents, PFAS mixes, and extraction and analysis
methods are presented in the SI.

2.3. General QA/QC

During the extraction, two blanks (acetonitrile and MilliQ) and a
standard reference material (SRM, NIST 1957) from the National Insti-
tute of Standards and Technology, were extracted and analysed in each
batch (National Institute of Standards and Technology, 2016). Native
spike recovery was assessed by comparing a serum sample that was
spiked with native PFAS mix before and after extraction. Our laboratory
participates in two external quality assessment schemes (AMAP and
G-EQUAS) and passed acceptable criteria. Concurrently to this study,
one round of each study was conducted (AMAP 2020-01, and G-EQUAS
64) (Tables S5 and SI). Method detection limits (MDLs) were determined
using EPA guidelines (40 CFR 136 Appendix B, detailed in SI) and set as
3.14 times the standard deviation of seven spiked replicates. MDLs
ranged from 0.06 to 0.08 ng/mL for PFOA, PFHxS and PFOS, and all
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MDLs are presented in the SI (Table 54).
2.4. Statistical analysis

Statistical analysis were performed in GraphPad Prism 8.3.1. The
assessments of uncertainty consisted of comparisons between two
samples (the re-extracted archived samples, the intra and inter batch
duplicates), as well as comparisons across several measurements (the
inter batch replicate, inter-laboratory comparisons). The coefficient of
variation (CV) was calculated for all of these measurements, to be able to
compare them to each other. Additionally, Pearson correlation was used
to assess the association between mean In-transformed PFAS concen-
tration and CV. To further assess if there was a systematic difference
when re-analysing the archived serum samples, the agreement between
respective PFAS measurements(M) in the 2018-2019 re-analysis (M-
analysis) and 2013-2014 analysis (Morigina)) Was assessed using Bland-
Altman (B&A) plots (Bland and Altman, 1999). This method is used to
calculate the mean difference between the two analysis years (the bias),
as well as the 95% limits of agreement (1.96 SD of the mean difference).
Systematic difference between the methods was considered if the 95% of
agreements do not include the line of equity (0%). The B&A plots pre-
sent the mean PFAS concentration ((Mye-analysis + Moriginal)/2), used as
reference (the x-axis), plotted against the percentage difference between
each paired measurement (Mre.analysis - Moriginal)/Average). Linear
regression was used to assess the relationship between mean percentage
difference and mean PFAS concentration. Only measurements which
were greater than the MDLs were included in the assessments. An
overview of all statistical methods used for each measurement of un-
certainty is presented in the SIL.

3. Results & discussion
3.1. General QA/QC

The mean PFASs concentrations of NIST 1957, included in all
batches, were within acceptable limits of reference values (Z-score
—2<x > 2), and the CV of PFOA, PFHxS and PFOS were 7.8%, 6.1% and
6.1% respectively. Average recovery of mass labelled internal standards,
and spiked native standards were 97% and 95% respectively.

3.2. Variation within and between batches

The detection frequency and concentration ranges of all PFAAs
analysed in the 2018-2019 exposure study are presented in Table S6, in
the SI. PFOA, PFHxS and PFOS were detected in all assessed samples in
concentrations ranging from 0.08 to 15 ng/mL, 0.08-168 ng/mL and
0.12-185 ng/ml, respectively. The average CV of the duplicates within
and between batches respectively were 1.9% and 2.6% for PFOA, 1.8%
and 2.4% for PFHxS and 1.8% and 2.6% for PFOS. The CVs between
batch replicates were 5.8% for PFOA, 6.9% for PFHxS, and 6.4% for
PFOS (Table 1, Fig. 2), which is comparable to the CV of NIST 1957
replicates. No significant correlation between CV and PFAS concentra-
tions was found (Table 1, Figs. S1 and SI).

3.3. Variation between laboratories

PFOA, PFHxS and PFOS were detected in all ten inter-laboratory
samples in our laboratory with concentrations ranging from 0.51 to
2.8 ng/mL, 0.93-45 ng/mL and 4-78 ng/mL, respectively. PFOS was
detected in all of the samples by the two other laboratories, however,
due to a greater MDL (1 ng/mL), PFOA and PFHxS were only reported in
nine of the ten samples, and thus assessment is only based on nine
samples for these two compounds. The mean CV% between the labo-
ratories for PFOA, PFHxS and PFOS were 12%, 10% and 15% respec-
tively (Table 1, Fig. 2). This variation is consistent with results of the
inter-laboratory comparison included in the external quality assessment
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scheme conducted concurrently to this study (SI, Table S6), as well as
other published inter-laboratory comparisons (Kaiser et al., 2021;
Lindstrom et al., 2009). No significant correlation between CV% and
PFAS concentration was found (Figs. S2 and SI).

—5.8 (-8.0, —3.7)

PFOS

3.4. Re-analysis of archived 2013-2014 serum samples

The 120 serum-samples that were archived and reanalysed, the
original measurements ranged from 0.30 to 18 ng/mL (PFOA),
0.59-277 ng/mL (PFHxS) and 3.3-391 ng/mL (PFOS). Comparing to
each respective re-analysed measurement, the mean CV was 4.3%, 5.0%
and 5.5% respectively for PFOA, PFHxS and PFOS (Table 1, Fig. 2). B&A
analyses were performed to assess the mean difference and define the
limits of agreement between the original PFAS measurements and the re-
analysis (Fig. 3) (Giavarina, 2015). Calculated mean difference(bias) for
PFOA, PFHxS and PFOS were —2.4%, 0.77% and —5.8% respectively.
The negative bias for PFOA and PFOS, indicate lower reported results in
the re-analysis compared to the original analysis. However, the 95%
limits of agreement overlapped the line of equity (0%) for all three
PFASs, suggesting there is no systematic difference (visually shown in
Fig. 3). Linear regression analysis indicated no significant relationship
between average difference and magnitude of concentration. This is in
agreement with all other variation measurements, indicating no rela-
tionship between analytical variance and the measured concentrations.
However, although a broad range of concentrations was assessed, it
should be noted that no samples had PFOA, PFHxS or PFOS concentra-
tions close to the MDL, where interferences may be more noticeable and
consequently analytical uncertainty greater.

Due to the wide range of PFHxS and PFOS concentrations of the
dataset that was assessed in the B&A analysis, the relationship between
bias and magnitude of concentrations was further assessed separately for
lower and higher concentrations respectively (SI, Fig. S3). No apparent
difference was observed for PFOS, while the bias in PFHxXS concentra-
tions was negative (-3.7%) in the subset of datapoints with low con-
centration (<15 ng/mL), and positive (3.6%) for datapoints >15 ng/mL.
However, the 95% limits of agreement overlapped the line of equity
(0%) in both subsets. Thus, no systematic difference can be assumed.
Due to the stable chemical structures of these PFAAs, degradation of
these compounds while storing is not likely, and unchanged PFAS con-
centrations have previously also been reported after storage at various
temperatures and times (Buck et al., 2011; Kato et al., 2013), indicating
that there is no apparent degradation or adsorption to storage tubes that
is affected by the time of storage. It is likely that the variability observed
is a result of improved/modified analytical methods. However, the
storage of samples as well as the increased number of freeze-thaw cycles,
could possibly also affect the homogeneity/physical integrity or the
samples differently and contribute to the variation observed between the
analysis years. By storage of replicate samples, this hypothesis could be
assessed in future studies. Evidence of reliable PFAS analysis after long
term storing is of great importance to biomonitoring studies that are
relying on samples from biobanks that have been stored for a long time,
making it possible to accurately assess historical PFAS exposure
retrospectively.

The mean CV associated with the re-analysis of the archived samples
(10-15%), was lower compared to the variation observed between
laboratories (CVs; 12% (PFOA), 10% (PFHxS) and 15% (PFOS)).
Compared to the original analysis in 2013-2014, the laboratory has
moved, a different laboratory technician performed the analysis, and a
different instrument was used. However, the extraction and analysis
methodology were only modified slightly compared to the methodolo-
gies used in 2014. In contrast, the extraction procedure between the
three different labs in the inter-laboratory assessment varied consider-
ably (Tables S2 and SI), possibly explaining the greater CV.

The variation associated with re-analysis of the archived samples,
were greater than the mean CV of the duplicates both within batches (CV
<2.00%) and between batches (CV% <2.70%), but in line with the CV

0.77 (-1.5, 3.1)

PFHxS

Bias (95% CI)
~2.4(-4.2,-0.51)

B&A
PFOA

—0.15

PFOS
0.23
0.21
0.13

PFHxS
0.16
0.17
0.11
0.29*

Pearson Correlation”

PFOA
-0.17
—0.25
—0.01

0.51

1.8 (1.7)/4.9
2.6(1.7)/6.2

6.6
15
5.5(3.7)/13

PFOS
3.5
6.7
4.3

1.8 (1.6)/5.2
2.4(2.0)/7.2

6.9
10
5.0 (3.9)/13

PFHxS
3.2
8.4
5.2

Mean (SD)/(p95)"
1.9 (1.6)/4.7
2.6(2.2)/7.6

5.8

12
4.3(2.9)/9.2

CV (%)

PFOA
7

1.6

5.4

Duplicates
Duplicates
Replicates
Fast vs non fast

Within triplicates
All collection times

Within batches

Between batches
Inter-laboratory

Re-analysis of archived samples
Collection time"

@ Where CV is calculated from paired measurements (Duplicates, replicates, re-analysis), the mean CV is presented, as well as the SD and p95.

Y Correlation between CV and PFAS concentration.
¢ Collection time (Representative sampling) is presented and discussed further in SI.

Uncertainty

Outcomes of all uncertainty assessments. For other compounds, see SI.

B&A; Bland-Altman analysis.
SD; Standard Deviation.

CV (%); coefficient of variance.
p95; 95th percentile.

r: Correlation coefficient.
CI: Confidence interval.
*, p-value <0.05.

Table 1



S. Nilsson et al.

International Journal of Hygiene and Environmental Health 238 (2021) 113860

40 Within Batch Between Batiches Between Between
Duplicates Duplicates : Replicates Laboratories Analysis Year
%Onnn—s‘piked
. £ O spives
o
S 30
@
[&]
c
.©
| —
=
s 20— o
E o
(o]
8 . + Bg o
= + ;
8% : M .
o oo i < L]
a & T i
: o
é :
< 0 ") < 7] [ < ") 0 < ") 0 < ") )
=] ; o o Ll o (o] L] o o L] o o Lt [o]
Ef £ £ F OB OE OE OB OE E OE OE E K
e o o o o o

Fig. 2. The Coefficient of Variance (%) of PFOA (yellow), PFHxS (green) and PFOS (orange) for the measurements of variation in the current study; within batch
variation (duplicates n = 58), between batch variation (duplicates n = 57 and replicates n = 58 x 2), inter-laboratory variation (n = 10) and the variation of the re-
analysis of archived samples (n = 120). Where several duplicate measurements are used to represent the variation, CV% of all pairs are presented as box and

whiskers, where whiskers present the 5-95 percentiles and the + represents the
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Fig. 3. Bland Altman plot for PFOA, PFHxS and PFOS showing the percent (%) difference between the re-analysis (in 2018-2019) and original analysis (in
2013-2014). Average difference (bias) shown as a green line and 95% limits of agreement shown by the shaded green area. The regression-line shows the relationship
(and 95%CI) between the difference and the magnitude of concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

between batch replicates.

Knowledge of uncertainties associated with the analysis is essential
for detecting significant differences between samples and needs to be
considered in both the interpretation of already published studies, as
well as when designing future studies. When designing longitudinal
studies, the analytical uncertainty has implications for defining sam-
pling frequency (time between collection of two serum samples longi-
tudinally). Here we showed that archiving and reanalysing samples in
the same batch, reduces the uncertainty more than two-fold. This means
that we can determine differences between two samples more accu-
rately, which is important for elimination studies and half-life estima-
tions. Additionally, we can distinguish trends with smaller
concentration differences, expected from samples collected within
shorter time periods. Consequently, less data will be required to assess

PFAS concentration trends over time and the duration of a study can be
minimized, decreasing the temporal and financial costs. A shorter study
can also deliver faster outcomes, especially important when assessing
the outcomes of exposure control attempts.

In addition to physical health effects that may be associated with
PFAS exposure, communities affected by elevated PFAS exposure are
also affected by physiological health effects such as elevated stress
(Calloway et al., 2020). In such communities, it is critical to design
intervention studies that can report results back to the community as fast
as possible.

While storing and reanalysing samples may not always be possible,
understanding the uncertainties with sampling and analysis combined
with a prior estimate of the long half-lives of the compounds investi-
gated, is critical for choosing an appropriate time interval between the
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sample collections. As an example, for PFHxS, with an estimated half-life
of 8.5 years (representing a decrease of 8%/year assuming successful
exposure control), 11 months between two sample collections would be
enough, to be able to measure a reliable difference between two samples
that is greater than our within-batch variation (>95th percentile of the
CV; 5.2%). If relying on previously reported data, 2.5 years would be
required to overcome the variability associated with our re-analysis
(>95th percentile of the CV; 13%).

In this study, we found the greatest analytical variation between
laboratories. In studies that are aiming to assess differences between
samples that are analysed at different laboratories, it may be worth
including an interlaboratory comparison to define the specific uncer-
tainty. In such a longitudinal study, a longer time between sampling may
be needed to be able to detect a trend with greater confidence.

Although this study assessed the uncertainty of the analysis of PFAS
concentrations in serum, the overall concept is applicable to any study
assessing longitudinal trends of chemicals with long half-lives in blood.
By defining the magnitude of difference aimed to be detected, knowing
the expected analytical variation is crucial when deciding on the sam-
pling frequency and number of samples needed in a study to accurately
assess trends. In regard to participants of a longitudinal exposure study,
minimizing the number of samples required and providing timely in-
formation lowers the burden and time commitment needed from par-
ticipants. These are factors that may increase the willingness to
participate in a study (Boyle et al., 2020; Galea and Tracy, 2007).

4. Conclusion

Using multi-centre analytical capacity in studies can impose a risk of
high variance within the study data set. Thus, implementation of special
measures is important for refining and maintaining comparability be-
tween analysis years and inter- and intra-laboratory analysis. This study
shows that retrospective analysis of archived serum samples for PFAS
improves precision when measuring longitudinal exposure trends.
Consequently, such a study will require less sampling and allowing
much faster outcomes, which is especially important when assessing the
success of exposure control. The outcome of this study highlights the
need to understand the uncertainties associated with longitudinal
studies for both data interpretation and study design. By considering the
analytical uncertainties associated with study design, the accuracy of
PFAS exposure analysis can be improved in longitudinal epidemiological
studies and risk assessments.
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ARTICLE INFO ABSTRACT

Keywords: Antimicrobial resistance (AMR) remains one of the leading global health threats. This study compared antimi-
CTX-M crobial resistance patterns among E. coli isolates from clinical uropathogenic Escherichia coli (UPEC) to hospital
ESBL wastewater populations and throughout an urban wastewater treatment facility — influent, pre- and post-
El:(})’;ﬁ;%ézmc chlorinated effluents. Antibiotic susceptibility of 201 isolates were analyzed against eleven different antibi-
Wastewater otics, and the presence of twelve antibiotic resistant genes and type 1 integrase were identified. AMR exhibited

SXT the following pattern: UPEC (46.8%) > hospital wastewater (37.8%) > urban post-chlorinated effluent (27.6%)
> pre-chlorinated effluent (21.4%) > urban influent wastewater (13.3%). However, multi-drug resistance against
three or more antimicrobial classes was more prevalent among hospital wastewater populations (29.7%)
compared to other sources. E. coli from wastewaters disinfected with chlorine were significantly correlated with
increased trimethoprim-sulfamethoxazole resistance in E. coli compared to raw and treated wastewater pop-
ulations. blactx.m.1 group was the most common extended spectrum beta-lactamase in E. coli from hospital
wastewater (90%), although UPEC strains also encoded blacrx.m.1 group (50%) and blargy (100%) genes. Among
tetracycline-resistant populations, tetA and tetB were the only resistance genes identified throughout wastewater
populations that were associated with increased phenotypic resistance. Further characterization of the E. coli
populations identified phylogroup B2 predominating among clinical UPEC populations and correlated with the
highest AMR, whereas the elevated rate of multi-drug resistance among hospital wastewater was mostly phy-
logroup A. Together, our findings highlight hospital wastewater as a rich source of AMR and multi-drug resistant
bacterial populations.

1. Introduction

Antimicrobial resistance (AMR) poses one of the largest global public
health threats claiming up to 700,000 deaths worldwide annually
(WHO, 2019). A major driver of AMR is the prevalent use of antibiotics
throughout healthcare and agriculture (Kummerer, 2009), which leads
to increased antibiotic deposition in wastewater. This widespread anti-
biotic use contributes to selective pressure for the transfer and acquisi-
tion of antibiotic resistant genes (ARGs) (Karkman et al., 2018; Rizzo
et al., 2013). In particular, hospital wastewater remains a hotspot of
antibiotic resistant bacterial populations due to contaminating levels of
sub-inhibitory concentrations of antibiotics (Verburg et al., 2019) and
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E-mail address: skwor@uwm.edu (T. Skwor).
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pathogenic organisms (Paulshus et al., 2019; Sib et al., 2019). In addi-
tion, wastewater, from both hospital and urban sources, contains other
stressors such as heavy metals and biocides, which have been implicated
in accelerated mutation rates and horizontal gene transfer (HGT) among
bacterial populations, including Escherichia coli (Pal et al., 2015; Seiler
and Berendonk, 2012). Thus, when hospital wastewater merges with
municipal streams, favorable niches for the acquisition, retention, and
transfer of ARGs are created due to the high concentration of bacteria,
sub-inhibitory concentrations of antibiotics, and the presence of other
stressors (i.e. heavy metals) resulting in antibiotic resistant bacterial
populations (Karkman et al., 2018; Lorenzo et al., 2018). Importantly,
these antibiotic resistant bacterial populations are capable of surviving
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the wastewater treatment process and are commonly found in receiving
bodies of water (Kappell et al., 2015; Skwor et al., 2020) where they can
further cause recreational waterborne illnesses (Dorevitch et al., 2012;
Graciaa et al., 2018a; Sgraas et al., 2013).

One bacterial population prevalent in wastewater is Escherichia coli,
which is commonly used as a fecal pollution indicator in environmental
waters (Brechet et al., 2014; Lenart-Boron et al., 2020). Due to an
abundance of genetic diversity, E. coli populations can be phylogeneti-
cally clustered into phylogroups partially coincide different ecological
niches and propensities to cause disease. For example, commensal
populations residing in a symbiotic relationship in warm-blooded ani-
mals are typically comprised of phylogroup A (Stoppe et al., 2017),
whereby other phylogroups can cause clinical manifestations ranging
from mild gastroenteritis to life-threatening sepsis caused by extra-
intestinal pathogenic E. coli (EXPEC) (Jang et al., 2017). Most EXPEC
strains belong to phylogroups B2 and D, whereby intestinal pathogenic
strains typically belong to phylogroups B1l, D or A (Sarowska et al.,
2019). Phylogrouping E. coli populations in wastewater allows for
improved understanding of the bacterial source and can further predict
linkages between source and resistance patterns.

Coliforms, such as E. coli, are prevalent in both warm-blooded ani-
mals, including humans, and the environment and can be used in AMR
monitoring programs to assess antibiotic resistance patterns (Schrijver
et al., 2018; Stelling et al., 2005). One rationale for the use of E. coli to
monitor resistance is its identification as both a major donor and
recipient of ARGs mediated through horizontal gene transfer (Young,
1993). Thus, assessing the antimicrobial resistance profiles of E. coli
populations allows comparison between sources to aid in identifying
potential hot spots of antibiotic resistance acquisition, like hospital and
urban wastewater. Identifying these resistance profiles also aids in
determining if clinical resistance patterns survive throughout the
wastewater process which can lead to environmental release of resistant
bacteria into receiving aquatic ecosystems. Given that heterogeneity of
resistance patterns globally are influenced by geographic region and the
Human Development Index (Hendriksen et al., 2019a), it is critical to
identify AMR patterns within connected sites. To address this, our study
compared AMR profiles among clinical uropathogenic E. coli (UPEC),
hospital wastewater, and throughout different stages of wastewater
treatment plant in an urban city. We also compared phylogroups to
resistance profiles to identify a potential common source for the resis-
tant populations.

2. Material and methods
2.1. Isolation of E. coli strains

Wastewater samples were acquired weekly for three straight weeks
(October 5th, 12th, and 18th) from Jones Island Water Reclamation
Facility (Supplemental Figure 1; Milwaukee, WI, USA: 43.02044,
—87.89905) and two continuous weeks from two separate outflow lo-
cations (October 2nd and 11th) at the Medical College of Wisconsin
(Supplemental Figure 1; Milwaukee, WI, USA: 43.04355, —88.02139) in
October 2018 by plant technicians. Water samples were immediately
placed on ice until further processed in the laboratory; all water samples
were processed within 8 h of collection. To acquire E. coli isolates,
various dilutions and volumes of water were passed over a 0.45 pm filter
and placed on modified mTEC (Hardy Diagnostics, Santa Maria, CA,
USA) agar to acquire red or magenta colored E. coli isolates following the
Environmental Protection Agency Method 1603 (EPA, 2014). More
specifically, 5-20 mL of raw or 1:10 diluted hospital wastewater, 5-50
mL of raw or 1:10-1:1000 diluted urban wastewater influent, and
20-300 mL of raw urban wastewater pre-chlorinated effluent and
post-chlorinated effluent were filtered for E. coli colonies. Five to ten
colonies were selected at random from each source per date and further
isolated using a four-quadrant streak over TSA to ensure isolation. From
these plates, a total of 124 isolates were acquired from hospital
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wastewater (n = 37), as well as urban wastewater influents (n = 30),
pre-chlorinated (n = 28) and post-chlorinated effluents (POC; n = 29).

Uropathogenic E. coli (UPEC) patient isolates were obtained from the
hospital used for wastewater samples. Briefly, urine specimens were
inoculated onto 5% sheep blood and MacConkey agar with subsequent
incubation for 18-24 h at 35 °C in ambient air. Presumptive E. coli
colonies were further isolated by sub-culturing onto sheep blood agar
plates if needed and confirmed as E. coli using MALDI-TOF mass spec-
trometry (Bruker, Bremen, Germany) following a spot extraction
method used for the identification of aerobic bacterial isolates. The
suspected colonies were applied to a stainless-steel target chip (Bruker)
with the sample spot overlaid with 70% formic acid to extract the pro-
teins. Once dry, a matrix solution was applied to the sample spot and
allowed to again dry, resulting in a homogeneous mixture of sample and
matrix crystals. This target chip was then placed inside the MALDI-TOF
for analysis. The protein spectrum detected by the analyzer was then
compared to the Bruker MTB Compass Library (Revision E, 7854 MSP)
to determine the identification. Frozen glycerol stocks were made of all
cultures for further analysis.

2.2. Determining antibiotic susceptibility

Kirby-Bauer disk diffusion assay were used to examine antibiotic
resistance of wastewater isolates. Briefly, overnight cultures were
diluted to obtain a 0.5 McFarland standard in phosphate buffered saline
(PBS). Isolates from wastewater samples were then cultured on to
Mueller Hinton plates (BD Biosciences, San Jose, CA, USA) and stamped
with the following eleven antibiotic disks (BD Biosciences) from seven
different antibiotic classes (Magiorakos et al., 2012): chloramphenicol
(30 mcg) - phenicol class; sulfamethoxazole-trimethoprim (SXT;
23.75/1.25 mcg) - folate pathways inhibitors class; ciprofloxacin (5
mcg) — fluoroquinolone class; gentamicin (10 mcg) — aminoglycosides
class; tetracycline (30 mcg) — tetracyclines class; ceftriaxone (30mcg),
cefotaxime (30 mcg), and ceftazidime (30 mcg) — extended-spectrum
cephalosporins class; meropenem (10 mcg), imipenem (10 mcg), and
ertapenem (10 mcg) — carbapenem class. After an 18-24h incubation at
35 °C, zones of inhibition were measured, and antibiotic susceptibility
determined following the Clinical and Laboratory Standards Institute
(CLSI) susceptibility standards (CLSI, 2015b). UPEC isolate susceptibil-
ity was determined using minimum inhibitory concentration (MIC)
methods following CLSI protocol (CLSI, 2015a). MIC results and the
detection of resistance markers were identified by the BD Phoenix sus-
ceptibility system which utilizes self-inoculating panels and doubling
dilutions to determine susceptibility. The Phoenix system is interfaced
with the BD EpiCenter System V6.41 where CLSI guidelines and
customized rules were implemented to determine the SIR interpretations
from the MIC results given from the Phoenix. Isolates exhibiting inter-
mediate levels of resistance were categorized with susceptible pop-
ulations. Multi-drug resistance (MDR) was determined by any isolate
demonstrating resistance to three or more classes of antibiotics (Magi-
orakos et al., 2012) and MAR index was calculated by the number of
resistant phenotypes against different antibiotic classes divided by the
seven (the total number of antibiotic classes).

2.3. Phylotyping

E. coli populations were characterized by their phylogenetic group
using the revised Clermont phylotyping method (Clermont et al., 2013).
Briefly, multiplex PCR was used to amplify the following targets: chuA
(288bp), yjaA (211bp), TspE4.C2 (152bp) and arpA (400). Further
characterization of phylogroups C (trp), D, E (arpAgpE), and clades were
performed using additional sets of primers (Supplemental Table 1). If an
isolate displayed a genotype that did not match a phylogroup, they were
listed as unknown.
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2.4. Determination of ARGs

Bacterial genomic DNA was isolated using Promega Genomic DNA
Purification kit. DNA was amplified using 2x GoTaq Green PCR Master
Mix (Promega Corp., Madison, WI, USA) and 0.1 pM of ARG primers
(Supplemental Table 1). TetA and tetB PCR reactions were amplified
using the following protocol: initial denaturation at 95 °C for 60 s, fol-
lowed by 30 cycles at 96 °C for 30s, 60 °C for 30 s, and 72 °C for 30 s, and
a final elongation at 72 °C for 10 min. TetC, E, M, O, and Int1 PCR re-
actions followed a similar PCR protocol except the annealing tempera-
ture was 55 °C for 30 s, and TetD had an annealing of 57 °C. CTX-M, SHV,
TEM, and sull PCR reactions were amplified using the following pro-
tocol: initial denaturation at 95 °C for 5 min, followed by 35 cycles at
94°c for 30 s, 60 °C for 30 s, and 72 °C for 2 min, and a final elongation at
72 °C for 7 min Sull PCR reactions followed similar PCR protocol except
the annealing temperature was 55.6 °C for 30 s. PCR products were
analyzed using agarose gel electrophoresis.

2.5. MIC to determine the level of antibiotic resistance

To assess the correlation of ARGs with the level of resistance, MICs
were further determined following a previous method (Baron et al.,
2017). Briefly, overnight cultures were diluted in PBS to make a 0.5
McFarland standard. 96-well microplates were prepared with 50 mcl of
serial two-fold antibiotic dilutions: tetracycline (4-256 mcg/mL) or
ceftazidime (7.8-500 mcg/mL). Bacterial isolates were further diluted
1:100 in Mueller-Hinton broth and 50 mcl added to the appropriate
wells. MIC value was determined by identifying the well with the lowest
antibiotic concentration without turbidity after 18-24 h.

2.6. Plasmid isolation and transformation

Overnight antibiotic resistant E. coli cultures were grown in tryptic
soy broth. Isolation of plasmids was performed using Zymo Research
mini prep kit (Zymo Research, Irvine, CA, USA) following manufac-
turer’s instructions. Plasmids were characterized via electrophoresis
using a 0.7% agarose gel at 80 V for 3 h. The gel was subsequently
stained with ethidium bromide and banding patterns analyzed with UV
transillumination. Kodak software was used to determine nucleotide
sizes of plasmids.

Transformation experiments were performed with E. cloni® 10G
chemically competent cells (Lucigen, Middleton, WI, USA). Briefly, 5
mcl of plasmid DNA was combined with 40 mcl of competent cells and
incubated on ice for 30 min. Heat shock was performed for 90 s at 42 °C
followed by 1 h incubation at 37 °C at 175 rpm. The reaction was plated
on tetracycline or cefotaxime-containing plates based on the initial
susceptibility and incubated overnight at 37 °C. Plasmids were isolated
as discussed above and transformants further tested for antibiotic sus-
ceptibility by Kirby-Bauer disk diffusion assay and interpreted according
to CLSI susceptibility standards.

2.7. Statistical analysis

Comparison of antibiotic susceptibility between water sources, as
well as among phylogroups, were performed using a one-way ANOVA
followed by a Tukey’s post-hoc test using GraphPad Prism version 9.1.0
(GraphPad Software, San Diego, CA, USA). Differences among antibiotic
susceptibility rates between different water sources was analyzed using
a two-tailed Fisher’s exact test. PERMANOVA was performed on the
phylotype and antibiotic resistance phenotype of each of the isolates to
assess E. coli populations variation from different sources.
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3. Results

3.1. Comparing antimicrobial resistance of E. coli UPEC, and isolates
from hospital and urban wastewater

To aid in assessing the health risk associated with wastewater, we
compared antibiotic resistance patterns among UPEC isolates (n = 77) to
both hospital (n = 37) and combined (both stormwater runoff and
sanitary sewage) urban wastewater (n = 30) E. coli isolates. All isolates
were acquired from the Milwaukee, WI metropolitan area (population of
1,572,245). Total E. coli colonies acquired from hospital wastewater
over the period of the study ranged from 4.0 x 10'-5.5 x 10° CFU/100 ml
compared to urban influent 4.0 x 10°-7.6 x 107 CFU/100 ml. AMR was
most prevalent among UPEC strains, followed by hospital wastewater;
combined urban influent had the lowest AMR (Table 1: 46.8% vs 37.8%
vs 13.3%; P < 0.01). Interestingly, when analyzing resistance to multiple
antibiotics, hospital wastewater exhibited the highest MDR prevalence
(29.7%) and multiple antibiotic resistance (MAR) index (0.22)
compared to UPEC populations (Table 1: 6.5% and 0.102 respectively; P
= 0.001 and P < 0.05) followed by urban influent isolates (Table 1: 0%
and 0.029 respectively; P < 0.001 and P < 0.005). Importantly, we
observed that only the hospital wastewater contained isolates with
resistance to five of seven different antibiotic classes (Fig. 1: 24%). When
comparing resistance patterns between UPEC strains and hospital
wastewater sources, isolates from hospital wastewater were signifi-
cantly more resistant to SXT, gentamicin, ceftazidime, and ceftriaxone
(Table 1, P < 0.05). For six of eleven antibiotics tested, hospital
wastewater exhibited greater resistance to SXT, gentamicin, ciproflox-
acin, ceftriaxone, ceftazidime, and cefotaxime compared to urban
wastewater influents (Table 1, P < 0.05). No hospital or urban waste-
water isolates demonstrated resistance to carbapenems, although one
UPEC isolate was resistant to ertapenem (Table 1). In contrast to other
antibiotic patterns, tetracycline resistance was a common phenotype
among UPEC, hospital, and urban wastewater populations (Table 1:
18.2%-32.4% to 13.3% respectively), although UPEC and hospital
wastewater isolates exhibited resistance to higher concentrations
(Fig. 2A).

Table 1
Prevalence of resistance in hospital wastewater compared to urban wastewater
influents.

Resistance % (n)

Antibiotic UPEC Hospital wWw ww WW POC

77) WW (37) Influent Effluent Effluent (29)
(30) (28)

CHL 1.3 (1) 2.7 (1) 6.7 (2) 3.6 (1) 0

SXT 15.6 35.1 (13) 0 3.6 (1) 24.1 (7)
(12)

GEN 5.2(4) 29.7 (11) 0 3.6 (1) 0

CIP 26.0 29.7 (11) 0 3.6 (1) 0
(20)

TET 18.2 32.4 (12) 13.3(4) 17.9 (5) 13.8(4)
a4

CRO 3903 24.3 (9) 0 3.6(1) 3.4 (1)

CAZ 1.3 (1) 16.2 (6) 0 3.6 (1) 3.4 (1)

ETP 1.3 (1) 0 0 0 3.4 (1)

AMR 46.8 37.8 (14) 13.3(4) 21.4 (6) 27.6 (8)
(36)*

MDR 6.5 (5) 29.7 (11)° 0.0 (0) 3.6 (1) 0.0 (0)

MAR 0.102 0.220" 0.029 0.050 0.059

Index

CHL: chloramphenicol; SXT: trimethoprim/sulfamethoxazole; GEN: gentamicin;
CIP: ciprofloxacin; TET: tetracycline; CRO: ceftriaxone; CAZ: ceftazidime; ETP:
ertapenem; AMR: antimicrobial resistance; MDR: multi-drug resistance; MAR:
multiple antibiotic resistance; UPEC: uropathogenic E. colii WW: wastewater;
Influent: combined urban stormwater and sanitary wastewater; Effluent: pre-
chlorinated; POC: post-chlorinated; P < 0.05 compared to WW influent; ® P
< 0.05 compared to all other water sources.
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Hospital WW

WW POC

Fig. 1. Prevalence of antibiotic resistance among E. coli isolates. Each isolate was tested against seven different classes of antibiotics from five different en-
vironments: UPEC (n = 77), hospital WW (n = 37), urban influent WW (n = 30), pre-chlorinated effluent WW (n = 28), and POC WW (n = 29). Pie charts represent
the prevalence of isolates in each source exhibiting resistance to different number of antibiotic classes represented by various colors (0-5). WW: wastewater; POC:
post-chlorinated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Tetracycline resistance among E. coli populations. A) The MIC was performed among all E. coli tetracycline resistant isolates. Data illustrates the per-
centage of isolates with varying degrees of resistance in each class. B) Out of seven different tetracycline genes, only three were detected amongst the E. coli isolates.
The prevalence of ARGs was determined amongst tetracycline resistant populations. The number of isolates resistant in each class is provided in parentheses. C)
Tllustrates the tetracycline MIC values according to genotype. Clinical UPEC (n = 14), hospital WW (n = 13), influent WW (n = 4), pre-chlorinated WW (n = 5), and

POC WW (n = 4). WW: wastewater.

3.2. Prevalence of antibiotic resistance throughout the urban wastewater
treatment process

Wastewater treatment plants typically focus on reducing the overall
levels of microbial populations to minimize health risk as assessed by
fecal indicators, like E. coli. Some wastewater reclamation facilities
utilize additional disinfection steps through chlorination or ultraviolet
light to further reduce bacterial loads. In this study, we assessed anti-
biotic susceptibility levels at different treatment stages — influent; pre-
chlorinated effluents (water has passed through the primary and sec-
ondary treatment); post-chlorinated effluents (final treated water

entering recipient aquatic reservoir). Initially, the untreated combined
urban influent contained a mean of 1.49x10” + 2.11 x 10’ CFU/100 ml
of E. coli, which was reduced, on average, by over five logs to 6.33x10" &
8.66 x 10! CFUs/100 ml at the pre-chlorinated effluent stage. Following
chlorine disinfection, the E. coli abundance was reduced an additional
86.3% to 8.64 + 9.41 CFUs/100 ml (data not shown). To identify the
potential impact wastewater treatment has on the development of
antibiotic resistance, the prevalence of antibiotic resistance among
E. coli populations was determined from different stages of the treatment
process: influent (30 isolates), pre-chlorinated (28 isolates) and post-
chlorinated effluents (29 isolates). There were minimal differences
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among antibiotic resistance patterns of E. coli throughout the treatment
process for most antibiotics; however, there was a 7-fold increase of SXT
resistance after chlorination (Table 1: Influent 0%, Effluent 3.6%, POC
24.1%; P < 0.05), which appeared to be plasmid-mediated (Table 2 and
Supplemental Figure 4). All combined urban wastewater E. coli isolates
were susceptible to carbapenems (Table 1), although 3% of both pre-
and post-chlorinated effluent populations displayed resistance to third-
generation cephalosporins (Table 1 and Supplemental Table 2). Unlike
the hospital isolates, multidrug resistance was only found in 1.1% of the
total isolates throughout the urban wastewater samples (Fig. 1 and
Table 1).

Considering the high prevalence of tetracycline resistance
throughout wastewater sources, we next analyzed if there was a differ-
ence in the level of resistance to this antibiotic. Prevalence of tetracy-
cline resistance (>128 mcg/ml) continually increased throughout the
wastewater treatment process with the highest resistance levels (100%)
apparent in post-chlorinated effluents (Fig. 2A: influent 33% and pre-
chlorinated effluent 80%).

3.3. ARG association with resistance phenotypes

After determining the resistant phenotypes, we identified the asso-
ciated ARGs to assess if UPEC ARGs were the predominant molecular
mechanism associated with resistance among wastewater populations.
The most common resistance phenotype was tetracycline with all
wastewater sources exhibiting greater than 13% resistance. Of seven
different tet genes tested, tetA and tetB were the predominant ARGs
among resistant isolates, although only UPEC populations encoded tetE
as well (Fig. 2B and Supplemental Figure 2). TetA positive isolates were
more common among hospital wastewater and UPEC isolates than urban
wastewater populations (Fig. 2B: 69.2% vs 71.4% vs 15.3% respec-
tively). Almost all hospital wastewater isolates carried tetB (Fig. 2B:
92.3%), which was associated with a high-degree of tetracycline resis-
tance (Fig. 2C: > 256 mcg/ml). In addition, the co-occurrence of both
tetA and tetB exhibited the strongest resistance to tetracycline (Fig. 2C).
Similar to resistance to SXT, resistance to tetracycline also appeared
plasmid-mediated (Table 2 and Supplemental Figure 4).

Resistance to trimethoprim and sulfonamides was primarily associ-
ated with sull and sul2. All UPEC and hospital wastewater populations
carried both sull and sul2 (Supplemental Table 2 and Supplement
Figure 2). SXT resistance increased after chlorine disinfection of the
wastewater treatment process with 24.1% of isolates exhibiting resis-
tance and the majority of isolates encoding sull and/or sul2

Table 2
Resistant profiles associated with plasmids.
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(Supplemental Figure 2: 86% vs. 57%), though only 43% had both ARG
genes (Supplemental Table 2 and data not shown).

Among ESBL-carrying isolates, TEM was only identified among UPEC
strains (Suppl. Figure 1: 100%). Hospital wastewater and pre-
chlorinated effluent isolates all carried CTX-M-15/23 (Supplemental
Figure 2 and data not shown). Among the eleven wastewater ESBL-
isolates, CTX-M positive strains were more resistant than the non-CTX-
M strain (Supplemental Figure 3). Resistance to third-generation ceph-
alosporins was at least partially mediated through ESBLs encoded on
plasmids (Table 2 and Supplemental Figure 4).

Class 1 integrons can contain and express resistant gene cassettes and
are found on mobile genetic elements, like transposons or plasmids,
aiding the widespread dissemination of ARGs (Deng et al., 2015). They
are commonly found in Gram-negative bacterial populations, especially
clinical strains (Deng et al., 2015). Among our samples, we identified a
higher prevalence of class 1 integrases among UPEC (99%) and hospital
wastewater (84%) AMR E. coli isolates compared to urban influents
(0%), pre- (40%) and post-chlorinated effluents (33%) (Supplemental
Figure 3). Molecular characterization of the variable regions of class 1
integrons identified the majority of hospital WW isolates encoded
dihydrofolate reductase dfrA17, aminoglycoside modifying enzymes
aadA5, aac(3)-Ib, and ant(3’)-1IB (Supplemental Table 2), whereby more
diversity was evident among isolates throughout the WW treatment
process (Supplemental Table 2).

3.4. Phylogrouping E. coli populations from different water sources

The E. coli sensu stricto population is genetically quite diverse but can
be categorized into seven main phylogroups (Clermont et al., 2013).
These genetic substructures are not random and suggest a common
bacterial host or geographical origin. In our study, phylotyping was
performed to aid in assessing the potential source of E. coli in each
sample type (Fig. 3), as well as to determine a potential correlation with
various antibiotic resistant phenotypes or ARGs. Amongst UPEC strains,
phylogroup B2 (72.7%) predominated, whereas phylogroup A (62.9%)
and B2 (17.1%) were more common amongst hospital wastewater
populations. This polarization contrasts with the heterogeneity in water
sources within the wastewater treatment facility. Urban influents were
populated with phylogroups E (28.6%), B1 and B2 (21.4% each), and A
(14.3%), whereby the majority of treated pre-chlorinated effluents were
unknown (34.5%) or A (26.9%) and B1 (21.1%). Post-chlorinated E. coli
populations were more similar to urban influent with phylogroups E
(42.9%), B2 (21.4%) and B1 (17.9%) comprising the majority.

Strain CHL SXT GEN CIP TET CRO CAZ
Hospital Effluent
HEC-11 S R R R R R R
T-HEC-11 S S S S S R R
WW Pre-chlorinated Effluent
EEC-3 S S S S R S S
T-EEC-3 S S S S R S S
EEC-27 S S S S R S S
T-EEC-27 S S S S R S S
WW Post-chlorinated effluent
PEC-4 S R S S R S S
T-PEC-4 S R S S R S S

T- : transformed E. coli with plasmid from parental strain. Blue shading represents resistance
patterns not encoded on the plasmid in the transformed cell. Orange shading represents
antibiotic resistance patterns that are plasmid-mediated.
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Fig. 3. Phylotyping of E. coli isolates from various sources. Phylogroups
were determined from isolates in each class: Clinical UPEC (n = 77), hospital
WW (n = 35), influent WW (n = 28), effluent WW (n = 26), and post-
chlorinated effluent WW (n = 28). UPEC: uropathogenic E. colii WW: waste-
water; POC: post-chlorinated effluent.

Considering phylogroups of E. coli are associated with similar ori-
gins, we next analyzed their association with antimicrobial susceptibil-
ity patterns. All phylogroup D strains exhibited AMR, which was
significantly higher than both phylogroups B1 and E (Fig. 4A, P < 0.05
and 0.005 respectively). However, when comparing the mean MAR
indices of each phylotype population, phylotype A strains had signifi-
cantly higher MAR indices than both phylotype B2 and E (Fig. 4B, P <
0.05 and 0.005 respectively). Considering the chlorinated effluent is
entering the environment, it is notable that phylogroup B2 had the
highest AMR rate compared to other phylogroups within this water
source (B2: 67%; A: 33%; Bl: 0%; E: 25%, data not shown). Further
analyses of phylotypes and antibiotic resistance phenotypes together
identified UPEC and hospital wastewater communities as significantly
different from each other and most wastewater sources (Supplemental
Table 3, P < 0.05). However, there was not a significant difference
among E. coli populations from within the various stages of treatment (e.
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g. influent, pre- and post-chlorinated effluents).
4. Discussion

AMR is a leading public health concern and both municipal and
hospital wastewaters have been identified as point sources of ARGs and
AMR bacterial contaminants to the recipient aquatic environments.
Global metagenomics analysis of wastewater has not only highlighted
the diversity of ARGs associated with AMR, but also highlighted the
variability between geographical regions, dependent on the Human
Development Index (Hendriksen et al., 2019b). Additionally, the gut
microbiomes of urban industrialized populations exhibit elevated HGT
frequencies, including for ARGs (Groussin et al., 2021). Thus, there is an
urgent need to perform antimicrobial susceptibility testing within
defined geographic regions to better understand how ARGs are spread
within urban communities, therefore highlighting the importance of this
study. The novelty of our study is that it compared antibiotic resistant
profiles of E. coli in directionally connected sites from clinical to hospital
wastewater and throughout the wastewater process into the environ-
ment. We identified the highest prevalence of AMR in E. coli in the
following order: Clinical UPEC > hospital wastewater > post--
chlorinated effluents > pre-chlorinated effluents > urban wastewater
influents, although, MDR and MAR index were higher in hospital
wastewater populations compared to all other water sources.

The UPEC population in our study had the highest prevalence of
AMR including clinically important classes of antibiotics, like fluo-
roquinolones, third-generation cephalosporins, aminoglycosides, and
last resort antibiotics like carbapenems. Globally, AMR continues to
pose significant health risks amongst both nosocomial and community-
acquired infections. Both SXT and fluoroquinolones are commonly
prescribed antibiotics for community-acquired urinary tract infections
caused by UPEC (Yelin et al., 2019). From 1999 to 2017, Yamaji et al.
identified minimal changes in SXT resistance (16.9-17.1%); however,
ciprofloxacin resistance significantly increased from 0.9 to 5.1% in the
United States (Yamaji et al., 2018). Our findings support the moderate
level of SXT resistance (15.6%), although we observed a sharp increase
in resistance to ciprofloxacin (26%) in comparison to previous reports.
Considering nosocomial and community acquired urinary tract in-
fections (UTI) are the most common healthcare-acquired and outpatient
infections in the United States (Medina and Castillo-Pino, 2019), the
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Fig. 4. Comparing antibiotic resistance between phylogroups. Data represent the mean AMR (A) and MAR index (B) among isolates within each phylogroup +
standard deviation for MAR index. The number of isolates in each phylogroup are as follows: A (n = 37), B1 (n = 25), B2 (n = 76), C (n = 7), D (n = 5), E (n = 27); *P

< 0.05; **P < 0.005.



B. Bojar et al.

increased prevalence of AMR among UTIs (Simmering et al., 2017)
contributes a significant impact on public health. Furthermore, our
findings and others of ESBL- and carbapenemase-producing UPEC along
with multi-drug resistant populations present serious challenges to
healthcare (Mughini-Gras et al., 2019; Yelin et al., 2019).

AMR bacteria entering wastewater not only can act as a reservoir of
ARGs but also can mutate or acquire more ARGs. Importantly, UPEC
strains are capable of surviving wastewater treatment processes
including chlorination (Anastasi et al., 2010). Indeed, 10% of
chlorine-tolerant E. coli strains isolated from wastewater effluents con-
tained at least two UPEC-related virulence genes (Zhi et al., 2020).
Similarly to the report that the B2 phylotype predominates among UPEC
strains (Yazdanpour et al., 2020), our findings demonstrates a nearly
three-fold increase in B2 phylotype between wastewater pre- and
post-chlorinated wastewater supports the alarming resilience of this
E. coli population. Additionally, the MAR index and AMR rates were
comparable between UPEC and post-chlorinated phylotype B2
populations.

Hospital wastewater provides a reservoir of antibiotic residues, ARGs
and multi-drug resistant microbial populations, including pathogenic
species (Kaur et al., 2020). Our study found E. coli isolates from hospital
wastewater with the greatest prevalence of resistance to five of seven
different antibiotic classes and over four-fold higher levels of MDR than
any other tested microbial source. MAR index were 7.6 -fold higher in
hospital wastewater compared to urban wastewater as well. Our find-
ings correspond with other studies recognizing elevated resistance
among hospital wastewater compared to raw urban influent (Kwak
et al.,, 2015). The majority of the hospital wastewater strains were
phylogroup A, which predominantly is associated with human com-
mensals (Stoppe et al., 2017). Our data supports previous studies
exhibiting increased prevalence of blacrx.m ESBL-producing E. coli
(Korzeniewska et al., 2013) among hospital wastewater isolates
compared to urban wastewater (Paulshus et al., 2019). Multi-drug
resistant patterns of ceftazidime-resistant hospital wastewater isolates
were similar to other studies where they also co-occurred with genta-
micin and ciprofloxacin resistance (Calhau et al., 2014), though our
isolates were also co-resistant to tetracycline and SXT. These resistant
populations comprise a more biochemically diverse population than
susceptible populations (Kwak et al., 2015). Hospital wastewater re-
mains a hot spot of multi-drug resistance with its origin deriving from
patient populations, as well as within biofilms residing in shower heads,
medical devices, plumbing systems and other surfaces (Sib et al., 2019;
Soto-Giron et al., 2016).

In contrast to the high level of AMR and MDR among hospital
wastewater isolates, E. coli from the urban wastewater treatment process
exhibited antimicrobial susceptibility to most therapeutics except a
consistent low-level resistance to tetracycline (13-18%). This finding
might be explained with the high dilution rate of hospital wastewater
into urban influent wastewater (Raven et al., 2019). Once inside the
treatment facility, naturalized wastewater strains predominate (Zhi
et al, 2019). Minimal differences in susceptibility patterns were
observed among E. coli populations inside wastewater treatment path-
ways, except SXT resistance which peaked in post-chlorinated pop-
ulations. One explanation for the low-level variation throughout the
wastewater process is due to the smaller sample size (~30 isolates per
source). The increase in SXT resistance in sewage E. coli populations is in
agreement with others which identified it specifically among phyloge-
netic group A (Boczek et al., 2007). Our study found 57% of SXT resis-
tant post-chlorinated effluent populations were phylogroup B2 with
only 14% comprised of phylogroup A. Potential reasons for the rise in
SXT resistance could be correlated with the increased resilience of the B2
phylogroup to chlorination. Although wastewater treatment processes
remove greater than 99.99% of E. coli populations, UPEC strains appear
more adapted to wastewater environments surviving throughout even
chlorine disinfection (Anastasi et al., 2010; Zhi et al., 2020). The sur-
viving population appears to be among a less diverse phylogenetic
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group, unlike E. coli populations that remain post-disinfection with ul-
traviolet light (Anastasi et al., 2013). Another explanation for the
increased SXT-resistance in post-chlorination effluents is an increased
rate of HGT. Among wastewater bacterial populations,
particle-attachment is associated with increased prevalence of sull and
sul2 genes (Lorenzo et al.,, 2018). This close proximity for extended
periods favors conjugation as the HGT mechanism, which was further
supported by the plasmid-mediated resistance and high prevalence of
sull and sul2 among post-chlorinated isolates observed in our study.
Furthermore, sull is commonly found on the 3'-conserved segment of
class 1 integrons (Engelstadter et al., 2016), which are linked to mobile
genetic elements. Our findings support previous reports of class 1 inte-
grons residing predominantly in clinical isolates (Deng et al., 2015) and
presence in treated wastewater (Kotlarska et al., 2015), thus increasing
its abundance in anthropogenic-impacted aquatic reservoirs (Koczura
et al, 2016). Additionally, chlorine disinfection can damage
cell-membranes releasing their genomic DNA. Together, the extracel-
lular DNA in proximity with chlorine-damaged cells, heavy metal
exposure, and elevated oxidative stress can provide ideal environments
for increased cell permeability of ARGs (Jin et al., 2020) supporting
natural transformation as another mechanism of HGT. Indeed, mercury
concentrations have correlated positively with resistance to both tetra-
cycline and SXT (Ferreira da Silva et al., 2007). Resistance to tetracy-
cline and SXT were the most prevalent form of antibiotic resistance in
our study and co-existed on the same plasmid. The continual presence of
sub-inhibitory SXT concentrations in wastewater (Lorenzo et al., 2018;
Nelson et al., 2011) provides fitness benefits for the retention and
acquisition of these genes.

Wastewater is a point source of antimicrobial populations and ARGs
with its release into the environment. In a different study, we found that
E. coli from urban waterways impacted by wastewater showed a greater
incidence of resistance to higher numbers of antibiotics compared to the
human derived isolates (Kappell et al., 2015). The One Health approach
recognizes the interconnectedness of humans, animals, and the envi-
ronment. Our previous work also compared the AMR of E. coli sourced
from these three environments and identified a greater similarity among
manure and environmental populations than clinical (Beattie et al.,
2020a). The current study focused on the impact of anthropogenic ac-
tivity on the environment considering we characterized hospital and
urban wastewater E. coli populations entering the aquatic environment
(e.g. post-chlorinated effluents). These populations can become part of
recreational surface water and sediments (Beattie et al., 2020b;
Chavez-Diaz et al., 2020; Kappell et al., 2015), as well as beaches
(Beversdorfet al., 2007; Shrestha et al., 2020) where they comprise even
higher concentrations than nearshore waters (Palmer et al., 2020).
Swimming in recreational freshwater containing E. coli has been linked
to increased risk in acquiring AMR bacteria, including ESBL-producers
(Sgraas et al., 2013), UTIs (Soraas et al., 2013), as well as Shiga-toxin
producing E. coli outbreaks (Graciaa et al., 2018b; Vanden Esschert
et al., 2020). Once in surface water, they can continue to circulate
through the ecosystem through aerosolized droplets (Salazar et al.,
2020) and birds (Bueno et al., 2020).

5. Conclusions

This study analyzed antimicrobial resistance patterns from direc-
tionally connected sites from clinical strains (UPEC) to hospital waste-
water through an urban wastewater treatment processes concluding
with the final effluent entering the recipient aquatic ecosystem. Our
findings identify hospital wastewater effluent E. coli populations with
the highest MDR patterns, as well as encoding similar ARGs and intl
compared to UPEC populations. The highest prevalence of AMR existed
within UPEC populations that are predominately characterized as phy-
logroup B2. This phylotype was enriched among post-chlorinated ef-
fluents and contained similarly high-levels of AMR contributing to the
potential health risk associated with wastewater effluents entering the
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recipient aquatic environments. Longitudinal studies utilizing quanti-
tative microbiological risk assessment tools (Derx et al., 2016) are
needed to track resistance patterns and ARGs throughout connected sites
to help indicate the origin posing the greatest public health impact.050.

Funding

This study was supported by funds from Department of Biomedical
Sciences at the University of Wisconsin — Milwaukee, WI, USA (Skwor)
and Marquette University Explorer Challenge Grant, Milwaukee, WI,
USA (Hristova).

Declaration of competing interest

The authors declare no actual or potential conflict of interest with
other people or organizations that might influence the associated
research.

Acknowledgments

The authors would like to thank the staff of Milwaukee Metropolitan
Sewage District and Jones Island Water Reclamation Facility for their
assistance and cooperation in acquiring wastewater samples for the
above study. Graphical abstract was created with BioRender.com.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijheh.2021.113863.

References

Anastasi, E.M., Matthews, B., Gundogdu, A., Vollmerhausen, T.L., Ramos, N.L.,
Stratton, H., Ahmed, W., Katouli, M., 2010. Prevalence and persistence of Escherichia
coli strains with uropathogenic virulence characteristics in sewage treatment plants.
Appl. Environ. Microbiol. 76, 5882-5886.

Anastasi, E.M., Wohlsen, T.D., Stratton, H.M., Katouli, M., 2013. Survival of Escherichia
coli in two sewage treatment plants using UV irradiation and chlorination for
disinfection. Water Res. 47, 6670-6679.

Baron, S., Granier, S.A., Larvor, E., Jouy, E., Cineux, M., Wilhelm, A., Gassilloud, B., Le
Bouquin, S., Kempf, I., Chauvin, C., 2017. Aeromonas diversity and antimicrobial
susceptibility in freshwater-an attempt to set generic epidemiological cut-off values.
Front. Microbiol. 8, 9.

Beattie, R.E., Bakke, E., Konopek, N., Thill, R., Munson, E., Hristova, K.R., 2020a.
Antimicrobial resistance traits of Escherichia coli isolated from dairy manure and
freshwater ecosystems are similar to one another but differ from associated clinical
isolates. Microorganisms 8.

Beattie, R.E., Skwor, T., Hristova, K.R., 2020b. Survivor microbial populations in post-
chlorinated wastewater are strongly associated with untreated hospital sewage and
include ceftazidime and meropenem resistant populations. Sci. Total Environ. 740,
140186.

Beversdorf, L.J., Bornstein-Forst, S.M., McLellan, S.L., 2007. The potential for beach sand
to serve as a reservoir for Escherichia coli and the physical influences on cell die-off.
J. Appl. Microbiol. 102, 1372-1381.

Boczek, L.A., Rice, E.W., Johnston, B., Johnson, J.R., 2007. Occurrence of antibiotic-
resistant uropathogenic Escherichia coli clonal group A in wastewater effluents. Appl.
Environ. Microbiol. 73, 4180-4184.

Brechet, C., Plantin, J., Sauget, M., Thouverez, M., Talon, D., Cholley, P., Guyeux, C.,
Hocquet, D., Bertrand, X., 2014. Wastewater treatment plants release large amounts
of extended-spectrum beta-lactamase-producing Escherichia coli into the
environment. Clin. Infect. Dis. 58, 1658-1665.

Bueno, 1., Verdugo, C., Jimenez-Lopez, O., Alvarez, P.P., Gonzalez-Rocha, G., Lima, C.A.,
Travis, D.A., Wass, B., Zhang, Q., Ishii, S., Singer, R.S., 2020. Role of wastewater
treatment plants on environmental abundance of antimicrobial resistance genes in
Chilean rivers. Int. J. Hyg Environ. Health 223, 56-64.

Calhau, V., Mendes, C., Pena, A., Mendonga, N., Da Silva, G.J., 2014. Virulence and
plasmidic resistance determinants of Escherichia coli isolated from municipal and
hospital wastewater treatment plants. J. Water Health 13, 311-318.

Chavez-Diaz, L.V., Gutiérrez-Cacciabue, D., Poma, H.R., Rajal, V.B., 2020. Sediments
quality must be considered when evaluating freshwater aquatic environments used
for recreational activities. Int. J. Hyg Environ. Health 223, 159-170.

Clermont, O., Christenson, J.K., Denamur, E., Gordon, D.M., 2013. The Clermont
Escherichia coli phylo-typing method revisited: improvement of specificity and
detection of new phylo-groups. Environ Microbiol Rep 5, 58-65.

International Journal of Hygiene and Environmental Health 238 (2021) 113863

CLSI, 2015a. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that
Grow Aerobically; Approved Standard. CLSI Document M07-A10, tenth ed. Clinical
and Laboratory Standards Institute, Wayne, PA.

CLSI, 2015b. Performance Standards for Antimicrobial Susceptibility Testing; Twenty-
Fifth Informational Supplement. CLSI Document M100-S25. Clinical and Laboratory
Standards Insititute, Wayne, PA.

Deng, Y., Bao, X., Ji, L., Chen, L., Liu, J., Miao, J., Chen, D., Bian, H., Li, Y., Yu, G., 2015.
Resistance integrons: class 1, 2 and 3 integrons. Ann. Clin. Microbiol. Antimicrob.
14, 45.

Derx, J., Schijven, J., Sommer, R., Zoufal-Hruza, C.M., van Driezum, L.H., Reischer, G.,
Ixenmaier, S., Kirschner, A., Frick, C., de Roda Husman, A.M., Farnleitner, A.H.,
Blaschke, A.P., 2016. QMRAcatch: human-associated fecal pollution and infection
risk modeling for a river/floodplain environment. J. Environ. Qual. 45, 1205-1214.

Dorevitch, S., Pratap, P., Wroblewski, M., Hryhorczuk, D.O., Li, H., Liu, L.C., Scheff, P.A.,
2012. Health risks of limited-contact water recreation. Environ. Health Perspect.
120, 192-197.

Engelstadter, J., Harms, K., Johnsen, P.J., 2016. The evolutionary dynamics of integrons
in changing environments. ISME J. 10, 1296-1307.

EPA, U.S.A, 2014. Method 1603: Escherichia coli (E. coli) in Water by Membrane
Filtration Using Modified Membrane-Thermotolerant Escherichia coli Agar
(Modified mTEC). United States Environmental Protection Agency, Office of Water
Reference no. EPA-821-R-14-010.

Ferreira da Silva, M., Vaz-Moreira, 1., Gonzalez-Pajuelo, M., Nunes, O.C., Manaia, C.M.,
2007. Antimicrobial resistance patterns in Enterobacteriaceae isolated from an
urban wastewater treatment plant. FEMS Microbiol. Ecol. 60, 166-176.

Graciaa, D.S., Cope, J.R., Roberts, V.A., Cikesh, B.L., Kahler, A.M., Vigar, M., Hilborn, E.
D., Wade, T.J., Backer, L.C., Montgomery, S.P., Secor, W.E., Hill, V.R., Beach, M.J.,
Fullerton, K.E., Yoder, J.S., Hlavsa, M.C., 2018a. Outbreaks associated with
untreated recreational water - United States, 2000-2014. MMWR Morb. Mortal.
WKly. Rep. 67, 701-706.

Graciaa, D.S., Cope, J.R., Roberts, V.A., Cikesh, B.L., Kahler, A.M., Vigar, M., Hilborn, E.
D., Wade, T.J., Backer, L.C., Secor, E., Hill, V.R., Beach, M.J., Fullerton, K.E.,
Yoder, J.S., Hlavsa, M.C., 2018b. Outbreaks associated with untreated recreational
water - United States, 2000-2014. MMWR Morb. Mortal. Wkly. Rep. 67, 701-706.

Hendriksen, R.S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O.,
Roder, T., Nieuwenhuijse, D., Pedersen, S.K., Kjeldgaard, J., Kaas, R.S., Clausen, P.,
Vogt, J.K., Leekitcharoenphon, P., van de Schans, M.G.M., Zuidema, T., de Roda
Husman, A.M., Rasmussen, S., Petersen, B., , Global Sewage Surveillance project, c,
Amid, C., Cochrane, G., Sicheritz-Ponten, T., Schmitt, H., Alvarez, J.R.M., Aidara-
Kane, A., Pamp, S.J., Lund, O., Hald, T., Woolhouse, M., Koopmans, M.P., Vigre, H.,
Petersen, T.N., Aarestrup, F.M., 2019a. Global monitoring of antimicrobial resistance
based on metagenomics analyses of urban sewage. Nat. Commun. 10, 1124.

Groussin, M., Poyet, M, Sistiaga, A, Kearney, S.M., Moniz, K., Noel, M., Hooker, J.,
Gibbons, S.M., Segurel, L., Froment, A., Mohamed, R.S., Fezeu, A., Juimo, V.A.,
Lafosse, S., Tabe, F.E., Girard, C., Iqaluk, D., Nguyen, L.T.T., Shapiro, B.J.,
Lehtimaki, J., Ruokolainen, L., Kettunen, P.P., Vatanen, T., Sigwazi, S., Mabulla, A.,
Dominguez-Rodrigo, M., Nartey, Y.A., Agyei-Nkansah, A., Duah, A., Awuku, Y.A.,
Valles, K.A., Asibey, S.0., Afihene, M.Y., Roberts, L.R., Plymoth, A., Onyekwere, C.
A., Summons, R.E., Xavier, R.J., Alm, E.J., 2021. Elevated rates of horizontal gene
transfer in the industrialized human microbiome. Cell 184, 2053-2067 €2018.

Hendriksen, R.S., Munk, P., Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O.,
Roder, T., Nieuwenhuijse, D., Pedersen, S.K., Kjeldgaard, J., Kaas, R.S., Clausen, P.T.
L.C., Vogt, J.K., Leekitcharoenphon, P., van de Schans, M.G.M., Zuidema, T., de Roda
Husman, A.M., Rasmussen, S., Petersen, B., Bego, A., Rees, C., Cassar, S.,
Coventry, K., Collignon, P., Allerberger, F., Rahube, T.O., Oliveira, G., Ivanov, L,
Vuthy, Y., Sopheak, T., Yost, C.K., Ke, C., Zheng, H., Baisheng, L., Jiao, X., Donado-
Godoy, P., Coulibaly, K.J., Jergovi¢, M., Hrenovic, J., Karpiskova, R., Villacis, J.E.,
Legesse, M., Eguale, T., Heikinheimo, A., Malania, L., Nitsche, A., Brinkmann, A.,
Saba, C.K.S., Kocsis, B., Solymosi, N., Thorsteinsdottir, T.R., Hatha, A.M.,
Alebouyeh, M., Morris, D., Cormican, M., O’Connor, L., Moran-Gilad, J., Alba, P.,
Battisti, A., Shakenova, Z., Kiiyukia, C., Ng’eno, E., Raka, L., Avsejenko, J.,
Berzins, A., Bartkevics, V., Penny, C., Rajandas, H., Parimannan, S., Haber, M.V.,
Pal, P., Jeunen, G.-J., Gemmell, N., Fashae, K., Holmstad, R., Hasan, R., Shakoor, S.,
Rojas, M.L.Z., Wasyl, D., Bosevska, G., Kochubovski, M., Radu, C., Gassama, A.,
Radosavljevic, V., Wuertz, S., Zuniga-Montanez, R., Tay, M.Y.F., Gavacova, D.,
Pastuchova, K., Truska, P., Trkov, M., Esterhuyse, K., Keddy, K., Cerda-Cuéllar, M.,
Pathirage, S., Norrgren, L., Orn, S., Larsson, D.G.J., Heijden, T.V.d., Kumburu, H.H.,
Sanneh, B., Bidjada, P., Njanpop-Lafourcade, B.-M., Nikiema-Pessinaba, S.C.,
Levent, B., Meschke, J.S., Beck, N.K., Van, C.D., Phuc, N.D., Tran, D.M.N.,
Kwenda, G., Tabo, D.-a., Wester, A.L., Cuadros-Orellana, S., Amid, C., Cochrane, G.,
Sicheritz-Ponten, T., Schmitt, H., Alvarez, J.R.M., Aidara-Kane, A., Pamp, S.J.,
Lund, O., Hald, T., Woolhouse, M., Koopmans, M.P., Vigre, H., Petersen, T.N.,
Aarestrup, F.M., The Global Sewage Surveillance project, ¢, 2019b. Global
monitoring of antimicrobial resistance based on metagenomics analyses of urban
sewage. Nat. Commun. 10, 1124,

Jang, J., Hur, H.G., Sadowsky, M.J., Byappanahalli, M.N., Yan, T., Ishii, S., 2017.
Environmental Escherichia coli: ecology and public health implications-a review.

J. Appl. Microbiol. 123, 570-581.

Jin, M., Liu, L., Wang, D.N., Yang, D., Liu, W.L,, Yin, J., Yang, Z.W., Wang, H.R., Qiu, Z.
G., Shen, Z.Q., Shi, D.Y., Li, H.B., Guo, J.H., Li, J.W., 2020. Chlorine disinfection
promotes the exchange of antibiotic resistance genes across bacterial genera by
natural transformation. ISME J. 14, 1847-1856.

Kappell, A.D., DeNies, M.S., Ahuja, N.H., Ledeboer, N.A., Newton, R.J., Hristova, K.R.,
2015. Detection of multi-drug resistant Escherichia coli in the urban waterways of
Milwaukee, WI. Front. Microbiol. 6, 336.


http://BioRender.com
https://doi.org/10.1016/j.ijheh.2021.113863?_ga=2.104219394.346467842.1634282483-998302028.1634282483
https://doi.org/10.1016/j.ijheh.2021.113863?_ga=2.104219394.346467842.1634282483-998302028.1634282483
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref1
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref1
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref1
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref1
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref2
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref2
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref2
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref3
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref3
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref3
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref3
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref4
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref4
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref4
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref4
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref5
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref5
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref5
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref5
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref6
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref6
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref6
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref7
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref7
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref7
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref8
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref8
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref8
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref8
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref9
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref9
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref9
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref9
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref10
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref10
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref10
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref11
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref11
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref11
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref12
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref12
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref12
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref13
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref13
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref13
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref14
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref14
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref14
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref15
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref15
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref15
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref16
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref16
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref16
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref16
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref17
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref17
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref17
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref18
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref18
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref19
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref19
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref19
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref19
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref20
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref20
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref20
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref21
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref21
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref21
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref21
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref21
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref22
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref22
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref22
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref22
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref23
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/optVN8m2ECe4u
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref24
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref25
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref25
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref25
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref26
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref26
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref26
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref26
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref27
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref27
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref27

B. Bojar et al.

Karkman, A., Do, T.T., Walsh, F., Virta, M.P.J., 2018. Antibiotic-resistance genes in waste
water. Trends Microbiol. 26, 220-228.

Kaur, R., Yadav, B., Tyagi, R.D., 2020. Microbiology of hospital wastewater. Current
Developments in Biotechnology and Bioengineering 103-148.

Koczura, R., Mokracka, J., Taraszewska, A., Lopacinska, N., 2016. Abundance of class 1
integron-integrase and sulfonamide resistance genes in river water and sediment is
affected by anthropogenic pressure and environmental factors. Microb. Ecol. 72,
909-916.

Korzeniewska, E., Korzeniewska, A., Harnisz, M., 2013. Antibiotic resistant Escherichia
coli in hospital and municipal sewage and their emission to the environment.
Ecotoxicol. Environ. Saf. 91, 96-102.

Kotlarska, E., Luczkiewicz, A., Pisowacka, M., Burzyniski, A., 2015. Antibiotic resistance
and prevalence of class 1 and 2 integrons in Escherichia coli isolated from two
wastewater treatment plants, and their receiving waters (Gulf of Gdansk, Baltic Sea,
Poland). Environ. Sci. Pollut. Res. 22, 2018-2030.

Kummerer, K., 2009. Antibiotics in the aquatic environment-a review—part II.
Chemosphere 75, 435-441.

Kwak, Y.K., Colque, P., Byfors, S., Giske, C.G., Mollby, R., Kuhn, L., 2015. Surveillance of
antimicrobial resistance among Escherichia coli in wastewater in Stockholm during 1
year: does it reflect the resistance trends in the society? Int. J. Antimicrob. Agents
45, 25-32.

Lenart-Boron, A., Prajsnar, J., Guzik, M., Boron, P., Chmiel, M., 2020. How much of
antibiotics can enter surface water with treated wastewater and how it affects the
resistance of waterborne bacteria: a case study of the Bialka river sewage treatment
plant. Environ. Res. 191, 11.

Lorenzo, P., Adriana, A., Jessica, S., Carles, B., Marinella, F., Marta, L., Luis, B.J.,
Pierre, S., 2018. Antibiotic resistance in urban and hospital wastewaters and their
impact on a receiving freshwater ecosystem. Chemosphere 206, 70-82.

Magiorakos, A.P., Srinivasan, A., Carey, R.B., Carmeli, Y., Falagas, M.E., Giske, C.G.,
Harbarth, S., Hindler, J.F., Kahlmeter, G., Olsson-Liljequist, B., Paterson, D.L.,
Rice, L.B., Stelling, J., Struelens, M.J., Vatopoulos, A., Weber, J.T., Monnet, D.L.,
2012. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria:
an international expert proposal for interim standard definitions for acquired
resistance. Clin. Microbiol. Infect. 18, 268-281.

Medina, M., Castillo-Pino, E., 2019. An introduction to the epidemiology and burden of
urinary tract infections. Therapeutic advances in urology 11, 1756287219832172.

Mughini-Gras, L., Dorado-Garcia, A., van Duijkeren, E., van den Bunt, G., Dierikx, C.M.,
Bonten, M.J.M., Bootsma, M.C.J., Schmitt, H., Hald, T., Evers, E.G., de Koeijer, A.,
van Pelt, W., Franz, E., Mevius, D.J., Heederik, D.J.J., Consortium, E.A., 2019.
Attributable sources of community-acquired carriage of Escherichia coli containing
beta-lactam antibiotic resistance genes: a population-based modelling study. Lancet
Planet Health 3, e357-€369.

Nelson, E.D., Do, H., Lewis, R.S., Carr, S.A., 2011. Diurnal variability of pharmaceutical,
personal care product, estrogen and alkylphenol concentrations in effluent from a
tertiary wastewater treatment facility. Environ. Sci. Technol. 45, 1228-1234.

Pal, C., Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G., 2015. Co-occurrence of
resistance genes to antibiotics, biocides and metals reveals novel insights into their
co-selection potential. BMC Genom. 16, 964.

Palmer, J.A., Law, J.Y., Soupir, M.L., 2020. Spatial and temporal distribution of E. coli
contamination on three inland lake and recreational beach systems in the upper
Midwestern United States. Sci. Total Environ. 722, 9.

Paulshus, E., Kuhn, 1., Mollby, R., Colque, P., O’Sullivan, K., Midtvedt, T., Lingaas, E.,
Holmstad, R., Sorum, H., 2019. Diversity and antibiotic resistance among Escherichia
coli populations in hospital and community wastewater compared to wastewater at
the receiving urban treatment plant. Water Res. 161, 232-241.

Raven, K.E., Ludden, C., Gouliouris, T., Blane, B., Naydenova, P., Brown, N.M.,
Parkhill, J., Peacock, S.J., 2019. Genomic surveillance of Escherichia coli in municipal
wastewater treatment plants as an indicator of clinically relevant pathogens and
their resistance genes. Microb. Genom. 5.

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.C., Michael, I., Fatta-
Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for antibiotic
resistant bacteria and genes spread into the environment: a review. Sci. Total
Environ. 447, 345-360.

Salazar, D., Ginn, O., Brown, J., Soria, F., Garvizu, C., 2020. Assessment of antibiotic
resistant coliforms from bioaerosol samples collected above a sewage-polluted river
in La Paz, Bolivia. Int. J. Hyg Environ. Health 228, 113494.

Sarowska, J., Futoma-Koloch, B., Jama-Kmiecik, A., Frej-Madrzak, M., Ksiazczyk, M.,
Bugla-Ploskonska, G., Choroszy-Krol, 1., 2019. Virulence factors, prevalence and
potential transmission of extraintestinal pathogenic Escherichia coli isolated from
different sources: recent reports. Gut Pathog. 11, 10.

International Journal of Hygiene and Environmental Health 238 (2021) 113863

Schrijver, R., Stijntjes, M., Rodriguez-Bano, J., Tacconelli, E., Babu Rajendran, N.,
Voss, A., 2018. Review of antimicrobial resistance surveillance programmes in
livestock and meat in EU with focus on humans. Clin. Microbiol. Infect. 24, 577-590.

Seiler, C., Berendonk, T., 2012. Heavy metal driven co-selection of antibiotic resistance
in soil and water bodies impacted by agriculture and aquaculture. Front. Microbiol.
3.

Shrestha, A., Kelty, C.A., Sivaganesan, M., Shanks, O.C., Dorevitch, S., 2020. Fecal
pollution source characterization at non-point source impacted beaches under dry
and wet weather conditions. Water Res. 182, 10.

Sib, E., Voigt, A.M., Wilbring, G., Schreiber, C., Faerber, H.A., Skutlarek, D., Parcina, M.,
Mabhn, R., Wolf, D., Brossart, P., Geiser, F., Engelhart, S., Exner, M., Bierbaum, G.,
Schmithausen, R.M., 2019. Antibiotic resistant bacteria and resistance genes in
biofilms in clinical wastewater networks. Int. J. Hyg Environ. Health 222, 655-662.

Simmering, J.E., Tang, F., Cavanaugh, J.E., Polgreen, L.A., Polgreen, P.M., 2017. The
increase in hospitalizations for urinary tract infections and the associated costs in the
United States, 1998-2011. Open Forum Infectious Diseases 4.

Skwor, T., Stringer, S., Haggerty, J., Johnson, J., Duhr, S., Johnson, M., Seckinger, M.,
Stemme, M., 2020. Prevalence of potentially pathogenic antibiotic-resistant
aeromonas spp. in treated urban wastewater effluents versus recipient riverine
populations: a 3-year comparative study. Appl. Environ. Microbiol. 86.

Soraas, A., Sundsfjord, A., Sandven, I., Brunborg, C., Jenum, P.A., 2013. Risk factors for
community-acquired urinary tract infections caused by ESBL-producing
enterobacteriaceae—a case-control study in a low prevalence country. PLoS One 8,
e69581.

Sgraas, A., Sundsfjord, A., Sandven, 1., Brunborg, C., Jenum, P.A., 2013. Risk factors for
community-acquired urinary tract infections caused by ESBL-producing
enterobacteriaceae —A case—control study in a low prevalence country. PLoS One 8,
€69581.

Soto-Giron, M.J., Rodriguez-R, L.M., Luo, C., EIk, M., Ryu, H., Hoelle, J., Santo
Domingo, J.W., Konstantinidis, K.T., 2016. Biofilms on hospital shower hoses:
characterization and implications for nosocomial infections. Appl. Environ.
Microbiol. 82, 2872-2883.

Stelling, J.M., Travers, K., Jones, R.N., Turner, P.J., O’Brien, T.F., Levy, S.B., 2005.
Integrating Escherichia coli antimicrobial susceptibility data from multiple
surveillance programs. Emerg. Infect. Dis. 11, 873-882.

Stoppe, N.C,, Silva, J.S., Carlos, C., Sato, M.I.Z., Saraiva, A.M., Ottoboni, L.M.M.,
Torres, T.T., 2017. Worldwide phylogenetic group patterns of Escherichia coli from
commensal human and wastewater treatment plant isolates. Front. Microbiol. 8,
2512.

Vanden Esschert, K.L., Mattioli, M.C., Hilborn, E.D., Roberts, V.A., Yu, A.T., Lamba, K.,
Arzaga, G., Zahn, M., Marsh, Z., Combes, S.M., Smith, E.S., Robinson, T.J.,
Gretsch, S.R., Laco, J.P., Wikswo, M.E., Miller, A.D., Tack, D.M., Wade, T.J.,
Hlavsa, M.C., 2020. Outbreaks associated with untreated recreational water -
California, Maine, and Minnesota, 2018-2019. MMWR Morb. Mortal. Wkly. Rep. 69,
781-783.

Verburg, I., Garcia-Cobos, S., Hernandez Leal, L., Waar, K., Friedrich, A.W., Schmitt, H.,
2019. Abundance and antimicrobial resistance of three bacterial species along a
complete wastewater pathway. Microorganisms 7.

WHO, 2019. New Report Calls for Urgent Action to Avert Antimicrobial Resistance Crisis.
World Health Organization.

Yamaji, R., Rubin, J., Thys, E., Friedman, C.R., Riley, L.W., 2018. Persistent pandemic
lineages of uropathogenic Escherichia coli in a College community from 1999 to
2017. J. Clin. Microbiol. 56.

Yazdanpour, Z., Tadjrobehkar, O., Shahkhah, M., 2020. Significant association between
genes encoding virulence factors with antibiotic resistance and phylogenetic groups
in community acquired uropathogenic Escherichia coli isolates. BMC Microbiol. 20,
241.

Yelin, 1., Snitser, O., Novich, G., Katz, R., Tal, O., Parizade, M., Chodick, G., Koren, G.,
Shalev, V., Kishony, R., 2019. Personal clinical history predicts antibiotic resistance
of urinary tract infections. Nat. Med. 25, 1143-1152.

Young, H.K., 1993. Antimicrobial resistance spread in aquatic environments.

J. Antimicrob. Chemother. 31, 627-635.

Zhi, S., Banting, G., Stothard, P., Ashbolt, N.J., Checkley, S., Meyer, K., Otto, S.,
Neumann, N.F., 2019. Evidence for the evolution, clonal expansion and global
dissemination of water treatment-resistant naturalized strains of Escherichia coli in
wastewater. Water Res. 156, 208-222.

Zhi, S., Stothard, P., Banting, G., Scott, C., Huntley, K., Ryu, K., Otto, S., Ashbolt, N.,
Checkley, S., Dong, T., Ruecker, N.J., Neumann, N.F., 2020. Characterization of
water treatment-resistant and multidrug-resistant urinary pathogenic Escherichia coli
in treated wastewater. Water Res. 182, 115827.


http://refhub.elsevier.com/S1438-4639(21)00178-4/sref28
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref28
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref29
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref29
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref30
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref30
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref30
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref30
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref31
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref31
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref31
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref32
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref32
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref32
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref32
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref33
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref33
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref34
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref34
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref34
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref34
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref35
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref35
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref35
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref35
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref36
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref36
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref36
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref37
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref38
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref38
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref39
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref40
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref40
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref40
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref41
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref41
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref41
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref42
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref42
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref42
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref43
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref43
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref43
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref43
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref44
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref44
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref44
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref44
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref45
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref45
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref45
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref45
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref46
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref46
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref46
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref47
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref47
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref47
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref47
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref48
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref48
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref48
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref49
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref49
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref49
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref50
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref50
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref50
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref51
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref51
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref51
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref51
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref52
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref52
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref52
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref53
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref53
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref53
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref53
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref54
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref54
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref54
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref54
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref55
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref55
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref55
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref55
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref56
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref56
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref56
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref56
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref57
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref57
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref57
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref58
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref58
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref58
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref58
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref59
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref60
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref60
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref60
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref61
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref61
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref62
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref62
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref62
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref63
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref63
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref63
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref63
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref64
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref64
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref64
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref65
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref65
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref66
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref66
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref66
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref66
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref67
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref67
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref67
http://refhub.elsevier.com/S1438-4639(21)00178-4/sref67

International Journal of Hygiene and Environmental Health 238 (2021) 113852

Contents lists available at ScienceDirect

Hyglene
Environmental Health

International Journal of Hygiene and Environmental Health

journal homepage: www.elsevier.com/locate/ijheh

Check for

Are carbon water filters safe for private wells? Evaluating the occurrence of |
microbial indicator organisms in private well water treated by point-of-use
activated carbon block filters

Riley Mulhern® ', Megan Stallard °, Hania Zanib?, Jill Stewart ", Emanuele Sozzi?,
Jacqueline MacDonald Gibson "
2 University of North Carolina at Chapel Hill, Gillings School of Global Public Health, Department of Enviro

NC, 27599, USA
b Indiana University, School of Public Health, Department of Environmental and Occupational Health, 1025 E. 7th Street, Bloomington, IN, 47405, USA

1 Science & Engineering, 135 Dauer Drive, Chapel Hill,

ARTICLE INFO ABSTRACT
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Point-of-use (POU) water treatment is highly relevant to private well users vulnerable to chemical contamina-
tion, but uncertainty remains around the effects of activated carbon based POU devices on the microbial quality
of the treated water. In this study, under-sink activated carbon block water filters were installed in 17 homes
relying on private well water in North Carolina. The influent and effluent water in each home was evaluated for
bacterial and viral microbial indicator organisms monthly for five months. Multiple logistic regression was used
to identify water quality and water usage variables that were significant predictors of each indicator organism
occurring in the filter effluent. The odds of total coliforms occurring in the effluent decreased by 84% with each
1-logyp increase in the influent HPC (p < 0.05), suggesting a protective effect by native heterotrophic bacteria,
but increased by over 50 times with low cumulative water use (p < 0.05). The filters were not protective against
coliphages in the influent and viral shedding may occur after periods of increased virus concentrations in the raw
well water. Specific bacteria were also found to increase in the effluent, causing a shift in the bacterial com-
munity composition, although potential opportunistic pathogens were detected in both the influent and the
effluent. Overall, under normal conditions of use, the filters tested in this study did not represent a significant
additional risk for well users beyond the existing exposures from undisinfected well water alone.

Activated carbon
Microbial risk assessment

1. Introduction such as lead, volatile organic compounds, and perfluoroalkyl substances,
and public information sheets provided by the U.S. Environmental

Private wells serve the domestic water needs of 42.5 million U.S. Protection Agency (USEPA) and the National Ground Water Association

(Dieter et al., 2018) and over 4 million Canadian (Statistics Canada,
2017) residents. These wells are vulnerable to a range of chemical and
microbial contaminants (DeSimone et al., 2009; Lesage, 2005), but
neither the U.S. nor Canada has federal drinking water standards or
monitoring and treatment requirements for private well water. Thus,
ensuring and maintaining safe drinking water quality is the re-
sponsibility of individual well owners. In this situation, private well
users may turn to activated carbon point-of-use (AC-POU) water treat-
ment devices as a potential solution. Many consumer AC-POU treatment
products advertise the removal of dozens of chemical contaminants,

* Corresponding author.
E-mail address: rmulhern@rti.org (R. Mulhern).

recommend AC-POU filters as a possible treatment option for well users
addressing chemical contaminants (NGWA, 2017; USEPA, 2009, 2002).
Previous studies have also been dedicated to testing AC-POU devices to
remove chemical contaminants from well water (Mulhern and Mac-
Donald Gibson, 2020; Tomlinson et al., 2019).

AC-POU filters are not designed to removed microbial contaminants,
however. Despite their widespread use, the USEPA and World Health
Organization recommend that AC-POU filters should not be used with
water of poor or unknown microbiological quality (USEPA, 2006; WHO,
2003), which includes many private wells. In a survey of 400 domestic

1 present address: Center for Environmental Health, Risk, and Sustainability, RTI International, 3040 East Cornwallis Road, P.O. Box 12194, Research Triangle

Park, NC 27709-2194 USA.

https://doi.org/10.1016/j.ijheh.2021.113852

Received 21 May 2021; Received in revised form 9 September 2021; Accepted 28 September 2021

Available online 6 October 2021

1438-4639/© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:rmulhern@rti.org
www.sciencedirect.com/science/journal/14384639
https://www.elsevier.com/locate/ijheh
https://doi.org/10.1016/j.ijheh.2021.113852
https://doi.org/10.1016/j.ijheh.2021.113852
https://doi.org/10.1016/j.ijheh.2021.113852
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheh.2021.113852&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Mulhern et al.

wells across the U.S., 34% were contaminated with total coliforms, a
group of bacteria that can indicate potential contamination from human
or animal waste (DeSimone et al., 2009). In Virginia, the prevalence of
total coliforms was found to be as high as 41% (n = 538) (Allevi et al.,
2013). Following USEPA recommendations, the manuals of consumer
AC-POU devices often make explicit warnings about microbial risks and
recommend not using them without disinfection or restricting use to
municipally treated water.

These warnings are based on studies—mostly from the 1970s and
1980s—reporting inconsistent and sometimes contradictory results,
with wide variability in influent and effluent microbial water quality.
These studies found that microbial growth within AC filter cartridges
and the consequent effects on effluent water quality are difficult to
predict and depend on a wide range of factors, including time in oper-
ation, influent microbial population, water and ambient temperatures,
seasonal trends, stagnation time, rate and frequency of faucet flushing,
device design, carbon volume, pre-filter and housing material, influent
nutrient load, organic content, and more (Table 1). This prior research
was largely conducted on older technologies that used packed granular

Table 1
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carbon columns, whereas most modern in-line AC-POU filters use mol-
ded or extruded carbon blocks with smaller pore sizes than granular
carbon systems and less surface area for microbial growth (CBTech,
2019). More recent studies have shown that even modern AC-POU filters
can be colonized by certain bacteria in municipal tap water and that
preferential flow paths exist through which bacteria can pass directly
from the influent to the effluent (Wu et al, 2017, 2021). Only two studies
have tested AC-POU filters on private well water (Fiore and Babineau,
1977; Snyder et al., 1995), and none have assessed the occurrence of
coliphages in these systems as a viral indicator of groundwater
contamination and health risk (Jofre et al., 2016). As a result, uncer-
tainty remains around whether modern AC-POU treatment products are
safe to use with private wells where the influent water is not guaranteed
to be microbiologically safe. This knowledge gap generates considerable
confusion around best management practices for private well water and
likely deters well users from adopting treatment for chemical risks.
Recommendations around private well stewardship are focused on
encouraging the adoption of testing, treatment, and mitigation behav-
iors (Flanagan et al., 2018; Malecki et al., 2017; Mulhern et al., 2022),

Review of selected studies conducted on the microbial effects of activated carbon point-of-use filters.

Study Water source Filter type Study Length # of # of filters Influent HPC Max effluent Factors affecting filter
setting of test designs tested per (CFU/mL) HPC (CFU/ colonization
tested design mL)
Wallis et al. Municipally Tap- Lab 6 days 1 1 1 70,000 Time in operation,
(1974) treated tap mounted concentration of assimilable
organic carbon within filter
Fiore and Municipally Under-sink Lab and 11 1 6 10 - 300,000 300 - 35,000 Stagnation time, faucet
Babineau treated tap and 1 Household weeks flushing
(1977) private well
Taylor et al. Municipally Under-sink Lab 24 4 1 <100 >10,000 Temperature, carbon surface
(1979) treated tap weeks area, flow volume and velocity,
time of sampling, influent
bacterial population, chlorine
removal efficiency of the filter
Tobin et al. Municipally Under-sink  Lab 55 days 3 2 First-draw: First draw: Time in operation (flow rate
(1981) treated tap and tap- 9,500 Flushed: 162,000 not significant)
mounted 160 Flushed:
8,000
Regunathan Municipally Under-sink  Lab 30 days 1 2 <1-330,000 66,000 Stagnation time (no relation
etal. (1983)  treated tap between influent and effluent
plate counts)
Bell et al. Municipally Various Lab 5 days 10 Variable, 10-14,000 350,000 Stagnation time
(1984) treated tap and 29 total
untreated
groundwater
Geldreich Municipally Under-sink  Lab 12 4 1 49 - 17,000 84 - 530,000  Time in operation, filter design,
et al. (1985) treated tap, months time of day, water temperature,
dechlorinated competition/inhibition from
other bacteria
Reasoneretal.  Municipally Under-sink  Lab 12 7 1 <10,000 260,000 Time of day, faucet flushing,
(1987) treated tap, months season, temperature,
dechlorinated disinfectant residual, unit
design, carbon volume,
prefilter/cartridge
composition, influent bacteria
Snyder et al. Private wells and Under-sink  Household 12 1 24 <500 First draw: Influent bacteria, faucet
(1995) springs months 5,000 flushing, stagnation time,
Flushed: 300  nutrient load
Chaidez and Municipally Under-sink  Household 6 weeks 1 10 10-5 x 10* 100-4 x 10’ Organic content, influent water
Gerba treated tap quality, distribution system
(2004) contamination
Su et al. Municipally Tap- Lab 37 days 1 3 20 205 Flow rate, temperature,
(2009) treated tap mounted volume treated per day
Wu et al. Municipally Tap- Lab 67 days 1 6 >1,000 >100,000 Presence of chlorinated phenol-
(2017) treated tap mounted based disinfection by-products,
presence of pre-filter fabric,
operation mode
Wu et al. Municipally Tap- Lab 29 days 2 2 N/A N/A Filter design (flow path
(2021) treated tap mounted diameter, hydraulic shear,

carbon block permeability),
bacterial species-specific
adaptations
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yet in the relative absence of targeted studies to characterize the mi-
crobial risks of AC-POU treatment on non-municipally treated water,
current knowledge is insufficient to adequately inform health-protective
best practice for private well users.

Thus, the goal of this research was to compare the occurrence of
bacterial and viral indicator organisms in the influent and effluent of AC-
POU water filters installed in households on private wells and to eval-
uate significant water usage and water quality predictors of indicator
organism occurrence in the filter effluent. This improved understanding
of factors influencing microbial risk provides actionable information for
well users, public health practitioners, and policymakers regarding best
practices for the safety of POU treatment for private well water.

2. Materials and methods
2.1. Study area and recruitment

This study was conducted under real-world conditions in 17 homes
with private wells. Participant recruitment for this study has been
described previously (Mulhern and MacDonald Gibson, 2020). Briefly,
households were recruited from neighborhoods in Orange County and
Robeson County, North Carolina, located in three geographic clusters
(A, B, and C; Fig. S1). Cluster A is a non-agricultural, suburban area 1-2
km southwest from the Orange County landfill. Clusters B and C in
Robeson County are peri-urban, mixed-use areas near agricultural ac-
tivities and confined swine and poultry feeding operations. These areas
are also flood-prone and were heavily impacted by hurricanes Matthew
in 2016 and Florence in 2018. All wells were within 150 feet of a septic
system, and five had surface elevations downgradient of the septic tank
(household-specific information is available in Table S1). Households
were recruited by e-mail, word-of-mouth, and outreach by community
partners. This study was approved by the University of North Carolina at
Chapel Hill (UNC) Institutional Review Board (IRB Study No. 19-1015).

2.2. POU treatment system design

As described previously, an AC-POU water filter was installed in-line
below the primary kitchen sink in each household in October—-November
2019 (Mulhern and MacDonald Gibson, 2020). The selected filter (A.O.
Smith, AO-MF-ADV) is widely available at national hardware stores for
$100 and is certified to reduce aesthetic impurities under NSF/ANSI 42
and certain contaminants of health concern, including lead, under
NSF/ANSI 53, and two perfluoroalkyl substances under NSF P473. The
device is composed of an extruded AC block without a prefilter mem-
brane or fabric and is designed to treat the full flow of cold water at the
tap, up to 5.67 L per minute. The manufacturer recommends that the
filter cartridge be replaced every six months. Sample ports were
installed at the filter influent and effluent underneath the sink such that
the effluent sample had no interaction with the faucet fixture or aerator
(Fig. S2). A flow sensor (Sea YF-S201 or Gredia GR-301) and data logger
(Onset Hobo State Logger) were integrated into each system to capture
water usage patterns.

2.3. Monthly sampling

Water samples were collected at the filter influent and effluent
monthly from October 2019 to March 2020. Samples were collected in
500 mL sterile HDPE or polypropylene bottles. Before sampling, the
sample ports were disinfected with 70% isopropyl alcohol and allowed
to dry for a minimum of 30 s. Influent and effluent ports were then
flushed for 10 s prior to sample collection to clear the tubing leading to
the sample port and ensure the sample was representative of the true
influent and effluent. To ensure proper aseptic procedures, samples were
collected at the time of the researcher’s visit, meaning that each filter
was sampled at a different time of day with varying levels of use and
stagnation before sampling. Influent and effluent pH, temperature, and
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electrical conductivity were measured at the time of sample collection
using a handheld probe calibrated daily (Hanna Instruments, HI98219).
After sample collection, all bottles were placed on ice and transported to
UNC-Chapel Hill within six to 8 h and stored at 4 °C until analysis. Most
samples were processed within 24 h, with some samples held for up to
48 h based on USEPA guidelines (USEPA, 2001).

2.4. Water quality analyses

2.4.1. Culture-based indicator organisms

Bacterial indicator tests included general indicators of sanitary
quality including heterotrophic plate count (HPC) and total coliforms, as
well as presumptive E. coli as a fecal-specific indicator. Total coliforms
and E. coli were measured by a USEPA approved enzyme substrate test
(Colilert IDEXX, Westbrook, ME) according to Standard Method 9223
(APHA et al., 2018a). Concentrations were recorded as most probable
number (MPN) per 100 mL. HPC testing was performed in duplicate via
spread-plate using R2A agar according to Standard Method 9215C
(APHA et al., 2018b). Volumes of 0.1 mL were aseptically spread on
R2A, and Petri dishes were then covered and incubated at room tem-
perature for 5-7 days. R2A plates were counted manually and reported
as CFU per mL. According to the method, high results (>10 colo-
nies/cm?) were estimated by counting four representative 1 cm?
squares, taking the average count per square, and multiplying by the
plate area. HPC results were analyzed for quantitative variations in plate
count and qualitative changes in morphology and color according to
Standard Method 9215C (APHA et al., 2018b) and previous assessments
of HPC changes in drinking water (Oguma et al., 2018). The number of
different colony colors on each plate was quantified as an estimate of the
sample richness to characterize changes in alpha-diversity after
treatment.

For viruses, F-specific coliphages were selected as the indicator of
choice as they can be shed in human feces, are similar in size and
morphology to human enteric pathogens, and exhibit similar mecha-
nisms of transport and survival in soils and groundwater (Jofre et al.,
20165 Leclerc et al., 2000). Viruses can also be more persistent and
migrate further than bacterial pathogens in groundwater and thus may
occur in the absence of bacterial indicators (Borchardt et al., 2003;
Leclerc et al., 2000; Ogorzaly et al., 2010). F-specific coliphage were
enumerated using a single-agar layer assay adapted from USEPA Method
1602 (USEPA, 2001). Briefly, the male-specific coliphage host (E. coli
Famp, ATCC#700891) was incubated until it reached exponential-phase
growth and added to 100 mL of sample pre-mixed with 0.5% magnesium
chloride. The sample/host mixture was then combined with 100 mL of
2X tryptic soy agar (TSA) containing ampicillin/streptomycin antibiotic
to minimize contamination risks. The sample was mixed and divided
into approximately equivalent volumes on five sterile 150 x 15 mm
Petri dishes and incubated at 36.5 + 0.5 °C for 18-24 h before
enumeration. The number of plaques in each plate was summed to give
the total number of plaque forming units (PFU) per 100 mL of sample. A
method blank using 100 mL of sterile deionized water was included in
each batch for quality control. Low levels were detected in the method
blanks of some batches (<5 PFU/100 mL) and the blank values were
subtracted from the sample result.

2.4.2. Bacterial speciation

Ten colonies occurring on R2A plates that were representative of the
dominant colors and morphologies were selected for speciation from six
different samples (three influent and three effluent samples). Briefly,
colonies were streaked to isolation on TSA, then inoculated into 1X
tryptic soy broth (TSB) and incubated at 36.5 + 0.5 °C. A 500-pL aliquot
of the inoculated TSB was mixed with 500 pL of 40% glycerol and sterile
water (to achieve a 20% glycerol concentration in the frozen sample),
vortexed, and stored at —80 + 10 °C before sequencing. In some cases,
colonies did not grow on TSA and were picked from the R2A plates and
inoculated into TSB as above. Glycerol stock solutions were sent to a
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commercial laboratory for DNA sequencing and taxonomical identifi-
cation (MR DNA, Shallowater, Texas). The Supporting Information (SI)
provides details on the sequencing method.

2.5. Data analysis

Differences between paired influent and effluent samples for each
microbial indicator were analyzed using Wilcoxon signed rank tests
(McDonald, 2014). The appropriateness of the Wilcoxon signed rank test
was determined by visually inspecting the histogram of the differences
between paired sample points for each microbial analyte for approxi-
mate symmetry and verified by the Shapiro-Wilk test. To calculate
log-removals, households with no detectable indicator organisms for
any of the assays were assigned a value of one-half the theoretical
detection limit (0.5 MPN/100 mL for total coliforms, 5 CFU/mL for HPC,
and 0.5 PFU/100 mL for coliphages).

Multiple logistic regression models were constructed to identify
predictors of the odds of each microbial indicator organism occurring in
the filter effluent. All models were developed in the software RStudio (R
version 4.0.3). Table S2 lists the predictor variables evaluated. A
searching algorithm was used to select the best models according to the
Akaike information criterion (Calcagno, 2020). Significance of predictor
variables selected by the algorithm was assessed using Wald tests.
Insignificant predictors (p > 0.05) were removed in a stepwise fashion to
reduce model complexity. Predictor variables included in the final
model were assessed for multicollinearity using the variance inflation
factor and for approximate linearity with the logit of the outcome var-
iable. The random effects of the clustering of data points by household
and geographic area were also tested in mixed-effects logistic regression
models (Bates et al., 2015). Mixed-effects models were found to result in
a zero variance for the household and geographic cluster variables, with
negligible effects on the model coefficients, and the structure of the
model was reduced to drop the random effects.

3. Results and discussion
3.1. Occurrence of microbial indicator organisms in filter effluent samples

3.1.1. Total coliforms

Of 66 filter effluent samples collected over the course of the study,
five (7.5%) tested positive for total coliforms, representing three of 17
(17.6%) AC-POU filters with a positive total coliform result in the

Table 2
Summary of influent and effluent water quality across all 17 households over the
course of the study.

Sample Analyte All households n households = 17, n paired
location samples = 66
mean  sd range %
positive
Influent pH 4.93 1.18 3.53-7.35 -
Temp (°C) 16.7 3.39 9.9-23.4 -
Electrical 172 128 43-485 -
Conductivity (uS/cm)
HPC (CFU/mL) 1498 4258 <10-25792 82%
Total Coliforms 3.40 15.6 <1-101 9.1%
(MPN/100 mL)
F+ coliphage (PFU/ 4.5 6.4 <1-33 55%
100 mL)
Effluent pH 5.9 1.2 3.6-8.4 -
Temperature (°C) 18.0 4.3 9.5-28.7 -
Electrical 166 121 47-461 -
Conductivity (uS/cm)
HPC (CFU/mL) 924 1342 5-9760 97%
Total Coliforms 39.6 273 <1-2203 7.5%
(MPN/100 mL)
F+ coliphage (PFU/ 3.5 5.4 <1-30 53%
100 mL)
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effluent at any time during the study (Table 2). No influent or effluent
samples tested positive for E. coli. The five positive total coliform results
in effluent samples ranged 1-2,203 MPN/100 mL. Of these five samples,
none of the paired influent samples were positive for total coliform. Six
influent samples (9.1%) also tested positive for total coliform (ranging
1-101 MPN/100 mL) during the study, but none of the paired effluent
samples had detectable coliform bacteria, potentially due to removal of
particle-associated bacteria by size exclusion.

3.1.2. Heterotrophic plate count

Heterotrophic bacteria were nearly ubiquitous in both the filter
influent and effluent throughout the study; 82% of all influent samples
and 97% of all effluent samples had detectable HPC (Table 2). HPCs
showed wide variability between households and time points. Influent
HPCs ranged <10-25,792 CFU/mL (median = 108). Mean influent HPC
was notably greater in households in cluster A (mean = 5,307 CFU/mL)
than in B (mean = 536 CFU/mL, unpaired Wilcoxon p < 0.0005) or C
(mean = 353 CFU/mL, unpaired Wilcoxon p = 0.057; Table S3). Two
households consistently had no detectable influent HPC but had
detectable HPC in the effluent (ranging 15-1,850 CFU/mL). Overall,
HPC bacteria in the effluent ranged 5-9,760 CFU/mL (median = 653).
By comparison, effluent HPCs from AC-POU filters treating municipally
treated tap water have been recorded 2-3 orders of magnitude greater
than these levels (Bell et al., 1984; Chaidez and Gerba, 2004; Geldreich
et al., 1985; Wallis et al., 1974; Wu et al., 2017). This may be a function
of older filter technologies using granular AC media rather than AC
blocks and/or whether the device contains a cloth pre-filter providing
additional surfaces for microbial growth. Effluent concentrations were
not significantly different between geographic clusters (p > 0.05)
despite significant differences in the influent concentrations. A statisti-
cally significant increase in effluent HPCs was observed in cluster C
where influent HPCs were lower (p < 0.001), but not in clusters A or B
(Fig. 1).

3.1.3. F-specific coliphages

In contrast to the infrequent detections of total coliforms in the filter
effluents, 35 of 66 effluent samples (53%) tested positive for F-specific
coliphage (concentration range of 1-30 PFU/100 mL; Table 2). Preva-
lence in the filter influent was similar, with 35 of 64 samples (55%)
having detectable coliphage. These viruses were detected in 16 of 17
homes (94%) at least once during the study, indicating that nearly all
wells were vulnerable to some form of microbial contamination (Stallard
et al., 2021). The small size of virus particles (<100 nm (Lute et al.,
2004)) also allows them to easily pass through filter pores. When paired
samples from all households and time points were aggregated, a statis-
tically significant reduction in the effluent concentrations was detected
(p < 0.05), but the effect size was small (Fig. S3). The mean concen-
tration decreased by only 1 PFU/100 mL after treatment (0.11-logio
reduction), and the median influent and effluent concentrations were
equivalent (1 PFU/100 mL). Of the cases with coliphages in the influent,
83% had a lower effluent concentration, with removals ranging from
0.04- to 1.25-log;o. However, effluent concentrations increased in 22%
of paired samples, representing negative log reductions from —0.22- to
—1.45-log1o. Thus, a slight attenuation of influent viral coliphage was
observed overall, but removal was generally not meaningful to health
protection and was highly variable across settings.

3.2. Changes in bacterial diversity

The type and diversity of colonies on R2A plates in the effluent were
generally distinct from those in the influent. Among all 66 influent
samples, white and cream-colored colonies were the most frequently
observed on the R2A plates across all three clusters, with 76% (n = 50)
of all influent plates containing at least one white or cream colored
colony (Fig. 2, panel A). White and cream-colored colonies isolated from
three separate influent plates were identified as Ralstonia picketti
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Fig. 1. Paired influent and effluent HPCs (CFU/mL) in each geographic cluster showing a significant increase in effluent HPC in cluster C but not in clusters A or B. p

values represent the result of paired, non-parametric Wilcoxon signed rank tests.

(previously Pseudomonas pickettii) and Bacillus circulans, respectively.
R. picketti and Bacillus spp. Have been implicated in drinking water
biofilm formation in diverse environments ranging from industrial and
laboratory-based ultrapure water systems to the space shuttle (Adley
et al., 2005; Gardner and Shulman, 1984; Koenig and Pierson, 1997;
Kulakov et al., 2002). These species have also been recognized as
opportunistic pathogens associated with nosocomial infections (Ale-
bouyeh et al., 2011; Logan et al., 1985; Ryan et al., 2006). Transparent
colonies on influent plates were most likely Aquabacterium commune, a
bacteria found in biofilms in drinking water utility distribution systems,
but not known to be a human pathogen (Kalmbach et al., 1999).
Table S4 provides DNA sequence BLAST results.

In contrast, yellow colonies were most frequently observed in the 66
effluent plates, with 35% (n = 23) of plates having at least one yellow
colony (compared to only 14% of influent plates with yellow colonies),
followed by white and cream-colored colonies (Fig. 2, panel B). Four
yellow colonies, selected from three effluent plates, were separately
isolated. Two of the four were identified as Sphingomonas paucimobilis,
and the other two were Cellulomonas xylanilytica, and Staphylococcus
capitis. Sphingomonas spp. (also previously included in the genus Pseu-
domonas) are found in a wide range of aqueous and terrestrial envi-
ronments with a unique ability to survive in low-nutrient environments
and biodegrade organic contaminants (White et al., 1996).
S. paucimobilis has been identified in biofilms in household settings (such
as on shower curtains) and in drinking water in diverse scenarios
together with R. picketti (Adley et al., 2005; Kelley et al., 2004; Koenig
and Pierson, 1997; Kulakov et al., 2002). It has been detected in water
supplies in clinical settings and is considered an emerging opportunistic
pathogen (Ryan and Adley, 2010). Staphylococcus spp. Have also been
detected in water supplies, including household taps served by private
wells (Lamka et al., 1980; Lechevallier and Seidler, 1980), and as human
pathogens in clinical settings (Cameron et al., 2015).

Other species, producing pink, red, and orange colonies, also
appeared in some effluent plates (pink colonies were observed in 6% of
effluent plates, while red and orange were each observed in 5% of
effluent plates) even when they were not present in any of the paired
influent samples (Fig. 2). Pink colonies were identified as Paenibacillus
provencensis, and orange colonies were Rhodococcus corynebacterioides,
both occurring in a wide range of aqueous and terrestrial environments

(Carrasco et al., 2017; Kitamura et al., 2012). Overall, the median
number of distinct colors identified on effluent plates increased signifi-
cantly compared to influent plates (2 in influent vs. 3 in effluent, p <
0.0001; Fig. S4). This increase in diversity (richness) was independent of
whether the overall HPC increased or decreased in the effluent (Fig. 2).

3.3. Potential factors influencing the occurrence of microbial indicator
organisms in filter effluent

3.3.1. Total coliforms

3.3.1.1. Low influent HPC. Low influent HPC appears to have been a
factor in allowing total coliform bacteria to proliferate within the filter
media in certain households. Four of the five effluent samples that were
positive for total coliforms were from filters treating well water with less
than the HPC sample median (100 CFU/mL), and all were below the
sample mean (1,571 CFU/mL). Evidence from previous research sup-
ports the hypothesis that HPC bacteria play a role in preventing the
colonization of AC by total coliforms. Camper et al. (1985) demon-
strated that when the human enteric pathogens Yersinia entercolitica,
Salmonella typhimurium, and Escherichia coli were introduced to virgin
granular AC columns in sterile water, all three organisms could form
stable biofilms on the AC surface. When the pathogens were introduced
to the sterile AC columns together with HPC bacteria, however, the
pathogens attached to the carbon surface as before but then rapidly
decreased. Similarly, Reasoner et al. (1987) showed that, among
AC-POU devices inoculated with bacterial pathogens, including Klebsi-
ella pneumoniae and Aeromonas hydrophila, the device with the greatest
HPC growth demonstrated the most resistance to pathogenic coloniza-
tion. In more recent experiments using modern AC-POU filters chal-
lenged by tap water spiked with E. coli and Pseudomonas aeruginosa, Wu
et al. (2021) demonstrated that E. coli was less able to adapt to the filter
environment than P. aeruginosa and was likely outcompeted by other
microorganisms in the filter influent.

Similar behavior was observed in household #16 in this study, which
had no detectable HPC bacteria in the influent (<10 CFU/mL) and total
coliform concentrations as high as 2,203 MPN/100 mL in the effluent
after 10 days of use. As a suspected biofilm formed on the carbon sur-
face, shown by the elevated effluent HPCs, the total coliform
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reader is referred to the Web version of this article.)

concentration in the effluent declined exponentially while the effluent
HPC remained elevated (Fig. 3). Thus, colonization of the filter by native
heterotrophic bacteria may be protective against the proliferation of
coliforms and potential enteric pathogens in the filter media. The mul-
tiple logistic regression results from all households confirmed that the
influent HPC concentration influenced the risk of total coliforms
appearing in the effluent such that each 1-log( increase in the influent
HPC decreased the odds of total coliforms appearing in the effluent by
84% (OR = 0.16, 95% CI: 0.01-0.67, p < 0.05) after controlling for
cumulative water use (Model 1, Table 3).

3.3.1.2. Low water use. In all three households with coliforms in the
effluent, positive samples were only detected in the first few weeks after
the filter was installed. In household #16, the total coliform concen-
tration was highest after 10 days (35 L) of use and decreased exponen-
tially (Fig. 3), while in the other two households (#15 and #9),
concentrations of 6 and 1 MPN/100 mL were detected after 11 and 18
days (34 and 62 L) of use, respectively, and were not detected again

thereafter, suggesting that the risk of coliform bacteria may be highest in
the absence of a significant autochthonous bacterial community soon
after filter start-up. This risk may be exacerbated by low water use.
Household #16, for example, demonstrated an extremely low rate of
water use from the cold water tap in the first 10 days (1 L/day after the
initial flushing at start-up, compared to the study average of 7.6 L/day)
due to the household’s primary reliance on bottled water for most do-
mestic needs, which likely allowed for excessive proliferation of bacteria
in the first few days. As a result, the filter in household #16 clogged
prematurely, after just 150 L (approximately 40 days) of use (5% of the
filter’s stated capacity). The maximum flow rate dropped from 3.2 L/
min at start-up to 1.3 L/min after 10 days of low use and became un-
usable after 40 days.

Under laboratory-controlled conditions, Su et al. (2009) showed that
low daily use rate and low flow rate both increased the amount of
bacterial growth in faucet-mounted AC-POU filters and decreased the
filter’s lifespan. A use rate as low as 6 L/day reduced the filter’s capacity
by 26%, and flow rates below 1 L/min increased HPCs in the effluent by
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Fig. 3. Effluent concentrations of total coliform bacteria (CFU/100 mL) and
HPC (CFU/mL) over four months of use from the filter in household #16.

Table 3
Summary of logistic regression results identifying significant predictors of mi-
crobial indicator organisms occurring in the filter effluent.

OR 95% CI p-value
Model 1: Presence of total coliforms in effluent
Log1o Influent HPC 0.16 0.01 - 0.67 <0.05
Cumulative water usage less than 50 L 51 4-3788 <0.05
Model 2: Increase in effluent HPC
Log10 Influent HPC 0.17 0.06 - 0.38 <0.001
Cumulative water use (L) 1.00 0.99 - 1.00 0.32
Model 3: Presence of coliphage in effluent
Duration of filter use (weeks) 1.18 1.05-1.36 <0.01
Influent coliphage concentration 1.28 1.07 - 1.66 <0.05
Cumulative water use (L) 0.99 0.99 - 1.00 0.73

up to a factor of 3.5. Coliforms may have been introduced to the filter in
household #16 during installation or from unsanitary conditions within
the household plumbing and allowed to multiply rapidly due to the lack
of use and low influent HPC to prevent their initial growth. Across all
households, cumulative water use at the time of sampling influenced the
risk of total coliforms in the effluent such that early in the filter’s life
(less than 50 L of water treated), the odds of total coliform occurrence in
the effluent increased by 50 times (OR = 51, 95% CI: 3.8-3788, p <
0.05) after controlling for influent HPC (Model 1, Table 3). No other
water usage or water quality variables, including maximum flow rate,
average daily flow rate, influent pH, temperature, or presence of
F-specific coliphages and total coliforms in the influent, were significant
predictors of coliform detection in the effluent.

3.3.2. Heterotrophic bacteria

3.3.2.1. Bacterial selection. The filters in this study were selective for
species that form suspected biofilms on the carbon surface and
outcompete other bacteria for nutrients and attachment sites. Oligo-
trophic species that are capable of surviving in the low-nutrient envi-
ronments that may occur during long stagnation periods may persist or
increase in the effluent, while other species that are inhibited by
competing species may decrease (see Wu et al., 2021). Although it is
now generally assumed that AC-based devices increase HPCs in the filter
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effluent (USEPA, 2006), the results of this study suggest that it may be
more accurate to consider microbial growth within AC-POU filters
treating private well water as a shift in the composition of the microbial
flora, depending on myriad environmental and design factors, rather
than as a strict increase or decrease in the microbial load.

In this study, the bacterial diversity (richness) of R2A plates
increased in the filter effluent (Fig. S4), but in other AC-POU filter tests
conducted with municipally treated tap water, the overall bacterial
richness decreased (Wu et al., 2017). Thus, diversity changes across the
filter may also be a function of source water type and the presence of a
disinfectant residual. Regardless, the proliferation of heterotrophic
bacteria within AC-POU filters is a highly unpredictable process with
complex effects on microbial diversity. Depending on the autochthonous
bacterial community in the raw well water, other influent water quality
parameters, and household usage patterns, the overall effluent plate
count may change significantly in either direction, even after flushing.
In cluster C, where influent plate counts were lower, there was a 926%
increase in the median effluent concentrations (median influent = 58
CFU/mL compared to median effluent = 590 CFU/mL; p < 0.001;
Fig. 1). Under different groundwater quality conditions in cluster A,
median influent HPCs decreased by 11% (median influent = 795
CFU/mL compared to median effluent = 710 CFU/mL in cluster A; p =
0.095; Fig. 1). After controlling for cumulative water usage, the odds of
an increase in HPC in the filter effluent across all households and
geographic clusters decreased by 83% with each 1-log;( increase in the
influent HPC (OR = 0.17, 95% CI: 0.06-0.38, p < 0.001; Model 2,
Table 3).

3.3.3. F-specific coliphages

3.3.3.1. Influent groundwater quality. Effluent coliphage concentrations
were highly correlated with the influent concentrations (p < 0.001;
Fig. S5). Although AC has been shown to be capable of virus removal in
flow-through column tests (Powell et al., 2000), the optimized condi-
tions necessary for effective removal are difficult to replicate in decen-
tralized water treatment scenarios. Viral adsorption depends on the
virus type, carbon surface properties, and water quality parameters,
such as pH and ionic strength (Cookson, 1969; Gerba, 1984). Consid-
ering that the isoelectric point of F-specific coliphages in water is
generally low (e.g., 3.9 for the male-specific bacteriophage MS2 (Dowd
et al., 1998) compared to mean influent pH values of 4.3-6.9; Table 2),
most phages in the filter influent in this study were likely negatively
charged. The carbon in the filters in this study also likely had a high
concentration of negatively charged hydroxyl groups on the surface
since a significant increase in the effluent pH was observed (median
influent pH of 5.2 to a median effluent of 9.1 at start-up). Thus, a
repulsive interaction between like charges on the phage and carbon
surface probably prevented significant adsorption from occurring in
these waters (Gerba, 1984). Additionally, the influent groundwaters in
this study had low ionic strength (6.9X10’4—7.8 x 1073 M), thus
increasing the distance of the electrical double layer around viral par-
ticles and increasing these repulsive forces. By comparison, Cookson
(1969) showed that optimal virus adsorption kinetics occurred in solu-
tions with ionic strengths of 0.04-0.12 M.

3.3.3.2. Seasonal effects and duration of use. Coliphages were more
prevalent in both the filter influent and effluent over time (Fig. 4). Thus,
the longer each filter was in use, the more likely it was to be challenged
by coliphage spikes. One possible explanation of these spikes is
increased rainfall causing infiltration of virus-laden surface water
through cracks and leaks at the wellhead in poorly maintained wells.
Indeed, Stallard et al. (2021) have shown that coliphage concentrations
in the wells in this study and others across Robeson County were
significantly associated with rainfall during the winter months. Another
explanation is that viral adsorption is a reversible reaction (Cookson and
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Fig. 4. Monthly paired influent-effluent F-specific coliphage concentrations reveal seasonal nature of coliphage concentrations in filter influent and possible viral

shedding in effluent after influent concentrations subside.

North, 1967), thus allowing for possible viral shedding from the filter
cartridge after periods of increased occurrence in raw well water. This
behavior may explain the trend observed in later months where effluent
concentrations were slightly higher than influent concentrations (Feb
2020 influent mean = 2 PFU/100 mL; effluent mean = 5.2 PFU/100 mL)
following an increase in the influent concentrations the month before
(Jan 2020 influent mean = 10.5 PFU/100 mL; Fig. 4). As a result of these
mechanisms, each week of filter use led to an 18% increase in the odds of
coliphages occurring in the effluent when controlling for the influent
concentration and cumulative water usage (OR = 1.18, 95% CL:
1.05-1.36, p < 0.01). Each 1 PFU/mL increase in the filter influent also
increased the odds of a positive coliphage result in the effluent by 28%
(OR = 1.28, 95% CI: 1.07-1.66, p < 0.05; Model 3, Table 3).

3.4. Significance for private well users

The POU water treatment industry has largely developed around
controlling chemical contaminants in public water systems, such as lead
and disinfection byproducts, but is highly relevant to the needs of pri-
vate well users. This study provides insight into whether AC-POU water
filters may be safely used for private well water treatment in the absence
of disinfection. Notably, with one exception, the microbial quality of the
effluent of the 17 AC-POU devices tested in this study was not signifi-
cantly worse than the influent water quality when considering indicator
organisms representing gastrointestinal health risk. Indeed, total co-
liforms were removed from the influent more often than they were
detected in the effluent. Effluent HPCs increased in some cases but
decreased in others and were similar to or less than the levels in the
effluent of AC-POU filter studies conducted on municipally treated tap
water. In addition, effluent coliphage concentrations were directly
related to influent concentrations. Certain bacterial isolates identified as
potential opportunistic pathogens were detected in both the influent and
effluent, demonstrating that well users are exposed to these bacteria
with or without implementing AC-POU treatment. The results of this

study thus emphasize the already poor microbial water quality that
exists in many private wells, which AC-POU treatment does not signif-
icantly improve or exacerbate.

Similarly, Fiore and Babineau (1977) found that AC-POU devices
caused both upward and downward fluctuations in HPC and did not
affect total coliform levels when tested on five municipal waters and one
private well, concluding that AC-POU devices were “microbiologically
neutral.” Snyder et al. (1995) also showed that total coliforms did not
increase in the effluent of any of 24 AC-POU filters installed in homes
connected to private wells over one year of use. In fact, the total coliform
detection rate in the filter effluent in this study (7.5%) was significantly
less than that reported by Chaidez and Gerba (2004) for 10 filters con-
nected to a municipal water system, where 82.4% of effluent samples
contained total coliforms. These results demonstrate that the potential
for colonization of AC-POU filters by total coliforms is not unique to
private wells and that choosing to implement household water treat-
ment can alter the microbial quality of both public and private drinking
water. The limited studies that exist on private well water suggest that
the risk may even be lower for private wells due to the abundance of
natural heterotrophic bacteria in most wells that may help prevent
colonization by unwanted bacteria. Although further study is warranted,
these findings suggest that, under normal conditions of use, AC-POU
filters treating private well water do not represent a significant addi-
tional risk beyond the existing exposures users may experience from well
water alone. The added health benefits of AC-POU filters to alleviate
chemical hazards from private well water, such as high lead levels, likely
outweigh concerns around microbial changes across the filter.

The results of this study do not indicate an absence of microbial risks
associated with AC-POU treatment for private wells, however. In one
instance of extremely low water use and low influent HPC, total co-
liforms rapidly colonized the filter leading to high effluent concentra-
tions (2,203 MPN/100 mL) for a short time. Additionally, influent
coliphages passed through the filter and were potentially shed from the
carbon media into the effluent after influent levels subsided, suggesting
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that these filters provide limited protection from potential viral patho-
gens. Finally, AC-POU filters may alter and, in some cases, increase the
occurrence of HPC bacteria and potential opportunistic pathogens in the
treated water. Epidemiological evidence is conclusive that increased
ingestion of HPC bacteria in drinking water from AC-POU devices is not
a gastrointestinal health risk due to the extremely high infective dose of
these species (Allen et al., 2004; Calderon and Wood, 1987; Calderon,
1990; Dufour, 1988; Edberg and Allen, 2004; Mena and Gerba, 2009;
WHO, 2003). Severely immunocompromised individuals could develop
higher risk of gastrointestinal illness from ingestion of heterotrophic
bacteria in drinking water, but such conditions are specific and normally
require hospitalization (Edberg and Allen, 2004). Certain species,
however, such as Pseudomonas, Klebsiella and Aeromonas, as well as
Sphingomonas and Ralstonia which were isolated in both the filter
influent and effluent of this study, can be opportunistic pathogens
through exposure pathways other than oral ingestion, like cleaning of
large wounds, inhalation of water droplets, or cleansing of contacts
lenses (Allen et al., 2004; Edberg, 1996; Mena and Gerba, 2009;
Rasheduzzaman et al., 2019). Although private well users are likely
exposed to these potential opportunistic pathogens with or without an
AC-POU filter, the relative bacterial virulence and infectivity of oppor-
tunistic pathogens in raw well water compared to AC-POU effluent re-
mains to be studied.

Thus, private well users who choose to install AC-POU filters to
remove chemical contaminants or improve the water’s aesthetic quality
should be aware of these possible microbial risks and take precautions to
minimize them. Recommendations for private well users based on this
study include:

e Avoid using AC-POU filtered water for purposes other than drinking,
cooking, and washing. For more sensitive needs, such as for large
wound irrigation or nasal cleansing (e.g., with a Neti Pot), AC-POU
filtered water should be boiled, or an alternative source, such as
distilled water or sterile saline, should be used.

Ensure frequent and consistent use, especially during the first 1-2
weeks after installation and after each successive filter replacement,
to allow a healthy biofilm to develop on the filter’s surface and
prevent any coliform bacteria and/or potential enteric pathogens
from excessively colonizing the filter.

Flush the system frequently, especially after the filter has been
stagnant overnight or after extended periods of non-use.

Consider using full-flow, under-sink filters that have higher use rates
and flow rates than third-faucet and refrigerator filters, thus
providing more frequent flushing and less opportunity for excessive
bacterial growth.

Ensure the microbial safety of private well water through regular
testing for total and fecal coliforms and coliphages, well inspections
and regular maintenance (see Simpson, 2004), shock chlorination
and/or household ultraviolet disinfection technologies if necessary.

3.5. Limitations and future study

Recommendations around POU treatment for private well users may
be improved through future study of AC devices on a wider range of
water quality and use conditions across the U.S. and Canada, as well as
across Europe where there are also large populations of private well
users (UBA, 2013). The results presented here suggest that AC-POU
devices do not represent an added drinking water health risk with
respect to bacterial and viral indicators, but follow-up study regarding
other microbes such as fungi and protozoa may be informative. Targeted
research into the risk of infection from specific bacterial species iden-
tified in the influent and effluent using quantitative microbial risk
assessment could also inform future decision-making regarding AC-POU
devices. Although it was not evaluated in this study, particle association
of influent coliform bacteria in groundwater may be another possible
factor determining whether coliform bacteria appear in the filter
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effluent. Finally, the filters tested were designed to be replaced every six
months but microbial testing of the filter effluents was ended after five
months due to the COVID-19 pandemic, so possible microbial changes in
the water quality at or beyond the filter’s recommended lifetime could
not be evaluated here.

4. Conclusions

This study evaluated the occurrence of microbial indicator organisms
in the influent and effluent of AC-POU filters treating private well water.
Under normal conditions of use, the microbial water quality in the filter
effluents was comparable to that of the raw well water at each household
and did not represent a significant additional health risk. Colonization of
filter media by heterotrophic bacteria may provide a protective effect
against colonization by enteric pathogens, but filters were not protective
against coliphages and opportunistic pathogens in both the filter
influent and effluent may represent an infection risk through non-
ingestion exposure pathways for private well users. Thus, well users
should not rely on AC-POU to protect against microbial contaminants in
their well water and should first take measures to protect the microbial
quality of their well before installing any AC-POU treatment for chem-
ical concerns. State and federal health agencies ought to promote
adoption of AC-POU treatment for well users in conjunction with
continued efforts to ensure good well stewardship behaviors by caring
for “upstream” risks that influence general well water safety and quality
(Kreutzwiser et al., 2011; Simpson, 2004). Such behaviors include
regularly inspecting the well cap and seal to prevent leaks from the
surface, ensuring adequate separation between the well and all neigh-
boring waste systems, testing annually for total and fecal coliforms and
(ideally) coliphages, and disinfection if microbial contamination is
detected. Additionally, efforts should be made by POU device manu-
facturers and public health agencies alike to promote a multi-barrier
approach to household drinking water treatment among private well
users, with improved source protection and/or an additional disinfec-
tion step before or after AC-POU filters to reduce the inherent microbial
risks associated with well water.
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ABSTRACT

Background: Phthalates are common industrial chemicals that are used as plasticizers in plastics, personal care
products, and building materials. Although these chemicals have been suspected as risk factors for allergic
outcomes among children, inconsistent associations between environmental exposure to phthalates and allergic
disorders have been found across different populations. Therefore, this study aimed to assess whether envi-
ronmental phthalate exposure was associated with parent-reported current allergic symptoms (atopic dermatitis,
AD; asthma; and allergic rhinitis, AR) and the index of allergic response (levels of serum total immunoglobulin E,
IgE) in a nationally representative sample of children.

Methods: In this study, children aged 3-17 years (n = 2208) were recruited from the Korean National Envi-
ronmental Health Survey (KoNEHS) 2015-2017 to conduct an analysis of their current allergic symptoms.
Among this number of children, the total IgE analysis included 806 participants because total IgE levels were
only measured in children aged 12-17 years.

Results: After adjusting for all covariates, mono-benzyl phthalate (MBzP) [OR (95% CI) = 1.15 (1.01, 1.30)],
mono-(carboxyoctyl) phthalate (MCOP) [OR (95% CI) = 1.35 (1.02, 1.78)], and the sum of di-(2-ethylhexyl)
phthalate metabolites (3"DEHP) [OR (95% CI) = 1.39 (1.09, 1.79)] were associated with increased odds of
current AD. MCOP [OR (95% CI) = 1.19 (1.01, 1.40)], mono-(carboxynonyl) phthalate (MCNP) [OR (95% CI) =
1.24 (1.05, 1.45)], and >_-DEHP [OR (95% CI) = 1.22 (1.02, 1.44)] were also associated with increased odds of
current AR. Individual DEHP metabolites showed similar associations with current AD and AR. In addition,
MCNP was positively related to IgE levels [p (95% CI) = 0.26 (0.12, 0.40)]. MBzP [OR (95% CI) = 1.17 (1.01,
1.35)], MCOP [OR (95% CI) = 1.62 (1.12, 2.32)], and mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP) [OR (95%
CD = 1.36 (1.06, 1.76)] showed positive relationships with allergic multimorbidity. Moreover, higher concen-
trations of MCNP were related to increased odds of experiencing both current AR and total IgE levels [OR (95%
CI) = 1.98 (1.29, 3.04)], and children with elevated IgE levels (>100IU/mL) were more likely to have current AR
associated with MCNP than those without elevated IgE levels (p = 0.007). Specifically, the relationship between
MCNP and current AR was significantly mediated through alterations in IgE levels (14.7%), and MCNP also
showed the positive association with current AR, independent of IgE (85.3%).

Conclusion: These results suggest that environmental exposure to phthalates may affect the immune system and
increase the occurrence of allergic symptoms in children.

1. Introduction

known to have a higher prevalence of major allergic diseases such as
atopic dermatitis (AD), asthma, and allergic rhinitis (AR) than adults

The prevalence of allergic diseases has dramatically increased (Bousquet et al., 2015; Lee, 2020). The increased prevalence of allergic
worldwide in recent decades (Ha et al., 2020). In particular, children are diseases is severely impacting the lives of individuals and is also a
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socioeconomic burden; therefore, it is important to determine and
manage the factors affecting the induction of allergic disorders (Maio
et al., 2012).

Known risk factors for the development of allergic symptoms include
environmental pollution, climate change, and exposure to endocrine
disrupting chemicals, such as parabens and phthalates (D’Amato et al.,
2017; Ha et al., 2020; Park et al., 2013). Among such risk factors, a
growing body of evidence has reported that phthalate exposure was
associated with allergic outcomes (Bolling et al., 2020). Phthalates are
ubiquitous environmental chemicals used primarily in plastics, building
materials, food packaging, toys, cosmetics, and personal care products
(Wang et al., 2019; Wittassek et al., 2011). Because of their ability to
leach out of the source and move into the environment, humans are
frequently exposed to these chemicals through various exposure path-
ways (Benjamin et al., 2017; Tsai et al., 2012). Compared to adults,
infants and children are more vulnerable to phthalate exposure due to
their hand-to-mouth activity, immaturity of their organs, their
comparatively higher food/water intake per unit body mass, and
ventilation rate (Braun et al., 2013; Kimber and Dearman, 2010; Wang
et al., 2016). Multiple studies have revealed that exposure to phthalates
decreases with age (Frederiksen et al., 2011; Tran and Kannan, 2015;
Wang et al., 2019; Zota et al., 2014).

Increasing numbers of in vitro, animal, and human epidemiological
studies have reported that phthalate exposure may have a detrimental
effect on immune function. It has been determined that phthalates can
affect various cell types, such as macrophages, dendritic cells, and
lymphocytes (including T cells) (Bolling et al., 2020; Yang et al., 2014);
act as allergens or adjuvants leading to alterations in airways remodel-
ing or allergen response (Benjamin et al., 2017; Kimber and Dearman,
2010); and cause changes in immunoglobulin E (IgE), which is an initial
mediator that may activate an inflammatory cascade which could lead
to allergic diseases (Benjamin et al., 2017; Bousquet et al., 2015; Wang
et al., 2014). It has also been found that phthalate exposure was posi-
tively associated with allergic symptoms such as AD (Ait Bamai et al.,
2014; Beko et al., 2015; Bornehag et al., 2004; Callesen et al., 2014a;
Hsu et al., 2012; Kim et al., 2017; Shi et al., 2018; Wang et al., 2014),
asthma (Beko et al., 2015; Bertelsen et al., 2013; Bornehag et al., 2004;
Franken et al., 2017; Ku et al., 2015; Odebeatu et al., 2019; Wang and
Karmaus, 2017; Wang et al., 2015), and AR (Ait Bamai et al., 2014; Beko
et al., 2015; Bornehag et al., 2004; Hsu et al., 2012; Shi et al., 2018).
However, several epidemiological studies have observed inconsistent
relationships between phthalate exposure and the prevalence of allergic
diseases in nationally representative samples of children (Ait Bamai
et al., 2016; Callesen et al., 2014a, 2014b; Choi et al., 2014; Hoppin
et al., 2013; Hsu et al., 2012; Kolarik et al., 2008; Wang et al., 2014; Wu
et al., 2020). Therefore, these inconsistencies need to be addressed with
more studies in support of the significant associations between exposure
to phthalates and allergic disorders in children using a large represen-
tative sample.

Because European regulations on the use of phthalate were imposed
prior to those in Asia, the sum of urinary phthalate metabolite concen-
trations in Asian children is generally known to be higher than that in
the general population of several European countries (Tranfo et al.,
2018; Wang et al., 2019). Multiple studies have been conducted on the
association between environmental exposure to phthalates and allergic
disorders in general populations of Asian children (Ait Bamai et al.,
2014, 2016; Choi et al., 2014; Hsu et al., 2012; Kim et al., 2017; Ku et al.,
2015; Shi et al., 2018; Wang and Karmaus, 2017; Wang et al., 2014,
2015). However, to our knowledge, only two studies have attempted to
assess the effect of phthalate exposure on the occurrence of allergic
disorders in Korean children (Choi et al., 2014; Kim et al., 2017). These
previous studies were conducted in relation to only one allergic disease,
AD, and reported the effects of only a few phthalate metabolites.
Moreover, they used limited age ranges and small populations (n = 448
and n = 18).

It is thus necessary to focus on more than one allergic disorder and
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larger numbers of phthalates. In addition, it is necessary to expand the
age range used to conduct research on the association between exposure
to phthalates and overall allergic outcomes in Korean children. There-
fore, this study aimed to examine the association of environmental
exposure to several phthalates with current allergic symptoms of AD,
asthma, and AR and the indicator of allergic response (total IgE levels)
using data from the Korean National Environmental Health Survey
(KoNEHS), which is representative of Korean children aged between
three and 17 years.

2. Methods
2.1. Study population

The Korean National Environmental Health Survey (KoNEHS) is an
ongoing three-year cycle cross-sectional survey which began since 2009
to monitor the current level of exposure to environmental chemicals in
the general Korean population (Lee et al., 2020). This national survey is
comprised of questionnaires, physical examinations, and biospecimen
collection and analysis. The survey collects information about de-
mographic, socioeconomic, and behavioral characteristics using a
questionnaire administered to a household reference person responsible
for completing the interview on behalf of children to assess environ-
mental chemical exposure routes. In the case of children aged twelve to
17 years, additional surveys are conducted on several factors such as
transportation and lifestyle. Blood and spot urine samples are collected
for biospecimen collection (NIER, 2019a).

Of the KoNEHS data sets, the KONEHS cycle 3 (2015-2017) was the
only one to include questions about current symptoms of allergic dis-
eases. In addition, it was conducted exclusively on participants under
the age of 18 years. Therefore, we used the data from KoNEHS
2015-2017 to examine the association between urinary phthalate me-
tabolites and parent-reported current allergic symptoms (AD, asthma,
and AR) and total IgE levels in children aged between three and 17
years.

A total of 2380 children were included in the 2015-2017 survey,
comprising 571 infants aged 3-5, 922 elementary school students aged
6-11, and 887 middle and high school students aged 12-17 years. Of
these participants, we excluded individuals who had not been measured
for urinary phthalate metabolite concentrations (n = 23) and those with
missing information on any other covariates (n = 149). A total of 2208
children thus remained in the analysis of the current allergic symptoms.
In the analysis used to determine the association between urinary
phthalate metabolites and total IgE levels, we excluded children aged
3-11 years because they had not undergone a total IgE examination (n
= 1402). In KoNEHS, the level of total IgE was only measured in children
aged 12 years and older. Therefore, a total of 806 children aged 12-17
years were selected for this part of the analysis (Fig. 1).

2.2. Measurement of phthalate metabolites

Urinary phthalate metabolite concentrations were measured using
liquid-liquid extraction (LLE) and ultra-performance liquid chromatog-
raphy mass spectrometry (UPLC-MS) separation, followed by electro-
spray ionization (ESI) and tandem mass spectrometry (MS/MS). Details
of the extraction and analytical procedures are described elsewhere
(NIER, 2018). During KoNEHS 2015-2017, eight phthalate metabolites
were measured: a metabolite of di-n-butyl phthalate (DBP), [i.e.,
mono-n-butyl phthalate (MnBP)]; a metabolite of benzylbutyl phthalate
(BzBP) [i.e., mono-benzyl phthalate (MBzP)]; a metabolite of
di-isononyl phthalate (DNP) [i.e., mono-(carboxyoctyl) phthalate
(MCOP)]; a metabolite of di-isodecyl phthalate (DDP) [i.e., mono-(-
carboxynonyl) phthalate (MCNP)]; a metabolite of di-n-octyl phthalate
(DOP) [mono-(3-carboxylpropyl) phthalate (MCPP)]; and metabolites of
di-(2-ethylhexyl) phthalate (DEHP) [i.e., mono-(2--
ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl)
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Participants aged 3 to 17 years in KONEHS
N=2,350
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+ 23 participants who did not conduct phthalate metabolite
examination

* 107 participants who did not conduet household income
examination

Study population for current allergic symptom analysis

N=2,208

+ 24 participants who did not conduct maternal education level
examination

+ |8 participants who did not conduct paternal education level
examination

+  1.402 participants who did not conduet total immunoglobulin

Tohul

for total i z in E analysis

Study populati
N=806

E examination (children 3 to 11 years of age)

Fig. 1. Exclusion criteria of study participants in the 2015-2017 Korean National Environmental Health Survey.

phthalate (MEOHP), mono-(2-ethyl-5-carboxypentayl) phthalate
(MECPP)]. As the concentrations of MEHHP, MEOHP, and MECPP were
measured among the major secondary oxidized metabolites of DEHP,
the urinary DEHP concentrations were calculated by summing the
concentrations of these three metabolites for analysis, and they were
denoted as > DEHP (Lee et al., 2020). The limit of detection (LOD)
values for MnBP, MBzP, MCOP, MCNP, MCPP, MEHHP, MEOHP, and
MECPP were determined at 0.040 pg/dL, 0.066 ug/dL, 0.048, pg/dL,
0.139 pg/dL, 0.078 pg/dL, 0.056 pg/dL, 0.048 pg/dL, and 0.141 pg/L,
respectively. Concentrations below the LOD of each phthalate metabo-
lite were replaced by the value of the LOD divided by the square root of 2
(Choi et al., 2012).

2.3. Allergic symptoms

Information about current allergic symptoms relating to AD, asthma,
or AR was collected using the questionnaire (NIER, 2019a). Current
allergic symptoms were defined as a positive response to the question
“Do you currently have an allergic symptom relating to .... ?” for each
allergic symptom. As these three allergic disorders tend to coexist in
patients (a phenomenon known as multimorbidity) (Bousquet et al.,
2015), we defined allergic multimorbidity as the coexistence of at least
two current allergic symptoms (AD, asthma, or AR) in one individual
(Koh et al., 2019).

2.4. Total IgE analysis

We analyzed total IgE levels of participants because serum total IgE
level is a good predictor of allergy in children (Satwani et al., 2009). The
level of serum total IgE is used as a reference value to predict allergic
skin diseases (such as childhood atopy), and it is also used as a marker of
airway inflammation in patients with allergic diseases, such as asthma
and AR (Cardinale et al., 2005; Liu et al., 2003; NIER, 2019b). Serum
samples were analyzed for total IgE levels by IMMULITE 2000 XPi
(Siemens Medical Sol., USA) using a chemiluminescent immunoassay
(CLIA) (NIER, 2019b). Serum Total IgE levels were considered increased
at values > 100 IU/mL (Karli et al., 2013; Liu et al., 2003).

2.5. Covariates

The potential confounders considered in the analyses were de-
mographic information (age, sex, household income, and maternal and
paternal education levels), physical measurements (height and weight),

and laboratory examinations (urinary creatinine and cotinine levels).
Urinary cotinine is a biomarker of exposure to cigarette smoking
(Odebeatu et al., 2019). Age, sex, household income, and the maternal
and paternal education levels of participants were ascertained via
questionnaires. The body mass index (BMI) was calculated as weight (in
kilograms) divided by the square of height (in square meters) using the
height and weight data obtained from KoNEHS data.

Household income was classified by quartiles. Maternal and paternal
education levels were classified into three categories: < high school,
high school, and > high school (Baiz et al., 2014; Gruber et al., 2010;
Wen et al., 2009). Models were adjusted for urinary creatinine levels to
account for urinary dilution and the urinary flow rate (James-Todd
et al., 2016).

2.6. Statistical analysis

The KoNEHS data were analyzed in consideration of a stratified two-
stage cluster sampling design, and stratum and cluster weights were
included in regression models to provide a sample of participants rep-
resenting the general population of Korea.

BMI and urinary creatinine levels were normally distributed, and
urinary phthalate metabolite, serum total IgE, and urinary cotinine
levels were normalized by log-transformation prior to analysis due to
their skewed distribution. The concentrations of urinary phthalate me-
tabolites were used as continuous variables.

We used a logistic regression analysis to estimate the odds ratios
(ORs) and their 95% confidence intervals (CI) for current allergic
symptoms. Furthermore, the association between urinary phthalate
metabolites and the number of current allergic symptoms was analyzed
to explore allergic multimorbidity. This was done by grouping the
number of allergic symptoms into “no symptoms”, “one symptom”, and
“two or more symptoms” categories in multinomial logistic regression
models. All models were adjusted for age, sex, household income,
maternal and paternal education levels, BMI, urinary creatinine level,
and urinary cotinine level.

In a subgroup analysis conducted among children aged 12-17 years
for whom information on serum total IgE level was available, the rela-
tionship between urinary phthalate metabolites and total IgE levels was
analyzed by linear regression analyses. We also expanded logistic
regression models to multinomial logistic regression models to evaluate
whether the associations between urinary phthalate metabolites and
allergic symptoms differed according to IgE levels. Concentrations of
serum total IgE <100 IU/ml were defined as “low IgE”, and those of
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serum total IgE >100 IU/ml were defined as “high IgE” (Wang et al.,
2014). We used a combination of two categorical variables to classify
individuals into the following four groups: “no symptoms and low IgE”,
“symptoms with low IgE”, “high IgE without symptoms”, and “symp-
toms and high IgE”. To test whether the ORs differed across the groups,
we used the Sidak correction test, which is known to be a conservative
and exact method, and a p-value for the difference was based on the
results of this test (Abdi, 2007; Blakesley et al., 2009).

In addition, a mediation analysis was conducted to assess how much
odds of allergic symptoms in relation to phthalate exposure could be
explained by alterations in IgE levels (Ditlevsen et al., 2005). We used
both logistic and linear regressions after adjusting for all covariates
(Wang et al., 2016). The mediation proportion [(indirect effect/total
effect) x 100%] was calculated by integrating the different regression
coefficients (exposure: urinary phthalate metabolite, mediator: IgE, and
outcome: current allergic symptom) (Ditlevsen et al., 2005).

All statistical analyses were performed using SPSS version 25.0, and
the statistical significance level was considered p < 0.05.

3. Results

Table 1 demonstrates the characteristics of the study participants in
KoNEHS 2015-2017 according to demographic and clinical conditions.
A total number of 2208 Korean children were included in our study:
25.2% (n = 557) of the total number of participants were infants, 38.0%
(n = 840) were elementary school students, and 36.7% (n = 811) were
middle and high school students. Among these children, the prevalence
of AD, asthma, and AR symptoms was 9.4% (n = 207), 1.1% (n = 24),
and 29.5% (n = 651), respectively. Of the total subjects, 5.2% (n = 115)
were identified as having allergic multimorbidity (having multiple
allergic symptoms at the same time). More than 50% of the participants
aged 12-17 years also had elevated serum total IgE levels that exceeded
100 IU/mL. In addition, the characteristics of children excluded due to
missing information on any other covariates were not significantly
different from those of children included in the analysis (Table S1).

The distribution of urinary phthalate metabolite concentrations (pg/
L) among participants in this study is shown in Table 2. All phthalate
metabolites were detected in the majority of the samples (detection
frequency >95%). MCNP and MnBP were present at the lowest and
highest median concentrations, respectively. In addition, urinary
phthalate metabolite concentrations of excluded children were similar
to those of children included in the analysis (Table S2).

Significant associations of current allergic symptoms and total IgE
levels appeared with higher phthalate metabolite concentrations
(Table 3). The analysis for current allergic symptoms was performed
among all children (N = 2208). After adjusting for all covariates, MBzP
[OR (95% CI) = 1.15 (1.01, 1.30)], MCOP [OR (95% CI) = 1.35 (1.02,
1.78)], and Y DEHP [OR (95% CI) = 1.39 (1.09, 1.79)] were associated
with increased odds of current AD. In addition, MCOP [OR (95% CI) =
1.19 (1.01, 1.40)], MCNP [OR (95% CI) = 1.24 (1.05, 1.45)], and
S>"DEHP [OR (95% CI) = 1.22 (1.02, 1.44)] were associated with
increased odds of current AR. Among the phthalate metabolites, MCOP
and ) DEHP showed significant positive associations with both current
AD and AR in children. Individual DEHP metabolites showed similar
relationships with current AD and AR. However, no phthalate metabo-
lites were significantly associated with current asthma in children. In the
subgroup of children aged 12-17 years (N = 806), the analysis for total
IgE levels was performed. MCNP was positively related to total IgE levels
[B (95% CI) = 0.26 (0.12, 0.40)].

The relationship between concentrations of urinary phthalate me-
tabolites and the number of current allergic symptoms was identified to
determine whether the prevalence of at least one of the current allergic
symptoms increased in relation to phthalate exposure (and whether
allergic multimorbidity occurred) (Table 4). After adjusting for con-
founders, MCNP [OR (95% CI) = 1.27 (1.06, 1.51)] and > DEHP [OR
(95% CI) = 1.27 (1.06, 1.53)] were positively associated with the odds
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Table 1
Demographic and clinical characteristics of study participants (unweighted).
Characteristics All Male Female
participants
N (%) 2208 (100) 1092 1116
(49.5) (50.5)
Age (years)
Infants (3-5) 557 (25.2) 279 278
(25.5) (24.9)
Elementary school students (6-11) 840 (38.0) 429 411
(39.3) (36.8)
Middle and high school students 811 (36.7) 384 427
(12-17) (35.2) (38.3)
Household income (million won)
<1 29 (1.3) 18 (1.6) 11 (1.0)
1-3 496 (22.5) 251 245
(23.0) (22.0)
3-5 1381 (62.5) 669 712
(61.3) (63.8)
>5 302 (13.7) 154 148
(14.1) (13.3)
Maternal education level
< High school 31(1.4) 11 (1.0) 20 (1.8)
High school 732 (33.2) 351 381
(32.1) (34.1)
> High school 1445 (65.4) 730 715
(66.8) (64.1)
Paternal education level
< High school 38 (1.7) 17 (1.6) 21 (1.9
High school 628 (28.4) 298 330
(27.3) (29.6)
> High school 1542 (69.8) 777 765
(71.2) (68.5)
Urinary cotinine level (pg/L)
< LOD (<0.030) 334 (15.1) 147 187
(13.5) (16.8)
Low (0.030-10) 1795 (81.3) 886 909
(81.1) (81.5)
High (>10) 79 (3.6) 59 (5.4) 20 (1.8)
Body mass index (kg/m?)"
Underweight/Normal 1877 (85.0) 894 983
(81.9) (88.1)
Overweight 221 (10.0) 126 95 (8.5)
(11.5)
Obese 110 (5.0) 72 (6.6) 38 (3.4)
Current status of allergic symptoms (Parent-reported)
Atopic Dermatitis 207 (9.4) 97 (8.9) 110 (9.9)
Asthma 24 (1.1) 14 (1.3) 10 (0.9)
Allergic Rhinitis 651 (29.5) 390 261
(35.7) (23.4)
Allergic multimorbidity 115 (5.2) 59 (5.4) 56 (5.0)
Elevated serum total IgE level” (in 434 (53.8) 220 214
12-17 years old) (57.3) (50.7)

Abbreviations: IgE, immunoglobulin E.

# Body mass index was classified into three categories: underweight or normal
(<85th percentile), overweight (85-95th percentile), and obese (>95th
percentile) (Krebs et al., 2007).

b Elevated serum total IgE level was defined as > 100 IU/mL.

of occurrence of any current allergic symptom. Individual DEHP me-
tabolites showed similar positive associations with any current allergic
symptom. In addition, MBzP [OR (95% CI) = 1.17 (1.01, 1.35)], MCOP
[OR (95% CI) = 1.62 (1.12, 2.32)], and MEOHP [OR (95% CI) = 1.36
(1.06, 1.76)] were positively related to the odds of occurrence of two or
more current allergic symptoms. This implies that allergic multi-
morbidity occurred in association with elevations of these phthalate
metabolite concentrations.

Fig. 2 presents the proportion of children with elevated IgE levels
(>100IU/mL) according to current allergic symptoms. Among children
with current allergic symptoms (AD, asthma, or AR), more than 65% of
the participants aged 12-17 years had serum total IgE levels that
exceeded 100 IU/mL. In particular, 85.7% of children with current
asthma (six of seven) also had elevated IgE levels.

There was a significant association between urinary phthalate
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Table 2
Distribution of urinary phthalate metabolite concentrations (pg/L) for KONEHS 2015-2017 children aged 3-17 years (N = 2208).
Percentile

Phthalate metabolite LOD > LOD (%) GM (SE) 5th 25th 50th 75th 95th
Mono-n-butyl phthalate MnBP 0.040 99.8 41.42 (1.05) 10.15 25.15 43.33 72.93 152.75
Mono-benzyl phthalate MBzP 0.066 95.4 2.82 (1.05) 0.18 1.35 3.14 7.01 25.38
Mono-(carboxyoctyl) phthalate MCOP 0.048 99.2 1.87 (1.03) 0.55 1.07 1.78 3.18 7.57
Mono-(carboxynonyl) phthalate MCNP 0.139 96.9 0.49 (1.03) 0.19 0.34 0.50 0.64 1.33
Mono-(3-carboxypropyl) phthalate MCPP 0.078 99.7 1.58 (1.02) 0.70 1.07 1.46 2.14 4.45
>"Di-(2-ethylhexyl) phthalate >"DEHP 78.69 (1.04) 20.54 48.41 79.16 137.57 278.55
Mono-(2-ethyl-5-hydroxyhexyl) phthalate MEHHP 0.056 100 22.62 (1.05) 4.63 13.49 24.38 43.03 84.49
Mono-(2-ethyl-5-oxohexyl) phthalate MEOHP 0.048 99.9 15.60 (1.05) 2.75 9.10 16.32 29.87 66.31
Mono-(2-ethyl-5-carboxypentyl) phthalate MECPP 0.141 100 37.63 (1.04) 10.27 22.71 37.78 64.92 137.18

Abbreviations: GM, geometric mean; SE, geometric standard error of the mean.

The values below the LOD were determined as LOD divided by the square root of 2; imputed values were used in the calculation of GM (SE).
Restricted to participants with all covariates in logistic regression model such as age, sex, household income, maternal and paternal education levels, body mass index,

urinary creatinine level, and urinary cotinine level.

Table 3
Association of urinary phthalate metabolites with current allergic symptoms and
total IgE levels using logistic and linear regressions.

Metabolite ~ Atopic Asthma® Allergic total IgE levels”
dermatitis® rhinitis®

MnBP 1.08 (0.89, 1.46 (0.92, 1.04 (0.90, 0.07 (-0.07,
1.31) 2.31) 1.21) 0.21)

MBzP 1.15 (1.01, 0.96 (0.79, 1.03 (0.96, 0.04 (—0.05,
1.30) 1.17) 1.11) 0.12)

MCoP 1.35 (1.02, 1.19 (0.76, 1.19 (1.01, —0.02 (—0.20,
1.78) 1.86) 1.40) 0.16)

MCNP 1.20 (0.95, 0.46 (0.20, 1.24 (1.05, 0.26 (0.12,
1.52) 1.05) 1.45) 0.40)

MCPP 1.01 (0.79, 0.74 (0.33, 0.99 (0.81, 0.04 (—0.20,
1.31) 1.69) 1.22) 0.28)

> DEHP 1.39 (1.09, 0.90 (0.53, 1.22 (1.02, 0.12 (-0.11,
1.79) 1.53) 1.44) 0.35)

MEHHP 1.26 (1.01, 1.01 (0.66, 1.21 (1.04, 0.13 (—0.04,
1.59) 1.57) 1.41) 0.30)

MEOHP 1.38 (1.14, 1.13(0.72, 1.18 (1.04, 0.09 (—0.03,
1.67) 1.78) 1.35) 0.22)

MECPP 1.26 (0.96, 0.85 (0.51, 1.15 (0.97, 0.08 (-0.17,
1.65) 1.40) 1.35) 0.32)

Abbreviations: IgE, immunoglobulin E.
Adjusted for age, sex, household income, maternal and paternal education
levels, body mass index, urinary creatinine level, and urinary cotinine level.

@ All 2208 children were analyzed, and ORs (95% CI) for current allergic
symptoms were estimated using logistic regression.

b Children aged 12-17 years (N = 806) were analyzed, and $ (95% CI) for total
IgE levels was estimated using linear regression.

metabolites and the increased odds of having allergic symptoms and
higher IgE levels, and an increase in IgE levels was associated with
allergic symptoms. Therefore, multinomial logistic regression models
were used to evaluate whether the associations between urinary
phthalate metabolites and allergic symptoms differed according to IgE
levels (Table 5). We stratified each of the three symptoms (AD, asthma,
and AR) based on total IgE levels (“no symptoms and low IgE”, “symp-
toms with low IgE”, “high IgE without symptoms”, and “symptoms and
high IgE”). As only MCNP was positively associated with both allergic
symptoms and total IgE levels, we selected urinary MCNP for this
analysis. With respect to current AD and asthma, there were no statis-
tically significant differences in the ORs of each group. For current AR,
the OR of the AR and high IgE group increased 1.98 times (95% CI: 1.29,
3.04), compared to the reference group (no symptoms and low IgE), as
the concentration of urinary MCNP in the log-transformation increased.
In addition, individuals with AR and high IgE had the highest OR of
exposure (p = 0.007). This implies that the OR for AR and high IgE was
higher than that OR for high IgE without AR, and children with high IgE
were more likely to have AR symptoms associated with MCNP than

Table 4

Associations [ORs (95% CI)] of urinary phthalate metabolites and the number of
current allergic symptoms using weighted multinomial logistic regression (N =
2208).

Metabolite Number of symptoms® n OR (95% CI) p-value”
MnBP 0 1442 1.00

1 648 1.00 (0.84,1.18)

2o0r3 115 1.22 (0.94, 1.59) 0.250
MBzP 0 1444 1.00

1 649 1.02 (0.95, 1.10)

2o0r3 115 1.17 (1.01, 1.35) 0.075
MCOP 0 1444 1.00

1 649 1.12 (0.96, 1.30)

2o0r3 115 1.62 (1.12, 2.32) 0.020
MCNP 0 1444 1.00

1 649 1.27 (1.06, 1.51)

2o0r3 115 1.07 (0.76, 1.51) 0.016
MCPP 0 1444 1.00

1 649 0.98 (0.79, 1.21)

2o0r3 115 0.97 (0.72, 1.33) 0.979
>"DEHP 0 1444 1.00

1 649 1.27 (1.06, 1.53)

2o0r3 115 1.33 (0.96, 1.83) 0.018
MEHHP 0 1444 1.00

1 649 1.28 (1.09, 1.51)

2o0r3 115 1.20 (0.91, 1.58) 0.006
MEOHP 0 1444 1.00

1 649 1.23 (1.07, 1.42)

2o0r3 115 1.36 (1.06, 1.76) 0.010
MECPP 0 1444 1.00

1 649 1.19 (1.00, 1.42)

2o0r3 115 1.18 (0.86, 1.61) 0.099

Adjusted for age, sex, household income, maternal and paternal education
levels, body mass index, urinary creatinine level, and urinary cotinine level.
Allergic multimorbidity was defined as a significant OR for 2 or 3 allergic
symptoms.

# 0: no current allergic symptoms, 1: one of any current allergic symptoms, 2
or 3: two or three of allergic symptoms.

b p-value for the difference of ORs using Sidak correction test in multinomial
logistic regression models.

those with low IgE.

We conducted a mediation analysis to estimate the odds of AR
symptoms in relation to MCNP that could be explained by changes in IgE
(Fig. 3). This analysis incorporated various regression coefficients
(exposure: urinary MCNP, mediator: IgE, and outcome: current AR). We
found that the mediation effect was partial, and the relationship be-
tween MCNP and current AR was significantly mediated through alter-
ations in IgE levels (14.7%). After adjusting the effect of total IgE, we
observed that the positive association between MCNP and current AR
remained stable, and the ratio of the direct effect to the total effect of
MCNP on AR reached 85.3%.
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Fig. 2. Proportion of children with elevated total immunoglobulin E levels
(>100IU/mL) according to current allergic symptoms.

Table 5

ORs (95% CI) for urinary MCNP and current allergic symptoms, stratified based
on total IgE levels in children 12-17 years of age using weighted multinomial
logistic regression (N = 806).

Symptom/outcome n OR (95% CI) p-value®
Atopic dermatitis

No atopic dermatitis and low IgE 347 1.00

Atopic dermatitis with low IgE 25 1.19 (0.50, 2.84)

High IgE without atopic dermatitis 364 1.44 (1.01, 2.03)

Atopic dermatitis and high IgE 70 1.52 (0.87, 2.64) 0.123
Asthma

No asthma and low IgE 371 1.00

Asthma with low IgE 1 -

High IgE without asthma 428 1.40 (1.04, 1.88)

Asthma and high IgE 6 2.23 (0.58, 8.54) 0.052
Allergic rhinitis

No allergic rhinitis and low IgE 296 1.00

Allergic rhinitis with low IgE 76 1.29 (0.75, 2.23)

High IgE without allergic rhinitis 270 1.30 (0.92, 1.83)

Allergic rhinitis and high IgE 164 1.98 (1.29, 3.04) 0.007

Abbreviations: IgE, immunoglobulin E.
Adjusted for age, sex, household income, maternal and paternal education
levels, body mass index, urinary creatinine level, and urinary cotinine level.

@ p-value for the difference of ORs using Sidak correction test in multinomial
logistic regression models.

4. Discussion

In this study, we determined the positive associations of urinary
phthalate metabolites with parent-reported current allergic symptoms
and serum total IgE levels in a large nationally representative sample of
Korean children. After adjusting for all covariates, elevated levels of
MBzP, MCOP, Y DEHP, MEHHP, and MEOHP in urine were positively
associated with the prevalence of current AD. In addition, the preva-
lence of current AR was higher in individuals with increased urinary
phthalate metabolite concentrations (MCOP, MCNP, > DEHP, MEHHP,
and MEOHP). We also found that MCNP was positively associated with
serum total IgE levels. Evaluating the association between phthalate
exposure and the number of allergic symptoms, urinary phthalate me-
tabolites (except for MnBP and MCPP) were positively associated with at
least one current allergic symptom, and the phenomenon of allergic
multimorbidity occurred in the context of increased levels of urinary
MBzP, MCOP, and MEOHP. Although MCNP was found at the lowest
concentration among all phthalate metabolites, we consistently
observed significant associations between MCNP and allergic outcomes.
Higher MCNP concentrations were associated with increased odds of
having both current AR and elevated IgE levels, and AR symptoms were
partly caused by an increase in IgE levels, which was related to an in-
crease in MCNP. These results imply that there was a certain interplay
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between IgE and current AR in response to MCNP. Furthermore, MCNP
showed the positive association with AR symptoms, despite adjusting for
the effect of IgE on current AR. In summary, significant relationships
were determined between most phthalate metabolites (except for MnBP
and MCPP) and the occurrence of at least one of the allergic outcomes.

Phthalates from various exposure routes can act as allergens or ad-
juvants to promote allergic reactions and inflammation by perturbing
the immunologic system (Benjamin et al., 2017; Kimber and Dearman,
2010; Wang et al., 2019). These chemicals bind with and activate
peroxisome proliferator-activated receptors (PPARs), which are mainly
involved in anti-inflammatory effects occurring in the lungs and im-
mune systems, thus leading to changes in airway remodeling and the
development and exacerbation of hypersensitivity (Bolling et al., 2013;
Cocci et al., 2015). In addition, they interfere with immunity against
infections and cause changes in the balance of overall T helper type 1
(Th1) and T helper type 2 (Th2) cells (Benjamin et al., 2017; Yang et al.,
2014). They also suppress CpG-induced interferon (IFN) -o/IFN-f
expression and regulate the ability to stimulate T-cell reactions, which
leads to a reduction in Th2 reactions and exacerbates the allergic
response (Yang et al., 2014). Th2 differentiation and the secretion of
Th2-promoted immunoglobulins (such as IgE) are enhanced by these
chemicals (Jepsen et al., 2004; Larsen et al., 2002; Qin et al., 2018; Yang
et al., 2014). Furthermore, they provoke the synthesis of proin-
flammatory Th2 cytokines (such as IL-6 and IL-8) in human lung
epithelial cells and macrophage production of inflammatory cytokines
and chemokines (Jepsen et al., 2004; Nishioka et al., 2012; Qin et al.,
2018).

Consequently, phthalate exposure is likely to have adverse effects
throughout the different steps of the immune response as well as alter-
ations in IgE and enhance allergic disorders. Allergy is mediated by
multiple immune cell types, including T-cells, cytokines, and chemo-
kines, and is driven mainly by an allergen-specific Th2 immune response
(Kuo et al., 2013). In the context of IgE-mediated allergic diseases, after
an allergen-IgE antibody response has been developed, any subsequent
exposure to the inducing allergen reacts with IgE, and this encounter
causes the release of cytokines and chemokines, which amplify allergic
inflammation (Kimber and Dearman, 2010). Eventually, this inflam-
mation induces allergic symptoms, which may be observed as AD in the
skin and asthma and AR in the respiratory tract (Kimber and Dearman,
2010). Based on this process of allergic disease development, a strong
and consistent association has been reported between AD, asthma, AR,
and IgE levels (Ballardini et al., 2016; Wang et al., 2016). In addition,
allergic multimorbidity (the co-occurrence of at least two allergic
symptoms in one individual) has been observed with respect to these
allergic diseases (Bousquet et al., 2015). AD, asthma, and AR are un-
derlying disorders with similar immunological (including allergen-IgE
antibody response) and non-immunological traits, and these phenom-
ena of multimorbidity are induced by common causal mechanisms be-
tween these diseases that are partly IgE-mediated (Bousquet et al.,
2015). Thus, patients tend to have concomitant or continuous allergic
diseases (Bousquet et al., 2012; Spergel and Paller, 2003).

Based on this biological evidence, we found that urinary biomarkers
of phthalate exposure were related to allergic symptoms and total IgE
levels, and other multiple population-based epidemiological studies
have shown similar results. Several prior studies have observed a posi-
tive association between HMW metabolites and the risk of AD (including
eczema) in children: exposure to BBzP and DEHP was positively related
to the development of AD (Ait Bamai et al., 2014; Beko et al., 2015;
Bornehag et al., 2004; Hsu et al., 2012); MBzP, MEHHP, and MEOHP
concentrations were positively associated with AD (Kim et al., 2017; Shi
et al., 2018; Wang et al., 2014); and prenatal MBzP, MCOP, MCNP, and
> "DEHP levels were associated with the increased odds of AD in children
(Just et al., 2012; Soomro et al., 2018). With respect to AR (including
rhinoconjunctivitis), multiple studies have found an increased risk of the
development AR in relation to DEHP exposure (Ait Bamai et al., 2016;
Beko et al., 2015). For total IgE levels, very limited information has been
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Fig. 3. Diagram of the research model demonstrating the relationship between exposure and outcome variables: (a) association between urinary MCNP and total
immunoglobulin E levels; (b) association between total immunoglobulin E levels and current allergic rhinitis; (c) association between urinary MCNP and current
allergic rhinitis; (c’) association between urinary MCNP concentrations and current allergic rhinitis considering the effect of total immunoglobulin E levels.

reported on the concentrations of urinary phthalate metabolites in
relation to total IgE levels in children. Wang et al. (2014) showed the
positive association between urinary mono-(2-ethylhexyl phthalate
(MEHP) and total IgE levels, but exposure to only four phthalates
(di-ethyl phthalate, DBP, BBzP, and DEHP) was addressed.

Previous studies have found that exposure to phthalates such as
DEHP, BBzP, and DBP, or the concentrations of urinary phthalate me-
tabolites such as MnBP, MBzP, MCOP, MCNP, and ) DEHP may affect
the occurrence of asthma (Beko et al., 2015; Bertelsen et al., 2013;
Bornehag et al., 2004; Franken et al., 2017; Ku et al., 2015; Odebeatu
et al., 2019). However, we found no positive association between
phthalate exposure and current asthma. This disparity may be attributed
to the differences in specimen collection, > DEHP calculation, asthma
definition, or to the matrix examined. With respect to specimen collec-
tion, Bertelsen et al. (2013) used first-morning voids, whereas the pre-
sent study used spot urine samples for the analysis, which may have
influenced the concentrations of phthalate metabolites measured. For
the > "DEHP calculation method, we defined ) DEHP as the sum of the
concentrations of MEHHP, MEOHP, and MECPP, whereas Ku et al.
(2015) calculated > DEHP by summing the concentrations of MEHP,
MEOHP, and MECPP. With respect to the definition of asthma, asthma in
the present study was defined as a parent-reported current asthma
symptom, while Odebeatu et al. (2019) combined a diagnosis of a doctor
or another health professional and self-reported current asthma and
wheeze. Another possible explanation could be related to the matrix
assessed [i.e., dust in other studies (Beko et al., 2015; Bornehag et al.,
2004; Callesen et al., 2014b) as opposed to urine in this study]. It is also
possible that the reason for the lack of association in this study is due to
the small number of participants that had current asthma symptoms (n
= 24). Lee (2020) suggested that the reason for the decrease in asthma
prevalence is the Korean central and local governments’ active policies
against allergic diseases.

Comparing this study population to data of children in the United
States (U.S) obtained from the National Health and Nutrition Exami-
nation Survey (NHANES) 2007-2012, the concentrations of urinary
MnBP and metabolites of DEHP (MEHHP, MEOHP, and MECPP) of
children in the present study were higher than those of children in the U.
S., but the levels of urinary MBzP, MCNP, and MCPP in this study
population were lower than those of children in the U.S.(Odebeatu et al.,
2019). Urinary MCOP concentrations of Korean children in this study

were also lower than those of U.S. children (from NHANES, 2005-2006
data) (Hoppin et al., 2013). Although the concentrations of urinary
MBzP, MCNP, and MCOP in Korean children were lower than those of
children in the U.S., this study revealed a significant association between
urinary phthalate metabolite concentrations and allergic outcomes in a
representative sample of Korean children. Therefore, our results suggest
that a lower dose of environmental exposure to phthalates could be a
risk factor for allergic response and symptoms.

The main strength of this study is that we revealed significant asso-
ciations between urinary biomarkers of phthalate exposure, allergic
symptoms, and total IgE levels in a large representative sample of
Korean children while considering the various potential confounders.
This is the first study to verify a positive association between urinary
phthalate metabolites and AR in Korean children. Moreover, the present
study is the only study to determine the following in children: a positive
association between urinary biomarkers of phthalate exposure and
multimorbidity of allergic symptoms, a significant association between
urinary MCNP and higher total IgE levels, and a positive relationship
between urinary MCNP and AR considering the effect of total IgE levels.

However, our study has certain limitations. First, as KONEHS data are
cross-sectional survey data, the associations that we demonstrated
cannot represent a causal relationship. Second, we were unable to find
an association between exposure to phthalates and asthma. Although
evidence for a potential relationship between exposure to DEHP and
BBzP and asthma in children has increased (Beko et al., 2015; Ku et al.,
2015; Wu et al., 2020), we failed to show a significant association be-
tween urinary phthalate metabolites and current asthma, and it is
considered that this could be related to the small population that had
current asthma symptoms at the time of survey (n = 24) in this study.
Third, we restricted the study population to children aged three to 17
years because the KoNEHS data did not include information on allergic
symptoms in adults. Finally, it is acknowledged that the use of specific
IgE may be more objective than total IgE as an index for diagnosing
allergic diseases (Chang et al., 2015), but we used serum total IgE levels
because the serum levels of specific IgE were not measured in the
KoNEHS. However, specific IgE are included in total IgE, and the level of
serum total IgE is used as a predictive marker of allergic skin diseases
(such as AD) and allergic airway diseases (such as asthma or AR);
therefore, it could also be used as an indicator of AD, asthma, and AR
(Cardinale et al., 2005; Liu et al., 2003; NIER, 2019b).
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5. Conclusion

We analyzed data for a nationally representative population of
children in South Korea and demonstrated that urinary biomarkers of
phthalate exposure were positively associated with both current allergic
symptoms and total IgE levels. We also determined that the multi-
morbidity of AD, asthma, and AR symptoms was associated with
increased concentrations of urinary phthalate metabolites. Furthermore,
consistently significant relationships between MCNP and allergic out-
comes were observed. Our observations suggest that environmental
phthalates could act as allergens or adjuvants to affect the immune
system and increase the occurrence of allergic symptoms in children.
Further studies involving a longitudinal follow-up analysis of children
are required to establish a causal relationship between environmental
exposure to phthalates and allergic outcomes.
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ARTICLE INFO ABSTRACT

Keywords: To improve our understanding of internal exposure to multiple chemicals, the concept exposure load (EL) was
Exposure load used on human biomonitoring (HBM) data of the 4th FLEHS (Flemish Environment and Health Study;
HBM

2016-2020). The investigated chemicals were per- and polyfluoroalkyl substances (PFASs), bisphenols, phtha-
lates and alternative plasticizers, flame retardants, pesticides, toxic metals, organochlorine compounds and
polycyclic aromatic hydrocarbons (PAHs). The EL calculates “the number of chemicals to which individuals are
internally exposed above a predefined threshold”. In this study, the 50th and 90th percentile of each of the 45
chemicals were applied as thresholds for the EL calculations for 387 study participants. Around 20% of the
participants were exposed to >27 chemicals above the P50 and to >6 chemicals above the P90 level. This shows
that participants can be internally exposed to multiple chemicals in relatively high concentrations. When the
chemical composition of the EL was considered, the variability between individuals was driven by some
chemicals more than others. The variability of the chemical profiles at high exposure loads (EL-P90) was
somewhat dominated by e.g. organochlorine chemicals, PFASs, phthalates, PAHs, organophosphate flame re-
tardants, bisphenols (A & F), pesticides, metals, but to a lesser extent by brominated flame retardants, the
organophosphorus flame retardants TCIPP & TBOEP, naphthalene and benzene, bisphenols S, B & Z, the
pesticide 2,4-D, the phthalate DEP and alternative plasticizer DINCH. Associations between the EL and exposure
determinants suggested determinants formerly associated with fat soluble chemicals, PFASs, bisphenols, and
PAHs. This information adds to the knowledge needed to reduce the exposure by policymakers and citizens.
However, a more in depth study is necessary to explore in detail the causes for the higher EL in some individuals.
Some limitations in the EL concept are that a binary number is used for exposure above or below a threshold,
while toxicity and residence time in the body are not accounted for and the sequence of exposure in different life
stages is unknown. However, EL is a first useful step to get more insight in multiple chemical exposure in higher
exposed subpopulations (relative to the rest of the sampled population).

FLEHS

Combined chemical exposure
Relatively high exposed subpopulation
Exposure determinants

1. Introduction (ECHA, 2020). A considerable fraction of these chemicals is found in
personal care products, electronics, food packaging, pharmaceuticals,

There are few data on combined human internal exposure for the building materials and home furnishings which leads to widespread
majority of the >100,000 chemicals available on the European market human exposure (UN, 2020). There is also chemical exposure of humans
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via the environment, e.g. chemicals emitted during burning processes
and through contamination of water and soil. People are typically not
exposed to one chemical at a time, but to a mixture of chemicals and, due
to the long half-life of many chemicals in humans, past external expo-
sure can still be detected in the internal exposure. A paradigm shift from
the chemical-by-chemical assessment towards an assessment of com-
bined exposure to multiple chemicals is therefore imperiously necessary,
together with an expansion of the exposure concepts towards mixtures.
Unfortunately, the number of mixtures that can be formed from the
thousands of environmental chemicals is enormous. It can be assumed
that exposure to multiple chemicals in the environment is often not
random, but related to e.g. identical sources or exposure pathways,
comparable personal characteristics or lifestyle factors.

To investigate the uniqueness of the combination of chemicals to
which a person is internally exposed at a given point in time and
whether we can distinguish subpopulations that are highly exposed to
many chemicals, the concept of exposure load (EL) was used. It was
slightly adapted from the Canadian Health Measurement Survey
(CHMS) (St-Amand, 2019; Willey et al., 2021) and applied on HBM data
from adolescents monitored in the 4th Flemish Environment and Health
Study (FLEHS-4). Human biomonitoring studies measure concentrations
of chemicals or their metabolites in body fluids or tissues (Angerer et al.,
2007). Measurements of different exposure biomarkers in individual
urine and/or blood samples provide an aggregated picture of the
chemical internal exposure of an individual resulting from different
exposure routes and from various sources.

The EL is based as first on establishing whether a person is exposed
(assigned a value of 1) or non-exposed (assigned a value of 0) above a
predefined concentration threshold of a given biomonitored chemical,
and then summing the exposure counts. Yet, EL does not take toxicity
into account. The technique finds its origin in frequent itemset mining
(FIM), initially developed by marketing researchers to identify items
that are frequently purchased together (Borgelt, 2016). It was already
applied by Kapraun et al. (2017) to the 2009-2010 NHANES (National
Health And Nutrition Examination Survey) dataset. FIM is also used to
identify relationships between chemicals, health biomarkers and disease
(Bell and Edwards, 2015). Other applications of FIM are the evaluation
of the presence of chemicals in food (Krishan et al., 2017) and the
identification and quantification of associations between environmental
and social stressors (Huang et al., 2017). This adapted approach of the
CHMS exposure load was then tested on HBM data of Flemish adoles-
cents (Belgium) participating in the 4th FLEHS campaign.

The study had three goals: a) calculate the EL and study the distri-
bution across the FLEHS-4 population, b) study the chemical composi-
tion of the EL and c) identify determinants of EL variability, which could
lead to the identification of disproportionally exposed subpopulations.

The present study was a proof of concept for the H2020 HBM4EU
(Human Biomonitoring for Europe) project, which aims to develop a
sustainable European wide HBM network (2017-2021). HBM4EU will
also provide better evidence of the actual exposure of citizens to
chemicals and the possible health effects to support policy making
(https://www.hbm4eu.eu/about-hbm4eu/).

2. Methodology
2.1. Population

The 4th cycle of the Flemish Environment and Health study, FLEHS-
4, gives a snapshot of exposure to chemicals in a general population of
adolescents (14-15y). The FLEHS-4 study was running in 2016-2020.
Collection of biological samples was done over a 1-year period from
September 2017 until September 2018. Adolescents were not occupa-
tionally exposed and serve as a sentinel for the environment where they
grew up in. Details of the recruitment protocols have been reported
before (Den Hond et al., 2009; Baeyens et al., 2014; De Craemer et al.,
2016). In FLEHS-4, a Flemish study population of 428 participants
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background exposed was recruited. The aim was to enrol equal numbers
of girls and boys and to reflect the proportion of Flemish adolescents in
all educational levels. In order to obtain a geographically representative
sample, adolescents were recruited through schools in the five Flemish
provinces, proportional to the number of inhabitants per province. To
account for seasonal variation, recruitment was spread over one year
with no recruitment during examination periods and summer holidays
(June, July, August, September). Inclusion criteria were: informed
consent signed by participants and parents (no cases where legal
guardians needed to sign), living in Flanders for at least 5 years, the
ability to fill out extensive questionnaires in Dutch. Exclusion criteria
were: pregnancy, more than 1 out of 3 questionnaires missing, blood and
urine sample missing, being held back in school for more than 1 year,
attending boarding school.

Study participants and their parents filled in questionnaires in Dutch
with information needed for interpretation of biomarkers of exposure
and of effect. The questionnaires covered information on health status,
dietary habits, home environment, lifestyle and socio-economic status
(SES). The HBM study was approved by the Ethical committee of the
Antwerp University Hospital (registration number B300201732753).

2.2. Chemicals and exposure biomarkers

Chemicals of interest to measure during the FLEHS-4 campaign were
selected in a transparent and participatory way involving scientists,
policy makers and other stakeholders, based on technical criteria, health
and exposure-related criteria and policy relevance (Schoeters et al.,
2012b). The involved laboratories had to fulfil standard quality assur-
ance and quality control (QA/QC). Validation dossiers were required
and participation in international ring tests was desired (Esteban Lopez
et al., 2021). A broad range of chemicals from various potential sources
were included in the EL analysis including several emerging chemicals:
polyaromatic hydrocarbons (PAHs), benzene (Bz), metals, pesticides,
organochlorine compounds (OC), brominated — and organophosphate
flame retardants, bisphenols, per- and polyfluoroalkyl substances
(PFASs) and phthalates and their alternatives. An overview is given in
Table 1.

For the EL analysis, concentrations in blood were expressed per
volume unit (pug/L) for PFASs and lead and were normalized by blood fat
for organochlorine compounds and brominated diphenyl ethers, while
urinary concentrations were standardised by specific gravity. Only those
biomarkers for which at least 30% of the values were above the LOD or
LOQ reported by the laboratories were considered for the EL calculation.
The value of 30% was chosen as cut-off (or threshold), as it was not the
intention to focus on chemicals detected only in a small part of the
studied population (<30%). The total number of chemicals considered
for the EL analysis was 45.

Biomarkers for which less than 30% of measurements was above
LOD or LOQ were: 4-hydroxyphenanthrene (4-OH-PHE), per-
fluoroheptane sulfonate (PFHpS), perfluorobutane sulfonate (PFBS),
perfluorododecanoic acid (PFDoDA), perfluoroundecanoic acid
(PFUnDA), perfluorohexanesulfonic acid (PFHxA), perfluoropentanoic
acid (PFPeA), perfluoroheptanoic acid (PFHPA), bisphenol-AF (BP-AF),
mono-isononyl-cyclohexane-1,2-dicarboxylate =~ (MINCH), = mono-2-
ethylhexyl terephthalate (MEHTP), mono(2-ethylhexyl) adipate
(MEHA), mono(2-ethyl-5-hydroxyhexyl) adipate (OH-MEHA), 1,2-di(2-
ethylhexyl) trimellitate (DEHTM), BDE28, BDE100, BDE153, BDE183,
gamma-hexachlorocyclohexane (y-HCH), 4-hydroxyphenyl diphenyl
phosphate (4-OH-TPHP), 4-hydroxyphenyl phenyl phosphate (4-OH-
DPHP), bis(1-chloro-2-propyl) phosphate (BCIPP), tris(chloroethyl)
phosphate (TCEP), bis(2-butoxyethyl) phosphate (BBOEP), bis(2-
butoxyethyl) 3'-hydroxy-2-butoxyethyl phosphate (3-OH-TBOEP), di-
n-butyl phosphate (DNBP).

Details of the sampling and an overview of biomarkers measured in
previous FLEHS campaigns have been previously reported (Schoeters
et al., 2012a; Schoeters et al., 2012b; Schoeters et al., 2017; Steunpunt
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Table 1
List of chemicals & biomarkers considered in the EL (exposure load) analysis.
Chemical group Nr  Chemical Biomarker Grouping”
PAHs in urine 1 Pyrene (PYR) 1-Hydroxypyrene (1-OH-PYR)
2 Naphthalene (NAP) 2-Hydroxynaphthalene (2-OH-NAP)
3 Fluorene (FLU) Sum of 2- and 3-Hydroxyfluorene (2&3-OH-FLU)
4 Phenanthrene (PHE) 2-Hydroxyphenanthrene (2-OH-PHE) Considered as group
3-Hydroxyphenanthrene (3-OH-PHE) in analysis
Sum of 1- and 9-Hydroxyphenanthrene (1&9-OH-
PHE)
Benzene in urine 5 Benzene (Bz) T,t’-muconic acid (t,t’-MA)
Metals in urine” 6 Cadmium (Cd) Cadmium (Cd)
7 Thallium (TT) Thallium (TI)
Metals in blood 8 Lead (Pb) Lead (Pb)
Pesticides in urine 9 Pyrethroid pesticides 3-PBA 3-Phenoxybenzoic acid (3-PBA)
10 Chlorpyrifos (CPS) 3,5,6-Trichloro-2-pyridinol (TCPY)
11  Phenoxy herbicide 2,4-D 2,4-dichlorophenoxy acetic acid (2,4-D)
12 Glyphosate herbicide (GLY) Glyphosate (GLY) Considered as group
Aminomethylphosphonic acid (AMPA) in analysis
Persistent Organic Pollutants (POPs) in serum: 13 Sum polychlorinated biphenyls (Sum Sum PCBs 138,153,180
Organochlorine Compounds (OC) PCBs) (138,153,180)
14 Hexachlorobenzene (HCB) Hexachlorobenzene (HCB)
15  Dichloro-diphenyl-trichloroethane (DDT) DDT Considered as group
DDT metabolite: p,p’-DDE in analysis
16 Oxychlordane (0XC) Oxychlordane (OXC)
17 Trans-nonachlor (TN) Trans-nonachlor (TN)
18  Beta-hexachlorocyclohexane (HCH) Beta-hexachlorocyclohexane (HCH)
POPs: Brominated diphenyl ethers (BDEs) in 19  Brominated diphenyl ether (BDE)47 BDE47
serum 20  BDE99 BDE99
21 BDE154 BDE154
Organophosphate flame retardants in urine 22  Diphenyl phosphate (DPHP) Diphenyl phosphate (DPHP)
23 2-Ethylhexyl diphenyl phosphate 2-Ethylhexyl phenyl phosphate (EHPHP) Considered as group
(EHDPHP) 2-Ethyl-5-hydroxyhexyl diphenyl phosphate (5-OH-  in analysis
EHDPHP)
24 Tris(2-chloroisopropyl) phosphate 1-Hydroxy-2-propyl bis(1-chloro-2-propyl)
(TCIPP) phosphate (BCIPHIPP)
25  Tris(2-butoxyethyl) phosphate (TBOEP) 2-Hydroxyethyl bis(2-butoxyethyl) phosphate
(BBOEHEP)
26  Tris(1,3-dichloro-2-propyl) phosphate Bis(1,3-dichloro-2-propyl) phosphate (BDCIPP)
(TDCIPP)
POPs: Per- and polyfluoroalkyl substances 27 Perfluorooctane sulfonate (PFOS) Perfluorooctane sulfonate (PFOS)
(PFAS) in serum 28 Perfluorohexane sulfonate (PFHxS) Perfluorohexane sulfonate (PFHxS)
29  Perfluorodecanoic acid (PFDA) Perfluorodecanoic acid (PFDA)
30 Perfluorononanoic acid (PFNA) Perfluorononanoic acid (PFNA)
31 Perfluorooctanoic acid (PFOA) Perfluorooctanoic acid (PFOA)
Bisphenols (BP) in urine 32  Bisphenol-Z (BPZ) Bisphenol-Z (BPZ)
33 Bisphenol-B (BPB) Bisphenol-B (BPB)
34 Bisphenol-S (BPS) Bisphenol-S (BPS)
35 Bisphenol-F (BPF) Bisphenol-F (BPF)
36 Bisphenol-A (BPA) Bisphenol-A (BPA)
Phthalates and alternatives in urine 37  Diisodecyl phthalate (DIDP) Mono-oxo-isodecyl phthalate (OXO-MiDP) Considered as group
Mono-carboxy-isononyl phthalate (CX-MiDP) in analysis
Mono-hydroxy-isodecyl phthalate (OH-MiDP)
38  1,2-Cyclohexane dicarboxylic acid, Cyclohexane-1,2-dicarboxylic acid, mono Considered as group
diisononyl ester (DINCH) (carboxyoctyl) ester (MCOCH) in analysis
Cyclohexane-1,2-dicarboxylic acid, mono(cis-
hydroxy-isononyl) ester (MHNCH)
39  Di-isononyl phthalate (DINP) Monocarboxyoctyl phthalate (MCOP) Considered as group
Mono-hydroxy-isononyl phthalate (MHNP) in analysis
40  di-2-ethylhexyl terephthalate (DEHTP) mono(2-ethyl-5-hydroxyhexyl) terephthalate (OH-
MEHTP)
41  Di-2-ethylhexyl phthalate (DEHP) Mono(2-Ethylhexyl) phthalate (MEHP) Considered as group
Mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP)  in analysis
Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP)
Mono-(2-ethyl-5-carboxypentyl) phthalate (CX-
MEPP)
42 Benzylbutyl phthalate (BzBP) Monobenzyl phthalate (MBzP)
43 Di-n-butyl phthalate (DBP) Monobutyl phthalate (MBP)
44  Di-isobutyl phthalate (DiBP) Monoisobutyl phthalate (MiBP)
45  Diethyl phthalate (DEP) Monoethyl phthalate (MEP)

@ Grouping process applied in exposure load analysis is explained further (see section 2.3.1).
b Arsenic was only measured in half of the participants and is thus not considered here.
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Milieu en Gezondheid, 2020). Organophosphate flame retardants were
measured extensively for the first time in FLEHS-4 (Bastiaensen et al.,
2021b).

In short, metals were measured in urine and blood by high resolution
ICP-MS (Baeyens et al., 2014). The benzene metabolite, t,t’-muconic
acid, was measured according to Ducos et al. (1990). Urine was purified
with solid-phase extraction (SPE) using a strong anionic-exchange car-
tridge and retained components were eluted with acetic acid. Analysis
was with an ultra-performance liquid chromatography (UPLC) system
coupled with a (Photodiode Array) PDA detector (Waters USA). Me-
tabolites of polyaromatic hydrocarbons (PAHs) were analysed according
to Onyemauwa et al. (2009) and Ramsauer et al. (2011). They were
enzymatically released overnight, followed by an ultra-performance
liquid chromatography tandem mass spectrometry analysis
(UPLC-MS/MS) (Waters Xevo TQ-S). POPs (organochlorine compounds
and PBDEs) were measured in serum using SPE and gas
chromatography-electron capture negative ionization mass spectrom-
etry (Dirtu et al.,, 2013). Metabolites of organophosphate flame re-
tardants were extracted from urine by SPE on C18 cartridges and eluted
with methanol. The analytes were separated by liquid chromatography
on a biphenyl column and detected by triple quadrupole mass spec-
trometry (Bastiaensen et al., 2018, 2021b). The herbicide glyphosate
and its main metabolite aminomethylphosphonic acid (AMPA) were
analysed by gas chromatography with tandem mass spectrometry
(GC-MS-MS), according to the procedure of Alferness and Iwata (1994)
with some modifications (Hoppe, 2013). TCPY, a metabolite of the
organophosphorus pesticide chlorpyrifos (CPS), 3-PBA, a shared
metabolite of several synthetic pyrethroid pesticides, and the herbicide
2,4-Dichlorophenoxyacetic acid (2,4-D) were measured in urine. The
analytical method comprised an SPE extraction of the deconjugated
urine sample and analysis by liquid chromatography and
triple-quadrupole mass spectrometry (Davis et al., 2013). Phthalates and
alternative metabolites were extracted from urine by SPE on Oasis Max
cartridges and thereafter eluted and concentrated. The analytes were
separated by liquid chromatography on a biphenyl column and detected
by triple quadrupole mass spectrometry (Bastiaensen et al., 2021a).
PFAS were analysed via a dilute-and-shoot technique, measured with
LC-MS/MS. Bisphenols were extracted from urine by SPE on Oasis Wax
cartridges and thereafter eluted and concentrated. Analytes were further
separated by gas chromatography using a DB-5MS capillary column and
analysed by triple quadrupole mass spectrometry (Gys et al., 2021).

2.3. Exposure load (EL)

Detailed information about FIM, which serves as a as basis for the EL,
can be found in Kapraun et al. (2017). Briefly, for “biomarker b”, the
concentration distribution is generated and descriptive statistics P50
(50th percentile) and P90 were derived. These values serve as dis-
cretization threshold. To further illustrate this approach, P50 is used.
For each participant, it was checked whether the concentration for
biomarker b was higher, equal or lower than the P50 value. If the con-
centration was higher or equal, the participant was assigned a value of 1
for biomarker b, in case the concentration was lower a value of 0 was
assigned. In case the P50 was lower than the LOD or LOQ, then LOD or
LOQ was used as threshold (this was the case for 4 chemicals). This
discretization was repeated for all biomarkers considered (actually a
binary 0 1 matrix was made). For some biomarkers, a grouping process
was first performed before applying the discretization process (see next
paragraph). Eventually, the total sum of all values (0 and 1) was taken as
the exposure load for each participant (Willey et al., 2021). For the
analysis, a valid value (0 or 1) for every single chemical involved was
required for all participants.

Participants with missing data for one of the chemicals were
excluded from the analysis. This means that all participants have theo-
retically the same maximal EL. A similar calculation can be made for
discretization thresholds other than the P50. In this study, we applied
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the P50 and the P90 as thresholds. Exposure load were abbreviated as
EL-P50 when P50 was used as threshold and EL-P90 when P90 was used
as threshold.

2.4. Grouping process prior to EL determination

Some chemicals in the analysis were assessed by more than one
biomarker (see Table 1): phenanthrene, DDT, glyphosate, 2-ethylhexyl
diphenyl phosphate (EHDPHP), diisodecyl phthalate (DIDP), 1,2-cyclo-
hexane dicarboxylic acid diisononyl ester (DINCH), di-isononyl phtha-
late (DINP) and di-2-ethylhexyl phthalate (DEHP). For calculating the
EL, biomarkers representing the same chemical were first grouped, i.e.
biomarkers were expressed as molar mass and summed. In this way,
each chemical involved can have a 0 or 1 value, which brings the
maximum exposure load for a participant equal to 45.

This grouping process deviates somewhat from the one of CHMS.
They considered groups of chemicals and for chemical groups with more
than 1 biomarker (e.g. for the benzene chemical group: benzene in
blood, S-phenylmercapturic acid (S-PMA) in urine, t,t’-muconic acid (t,
t’-MA) in urine), if one or more biomarker had a concentration > pre-
defined threshold, then +1 was assigned for that chemical group. More
information can be found in the publication of Willey et al., (2021).

2.5. Statistical analysis

In a first step, to assess how strong each internal exposure to a
chemical was associated with the EL, Pearson biserial correlation co-
efficients were calculated between the EL and the scores for each
chemical (0 or 1) by which the EL was formulated. To analyse the
chemical composition further into detail, a dendrogram was created
with the heatmap function in R statistical analysis software package
using default settings (Euclidian distance; clustering = complete linkage
method) (R Core Team, 2018). Clusters were generated based on simi-
larities between the chemical internal exposure of the individuals (based
on binary 0 1 matrix).

Determinants of variability in EL were analysed. Negative binomial
regression analysis (no fixed effects) was performed with SPSS Statistics
26. Variables considered were among others personal factors as sex and
blood fat, questions related to the living environment as exposure to
groundwater and use of a heating stove inside, questions related to food
consumption, use of consumer products, information on socio-economic
status (SES; categories for equivalent household income and highest
education in household), information on degree of urbanization at the
home address and lifestyle factors (e.g. sports). The Benjamini-Hochberg
method was used to check for false discovery rates (FDR). A backward
negative binomial multiple regression analysis was performed starting
from variables having a significant association (p < 0.05) in the uni-
variate analysis.

3. Results and discussion

The exposure to multiple chemicals from various sources is a major
concern, and up to now there are few attempts to describe and deal with
the diversity of environmental chemicals in humans. However questions
such as whether there are subpopulations that are highly exposed to a lot
of chemicals, whether these are the same chemicals or chemical clusters
and whether these are related to specific lifestyle and environmental
factors are key questions for prevention. The exposure load concept is a
unique way to identify individuals that are higher exposed to a combi-
nation of chemicals.

3.1. Adolescents
Of the 428 adolescents in the FLEHS-4 study population background

exposed, 387 participants had no missing data for all chemicals
involved. This means 387 participants (Male: 185; Female: 202) were
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included in the exposure load analysis.

3.2. Exposure load (EL)

Exposure load is reported for discretization thresholds P50 in Fig. 1
and P90 in Fig. 2. It is shown that 80% of the participants are exposed to
<27 out of 45 chemicals above the P50 and < 6 chemicals above the
P90. Ten percent of the participants are exposed to <15 out of 45
chemicals above the P50 and < 1 chemical above the P90 level.

Looking from another perspective, it also means for example that
20% of the participants are exposed to >27 chemicals out of 45 above
the P50 and to >6 chemicals above the P90 level. This shows that par-
ticipants can be internally exposed to multiple chemicals in relatively
high concentrations. Keep in mind that an equal EL value does not
necessarily imply exactly the same composition of chemicals present,
neither the same concentration levels for these chemicals. More infor-
mation on the composition is described below.

3.3. Chemical composition EL

A biserial correlation analysis between the EL and its constituents
lead to following results (Table 2). Largest significant (p < 0.001)
Pearson biserial correlation coefficients between EL-P90 and chemical
scores (0 or 1) were observed for TN (r = 0.38), DBP (r = 0.35), sum
PCBs (r = 0.31), OXC (r = 0.30) and EHDPHP (r = 0.30). Remaining
coefficients can be found in Table 2. For the EL with threshold P50, more
chemicals had a significant correlation coefficient above 0.30. In gen-
eral, coefficients were larger for the EL-P50. Also DBP, sum PCBs, DEHP
and DiBP are ranked relatively high for both EL-P50 and EL-P90.
Chemicals which did not significantly contributed to the EL-P50 were
NAP and BDE47. For BDE154, there was a significant negative correla-
tion with the EL-P50. For the EL-P90, there was no significant correla-
tion with Bz, NAP, DEP, BPB and BPZ.

From a participants’ individual point of view, the combination of
chemicals or itemsets (combination of 0 and 1) may be almost unique. A
cluster analysis was performed and dendrograms were created to assess
possible similar clustering of chemicals within individuals (see Fig. 3
and Fig. 4). For 4 chemicals (BPZ, PFDA, BDE99, BDE154), the P50 was
equal to the LOD or LOQ. Therefore LOD or LOQ values were used
instead of the P50 as threshold and slightly less than the half of the
387participants got a score of +1 for these chemicals.

From the dendrograms for both EL-P50 and EL-P90, it can be
observed that similar clusters occur. Indeed, several organochlorine
compounds (TN, OXC, sum PCBs, HCB, HCH) measured in serum were
clustered close to PFAS. Both PFAS and PCBs bind to e.g. albumin, but
PCBs also to lipids (Guo et al., 1987; Jones et al., 2003). They are

35 — 100%
4 90%
80%
25 / 70%
20 60%

50%
40%

||“ -

/ 20%

3 i ‘ 10%

Calk ulls.. 0%

0 5 10 15 20 25 30 35 40 45
Exposure load with threshold P50

=
u

number of participants (n)
[
(=)

% participants (cumulative)

Fig. 1. Distribution of exposure load (EL) with discretization threshold P50-
value. Maximum level of exposure load is 45. The line in the figure present
the % of participants (cumulative).
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Table 2

Biserial correlation between the exposure loads and their constituents.
EL-P50 EL-P90
Chemical Biserial Pearson p Chemical  Biserial Pearson P

correlation correlation
coefficient(r)® coefficient (r)?

DBP 0.44 ok N 0.38
DiBP 0.35 DBP 0.35
FLU 0.35 SumPCBs 0.31
PFOA 0.34 ek OXC 0.30 ok
DPHP 0.34 e EHDPHP 0.30 i
BzBP 0.34 ek PFOS 0.29 o
DEHP 0.34 o DEHP 0.29
SumPCBs 0.34 bl DiBP 0.28
PFDA 0.33 ek PYR 0.28
HCB 0.33 il PFNA 0.28
EHDPHP 0.32 e HCB 0.27
DDT 0.32 PHE 0.27
3-PBA 0.32 PFOA 0.27
BPA 0.31 ek DIDP 0.26 ekl
PYR 0.31 s DPHP 0.26 ok
PFNA 0.31 Pb 0.26
PHE 0.30 ek DDT 0.25 el
DINCH 0.30 s BzBP 0.24 ek
DEHTP 0.29 ok FLU 0.24 i
TN 0.29 Cd 0.23 ok
PFOS 0.29 o DINP 0.23
OXC 0.28 PFDA 0.23
TCIPP 0.28 3-PBA 0.22
DINP 0.28 TDCIPP 0.22
Pb 0.27 PFHxS 0.21
GLY 0.27 DEHTP 0.21
PFHxS 0.26 HCH 0.21
TDCIPP 0.26 CPS 0.20
CPS 0.25 BPA 0.20
HCH 0.25 TI 0.19
Cd 0.24 BPF 0.19
DIDP 0.23 GLY 0.18
BPB 0.22 TCIPP 0.17
2,4-D 0.21 BDE99 0.17 o
TBOEP 0.21 2,4-D 0.17 o
DEP 0.19 BDE47 0.17
BDE99 0.18 DINCH 0.16 o
BPF 0.17 xx BDE154 0.15 o
TI 0.16 o TBOEP 0.15 o
BPS 0.16 xx BPS 0.12 *
Bz 0.15 xx Bz 0.10 NS
BPZ 0.15 o NAP 0.10 NS
BDE47 0.06 NS DEP 0.09 NS
NAP —0.04 NS BPB 0.08 NS
BDE154 —-0.10 * BPZ 0.06 NS

2 ranked by value of correlation coefficient.
*:0.01 < p < 0.05; **:0.001 < p < 0.01; ***: p < 0.001.
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EL=fu, 200

Fig. 3. Dendrogram for internal chemical exposure of 387 individuals using a threshold of P50. Each row presents an individual and each column represents a
chemical. Red colour means that for the considered chemical the concentration was equal to or above the threshold. The colours of the bar at the left represent the
value of the EL (green <20, blue >20 and < 25, purple >25). ThreePBA = 3-PBA; Two4D = 2,4D. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

persistent and have a longer half-life than most of the short-term bio-
markers measured in urine in this study.

Furthermore, similar clusters based on EL-P50 as well as EL-P90 were
observed, e.g. pesticides 3-PBA, 2,4-D, CPS and GLY were closely related
(GLY only based on EL-P50 and not on EL-P90). Polyaromatic hydro-
carbons NAP, PYR, FLU and PHE were clustered for both EL-P50 and EL-
P90. Organophosphorus flame retardants TCIPP, TDCIPP, TBOEP,
DPHP, EHDPHP were clustered (DPHP and EHDPHP not in the cluster
based on EL-P90 data). Brominated flame retardants BDE47 & BDE99
were clustered. Bisphenols BPB and BPZ were clustered (BPA and BPS
were clustered only for the EL-P50). Phthalates and alternatives DEHP,
DiBP, DBP, BzBP, DINP, DEHTP, DINCH and DIDP were clustered for the
EL-P50. For the EL-P90, this group fell into two separate groups: (a)
DEHP, DEHTP, DINP and DIDP and (b) DiBP, DBP, BzBP, DINCH. The
phthalate DEP was not aggregated with other phthalates or alternatives.

The phthalate DEP is mainly used in cosmetics, whereas the other
phthalates mainly occur in clothing, household products, food or food
contact materials (Tranfo et al., 2018).

The dendrogram EL-P50 (Fig. 3) shows that some individuals are
more exposed to POPs, such as PFAS and PCBs, which are displayed in
right side in the x-axis and upper part in Y-axis, and they are less exposed
to non-persistent compounds (left side). And the other way around,
some individuals who are displayed on the left side in the x-axis and
bottom part in y-axis, are more exposed to non-persistent compounds
and less exposed to POPs.

From the dendrogram EL-P90 (Fig. 4), it can be seen that TN, OXC,
sum PCBs and PFAS are marginally present at EL < 2 (green), while they
are more present at EL between 2 and 5 (blue) and at EL > 5 (purple).
This is observed also for other biomarkers like PAHs (FLU, PYR, PHE).
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Fig. 4. Dendrogram for internal chemical exposure of 387 individuals using a threshold of P90. Each row presents an individual. Each column a chemical. Red colour
means that for the considered chemical the concentration was equal to or above the threshold. The colours of the bar at the left represent the value of the EL (green
<2, blue >2 and < 5, purple >5). ThreePBA = 3-PBA; Two4D = 2,4D. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
3.4. Determinants of variability in EL

We included some common determinants of exposure in the analysis
of determinants in EL variability. The determinants considered here are
only a fraction of the questions in the questionnaires or a fraction of the
gathered information. Results of the univariate analysis are given in
detail in Appendix (Table A1). Based on univariate regression results,
the following observations can be reported. Mean EL values were
significantly (p < 0.05) higher for boys compared to girls, certainly for
the EL-P50 (boys: 23.37 vs girls: 21.66). A possible explanation is the
inverse association between EL and BMI (underweight: 24.16, normal
weight: 22.70, overweight: 20.63) and the fact that girls usually have
higher BMI than boys (Agentschap Zorg en Gezondheid, 2016) (data
FLEHS-4). Associations between biomarker concentrations and BMI
were earlier observed for fat soluble chemicals, e.g. PCBs (Agudo et al.,
2009; Dirinck et al., 2011). A possible explanation for this observation

(lower EL with higher BMI) can be found in the dilution capabilities of
these chemicals: as these contaminants are preferably stored in adipose
tissue, a higher percentage of body fat leads to faster and more efficient
storage of these compounds, with lower serum concentrations as a
consequence (Dirinck et al., 2011). Having lower serum concentrations
of fat soluble chemicals does not mean that the total amount of fat sol-
uble chemicals in the body is lower. In addition to the difference in BMI
between girls and boys, also other variables may influence the difference
in EL, such as hormonal differences which may influence toxicokinetics,
different hobbies, use of cosmetics, which may result in differences in
exposure etc.

A positive association between mean EL-P50 and playing sports was
observed (never or seldom: 20.39, 1-2 times per week: 22.46, >3 times
per week: 23.14). This was not found for the EL-P90. It was checked if
BMI could influence this association with the EL-P50, but there was no
significant trend between the BMI class and playing sports. During sport
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activities, higher ventilation rates could lead to a higher intake of some
volatile chemicals (Dong et al., 2018), however there is only a very
limited amount of volatile chemicals considered here so main reasons
for this observation of a higher EL-P50 with increased sport activities
remain unclear.

Having been breastfed in infancy was significantly positive associ-
ated with the EL-P50 (breastmilk no: 21.07, yes: 23.19) and EL-P90
(breastmilk no: 4.06, yes: 4.87). Human milk as a source of exposure
for children has been reported earlier for POPs (a.o. PCBs) (Lancz et al.,
2015) and for PFAS (Mogensen et al., 2015).

Indoor use of a heating stove was significantly positive associated
with the EL-P50 (stove no: 21.96, yes: 23.35). Emissions of residential
woodstoves are primarily related to PAHs, but to some extent also to
dioxins and PCBs (Gullett et al., 2003). The construction year of the
house was significantly associated with the EL-P90 with higher values
for the EL with relatively older houses (<1960: 5.07, 1961-1980: 4.96,
1981-2000: 4.31, 2001-2006: 4.22, >2006: 3.77). In the US NHANES,
higher urinary cadmium, cobalt, platinum, mercury, 2,5-dichlorophenol
and 2,4-dichlorophenol concentrations and mono-cyclohexyl phthalate
and mono-isobutyl phthalate metabolites were shown in occupants of
houses built before 1990 (Shiue and Bramley, 2015). Also increased
concentrations of blood lead were found in persons of relatively older
houses (Dixon et al., 2008).

Other significant determinants for the variability in EL were the use
of compost in the vegetable garden, consumption of locally-produced
eggs and, to some extent, consumption of locally-produced vegetables,
fruit and smoked fish. EL values varied significantly for the use of
compost (EL-P50: never: 22.18, sometimes: 21.73, often: 24.72; EL-P90:
never: 4.43, sometimes: 4.56, often: 5.87), the consumption of locally-
produced eggs (EL-P50: never: 21.57, 1 egg/month: 22, 1-4 eggs/
month: 22.15, 1 egg/week: 24.74; EL-P90: never: 4.48, 1 egg/month:
4.28, 1-4 eggs/month: 4.36, 1 egg/week: 5.47), consumption of locally
produced vegetables (EL-P50: never: 21.84, < once/week: 22.46, >
once/week: 23.70; EL-P90: never: 4.38, < once/week: 4.33, > once/
week: 5.39), consumption of locally produced fruit (EL-P50: never:
22.23, < once/week: 22, > once/week: 24.35) and the consumption of
smoked fish (EL-P50: never: 21.49, < once/week: 23.18, > once/week:
22.70).

The consumption of locally-produced eggs and use of compost in the
vegetable garden are determinants for increased serum levels of
organochlorine compounds (such as PCBs, DDT), but also PFAS like
PFOS and PFNA (data not shown). The consumption of locally-produced
fruit and vegetables is also associated with increased PFAS levels (e.g.
PFNA; data not shown). For PFASs, similar results were found in FLEHS-
3 (Colles et al., 2020). The association with smoked fish may be related
to the possible presence of PAHs, however this depends on the smoking
process. Finally, the consumption of canned food in the past 3 days was
associated here with an increase in the EL-P50 (no: 22.17 vs yes:23.76).
Bisphenols are typically used in the lining (Russo et al., 2019) but also
appear along the food production chain (Gonzalez et al., 2020).

For educational level based on highest education within the house-
hold, significantly higher mean EL-P50 values were found with higher
education categories (ISCED), indicating exposure to more chemicals
above P50-levels with increasing level of attained education (ISCEDO-2:
20.83, ISCED3-4: 21.79; ISCED>5: 23.11). Analysis for the EL-P90
showed no clear results. Previous FLEHS studies reported social in-
equalities in exposure in both directions: for some chemicals (POPs,
PFASs) higher exposure levels were observed with increasing ISCED
scores, while an opposite trend was observed for other chemicals (e.g.
metals) (Morrens et al., 2012; Buekers et al., 2018, 2019). It should be
kept in mind, that education level is a proxy for many variables, that
cannot always easily be captured using a questionnaire.

In general, there were more associations with determinants for the
EL-P50 than for the EL-P90 and they were more strongly pronounced for
the EL-P50 than for the EL-P90 except for smoking and construction year
of the house where there was only an association for the EL-P90. The EL-
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P90 increased substantially with smoking but the total of smokers in the
studied population of young teenagers was limited. For all determinants,
trends for the EL-P50 and EL-P90 go in the same direction. A reason why
in general associations were stronger with the EL-P50 than the EL-P90 is
that the distribution was wider for the EL-P50 whereas for the EL-P90 it
became increasingly tightly packed, and as such less variability to be
explained by possible determinants. For the EL-P50, the following as-
sociations remained significant after correction for FDR using the
Benjamini-Hochberg method (BH): sex, BMI, received breastmilk, use of
compost in the vegetable garden, consumption of local eggs and sports.
These are also the determinants that were detected in the negative
binomial multiple regression analysis (see next paragraph). For the EL-
P90 no univariate significant regressions were found following the BH
method. However, for the multiple regression analysis the raw data
(without BH correction) were applied.

The negative binomial multiple regression analysis showed for the
EL-P50 that sex, BMI, having been breastfed, local egg consumption, use
of compost in the vegetable garden and playing sports were significant
in the final model (p < 0.05) (Table 3). For the EL-P90, sex, local egg
consumption, use of compost in vegetable garden and smoking remained
significant in the model. Next to sex, the consumption of local eggs and
use of compost in the vegetable garden were found back in both EL-P50
and EL-P90. Pseudo regressions coefficients were low, i.e. 0.09 for the
EL-P50 and 0.04 for the EL-P90, however these should be interpreted
with caution. Take into account that for the univariate analysis, no
significant associations were found for the EL-P90 according to the BH
method.

Interpretation exp(B): for example for sex the ELP50 is 5.8% higher
for males than for females. Exponent is taken seeing the negative
binomial multiple regression analysis.

These results clearly illustrate the usefulness of the EL-approach to
identify variables associated with high exposure load. Changes in these
variables, where possible, can result in lowering exposure to multiple
pollutants. This can help policymakers to gather knowledge about pos-
sibilities to reduce the exposure and make citizens more aware of their
possibilities to act themselves. Examples are: reduce smoking, gather
more info on the chemical composition of the soil in the chicken run,
check which type of compost is used in the vegetable garden. Based on
other studies in Flanders, similar suggestions are already in place
(https://www.gezonduiteigengrond.be/home).

Current analysis included a biserial correlation test between EL and
its biomarkers, cluster analysis of biomarkers and individuals with
indication of the EL and regression analysis between EL and de-
terminants of variability based on questionnaire data. Information was
thus gathered on variation of the chemical composition by the EL value
and separately on determinants of variability of the EL based on ques-
tionnaire data. Combining data of the cluster analysis directly with data
of the questionnaire to discern patterns and identify chemicals associ-
ated with the determinants would also be an option.

3.5. Limitations

The ultimate goal for applying techniques taking into account
exposure to multiple chemicals is advancing our understanding of main
drivers for the health impact. For the moment, this study focused solely
on exposure and the toxicity of the chemicals was not taken into ac-
count. Also the itemsets are limited by the available chemicals measured
in the study. Not all chemicals to which a person is exposed to, are
measured. Further, to truly understand the impact of chemical mixtures
itself on health, one needs to account for the chemical concentration, the
toxic potential of the chemical, the residence time in the body but also
the sequence of the exposure. Therefore, the exposome concept defined
as the totality of all human environmental exposures from conception to
death is more appropriate (Wild, 2005), although more complicated. To
tackle the toxic potential of chemicals and bring it into the EL concept,
instead of choosing a threshold within the data itself (i.e. P50 or P90),
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Table 3
Negative binomial multiple regression analyses.
Parameter ELP50 ELP90
Exp(B) 95% CI P Exp(B) 95% CI P
LL UL LL UL

Intercept 24.966 22.719 27.480 <0.001 9.516 6.708 13.498 <0.001

Sex M 1.058 1.008 1.110 0.021 1.189 1.044 1.1.353 0.009
F Ref Ref

BMI Underweight 1.174 1.063 1.296 0.002
Normal weight 1.094 1.025 1.167 0.006
Overweight Ref

Received breastmilk No 0.928 0.881 0.976 0.004
Yes Ref

Consumption of local eggs Never 0.872 0.819 0.928 <0.001 0.736 0.621 0.873 <0.001
1 egg/month 0.894 0.829 0.963 0.003 0.794 0.651 0.969 0.023
1-4 eggs/month 0.901 0.839 0.967 0.004 0.789 0.653 0.953 0.014
>1 egg/week Ref Ref

Use of compost in vegetable garden Never 0.917 0.857 0.981 0.012 0.748 0.626 0.895 0.001
Sometimes 0.857 0.783 0.938 0.001 0.739 0.586 0.933 0.011
Often Ref Ref

Sports (sweating or breathless) Never or seldom 0.882 0.818 0.950 0.001
1-2 times per week 1.019 0.966 1.074 0.489
>3 times per week Ref

Smoking Never or once 0.671 0.501 0.899 0.008
Yes Ref

Model Pseudo R2 (=1-L1/L0) 0.09 <0.001 0.04 <0.001

LL: lower limit; UL: upper limit; Ref: reference or Exp(B) = 1.
L1: likelihood model.
LO: likelihood intercept.

the threshold can be set equal to HBM guidance values like the bio-
monitoring equivalents (BE), German HBM-I values or guidance values
derived within the HBM4EU project. These values do not exists for all
chemicals.

The exposure load (EL) combines exposure to multiple chemicals in
one measure. Groups which are disproportionally exposed can be
revealed. It would be worth to see how the EL concept may be applied in
health outcome studies as it is a different exposure metric that may rank
individuals by aggregating their exposure levels to multiple chemicals.
In addition, an EL can be calculated for a large series of chemicals, but
also for a component based-approach, in which chemicals are grouped
by e.g. functionality or based on adverse outcome pathways, and for
which several different ELs are calculated. Associations between these
ELs and biomarkers of effect or health outcomes can then be examined.
As discussed above toxicity can be brought into the EL by setting the
threshold to HBM guidance values or take into account potency factors
when considering a component based-approach.

The exposure load concept is just one part of the puzzle of combined
exposure. While it is a simple concept, it can help pushing our under-
standing on combined exposure to multiple chemicals. On the other
hand, information about the concentration levels is lost due to the dis-
cretization process. Comparison of ELs between different studies is
difficult seeing differences in studied chemicals, population character-
istics, differences in the established cut-offs, etc.

For the calculation of the EL, a threshold (cut-off concentration
value) was used. Persons exposed just above the threshold get a value of
1, while persons just below, a zero, however the exposure does not differ
that much between these persons. A more correct way to address the EL
in future could be to use a continuous variable, e.g. distance function
instead of a cut-off or threshold value.

For the associations reported here between variability in EL and
possible determinants, no statements can be made about causality in this
context. Also other determinants for the relatively higher EL of some
participants should be added to the considered questionnaire data in our
dataset.

4. Conclusions

We found that 20% of the study population had for 27 out of 45
chemicals biomarker levels above the 50th percentile. The exact profile
of biomarkers in these exposed individuals was rather unique. We found
also that 20% of the 387 Flemish adolescents had for 6 out of 45
chemicals, exposure biomarkers with levels above the 90th percentile.
Chemical profiles showed some dominance of organochlorine chem-
icals, PFASs, phthalates, PAHs, organophosphate flame retardants,
bisphenols (A & F), pesticides, metals, but to a lesser extent brominated
flame retardants, the organophosphorus flame retardants TCIPP &
TBOEP, naphthalene and benzene, bisphenols S, B & Z, the pesticide 2,4-
D, phthalate DEP and alternative plasticizer DINCH. Associations be-
tween the EL and exposure determinants pointed in the direction of
determinants formerly associated with fat soluble chemicals, PFASs,
bisphenols and PAHs. This analysis adds information on possibilities to
reduce exposure and is helpful for policymakers and citizens themselves
e.g. reduce smoking, gather information on chemical composition of soil
in chicken run and check which type of compost is used in the vegetable
garden etc.
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ARTICLE INFO ABSTRACT

Keywords: The coronavirus disease 2019 (COVID-19) is still spreading fast in several tropical countries after more than one
COVID-19 year of pandemic. In this scenario, the effects of weather conditions that can influence the spread of the virus are
Artificial neural network not clearly understood. This study aimed to analyse the influence of meteorological (temperature, wind speed,
iﬁzramre humidity and specific enthalpy) and human mobility variables in six cities (Barranquilla, Bogota, Cali, Cartagena,
Humidity Leticia and Medellin) from different biomes in Colombia on the coronavirus dissemination from March 25, 2020,

to January 15, 2021. Rank correlation tests and a neural network named self-organising map (SOM) were used to
investigate similarities in the dynamics of the disease in the cities and check possible relationships among the
variables. Two periods were analysed (quarantine and post-quarantine) for all cities together and individually.
The data were classified in seven groups based on city, date and biome using SOM. The virus transmission was
most affected by mobility variables, especially in the post-quarantine. The meteorological variables presented
different behaviours on the virus transmission in different biogeographical regions. The wind speed was one of
the factors connected with the highest contamination rate recorded in Leticia. The highest new daily cases were
recorded in Bogota where cold/dry conditions (average temperature <14 °C and absolute humidity >9 g/m®)
favoured the contagions. In contrast, Barranquilla, Cartagena and Leticia presented an opposite trend, especially
with the absolute humidity >22 g/m®. The results support the implementation of better local control measures
based on the particularities of tropical regions.

Human mobility

1. Introduction

The respiratory illness named Coronavirus Disease 2019 (COVID-19)
induced by the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) has rapidly increased its presence across the world since
its first occurrence in Wuhan, China, in December of 2019 (Zhou et al.,
2020). Based on the magnitude of the emergency, the World Health
Organisation (WHO) declared the outbreak a Public Health Emergency
of International Concern (PHEIC) in January 2020 and officially a
pandemic on March 11th (WHO 2020a, 2020b). This new virus is highly
contagious, and the transmission ways include direct contact by secre-
tions of an infected person and indirect contamination via contact with
contaminated surfaces (Dhand and Li, 2020; Guarner, 2020; Mouchtouri
et al.,, 2020). The dispersion of this virus depends on social factors

(affected by human mobility) and extra-human factors such as envi-
ronmental conditions that have effects on its inactivation and persis-
tence (Aboubakr et al., 2020; Kubota et al., 2020).

Recent epidemiological studies have shown evidence of significant
correlations between the weather conditions and the SARS-CoV-2 cases
(Briz-Reddn and Serrano-Aroca, 2020a; Fernandez-Ahtja and Martinez,
2021; Islam et al., 2021; Kulkarni et al., 2021; Nottmeyer and Sera,
2021; Pan et al., 2021; Rosario et al., 2020; Sanchez-Lorenzo et al.,
2021). Temperature, for instance, has apparently two main effects:
inhibiting the virus replication under warm conditions or favouring its
stability under cold or temperate conditions (Aratjo and Naimi, 2020;
Bukhari and Jameel, 2020; Notari, 2021; Wu et al., 2020). Other authors
highlighted the relevant role of variables such as wind speed and hu-
midity (Coskun et al., 2021; Diao et al., 2021; Farkas et al., 2021; Wei
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et al., 2020). Results indicated that the severity of the disease in terms of
infections presented marked differences between temperate and tropical
countries (Battineni et al., 2020; Tushabe, 2020). This makes the sta-
bility of SARS-CoV-2 under different meteorological conditions an
important area of study, particularly in tropical countries such as Brazil,
Bangladesh, Singapore, Philippines or Indonesia where several out-
breaks have been recorded (Auler et al., 2020; He et al., 2021; Hridoy
et al., 2021; Pani et al., 2020; Seposo et al., 2021; Tosepu et al., 2020).

The current scenario of the pandemic and the presence of large
amounts of data turns essential the use of good tools to cluster and
visualise relationships among variables involved in the virus trans-
mission to support control strategies (Yahya et al., 2021). Artificial
neural network (ANN) techniques are examples of tools that can be used
to perform exploratory analysis of these data and model the spread of
the disease to predict future outbreaks (Car et al., 2020; Mollalo et al.,
2020; Niazkar and Niazkar, 2020). They are mathematic models and
algorithms used to mimic some characteristics of the human brain such
as the capacity of learning by examples (Terfloth and Gasteiger, 2001).
ANN is formed by basic units named neurons that collect input data,
converting them by using a function in output data (Terfloth and Gas-
teiger, 2001).

Self-organising map (SOM, also known as Kohonen neural network)
is an example of ANN that is based on unsupervised learning (Kohonen,
2001; Vesanto, 1999). This technique projects high-dimensional data
into a lower-dimensional space with the purpose of grouping samples
with similar characteristics and finding possible patterns (Brereton,
2012; Doan et al., 2020). It has outstanding visualisation capabilities, it
is ease to implement and robust to missing data (Asan and Ercan, 2012;
Vesanto, 1999). In the context of the COVID-19 pandemic, SOM has
been used to find similarities in the transmission dynamics among cities,
regions or countries worldwide (Galvan et al., 2021; Hartono, 2020;
Melin et al., 2020). Other authors focused on evaluating the influence of
demographic, socio-economic, and health conditions in the virus spread
(Galvan et al., 2020; Khan et al.,, 2021). Leichtweis et al. (2021)
considered the relationship between the virus dissemination rate and
some meteorological variables such as environmental temperature,
relative humidity and solar radiations with SOM. The study was limited
to clustering countries that displayed similar predictor variables.

Colombia is an equatorial country dominated by tropical conditions
with climatic variations connected to elevation differences across its
territory (Raines et al., 2020). This makes it an ideal place to study the
spread of SARS- CoV-2, since the behaviour of the virus under warm
climates is still debatable and the country is one of the worst affected
countries worldwide (He et al., 2021; Prata et al., 2021; Islam et al.,
2020). From July 2020 to January 2021, Colombia was positioned
within the 11 countries with the most confirmed cases in the world
according to Johns Hopkins University; in September, the country
reached the 5th position (Johns Hopkins, 2021). This knowledge would
help to implement local health policies and predict when to expect the
worst outbreaks in tropical areas where several poorer countries are
located (Islam et al., 2020). Furthermore, information about the changes
in the meteorological variables in Colombia and the direct relation with
the virus spread is still limited, and this investigation intends to fill this
gap (De la Hoz-Restrepo et al., 2020)

This paper aims to assess if the weather conditions of different
geographical regions in Colombia affect the dissemination of SARS-CoV-
2. Mobility variables were included because human contact has an
important role in the virus transmission (Marcu, 2021; Shao et al.,
2021). Since the results from this type of study are difficult to interpret
because of their complexity (due to large amounts of data and variables)
and spatial-temporal variability (Khan et al., 2021), we selected the
SOM technique because of its visualisation and clustering capabilities.
This investigation has the potential to contribute to the development of
site-specific public health policies for controlling COVID-19 in Colombia
and other tropical countries, where the pandemic is still out of control.
We intend to demonstrate the applicability of SOM in this type of study
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for exploratory analysis that was not performed in Colombia so far.

2. Methodology
2.1. Study area

Colombia is a transcontinental country in Latin America with a
population of fewer than 50 million inhabitants. It is formed by 33
administrative regions distributed in a total area of 2.07 million km?
(Departamento Administrativo Nacional de Estadistica, 2018). Since the
beginning of the outbreak, the development of the pandemic has been
concentrated in the main cities that acted as sources of the disease to
other regions of the country (De la Hoz-Restrepo et al., 2020).

Six cities located in five different biomes (humid montane forest, pre-
mountain rainforest, subtropical dry forest, tropical dry forest and
tropical rainforest) in Colombia were selected to analyse the dissemi-
nation of COVID-19: Bogota (BOG), Medellin (MED), Cali (CAL), Bar-
ranquilla (BAR), Cartagena (CAR), and Leticia (LET). The main
demographic and geographical information of the cities are presented in
Table S1 (Appendix A). The localisation of the cities with their respec-
tive biomes is shown in Fig. 1. The data was obtained from the Institute
of Hydrology, Meteorology and Environmental Studies of Colombia
(IDEAM) (http://www.ideam.gov.co/, accessed in April 2021). The
classification of the biomes was based on the Holdridge's scheme
(Holdridge and Grenke, 1971) and the map was created using ArcGis pro
software (v.2.2.4 ESRI, USA).

2.2. Data collection

The first case of coronavirus in Colombia was confirmed on March
6th’ 2020 in its capital Bogota. As a result of a fast raise in number of the
new cases and the spread of the virus in most of the departments, the

BIOMES
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Fig. 1. Map showing the localisation and biome of each studied city.
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government decreed a total quarantine with the intent to contain the
growing emergence on March 25th (Ramirez et al., 2020). Nevertheless,
due to the imminent economic crisis, the state was forced to ease the
restrictions in May for some commercial sectors and the end of the
mandatory isolation since September 1st, but continuing with the
biosafety protocols (Arellana et al., 2020). In January 2021, some re-
strictions were promulgated aiming to control a new wave of the virus
after December festivities.

Data of COVID-19 cases were downloaded from the Instituto Nacional
de Salud (https://www.ins.gov.co/Noticias/Paginas/Coronavirus.aspx,
accessed in April 2021). The epidemiological variables selected in this
study for the period from March 25th, 2020, to January 15th, 2021,
were new daily cases (NDC) and contamination rate (CR). CR was
calculated dividing the number of new daily reported cases by the total
population of the city, and then multiplying the result by 100 thousand
inhabitants.

The weather data were obtained from the online database archives of
the Weather Underground (http://wunderground.com/, accessed in
April 2021). This website has as information sources typical weather
stations from countries around the world. The meteorological variables
evaluated were daily average temperature (Tayg), minimum temperature
(Tmin), maximum temperature (Tpax), relative humidity (RH), absolute
humidity (AH), specific enthalpy (h) and wind speed (WS). AH was
calculated as per the Clausius Clapeyron equation (1) presented below
(Bukhari and Jameel, 2020):

17.67 % Tavg
6112 X eTes™35 x RH x 2.1674
- 273.15 + T,

AH (€8]

where AH is the absolute humidity in g/m® and Tavg is the average
temperature in °C.

Average temperature and relative humidity were used to calculate
specific enthalpy (h) based on the following psychrometric parameters:
saturated vapour pressure (Pys), vapour pressure (Py), total ambient
pressure (P,,;) and mixing ratio (X). Specific enthalpy represents the
total heat of a mass air (latent heat energy of the water vapour + specific
heat of the dry air) and consequently the amount of energy required to
change the psychrometric conditions of the air (de Castro Jinior and da
Silva, 2021; Spena et al., 2020a, 2020b).The empirical equations of
these parameters are presented below:

a) Saturated vapour pressure (Alduchov and Eskridge, 1996):

Pus =6.116441 x 107 7 )

where Pys is the saturated vapour pressure in hPa and T is the average
temperature in °C.

b) Vapour pressure (Lawrence, 2005):

RH
PW*PWSXE 3

where Py, is the vapour pressure in hPa and RH is the relative humidity
(%).

c) Total ambient pressure (Berberan-Santos et al., 1997):

Py =1013.25 x ¢ 0008 X E 4
where Py, is the total ambient pressure and E is the elevation above sea
level of each city (BAR: 20 m.a.s.l; BOG: 2630 m.a.s.l; CAL: 1018 m.a.s.];
CAR: 14 m.a.s.l; LET: 96 m.a.s.]; MED: 1495 m.a.s.l).

d) Mixing ratio (Marquet and Geleyn, 2015):

621.9907 x P
X= 021907 X Fw

(5)
P[or 7PW
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where X is the mixing ratio in g/kg.

e) Specific enthalpy (Marquet and Geleyn, 2015):
h=T x (1.01 +0.00189 X) + 2.5 (X) )

where h is specific enthalpy in kJ/kg.

The mobility data was acquired from the Community Mobility Re-
ports provided by Google (https://www.google.com/covid19/mobility/
, accessed in April 2021). It was used to assess the influence of human
mobility on the spread of the virus (Bochenek et al., 2021). The indices
show changes (%) in the number of visitors across different category of
places collected by Google applications: retail and recreation (RR),
grocery and pharmacy (GP), parks (PK), transport or transit stations
(TS), workplaces (WP) and residential (RS). The results were calculated
by comparing the mobility values from a given day during the pandemic
with a pre-pandemic baseline value of mobility (January 3rd - February
6th’ 2020) (Sulyok and Walker, 2021). For the city of LET, only GP and
PK variables were available. Furthermore, two weeks of September were
not available.

The meteorological and mobility data used for each city in the
analysis corresponded to the average of 7-14 days before the reported
day. Previous studies have pointed out the relevance of considering the
lag effect based on the latency period of COVID-19 from the infected day
to the confirmed day (Chen et al., 2020; Dhouib et al., 2021; N. Islam
et al., 2020; Xie and Zhu, 2020).

2.3. Statistical analysis

As aresult of a non-normal distribution (asymmetry and kurtosis out
of range), the Spearman rank correlation (rs) was selected to evaluate
relevant association coefficients (>0.4) among the epidemiological,
meteorological and mobility variables in two different periods: quar-
antine (March/2020-August/2020) and post-quarantine (September/
2020-January/2021). The data were standardised by the z-scores
method to perform the statistical tests. The software PAST 2.7 was used
for all calculations (Hammer et al., 2001).

2.4. Self-organising maps

SOM technique was used to identity relationships between the
epidemiological variables (NDC and CR) and the meteorological (AH, h,
RH, Tmax, Tavg, Tmin, WS) and mobility variables (GP, PK, RR, RS, TS and
WP) in the six selected cities from Colombia. Similarities in the
spreading of the infections among the cities were also evaluated.

The technique consists of neurons arranged in a two-dimensional
grid. Each input sample is represented by a vector whose elements
correspond to the variables from data collected in each day (epidemio-
logical, meteorological and mobility variables; dimension was 15). The
neurons in the output maps have hexagonal lattice and the same
dimension of the input vectors. The number of neurons in these maps are
defined by the user. The input and output layers in the technique are
connected by weight vectors. Initially, the weight vectors are initialised
with small random numbers and the algorithm calculates the Euclidian
distance between an input vector and the weight vector of each output
neuron. The neuron with the smallest distance (best-matching unit,
BMU) is then selected and the weights from this BMU and the neigh-
bours are updated according to a Gaussian function (Cinar and Merdun,
2009). Nearby neurons in the output layer represents similar properties
and neurons located farther away from each other have dissimilar
properties (Asan and Ercan, 2012).

The batch training algorithm was used for training the SOM. Firstly,
a matrix was organised with the data collect from all cities from March/
2020 to January/2021, including the analysed variables. The data set
was normalised before the analysis via z-score. Since the discrimination
capabilities of the SOM depends on the number of neurons (hexagonal
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units) in the maps, several architectures (35 x 35 to 50 x 50) were
tested and the most informative one (with the highest discrimination
capability) was selected. A summary of the method is displayed in Fig. 2.
Maps with a small number of neurons would have the samples clustered
together. On the other hand, too big maps would have sample too far
apart. Therefore, both high and low number of neurons in the maps
would prevent to extraction information and were avoided (Garcia et al.,
2007). The software MatLab 2017b (MathWorks, Natick, MA) and the
SOM toolbox 2.1 (freely available on http://research.ics.aalto.fi/so
ftware/somtoolbox/, accessed in April 2021) were used to perform all
analysis (Alhoniemi et al., 2000). The method was also applied to each
city separately, testing architectures from 15 x 15 to 25 x 25.

3. Results

Fig. 3 shows the daily variations of the epidemiological and meteo-
rological variables in the studied cities. A descriptive statistical analysis
of the epidemiological and meteorological data is presented in Table 1.
The results indicate that spatial fluctuations of the meteorological var-
iables were greater than temporal ones (Fig. 3). The Tayg for BOG, for
instance, varied between 12.9 °C and 15.6 °C (difference of 2.7 °C) from
March 2020 to January 2021 (average in the period was 14.1 °C, the
lowest among the cities). The difference was much larger (15.0 °C) if
BOG is compared with CAR, which presented the highest average of Tayg
in the study period (29.1 °C) among the cities.

The highest AH values were recorded in the Amazonian (LET) and
north coastal cities (BAR and CAR) that presented daily records above
18 g/m°. In contrast, the capital (BOG) recorded the lowest daily values
(maximum AH was 10.2 g/m®). Regarding WS, the highest values were
recorded in the north coastal cities (daily records above 6.8 km/h) and
the lowest in LET (maximum WS was 5.9 g/mg) (Table 1). The h reached
the highest daily value (88 kJ/kg) in CAR and the lowest daily value
(30.4 kJ/kg) in BOG (Table 1).

A descriptive statistical analysis of the mobility data is presented in
Table 2. Moreover, Fig. 4 shows the human mobility data in six place
categories in the six cities from Colombia during the analysed period
(March 2020-January 2021). The graphs show that these variables were
strongly affected by the restriction measures, especially BOG, MED, and
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BAR. The quarantine appeared to increase the mobility in residential
places (RS) in all the cities, standing out BOG that presented average
increase of 27.2% (quarantine) when compared to the pre-pandemic
period. Conversely, other locations presented a drastic reduction in
the number of visitors as a result of the restrictions implemented. While
the lowest values for GP, PK, RR, TS and WP were recorded in April
2020, the highest values were in December, exceeding the number of
visitors before the quarantine for places such as GP in BOG, MED, CAL
and BAR (Fig. 4).

Based on the trends depicted in Fig. 3, the disease dissemination in
the country reflected a fast-growing rise from its first detection in March
until August 2020. Afterwards, there was downward trend until
November. New pronounced peaks occurred in December, likely asso-
ciated with the year-end celebrations. This motivated the government to
implement some restrictions in January again. For our study period, a
total of 970,383 confirmed cases were registered in the six cities. BOG
was the city with the highest number of NDC (maximum record of 7471
cases in January 2021), followed by CAL and MED (Table 1). Regarding
CR, LET had the highest record (396.7 contagions/per 100 thousand
people) in May 2020. This city has the lowest urban population density
compared to the other assessed cities (Table S1, Appendix A).

3.1. Correlations

The correlations among the epidemiological, meteorological and
mobility variables are presented in Table S2 (Appendix A). The results
showed that the variables NDC and CR had the same correlations with
meteorological and mobility variables. The following relationships were
found in the period of quarantine: high correlation correlations
involving epidemiological and meteorological variables were obtained
between NDC/CR and h, especially in CAL (rs = —0.46, p < 0.01) and
MED (rs = —0.58, p < 0.01). Furthermore, significant negative corre-
lations were found between Tiax/Tmin/Tavg/AH and NDC/CR in some
cities, for example in BOG (Tpax and Tayg: s = —0.62, p < 0.01; AH: 15 =
—0.54, p < 0.01) and CAL (AH: rg = —0.53, p < 0.01). In contrast, hu-
midity variables were positively and significantly correlated with NDC/
CRin CAR (e.g., AH: rs = 0.59, p < 0.01) and BAR (e.g., RH: 1 = 0.70, p
< 0.01). Moreover, the north coastal cities had the highest negative
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Fig. 2. Flowchart of SOM algorithm application.
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Fig. 3. Meteorological (Average Temperature, Minimum Temperature, Maximum Temperature, Relative Humidity, Absolute Humidity, Wind Speed and Specific
Enthalpy) and epidemiological variables (New Daily Cases and Contamination Rate) from March/2020 to January/2021.

coefficients between WS and the epidemiological variables, especially
CAR with coefficients (r5) of —0.70 (p < 0.01). Regarding the mobility
variables, GP, PK, RR, TS, and WP presented significant positive corre-
lations (except LET) with the epidemiological variables in all the cities.
In BOG, MED, and CAL these coefficients (rs) were higher than the ob-
tained for the meteorological variables. The highest correlations were
observed between NDC/CR and PK (rg = 0.71, p < 0.01) in CAL and
between NDC/CR and RR (rs = 0.64, p < 0.01) in BOG. In LET, the
mobility variables presented negative coefficients with the epidemio-
logical variables, probably linked with the high caseloads registered in
this period.

The period of post-quarantine in cities such as BAR, CAR, and LET
presented higher coefficients between the mobility variables and NDC/
CR than in the quarantine period (in LET just for PK). Some examples are
RR (rs = 0.82, p < 0.01) and GP (r; = 0.81, p < 0.01) in BAR. In contrast,
the most populated cities (BOG, MED and CAL) presented lower co-
efficients between these variables in post-quarantine than in the quar-
antine period.

3.2. Self-organising maps

3.2.1. Whole data set

The SOM analysis resulted in 7 groups (I-VI) as shown in the map of
samples (Fig. 5). The map architecture 45 x 45 neurons was selected as
the most informative one. The neurons were coloured based on the date
of the reported confirmed cases (Fig. 5a), the city from where the cases
were reported (Fig. 5b), the biome from where the cases were reported
(Fig. 5¢) and if the data belong to quarantine or post-quarantine period

(Fig. 5d). From the figure, it is clear that the data can be clustered using
any of these four classifications. The data from the quarantine period
(March-August), for instance, were clustered in the bottom-left region,
while the data from the post-quarantine period (September—January)
were clustered in the upper-right part of the map (Fig. 5d).

Samples located in the same or neighbouring neurons in the map are
very similar to each other considering the analysed variables.
Conversely, samples in neurons farther from each other are less similar
(Brereton, 2012). Therefore, one can say that the data from Bogota
(group VII, Fig. 5), for example, are more similar to samples from
Medellin (group IV) than data from north coastal cities (BAR and CAR;
group I) and Leticia (group III). In contrast, samples from BAR and CAR
are very similar because they are very close from each other in the map,
belonging to the same groups (groups I and V). This may be linked to the
geographical proximity between the cities that share the same biome
(subtropical dry forest; Fig. 1). Inside each group, clusters based on the
date of the records can also be seen (Fig. 5a). These clusters correspond
to temporal stages of the pandemic in each city regarding the analysed
variables.

The maps of variables (component planes) are shown in Fig. 6. They
are like “hidden” layers behind the map of samples (Fig. 5) and represent
the variables used to create the SOM (Brereton, 2012). The colour bars
located beside each map represent the intensity of respective variable:
the red colour indicates higher intensity and the blue colour lower in-
tensity (Kowalski et al., 2013). From the maps, it is also possible to
visualise possible correlations between two variables. GP and RR, for
instance, have similar pattern in their maps, indicating a positive cor-
relation. On the other hand, GP and RS have opposite patterns indicating
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Table 1
Descriptive statistical analysis of the epidemiological and meteorological variables for each city.
NDC CR Tmax Tavg Tmin RH AH ws h
(9] (9] (] (%) (g/m® (km/h) (kJ/kg)

Bogota
Mean 1893.2 25.5 19.9 14.1 9.5 76.4 9.2 9.5 36.7
SD 1533.6 20.7 0.8 0.5 1.0 3.7 0.5 1.0 1.9
CV (%) 81.0 81.0 4.2 3.8 10.9 4.9 4.9 11.0 5.1
Min 9.0 0.1 18.0 12.9 5.7 66.1 8.0 7.2 31.7
Max 7471.0 100.8 22.6 15.6 11.5 85.5 10.2 13.6 41.0
Asym 6.4 6.4 6.5 2.8 —-5.4 —0.1 -2.3 7.4 -2.3
Kurt 2.5 2.5 5.2 0.0 4.2 -0.7 -1.8 9.8 -1.0
Medellin
Mean 582.5 23.2 28.2 23.3 17.9 63.6 13.2 11.2 57.8
SD 480.6 19.8 1.2 1.6 0.5 7.8 0.7 2.6 1.7
CV (%) 82.5 82.5 4.4 6.9 4.0 12.3 5.0 23.5 3.0
Min 0.0 0.0 23.6 20.2 16.1 45.7 11.2 5.5 53.7
Max 1790.0 73.8 31.6 27.3 19.9 77.9 14.6 17.0 61.8
Asym 1.6 1.6 -2.7 0.4 2.5 -0.6 —-4.9 -0.9 2.5
Kurt -3.5 -3.5 4.0 —2.6 -0.3 —-2.7 2.1 -3.1 -0.9
Cali
Mean 393.9 17.7 30.3 23.7 19.5 76.8 16.5 8.6 64.2
SD 314.2 14.1 1.0 0.7 0.8 3.4 0.6 1.0 2.0
CV (%) 79.8 79.8 3.3 3.0 4.2 4.5 3.7 11.7 3.0
Min 0.0 0.0 28.1 22.1 17.7 69.0 15.0 6.1 60.4
Max 2026.0 91.0 32.7 26.0 21.6 84.5 17.9 10.8 70.0
Asym 8.1 8.1 0.6 4.8 2.1 —-0.5 1.1 0.9 5.6
Kurt 111 111 -1.7 1.1 0.0 —-2.6 -1.3 —-2.6 0.8
Barranquilla
Mean 217.8 18.1 32.5 28.0 25.0 82.2 22.3 11.8 78.4
SD 216.7 17.9 1.1 0.8 0.9 4.4 1.0 3.7 2.8
CV (%) 99.5 99.5 3.3 2.8 3.5 5.4 4.6 31.3 3.5
Min 0.0 0.0 29.0 25.7 22.7 71.8 18.9 6.8 69.9
Max 972.0 80.6 35.3 29.7 27.0 90.5 235 23.5 83.0
Asym 8.8 8.8 0.5 0.2 1.4 -2.8 -11.3 7.2 -7.3
Kurt 3.4 3.4 2.3 -0.8 -1.2 -2.8 7.5 1.7 3.8
Cartagena
Mean 169.4 17.4 31.9 29.1 26.1 80.6 23.3 12.4 82.0
SD 144.6 149 0.7 1.1 1.1 4.5 1.1 2.4 3.3
CV (%) 85.4 85.4 2.2 3.6 4.2 5.6 4.6 19.6 4.0
Min 0.0 0.0 29.7 26.6 23.6 72.8 20.0 7.7 72.6
Max 585.0 60.1 33.6 31.2 28.8 92.7 25.1 19.9 88.0
Asym 7.1 7.1 —-3.4 -2.0 1.2 4.6 -8.7 4.6 -7.5
Kurt 0.9 0.9 0.1 -3.8 -0.8 -1.1 5.3 1.1 3.6
Leticia
Mean 11.4 23.7 31.4 26.2 22.8 89.5 22.1 4.4 76.4
SD 27.2 56.5 1.2 0.8 0.8 2.3 1.0 0.5 3.0
CV (%) 228.8 238.8 3.9 3.1 3.7 2.6 4.4 12.2 3.9
Min 0.0 0.0 27.0 22.6 18.1 80.5 18.1 3.1 63.2
Max 191.0 396.7 34.3 27.9 24.0 93.5 23.9 5.9 83.0
Asym 30.1 30.1 -0.2 —-6.8 —-15.1 —4.6 -9.8 2.5 -9.1
Kurt 76.4 76.4 1.5 9.2 27.0 1.3 10.4 0.8 11.0

Asym: asymmetry; CV: coefficient of variation; Kurt: kurtosis; Max: maximum value; Min: minimum value; SD: standard deviation.

a negative correlation. Possible associations between epidemiological
and meteorological variables can also be found by comparing different
variable maps. The neurons with high intensity for CR at the corre-
sponding neurons with lower WS, for instance, indicate that lower WS
may favour the virus infections.

The characteristics of each cluster in the map and the similarities and
differences among the data can be visualised by simultaneously ana-
lysing the map of samples and its component planes. The differences
between the quarantine and post-quarantine periods, for instance, can
be attributed to the mobility variables GP, PK, RR, TS and WP that
presented high intensity for the data from the post-quarantine period (cf.
intensity of these variables in Fig. 6 at the position of neurons from post
quarantine period as marked in Fig. 5d). The variable RS that presented
low intensity during the post-quarantine period also contributed to the
formation of both clusters.

Differences among groups can also be explained by visualising the
maps of samples and variables. The group VII (BOG samples; Fig. 5), for
example, is characterised by low intensities of the meteorological vari-
ables AH, h, Tayg, Tmax and Tmin. Furthermore, the data in this group had

the highest NDC. In contrast, groups I, IIl and V that contains samples
from BAR, CAR and LET had high intensities for AH, h, RH, Tayg, Tmax
and Tpjn. The main distinction between LET (group III) and the other
analysed cities was the lower WS. In addition, the highest CR was
recorded for samples from LET.

The SOM analysis indicated that BAR and CAR were the cities that
presented the largest differences between quarantine and post-
quarantine periods. This is because a substantial amount of data from
each period were in different groups (cf. group I with most samples in
quarantine period and group V with all samples in post-quarantine
period; Fig. 5). The mobility variables (GP, PK, RR, RS, TS and WP)
were responsible for the separation of the data in two groups since they
presented different intensities in each analysed group. In the same way,
these variables were also responsible for dividing CAL data into two
groups (I and VI, Fig. 5).

3.2.2. SOM by city
The maps of samples of each city individually were coloured and
grouped based on the date of the reported infections (Fig. S1, Appendix
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Table 2
Descriptive statistical analysis of the mobility variables for each city.

PK wp TS RR GP RS

(A%) (A%) (A%) (A%) (A%) (A%)
Bogota
Mean —40.8 —40.2 —45.2 -51.9 -23.0 229
SD 15.3 16.6 21.8 16.1 18.1 8.7
CV (%) —-37.6 —41.2 —48.3 -31.1 —78.7 37.9
Min -77.9 -70.9 -81.9 —85.1 —62.0 3.0
Max -7.0 5.1 0.4 10.4 18.9 40.1
Asym -5.2 3.8 1.5 -1.4 -1.7 1.9
Kurt 0.1 0.4 -3.4 -1.3 -1.2 -2.9
Medellin
Mean —41.9 -35.9 —48.4 —49.7 —26.9 18.3
SD 16.8 18.4 18.2 19.9 21.2 8.0
CV (%) —40.1 —51.1 -37.6 —40.0 -78.9 43.8
Min —80.1 -77.3 —82.7 —87.7 —68.0 2.7
Max —-11.4 1.7 7.4 10.3 19.3 35.0
Asym -5.3 -5.0 -0.8 -1.4 -1.3 3.6
Kurt -1.1 -0.8 —-2.3 -2.7 —-2.6 —-2.3
Cali
Mean —42.0 -30.9 —-36.5 —43.5 —-19.6 16.2
SD 17.3 18.1 18.6 19.3 19.8 7.6
CV (%) —41.2 —58.8 -50.8 —44.4 —101.4 46.8
Min —-82.0 -74.0 —-76.6 —84.4 —-63.3 -1.6
Max 8.9 5.0 3.3 9.7 17.3 33.0
Asym -7.3 —6.6 -3.8 —4.4 —4.4 5.2
Kurt -0.3 0.3 -1.4 -2.0 -1.6 -1.5
Barranquilla
Mean —48.6 -38.9 —51.2 —54.2 —28.0 19.1
SD 20.1 18.6 22.1 19.6 25.2 6.8
CV (%) —41.3 —46.5 —43.2 —36.1 —90.2 35.6
Min -81.9 -76.1 —81.3 —85.0 —67.1 1.3
Max -5.0 5.7 0.1 -9.3 29.0 30.9
Asym 0.5 -0.9 2.9 1.4 1.5 -0.3
Kurt —-4.0 -3.4 -3.8 —4.1 —-4.7 —-4.3
Cartagena
Mean —68.1 —42.7 -71.1 —62.6 -38.7 19.0
SD 14.8 17.0 16.7 16.2 22.2 6.2
CV (%) —-21.7 -39.9 —-23.5 —25.9 —57.3 32.4
Min —88.9 -74.3 —-91.3 —86.6 -72.6 2.9
Max -30.6 1.7 -17.0 -19.0 7.1 29.6
Asym 3.1 -1.0 5.2 2.9 1.6 -0.2
Kurt -3.5 -3.5 —-2.3 -3.4 —4.4 —4.2
Leticia
Mean —55.9 —20.4 NA NA NA NA
SD 13.6 16.4 NA NA NA NA
CV (%) —24.3 —80.3 NA NA NA NA
Min —80.3 —49.6 NA NA NA NA
Max -12.0 8.0 NA NA NA NA
Asym 1.8 -2.0 NA NA NA NA
Kurt 0.6 -3.6 NA NA NA NA

Asym: asymmetry; CV: coefficient of variation; Kurt: kurtosis; NA: not available;
Max: maximum value; Min: minimum value; SD: standard deviation.

A). They were classified in 4 (I-IV) or 5 (I-V) groups, from where it is
possible to visualise the influence of restriction measures: the groups
from March to August/2020 (quarantine) are in one side of the maps and
the groups from September/2020 to January/2021 (post-quarantine)
are in the other sited of the maps. From the component planes of each
city (Fig. S2-27, Appendix A), the mobility variables (GP, PK, RR, RS, TS
and WP) were responsible for the distinctions between these two periods
in all cities individually. Apart from RS, these variables presented higher
intensities in the post-quarantine, indicating that they had higher
importance during this period. In contrast, RS presented the highest
intensity and importance during the quarantine months.

The analysis of the component planes (Figs. S2-S7, Appendix A)
showed that the relationship between epidemiological and meteoro-
logical variables presented distinct trends during quarantine. The maps
from BAR, CAR and LET (Fig. S2, S5 and S6, Appendix A), for instance,
revealed that days with higher number of new cases (high NDC and CR)
had higher intensities for AH and h. WS presented the opposite trend
(higher WS, lower number of cases), except for LET where this
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association is not clear. The maps from CAL and MED (Figs. S4 and S7,
Appendix A) showed that low records of Ty, were related to high NDC/
CR values. On the other hand, high NDC/CR was related in BOG to lower
Tavg and Tmax (Fig. S3, Appendix A). In BOG and CAL (Figs. S3 and 54,
Appendix A) days with high intensities for NDC/CR had lower values of
AH, RH and h.

No clear patterns could be visualised in the post-quarantine period
between epidemiological and meteorological variables in most compo-
nent planes (Fig. S2 — Fig. S7, Appendix A). In CAL, for example, the
highest number of NDC/CR was related to a lower Tayg and Tmax. These
maps also show that mobility variables in post-quarantine were domi-
nant and well correlated with epidemiological variable in most of the
cities (e.g., the neurons with highest intensity for GP, PK, RR, TS and WP
in CAR maps were related to neurons with highest intensity for NDC/CR.
Fig. S5, Appendix A).

4. Discussion

The dynamics of SARS-CoV-2 in Colombia appear to be affected by
the different biomes in the country as revealed by the clusters visualised
in SOM analysis (Fig. 5¢). This is supported by Kubota et al. (2020) who
speculated that specific factors (e.g., weather) from different biogeo-
graphic regions affect partially the development of the pandemic. Since
the weather is considered a modulator of the stability or inhibition of
SARS-CoV-2, the particular meteorological conditions of each city may
have influenced the differences in the outbreaks (Briz-Redon and
Serrano-Aroca, 2020a; Oliveiros et al., 2020; Paraskevis et al., 2021).
Although, environmental conditions are not the single driver of the
COVID-19 spread and other important factors (e.g., socioeconomic
conditions, immunity, etc.) that were not considered in this study could
have had a relevant role in the mechanism of transmission (Kubota et al.,
2020; Wei et al., 2020). Furthermore, the samples were clearly divided
by period (quarantine and post-quarantine, Fig. 5d) which support the
effects of the containment measures. Indeed, independently of the
climate of each city, isolation restrictions decrease the impact of the
COVID-19 outbreaks (Maier and Brockmann, 2020).

In the quarantine period, the meteorological variables reflected
clearer relationships with the caseloads than in the post-quarantine
period. The lower effect of weather in the post-quarantine may be
related to the increment of human mobility, since social contact rises the
probability of contracting COVID-19 (Fazio et al., 2021). In addition, the
increase of contagions in our study may be explained by different
combinations of two or more meteorological conditions (e.g., higher
NDC/CR were associated with lower AH, h and Tp;, in CAL). This is
supported by other studies which reported that the analysis of just a
single variable is not enough to explain the dynamics of the virus
(Bannister-Tyrrell et al., 2020; Beggs and Avital, 2021; Chen et al.,
2020). Auler et al. (2020), for instance, found that a combination of RH
around 80% and Tyg of 27.5 °C may explain the evolution of COVID-19
in some cities in Brazil.

Our findings revealed distinct effects of temperature (Tavg, Tmax and
Tmin) and humidity (AH and RH) variables on the COVID-19 spread in
the assessed cities. It corroborates the adaptability of this new corona-
virus to different environmental conditions (Bhardwaj and Agrawal,
2020; Yang et al., 2021). In MED and CAL, when Tp,;, was lower (<18 °C
and <17 °C, respectively) the number of contagions increased in quar-
antine (Figs. S4 and S7, Appendix A). This trend was also verified in
other countries as Spain or China (Fernandez-Ahtija and Martinez, 2021;
Yang et al., 2021). In the case of Tyay, this variable has been negatively
correlated with the COVID-19 infections in cities as Wuhan (China)
(Yang et al., 2021). In our study, BOG registered an increase of cases
when Tpax was below 20 °C in quarantine (Fig. S3, Appendix A). Other
negative associations in this city were related to Tayg and AH with the
contagions, especially when these variables were lower than 14 °C and 9
g/m3, respectively (Fig. S3, Appendix A). This agrees with other
epidemiological studies with this novel coronavirus and its predecessors
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suggesting a higher transmission when temperature and humidity
decrease (Briz-Redon and Serrano-Aroca, 2020a; Chan et al., 2011;
Fernandez-Ahtja and Martinez, 2021; Gardner et al., 2019; Nottmeyer
and Sera, 2021). The stability of the virus in cold temperatures is asso-
ciated to its heat intolerance (Beggs and Avital, 2021). Furthermore,
colder/drier conditions such as the ones observed in BOG may promote
that the respiratory droplets with the virus continue suspended for more
time (Wang et al., 2021). These settings dry out the human mucous
membrane, reducing the function of cilia and supporting the trans-
mission of the disease (Qi et al., 2020; Sun et al., 2020). Some BOG
records for T,y (12.9-15.6 °C; Table 1) and AH (8-10.2 g/m3; Table 1)
corresponded with the vulnerable ranges to the virus spread reported in
the literature: 4-9 g/m3 and 3-17 °C (Bukhari and Jameel, 2020), 3-8
g/m> and 5-11 °C (Sajadi et al., 2020), 4-6 g/m> and 4-11 °C (Gupta
et al., 2020). However, other demographic factors (Table S1, Appendix
A) must be taking into consideration, for instance, the high population
density may increase the frequency of direct contact (Diao et al., 2021;
Lin et al., 2020). This is relevant if it is considered that BOG and MED
have been listed as cities with the most higher and concentrated den-
sities in the world (Brodie, 2017; Burdett, 2015; Wheeler, 2015).

In the case of the hottest (average Tayg > 26 °C) and wettest (average

AH > 22 g/m®) cities of the study, the increase of AH (BAR, CAR and
LET) and Tayg (CAR) were related to higher NDC/CR records (Fig. S2, S5
and S6, Appendix A). Although high Ty favour the instability of the
virus in suspended droplets, it increments the amount of virus settled on
surfaces (Magurano et al., 2021). Moreover, the likelihood of
SARS-CoV-2 survival is approximately five times higher under humid
conditions than under dry conditions, which may have influenced the
contagions in these cities (Bhardwaj and Agrawal, 2020). The mecha-
nisms of transmission of respiratory viruses in hot-wet settings seems to
be related to: (i.) fomites, due to the faster deposition of virus-laden
droplets on surfaces and their slow evaporation (Paynter, 2015; Rodo
et al.,, 2021); (ii.) direct contact through small virus-laden particles
produced by air conditioner systems (Ahlawat et al., 2020).
Humid-rainy conditions in Colombia have been associated with
outbreaks of other respiratory viruses such as influenza and respiratory
syncytial virus (RSV) (Gamba-Sanchez et al., 2016; Rodriguez-Martinez
et al., 2015; Tamerius et al., 2013). This agrees with our data that show
that COVID-19 outbreaks occurred in BAR, CAR and LET under wet
conditions (average AH > 22 g/mg). Moreover, our results accord with
the hypothesis proposed by Auler et al. (2020): the reduction in CR
associated with high temperature and humidity is not entirely reliable
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Fig. 5. Map of samples of the whole dataset classified by date of the reported cases (a), the city from where the cases were reported (b), the biome from where the
cases where reported (c), and the period to which the data belongs (d). The samples were divided in 7 distinct groups (I-VII) based on the proximity between samples

in the neurons (hexagonal units) and the different classifications.

for cities in tropical and subtropical regions. This conclusion is sup-
ported by other authors as Raines et al. (2020), who also identified in
CAR a considerable increment of NDC in quarantine that was correlated
with a RH above 78%. Likewise, Prata et al. (2021) found in Brazil that
each 1% rise of the daily RH is associated with increments in COVID-19
cases of 2.26% in tropical regions and 2.35% in subtropical regions.
Special attention deserves h because it includes the effect of two
variables at the same time (Tavg and RH). Some studies have listed h as a
significant predictor variable of the SARS-CoV-2 survival (Beggs and
Avital, 2021; Spena et al., 2020a). In our case, this variable for cities
such as BOG, MED and CAL presented even higher correlation co-
efficients (Table S2, Appendix A) and clearer patterns with NDC/CR (e.
g., Figs. 52 and S3, Appendix A) than temperature (Tavg, Tmax and Tmin)
or humidity (AH and RH) variables, particularly in the quarantine
period. Spena and collaborators (2020b) proposed a seasonal virulence
risk scale based on the incidence rate of COVID-19 and h. This scale set a
negligible risk when h < 9 kJ/kg and when h > 33 kJ/kg; low-to-average
risk when h is between 9 and 12 kJ/kg and when h is between 23 and 33
kJ/kg; and average-to-high risk when h is between 12 and 23 kJ/kg. In
our study, all assessed cities were classified as negligible risk, except
BOG that presented potential risk (low-to-average risk) considering its h
records (h between 30.4 and 36.4 kJ/kg, Table 1). It is consistent with

our findings since BOG presented the highest NDC records throughout
the study (maximum value of 7471 cases). However, cities that regis-
tered high CR values (BAR, CAR and LET) were not classified as
average-to-high potential risk in the scale. Consequently, it is necessary
to include the conditions of cities in (sub)tropical regions and the
possible effect of other modulator variables (e.g., WS in LET) in this type
of scale (which is based on temperate regions).

Regarding WS, it can modulate the dynamics of SARS-CoV-2 by
reducing the suspending time of the virus in the air due to dilution and
consequent removal (Ahmadi et al., 2020; N. Islam et al., 2020; Wang
et al., 2021). This can be seen in the north coastal cities where the high
WS records were related to diminutions in the caseloads (especially in
the quarantine period, Figs. S2 and S5, Appendix A). The potential of WS
to gradually reduce the effects of the pandemic also has been observed in
other tropical coastal cities like Rio de Janeiro (Brazil) (Rosario et al.,
2020). On the other hand, some studies determined higher contagion
rates when the WS values were below 5.4 km/h in China (Wei et al.,
2020) and 7.2 km/h in Italy (Coccia, 2020). In this investigation, the city
(LET) with more records below these limits presented the highest CRs
(Fig. 3; Table 1). This suggests that this variable may be an important
factor controlling the virus transmission across Colombia.

Concerning the mobility variables, when people spent more time at
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high intensity and blue colour indicates low intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

home (residential mobility), the transmission of SARS-CoV-2 was lower
compared to the other variables (GP, PK, RR, TS, and WP). Previous
studies stressed on the implications of weather on human interactions,
for instance, warmed days may be associated with outdoor activities (e.
g., visits to parks or public places) and more exposure to the virus
(Damette et al., 2021; Shao et al., 2021). This is evident in our study in
cities as BAR and CAR with clear patterns in post-quarantine between
the mobility and epidemiological variables. A study developed at Johns
Hopkins University revealed significant associations among the
SARS-CoV-2 infections, the use of public transport, gatherings with more
than 10 people and more than 100 people, and visits to indoor or out-
door places with crowds (Clipman et al., 2020). Finally, the role of
mobility variables on the increment of cases in the post-quarantine
period mirrored that the lockdown is a sensible alternative but an
effective way to control the transmission of SARS-CoV-2. It has been
evidenced in studies carried out in China, England or Italy (Carteni et al.,
2020; Chinazzi et al., 2020; Sartorius et al., 2021; Vollmer et al., 2020;
Y. Zhou et al., 2020).

Our findings are limited by the socioeconomic conditions of the
country, e.g., Colombia has a Human Development Index of 0.74
(http://hdr.undp.org, accessed in April 2021) with serious gaps in the
provision of health and food services that could easily counteract any
potential climatic effect at local scales (Coelho et al., 2020). In addition,
this investigation did not take into consideration other possible pre-
dictors as the number of tests applied, general health policies, trans-
portation or cultural aspects (Oliveiros et al., 2020). However, we
considered that our results may contribute to a better understanding of
how SARS-CoV-2 is sustained in tropical countries such as Colombia. In
addition, other strengths are: (i.) the evaluation of 15 different variables
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using a dataset of 10 months, unlike several studies that assessed nar-
rower periods (Sanchez-Lorenzo et al., 2021; Yang et al., 2021); (ii). This
study about the influence of multiple variables (meteorological and
mobility) on the SARS-CoV-2 transmission in Colombia could be carried
out using other methods such as Principal Component Analysis (PCA) or
Partial Least Squares (PLS). Nevertheless, the use of SOM technique
presents several advantages related to its highlighted visualisation ca-
pabilities with different graphical representation options, its good per-
formance in clustering and pattern recognition, efficient use of space in
the maps and its robustness to missing data or noise (Brereton, 2012;
Gontijo et al., 2021).

5. Conclusions

This study has shown that different biogeographical regions in
Colombia had distinct dynamics regarding the virus spread. This was
attributed to both restriction measures that affected human mobility and
larger spatial than temporal variations of the analysed meteorological
variables. Hence, our outcomes may contribute to the implementation of
measures to preserve public health and the formulation of site-specific
policies to prevent disease dissemination.

The highest CR occurred in LET, where the lowest WS may have an
important influence on the virus transmission. In MED and CAL, T,
had an important role in the increment of NDC/CR. Furthermore, the
highest NDC recorded in BOG appeared to be linked to a decrease in T,yg
(<14 °C) and AH (<9 g/m>), besides its largest population, higher
population density and importance. The increase of AH and Tayg also
seemed to favour the virus spread in warmer and wetter cities with an
average Tayg > 26.2 °C and AH > 22.1 g/m3 (BAR, CAR and LET) that
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achieved higher CR records. The different impact of meteorological
variables on the virus transmission may be connected to local charac-
teristics such as sociodemographic aspects and combined factors.

The human mobility variables influenced the development of the
pandemic in most of the analysed cities, especially in the post-
quarantine period. The higher amount of time spent at home was
more important when quarantine was in place. This supported the ef-
ficacy of the restriction measures during quarantine, when meteoro-
logical variables seem to have grown in importance These measures did
not avoid a fast spread of the virus (e.g., in LET), supporting the need for
well-ventilated spaces, stricter hygiene and restriction measures, and
investigation of other variables (e.g., solar radiation, air pollutants or
vaccination rate).

The SOM analysis was suitable to show the distinctions between
quarantine and post-quarantine periods, differences related to local bi-
omes (e.g., humidity effects) and the development of the pandemic
considering all analysed variables combined. This technique can be
applied in other regions based on its ability to spatially or temporally
group samples. Future investigations using SOM should focus on (i.)
comparing the specific conditions (e.g., weather or mobility) of regions
located in other latitudes and their implemented strategies to cope with
the pandemic; (ii.) assessing the dynamic of the new virus variants and
whether the meteorological conditions have the same influence; (iii.)
(sub)tropical regions, especially in Latin America or Africa, where the
influence of particular environmental (e.g., high humidity did not pre-
vent the increase of contagions in this study), socioeconomic (e.g., ac-
cess to healthcare or migration) or sanitary (e.g., drinking water)
conditions on the pandemic needing more attention (Briz-Redén and
Serrano-Aroca, 2020b).
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The conversion of dust components is of high importance for retrospective evaluations of exposure levels, of
occupational diseases or the time trend of occupational dust exposure. For this purpose, possibilities to convert
nickel concentrations from inhalable to respirable dust are discussed in this study. Therefore, 551 parallel
measurements of nickel concentrations in inhalable and respirable dust fractions were extracted from the
exposure database MEGA (maintained at the Institute for Occupational Safety and Health of the German Social
Accident Insurance) and investigated by linear regression analysis of In-transformed concentrations. Inhalable
dust is the most important predictor variable, showing an adjusted coefficient of determination (adj. R?) of 0.767
(R? adjusted to sample size). Since multilinear regression analysis, cannot be applied, further description of data
is gained by splitting the whole dataset into working activity groups (e. g. ‘high temperature processing’, adj. R? =
0.628," filling/transport/storage’ adj. R? = 0.741, ‘machining/abrasive techniques’, adj. R> = 0.777). From these
groups, four task restrictive subgroups, so-called ‘heuristic groups’, can be derived by pooling similar working
tasks with similar regression coefficients and enhanced quality measures (adj. R? between 0.724 and 0.924):
‘welding (grinding time fraction [GTF] < 5%)’, ‘welding (grinding time fraction [GTF] > 5%)’, ‘high temperature
cutting’ and ‘grinding’. For the working activity group ‘high temperature processing’ and the heuristic group
‘welding’ the determination of the grinding time fraction and its inclusion or exclusion from a dataset has a huge
impact on the description of data and whether a transformation of nickel concentrations using the natural
logarithm (In) is necessary or not. In case of GTF < 5%, the conversions functions are linear, all other conversion
functions are power functions with exponents between 0.713 and 0.986. It is possible to develop conversion
functions for estimating the nickel concentration in the respirable dust fraction (cgi)) out of the nickel con-
centration in the inhalable dust fraction (cji). For the estimation of Nickel in respirable dust other studies, it is
recommend to use the conversion functions of the heuristic trial and error groups. Limitations of the possibility to
use the conversion functions are discussed.

1. Introduction

Nickel is one of the most commonly used elements in metal industry.
Due to its physical and chemical properties, it has a wide field of
application. The element is mainly used as an alloy to form chemical
resistant materials, for nickel-cadmium batteries and as a catalyst in
chemical and food industry (Genchi et al., 2020; Kasprzak et al., 2003).
The exposure of workers through the inhalation of metal particles or
fumes can be quite high. Nickel can cause allergic reactions, but it is also
known to cause cancer in parts of the respiratory tract, like the lungs and
the nose (Tsai et al., 1995; Andersen et al., 1996; Rahilly and Price,
2003).

In 1985, the International Committee on Nickel Carcinogenesis in

* Corresponding author.

man (ICNCM) was initiated, where the nickel forms causing cancer were
determined and a dose-response relation was derived (Doll, 1990). This
was the start of the nickel exposure evaluation, firstly based on the
measurement of nickel and its compounds (Tsai et al., 1995; Andersen
etal., 1996) in total dust. During the following years the carcinogenicity
and toxicity of nickel was tested in various experiments and studies
(Andersen et al., 1996; Grimsrud et al., 2002). Nickel and its compounds
have been categorized as ‘carcinogenic for humans’ group 1 (IARC)
(IARC, 2012) or group 1A (CLP) (ECHA, 2021), whereas metallic nickel
and nickel alloys are categorized as ‘possibly carcinogenic for humans’
group 2B (IARC) (IARC, 1990) or Carc 2 (CLP) (ECHA, 2021) (Hughson
et al., 2010; IARC, 2012).

Nickel was mainly measured in the inhalable dust fraction, based on

E-mail addresses: cornelia.wippich@dguv.de (C. Wippich), dorothea.koppisch@dguv.de (D. Koppisch), katrin.pitzke@dguv.de (K. Pitzke), dietmar.breuer@dguv.

de (D. Breuer).

https://doi.org/10.1016/j.ijheh.2021.113838

Received 8 March 2021; Received in revised form 1 September 2021; Accepted 1 September 2021

Available online 6 September 2021
1438-4639/© 2021 Elsevier GmbH. All rights reserved.


mailto:cornelia.wippich@dguv.de
mailto:dorothea.koppisch@dguv.de
mailto:katrin.pitzke@dguv.de
mailto:dietmar.breuer@dguv.de
mailto:dietmar.breuer@dguv.de
www.sciencedirect.com/science/journal/14384639
https://www.elsevier.com/locate/ijheh
https://doi.org/10.1016/j.ijheh.2021.113838
https://doi.org/10.1016/j.ijheh.2021.113838
https://doi.org/10.1016/j.ijheh.2021.113838
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheh.2021.113838&domain=pdf

C. Wippich et al.

a technical guide concentration [TRK], which was firstly established
1977 in Germany (BMAS, 1977). These legal values were adopted to the
technical state of the art over the years. In 2004, a TRK of 0.05 mg m >
(in inhalable dust) in droplets and for nickel and its compounds 0.5 mg
m 2 (in inhalable dust) was valid. In 2005, all TRKs for carcinogenics
were suspended. After several years, new limit values for nickel com-
pounds due to its carcinogenic effects in respirable dust were established
at 0.006 mg m~2 as exposure-risk-relationship (ERB) (AGS, 2021).
Furthermore, nickel and nickel compounds are toxic and highly sensi-
tizing; regarding these non-carcinogenic effects an occupational expo-
sure limit value of 0.03 mg m~ in inhalable dust was established. For
nickel metal, additional an occupational exposure limit value of 0.006
mg m~2 in respirable dust has been valid since 2017 (AGS, 2020).
Subsequently the number of parallel measurements of nickel in respi-
rable and inhalable dust increased in the recent years. Apart from air
monitoring, measurements of individual nickel concentrations in
workers is also a common tool for assessing occupational health risks of
workers. For biomonitoring of nickel in Germany, no threshold values in
biological material was established so far, besides a reference value
[BAR] of 3 pg Nickel/L urine (DFG, 2012). Since this study focusses on
air monitoring, with respect to the legal limit values, biomonitoring will
not be discussed in further detail.

The increase of measurements targeting respirable dust and its
components was not unique in Germany but it was also an international
trend to focus on the dust fraction with an associated limit value. When
it comes to retrospective assessment, monitoring the development of
nickel exposure and investigation of occupational diseases, it remains
problematic if only data from inhalable dust is available. In order to be
able to use the historical data, e.g. in epidemiological evaluations, a
mathematically conversion of nickel concentrations in inhalable dust to
nickel concentrations in respirable dust is desirable.

Other studies mainly focused on the ratio of “inhalable” to “total”
dust (Tsai et al., 1995; Tsai and Vincent, 2001). Only a few studies target
nickel in respirable dust (Tanaka et al., 1985; Roels et al., 1993).

In our recently published study, we offered a mathematical solution
for converting inhalable dust into respirable dust and vice versa (Wip-
pich et al., 2020) by using the exposure data from the nonpublic data-
base MEGA. Using further data from the same database, we developed a
method to determine a possible relation between nickel in inhalable dust
and nickel in respirable dust depending on working environments, using
similar methods and assumptions as in our past study.

2. Materials and methods
2.1. Exposure database MEGA

The data were obtained by the surveillance activity of the German
Social Accident Insurance (Gabriel et al., 2010). The database MEGA
holds over 3 million dataset with exposure data from over 870 hazard-
ous substances, including additional information about the measure-
ment procedure, the used equipment and the analytical method. It was
established in 1972 and it is designed for the evaluation of occupational
diseases, hazard and exposure analysis in specific types of industry, as
well as time-dependent analysis of exposure to hazardous substances at
work places.

2.2. Sampling systems

The most measurements in this study were performed using the
samplers GSP and FSP. The FSP sampler is used to collect respirable dust,
where a cyclone is used as a pre-separator for coarse particles. Smaller
particles (with an aerodynamic diameter less than 10 pm) are separated
on a cellulose nitrate filter (0.8 pm pore size) (Siekmann, 1998). In case
of the GSP, inhalable dust is collected through a cone on a filter, directly
without pre-separation (Riediger, 2001). Both, FSP and GSP can be used
for personal and stationary sampling (Mattenklott and Mohlmann,
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2011). Besides FSP and GSP, also the systems Gravikon PM4 and
Gravikon VC-25 are used for the stationary measurement of inhalable
and respirable dust. The system PM4 for respirable dust also uses a
cyclone as a pre-separator for coarse particles. For the collection of
inhalable dust, the sampling volume is drawn into a filter cassette with
an annular gap nozzle onto a filter (Siekmann, 1998; Riediger, 2001).
The Gravikon VC-25 system also uses two different sampling heads to
collect both dust fractions. For respirable dust, an additional impactor is
used. Similar to the PM4, the inhalable fraction is measured with the
VC-25 by drawing the sampling volume through an annular gap onto a
filter (Coenen, 1981) (Siekmann, 1998) (Riediger, 2001). The most
common combination of sampling systems in this study is GSP (inhal-
able dust, sampling rate: 3.5 L/min) and FSP-10 (respirable dust, sam-
pling rate: 10 L/min), providing 274 pairs of parallel personal
measurements. The second highest abundance can be seen for the
combination GSP-10 (inhalable dust, sampling rate: 10 L/min) and
FSP-10 with 197 personal parallel measurements. For the complete list
of used sampling systems, the sampling rate and the type of sampling,
see Table 1.

All samplers used in this study are validated according to the inter-
national standards EN 13205, EN 1540 and comply with ISO 7708.

2.3. Analytical methods

The sampling systems were equipped with cellulose nitrate filters
(0.8 pm pore size). These filters were shipped to the Institute for
Occupational Safety and Health of the German Social Accident Insur-
ance for gravimetric and quantitative metal analysis. The filters were
conditioned for at least one day in the laboratory atmosphere at a fixed
temperature and humidity.

Nickel was determined by inductively coupled plasma mass spec-
trometry (ICP-MS) after digestion with a mixture of nitric and hydro-
chloric acid. A detailed method description was recently published
(Pitzke et al., 2020).

2.4. Data selection

The method of pair formation of inhalable and respirable dust fol-
lows mainly the same scheme, as in our previous study (Wippich et al.
(2020)). However, in this work the pairs are formed from nickel in
respirable and inhalable dust, which was measured in parallel.

Firstly, the datasets are extracted from the database MEGA. Between
the years 1989 and September 2020, a total of 234 202 respirable
fraction measurements, 123 118 inhalable fraction measurements and
32 882 nickel measurements were collected in total.

For the formation of parallel measured pairs of nickel in inhalable
and nickel in respirable dust, first, measurements are excluded, if the
concentration is below the limit of quantification. With this restriction
169 458 measurements of the respirable fraction, 95 328 measurements
of the inhalable fraction and 22 941 total nickel measurements remain

Table 1
Measurement systems and sampling rates used for both dust fractions in parallel
measurements.

sampler inhalable dust sampler respirable dust n type of
(sampling rate) (sampling rate) sampling
GSP (3.5 L/min) FSP-10 (10 L/min) 274  Personal
GSP-10 (10 L/min) FSP-10 (10 L/min) 197  Personal
GSP-10 (10 L/min) FSP-10 (10 L/min) 31 Stationary
GSP (3.5 L/min) FSP-10 (10 L/min) 28 Stationary
PM4-G (66.7 L/min) PM4-F (66.7 L/min) 6 Stationary
VC-25 G (375 L/min) VC-25 F (375 L/min) 5 Stationary
VC-25 G (375 L/min) PM4-F (66.7 L/min) 4 Stationary
GSP (3.5 L/min) PM4-F (66.7 L/min) 3 Stationary
GSP (3.5 L/min) FSP-2 (2 L/min) 2 Personal
GSP-10 (10 L/min) PM4-F (66.7 L/min) 1 Stationary
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for the formation of pairs.
Parallel pairs are formed if:

o the nickel concentration (cjovi)) and the concentration of inhalable
dust (cp), and the nickel concentration (cgrniy)and the concentration
of respirable dust (cg) respectively, were analyzed from the same
sample carrier (filter) and

e the measurements have the same report number, industrial sector,
working activity, type of sampling and were executed at the same
day (remaining pairs: n = 1117),

o the measurements were executed at the same time (starting and
ending times of both measurements do not differ by more than 5 min)
and the sampling duration was > 2 h (n = 1011),

e the measurement procedure and the analytical process are stan-
dardized methods in the Measurement system for exposure assess-
ment of the German Social Accident Insurance Institutions (MGU) (n
= 598).

The industrial sector describes the type of industry where the mea-
surement was executed, as metalworking or electronic waste recycling for
example. With the parameter working activity, the task and the process
were combined. The type of sampling consists of the two subgroups:
personal and stationary sampling. It was considered necessary, that all
these variables were concordant within a pair.

In Germany according to the Technical Guidance 402, the minimum
number of samples which have to be taken during a work shift with
constant exposure is dependent on the sampling duration. When the
sampling duration is higher or equal 2 h, one measurement is sufficient
(AGS, 2017). Therefore, only measurements with a sampling duration of
higher or equal 2 h have been included.

One further restriction is placed on the dataset: Samples have been
excluded if cg was higher than c; or cy; in the respirable fraction was
higher than cy; in the inhalable fraction. Physically it is not possible, that
creni) OF cg exceed cyni) or ¢, respectively, because respirable dust is a
subset of inhalable dust, but at work places, these cases can be observed
occasionally. Measurements like that can result from incorrect sampling,
particle movement, thermal effects or inhomogeneous materials. This

Table 2
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criterion affects only 45 pairs of measurement. Further discussion on
these values will be done later in this study.

After merging the datasets of nickel/inhalable fraction and nickel/
respirable fraction and considering all previous described restrictions, a
dataset of 553 pairs, gathered between the years 2011 and 2020 can be
formed. The data has been collected in 105 different working activities
and the majority of dust concentrations was recorded during 2 h-mea-
surements. As described in section ‘Statistical and mathematical
methods’, two leverage points have been eliminated, so the whole
dataset (group 0, see Table 3) consist of 551 pairs of parallel measured
nickel concentrations.

According to the approach in our prior study, the whole dataset is
divided into activity groups (Wippich et al., 2020). For nickel, we found
measurement pairs for the groups ‘high temperature processing’, ‘filling/-
transport/storage’ and ‘machining/abrasive techniques’. From these groups
more restrictive subgroups, ‘heuristic groups’ are formed as well. The
formation of these groups is described in section ‘Statistical and math-
ematical methods’.

At the work place, there is often no spatial separation of welding and
grinding. In many cases a mixture of dusts, produced through the same
worker, who is grinding for a certain time-share of the shift, e.g. when
smoothing the welding seam cannot be excluded. In such cases, as
additional information ‘< 5 % grinding time fraction (GTF)’ or ‘> 5 %
grinding time fraction (GTF)’ can be added to each measured dataset at
welding workplaces. This also has been considered in the group
formation.

2.5. Statistical and mathematical methods

All statistical analyses were performed using the statistical software
IBM SPSS statistics, version 26 (IBM Corp.). For all tests, the significance
level is fixed at @ = 0.05, equaling a confidence interval of 95 %.

The assumption of a normal or lognormal distribution had to be
rejected at the significance level of 0.05, using the Lilliefors-corrected
Kolmogorov-Smirnov test (Sachs, 2004) for nickel in both dust frac-
tions. This is mainly caused by the heterogeneous working activities,
which are included in the total dataset. To identify the effects of the type

Descriptive statistics of respirable and inhalable nickel samples used in the study, with the amount of paired nickel concentrations (n) arithmetic mean (AM), standard
deviation (SD), median, minimum measured concentration (Min), maximum measured concentration (Max).

D Group Dust fraction n AM [mg m’3] SD [mg m’B] Median [mg m’3] Min [mg m’3] Max [mg m’3]
0 Entire dataset iy 551  0.079 0.303 0.005 1.6¥107° 4.700
CR(Ni) 551  0.008 0.019 0.001 5.8¥1077 0.190
1 High temperature processing (i) 250  0.021 0.050 0.003 2.3*107* 0.350
CrNi) 250  0.008 0.022 0.001 5.8¥107 0.190
la High temperature processing (incl. welding GTF < 5%) ¢y 159  0.022 0.054 0.003 2.3107* 0.350
CR(Ni) 159  0.010 0.026 0.001 5.8¥1077 0.190
1b High temperature processing (incl. welding GTF > 5%) ¢y 159  0.022 0.054 0.003 2.3%107* 0.350
CreNi) 159  0.007 0.021 0.001 1.2¢107* 0.190
2 Filling/transport/storage (i) 42 0.048 0.167 0.004 3.0v10~* 1.000
CR(Ni) 42 0.004 0.008 0.001 6.7¥107° 0.049
3 Machining/abrasive techniques i) 198 0.133 0.326 0.012 6.7%107° 2.300
CrNi) 198  0.013 0.027 0.003 5.4¥107° 0.190
o Welding (i) 198  0.021 0.050 0.003 2.3*107* 0.350
CR(Ni) 198  0.007 0.021 0.001 5.8¥1077 0.190
al/ Welding (GTF < 5%) CI(Ni) 91 0.018 0.041 0.003 3.3*107* 0.230
o2 CrNi) 91 0.008 0.022 0.001 5.8¥107 0.170
a3/ Welding (GTF > 5%) (i) 91 0.018 0.041 0.003 2.3*107* 0.250
o4 CR(Ni) 91 0.004 0.007 0.001 1.2107* 0.049
B High temperature cutting i) 48 0.011 0.021 0.002 4710~ 0.100
CR(Ni) 48 0.005 0.012 0.001 1.8107* 0.073
Y Grinding (i) 156  0.196 0.641 0.015 6.7¥107° 2.300
CR(Ni) 156  0.017 0.059 0.003 5.4*107° 0.190
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Table 3
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Regression coefficients k, Co with standard errors for Equation (2) or (4), range of standard errors for regression function sg; (In(cr(vi))) within groups 1-3 for working
activity and heuristic groups a - y including group names as defined in Table 3; GTF = Grinding time fraction. To use the conversion functions concentrations have to be

inserted in mg m™~.

3

D Group n R adj. R? Co k spil(In(crniy)) conversion function

0 Entire dataset 551 0.876 0.767 —2.835 + 0.090 0.726 £ 0.017 0.085-0.220 CRNi) = c,(Ni)" 726%-2835
Working activities

1 High temperature processing 250 0.793 0.628 —1.801 + 0.239 0.870 £ 0.042 0.113-0.237 CRN) = cI(NUO 870%¢~1.801

la High temperature processing (incl. welding GTF < 5%) 159 0.759 0.573 —1.599 + 0.348 0.906 + 0.062 0.132-0.275 crvi) = Crvyy 000 e 159

1b  High temperature processing (incl. welding GTF > 5%) 159 0.922 0.851 —1.685 + 0.165 0.881 + 0.029 0.130-0,273 Crvy = Crqy) ©381 e 1685

2 Filling/transport/storage 42 0.864 0.741 —3.290 + 0.368 0.746 + 0.068 0.301-0.536 CrRovi) = Cii) 0.746%¢-3.290

3 Machining/abrasive techniques 198 0.822 0.777 —2.956 + 0.124 0.713 + 0.027 0.161-0.692 craviy = Crvy) 7132956
Heuristic groups
Heuristic groupsWelding 198 0758 0573  -2039+0.286 0.834+0.051  0.116-0.246  cppy = o) e 209

o

ol Welding (GTF < 5%) In-transformed 91 0.620 0.377 —2.189 + 0.628 0.820 + 0.111 0.164-0.317 CRNi) = cI(Ni)O 82042189

o2 Welding (GTF < 5%) not transformed 91 0.852 0.724 0.001 + 0.001 0.347 £ 0.023 0.004-0.021 Crvi) = Ci(nvi) ¥0.347 + 0.001

o3 Welding (GTF > 5%) In-transformed 91 0912  0.830  -2.094+0.223  0.816+0.039  0.159-0.345  cpyy = cypy S 10*e20%

o4 Welding (GTF > 5%) not transformed 91 0.679 0.455 0.002 + 0.001 0.143 £+ 0.016 0.002-0.143 Ccravi) = Crvi) ¥0.143 4 0.002

B High temperature cutting 48 0.962 0.924 —0.829 + 0.247 0.986 + 0.042 0.210-0.350 CRoNi) = CI(Ni)O 986%~0.829

¥ Grinding 156 0.894 0798 299740128  0705+0.028  0.182-0.493  cppy = cum)®7% e 29

of sampling, of working activity and possible interactions between these
two variables, a two-factor ANOVA was performed. Following our prior
study (Wippich et al., 2020), for further evaluation of the variable
working activity, the total dataset was split into working activity groups.

trial and error
analysis

heuristic groups

Whole data

set

A

technical
information

ANOVA CR;Ni]f’CuNi]

final groups
(working activities)

A

y

linear
regression

y

A

/

conversion function

/

The criterions to form these groups mainly base on the technical infor-
mation, which also can be found in the database. For nickel, these
groups are: ‘high temperature processing’, filling/transport/storage’ and
‘machining/abrasive techniques’. The ratio creni)/cini) was calculated for

Fig. 1. Flowchart of the group formation steps and statistical tests (for each group distribution: Kolmogoroff-Smirnov, ANOVA: F-Test, Kruskal-Wallis test, variance
homogeneity: Levene-test and graphical evaluation, post hoc tests: Games-Howell).
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each group and homogeneity of variance was confirmed applying the
Levene-Test ((Janssen and Laatz, 2017). To determine differences be-
tween the working activity groups, ANOVA, the non-parametric Krus-
kal-Wallis test and pair-by-pair comparisons using the Games-Howell
post-hoc test (Sachs, 2004; Hilton and Armstrong, 2006) were con-
ducted. The formation steps and statistical tests are shown in the flow-
chart (Fig. 1). This systematic approach leads to groups of parallel
measured nickel concentrations in inhalable and respirable dust.

Similar, to evaluate the impact of the type of sampling, the total
dataset was divided into the two subgroups ‘stationary’ and ‘personal’. In
the next step, the ratio of cgeni) and cyovi) was calculated for each pair in
the two subgroups. Differences in both groups were compared by Me-
dian tests (with correction after Yates) and the non-parametric Mann-
Whitney-U-Test for independent samples (Sachs, 2004; MacFarland and
Yates, 2016; Haviland, 1990).

In each group the residuals of all analyses have been checked
graphically (histograms) for normality and the absence of trends: There
are no patterns discernible apart from the omission cgeni) > civiy and all
residuals are approximately normally distributed. Additionally each
group has been checked for autocorrelation by performing a Durbin-
Watson test (Sachs, 2004). These are prerequisites to perform a regres-
sion analysis. Before calculating the regression equations, possible
leverage points are identified, and eliminated using the Cook’s measure
(Cook and Weisberg, 1982; Chatterjee and Hadi, 1989; Kleinbaum et al.,
2014). In a next step, the groups are subjected to a linear regression
analysis. The quality of regression parameters is evaluated using the
correlation coefficient R and the adjusted coefficient of determination
adj. R? (Janssen and Laatz, 2017):

adj. B = R ————*(1 - F") ¢8)

n—m-—

This accounts for the number of variables m and the number of
paired data n. Since in our case n > m, adj. R ~ R%.

This study describes in most cases a linear relationship between In
(cr(n?) (natural logarithm of the nickel concentration in respirable dust)
and In(cyni)) (natural logarithm of the nickel concentration in inhalable
dust):

In(cgrvy) =k - In(civy) + Co 2

where k is the slope and Cj the intercept, which can be determined by
regression analysis. Cp and k are given with their standard errors
(compare Table 3). We also calculated the range of the standard errors of
the fitted regression function sp(In(creni)), for calculating the confi-
dence intervals for the regression function at a given In(cyn;)) (Draper
and Smith, 1998). Equation (2) can be transformed back into a function
with the original concentrations:

CR(N)) = Cl(Ni)k'eC0~ 3)

From equation (3) two things can be derived: First, when cy;) tends
to zero, creniy also tends to zero. This is a necessary condition, since cg
wi) < crnip- Second, the linear relation of cravi and cyqyy is included in
equations (2) and (3) if the value 1 is included in the 95 % confidence
interval of k. The worst-case assumption creviy = cioviy is included, if Cp
=0and k=1.

In some cases, the correlation coefficient was better for untrans-
formed data. In this cases a correlation between cgreyiy and cpiy was
calculated:

crvi) = civiyk + Co @

In general it is possible to expand equation (2) or (4) with further
covariates, such as working activity or measurement system, and perform a
multilinear regression analysis. One prerequisite of a multilinear
regression analysis is that all covariates have to be independent. In case
of this study, ¢y is influenced by all other possible covariates.
Therefore, the prerequisite would be violated and this method cannot be
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applied.

From the working activity groups, more restrictive subgroups, so-
called ‘heuristic groups’ (‘welding’, ‘high temperature cutting’ and
‘grinding’) were derived. These groups cannot be formed systematically.
The working activity groups contain many subgroups which describe
similar working tasks, such as ‘wet grinding’ and ‘dry grinding’ (from
working activity group ‘machining/abrasive techniques’) or ‘tungsten inert
gas welding’, ‘metal active gas welding’ and ‘arc welding’ (in working group
‘high temperature processing’) for example. These subgroups were pooled,
when they showed similar regression coefficients and enhanced quality
measures (higher R and adj. R?) compared to their associating working
activity group in order to form the so-called ‘heuristic groups’.

3. Results

3.1. Nickel in inhalable and respirable dust: Description of the whole
dataset

After two leverage points have been eliminated, simple linear
regression analysis is performed on the whole dataset of 551 pairs of
parallel nickel measurements. When only cjy;) is considered as predictor
variable, one obtains k = 0.726 and Cyp = —2.835 in equation (2). The
adjusted coefficient of determination adj. R? and correlation coefficient
R are 0.767 and 0.876, respectively.

Fig. 2 shows a scatterplot of the log-transformed, parallel measured
nickel concentrations in inhalable versus respirable dust and the 95%
confidence interval. The cutoff values, resulting from the data selection
for creni) > creni) are clearly visible.

The arithmetic mean (AM) for nickel in inhalable dust is 0.07933 mg
m 3, for nickel in respirable dust 0.0077 mg m ™ respectively (Table 2).
The lowest observed concentration of nickel in inhalable dust was
1.6*107° mg m~> and for nickel in respirable dust 5.8*10~7 mg m~>.
The highest observed concentrations were 4.7 mg m™~> (Ni in inhalable
dust) and 0.19 mg m~3 (Ni in respirable dust).

3.2. Exclusion of ‘unphysical’ nickel concentrations

With the restriction (cg(y; cannot be higher than ¢y ), 45 parallel
measurements were excluded. If one considers these measurements for
linear regression, the quality measures for the whole dataset decrease
slightly (AR = —0.038; Aadj. R> = —0.065) in comparison to group 0.
The regression coefficients vary by —0.069 (4k) and —0.224 (4Cy),
resulting in lower nickel concentrations in respirable dust with
increasing amount of nickel in the inhalable dust fraction.

3.3. Type of sampling

For this study, 473 personal and 78 stationary measurements are
considered. The high amount of personal measurements results from the
requirements of the Technical Guidance 402, where exposure mea-
surements should mainly be performed personally and stationary mea-
surements only in exceptional cases, when a personal measurement is
not possible (AGS, 2017). In the whole dataset, the median in both
groups ‘stationary’ (median = 0.322) and ‘personal’ (median = 0.245), as
well as the distribution of the ratio cr(; /cr(vi) are not identical. The tests
show significant differences (median test: p = 0.036; Mann-Whitney-U
test: p = 0.007). In order to prove, if the differences actually result
from the type of sampling, a two-factor ANOVA was done on the whole
dataset. This ANOVA showed that the differences in the ratio cg(ni)/crov)
result from the different working activities included in the whole dataset
(p =0.007), and do not result from the type of sampling (p = 0.273). The
ANOVA also showed no interactions between working activity and type of
sampling (p = 0.308).
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In[{cypy)/(mg m=)]
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*  group 1: high temperature processing A group 2: filling/transport/storage @ group 3: machining/abrasive technigues

@ Others

Fig. 2. Scatterplot y = In(crai) versus x = In(cynp) for parallel measurements with their relating working activity group, the linear regression line and

95thconficence interval (equation (2)).

3.4. Working activity

In this study, three working activity groups are formed (Tables 2 and
3):

e Group 1: high temperature processing (such as welding, foundry,
soldering)

e Group 2: filling/transport/storage

e Group 3: machining/abrasive techniques (such as grinding, milling,
polishing)

As group 1 also contains all welding processes, as an additional in-
formation the Grinding time fraction (GTF) is given in most of the
datasets concerning welding. Group 1 was divided into group la (high
temperature processing (incl. welding GTF < 5%)) and group 1b (high
temperature processing (incl. welding GTF > 5%)). These groups both
contain 16 measurement pairs with no GTF information, and 52 datasets
of further high temperature processes excluding welding, which is the
reason for their similar AM, SD and median (Table 2). The purpose of
group 1a and 1b is to highlight the impact of abrasive techniques during
welding measurements. Comparing the minimum concentrations of
group 1a and group 1b, lower concentrations of nickel in respirable dust
were measured in group 1a (5.8*10~7 mg m™ for nickel in respirable
and 1.2*10~* mg m 2 for nickel in inhalable dust).

The highest concentrations of nickel in inhalable and respirable dust
can be determined in group 3 ‘machining/abrasive techniques’ (cyni =
2.300 mg m 2 and cgeypy = 0.1900 mg m~3). The lowest concentrations
of nickel in respirable dust can be found in group 1 ‘high temperature
processes’ (craviy = 5.8%1077 mg m™>) and of nickel in inhalable dust in
group 3 ‘machining/abrasive techniques’ (cini) = 6.7*107° mg m ). No
significant difference of the ratio cgeni)/civiy between group 2 (filling/
transport/storage’) and 3 (‘machining/abrasive techniques’) can be deter-
mined (p = 0.385), whereas the ANOVA shows, that group 1 (‘high
temperature processing’) differs highly from the other two groups (in both

cases: p < 0.001). In the next step, the groups 1-3 (Tables 2 and 3) are
subjected to a linear regression analysis. The biggest dataset is group 1
‘high temperature processing’. The regression coefficients, k = 0.870 and
Cp = —1.801, differ strongly from the other two groups and the differ-
ences are larger than the respective standard errors (Table 3).

Comparing ‘high temperature processing’ to the whole dataset (group
0), the quality measures are lower in group 1 (AR = 0.083; Aadj. R? =
0.139). This is caused by the GTF, as it can be seen in group 1a and 1b.
Our model, using the In-transformation and the linear regression anal-
ysis, results in high quality measures (R = 0.922; adj. R? = 0.850), for
group 1b ‘high temperature processing (incl. welding GTF > 5%)’,
exceeding the measures of group O (compare Table 3). Whereas high
temperature processing datasets describing a GTF <5% show weaker
quality measures than the entire dataset (group 0) (R = 0.759, adj. R?=
0.573, group la, Table 3).

The other working activity groups (‘filling/transport/storage’ and
‘machining/abrasive  techniques’) show similar quality measures
compared to the entire dataset (group 0, compare Table 3).

3.5. Heuristic groups

Apart from the systematic approach, three so-called heuristic groups
were formed. These groups were formed from similar working task
subgroups (see Table 4) to bigger groups, describing the same activity.
The groups o ‘welding’ and B ‘high temperature cutting’ are subgroups of
group 1 and y ‘grinding’ is a subgroup of group 3. Because of the small
number of data pairs, it was not possible to form more heuristic groups.

Similar to working activity group 1 ‘high temperature processing’, the
heuristic group o ‘welding’ was divided according to the GTF. The groups
al and a2 contain parallel nickel measurements during welding pro-
cesses with a GTF < 5% (n = 91). For this dataset, a transformation with
the natural logarithm results in a poor correlation of cryiy and cyviy (R =
0.620, adj. R% = 0.377, group ol ‘welding (GTF < 5%) In-transformed”). If
one applies a linear regression to the non-transformed dataset (group o2



C. Wippich et al.

Table 4
Heuristic groups with listed special activities, materials and number of data pairs

(n).

ID  Group name Originating Working activities n
group no.
[ Welding 1 gas-melt welding, 198

laser welding/

manual arc welding with
coated rod electrode/

arc welding,

mixed arc process/

metal inert gas welding/
metal active gas welding/
metal welding, mixed
welding processes/
plasma welding/
submerged arc welding/
mesh welding machines
tungsten inert gas welding

B High temperature 1 flame cutting/ 48

cutting plasma cutting/
laser cutting
Y Grinding 3 wet grinding 156

dry grinding
abrasive grinding
sanding block grinding

‘welding (GTF < 5%) not transformed’), a better description of the data
can be achieved with R = 0.852 and adj. R? = 0.724. The groups a3 and
a4 contain parallel nickel measurements during welding processes with
a GTF > 5% (n = 91). Linear regression results in higher quality mea-
sures for the In-transformed data (adj R? = 0.830 and R = 0.912 (group
a3 ‘welding (GTF > 5%) In-transformed’), in comparison to the untrans-
formed data (adj R? = 0.455, R = 0.679; group a4 ‘welding (GTF > 5%)
not transformed”). Group o ‘welding’ itself should be used in cases, where
no information about the GTF during welding processes is known, since
this group also contains 16 parallel measured pairs of nickel without
information about the GTF.

The regression models of the heuristic groups a3 ‘welding (GTF > 5%)

0.14

0.1

Capup/ (Mg m?)
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In-transformed’, p ‘high temperature cutting’ and y ‘grinding’, show a better
description of the data than those with the systematic approach
(Table 3). The adj. R? are 0.830, 0.924 and 0.798 respectively. The
standard errors of s increase with decreasing group size.

Although transformed data were used, a plot of the regression curve
for the group f ‘high temperature cutting’ shows a nearly linear relation-
ship (Fig. 3). This corresponds to the fact that the value 1 lays within k +
standard error from this group. Applying linear regression on the un-
transformed concentrations in this group leads to a smaller correlation
coefficient (R = 0.565). In addition to that, the relating working activity
group 1 ‘high temperature processing’ shows no linear relationship or
more specifically, the value 1 does not lay within k + standard error
from this group. Therefore, no linear conversion function for group p is
presumed and in Table 3 only equation (2) is described for this group.

Comparing just the heuristic groups with transformed nickel con-
centrations (groups al, a3, f and y, Table 3), the regression coefficients
show a variety for both k (0.705 < k < 0.986) and Cy (—2.997 < Cp <
—0.829). Figs. 3 and 4 show the regression functions with their relating
95 % confidence intervals in their valid working range. It can be seen
from these figures, that each heuristic group shows a different conver-
sion function. If one measures for example cyni) = 0.03 mg m’3, the
result for crey is different in each group, such as creyy ~ 0.014 mg m 3
for ‘high temperature cutting’ or cg(ni ~ 0.004 mg m ™2 for ‘grinding’.

4. Discussion
4.1. Identification of groups

Describing the whole dataset by means of equation (2) or (3), reveals
that the most important variable is inhalable dust, already explaining 76
% of the variation in the dataset (Table 3, group 0) and, resulting in k =
0.726 and Cp = —2.835. Considering working activity as an additional
variable, it leads especially to the group high temperature processing’,
which is described by k = 0.870 and Cy = —1.801. All other working
activity groups in this systematic approach combine many different
dust-generating processes and lead to coefficients similar to those of the

0.25

i/ (me m3)

group a2 (welding, GTF < 5 %; not transformed)

group a2: confidence intervall (95 %), lower limit

group a3: confidence intervall (95 %), upper limit = —

group a2: confidence intervall (85 %), upper limit
group a3 (welding, GTF = 5 %; transformed)

group a3: confidence intervall (95 %), lower limit

Fig. 3. Comparison of the determined conversion functions for the heuristic groups a2 ‘welding, GTF < 5 %; not transformed’ and o3 ‘welding, GTF > 5%; transformed’

with their 95 % confidence intervals.
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/(Mg m3)

- group B (high temperature cutting)

— — group B: confidence intervall (95 %), lower limit

—— —group B: confidence intervall (95 %), upper limit

group v (grinding)

= = group y: confidence intervall (95 %), upper limit = = group y: confidence intervall (95 %), lower limit

Fig. 4. Comparison of the determined conversion functions for the heuristic groups 8 ‘high temperature cutting’ and y ‘grinding’ with their 95% confidence intervals.

total dataset (Table 3).

The working activity groups ‘high temperature processing’ and
‘machining/abrasive techniques’ are mainly characterized by some large,
specific subgroups. Group 1 is characterized by the subgroup ‘welding’,
which represents 79 % of the data. 70 % of the presented data in group 3
contribute to the subgroup ‘dry grinding’. This shows that group 1 and 3
might not be representative for the whole working activity group which
they are supposed to describe. In contrast to that, group 2 (‘filling/
transport/storage’) consists of heterogeneous data pairs with no domi-
nant subgroup. However, this group consists of only 42 parallel mea-
surements and we have limited information about the type of products
that are transported or stored. Therefore, its validity is limited.

Since group 1 ‘high temperature processing’ mainly consists of welding
measurements, many datapoints contain additional information about
the GTF. The groups 1a ‘high temperature processing (incl. welding GTF <
5%)’ and 1b ‘high temperature processing (incl. welding GTF < 5%)’ show
similar descriptive statistics, at least for cyn;) (Table 2) because in both
cases also data points without further information on GTF and other
processes than welding are included. These two groups were created to
highlight the impact of the GTF, when risk assessment is performed for
workplaces with high temperature processes and other processes, such
as abrasive techniques influence the measurements. The GTF is only
given for welding processes, so the process specific groups al and a2
(‘welding GTF < 5%), as well as groups o3 and o4 (‘welding GTF > 5%”)
were formed.

4.2. Application of equations (2) and (3) or (4)
There are two limiting cases of equation (2):

o The worst-case assumption cgrvi) = Creni), €quivalent to Cp = 0 and k
=1.

o The linear assumption for cgeni) > croni), equivalent to Cp < 0 and k =
1.

The worst-case assumption has not been observed in our dataset.
Additionally all Cy values for equation (2) throughout this study are
negative (—3.290 < Cp < —0.829).

All k values of this study are smaller than 1 (0.347 < k < 0.986),
although the regression analysis does not prohibit k > 1. For equation
(2), this indicates that k < 1 is a systematic effect. Which means, that the
resulting function is not linear. The ratio cgeni/civiy is declining with
increasing values of cjoy).

Table 3 shows that the concentrations of nickel in respirable dust are
strongly dependent on the grinding time fraction. In the special case,
that the GTF is lower than 5 %, the regression function shows a better
description for untransformed data using equation (4). In contrast to
that, if the GTF is higher than 5 %, a better description of the data can be
achieved when the data is transformed. By this observation, we strongly
recommend, to consider the GTF at the workplace when welding dust
exposure is about to be evaluated.

A linear relation with k = 1 implies, that a single process is respon-
sible for a constant ratio of emission for both dust fractions. One possible
explanation for the finding of k < 1 in this study are agglomeration ef-
fects, which become more important with increasing concentrations
(Rumpf et al., 1976; Koch et al., 1999). In addition, one can speculate
that similar processes, which emit different concentrations of dust at
different ratios, are coded as to the same working activity in the
database.

4.3. Exclusion of ‘unphysical’ nickel concentrations

For this study pairs of nickel concentration are excluded when cgeniy
is higher than cjqy. In fact, in some cases higher nickel concentrations
are measured in respirable dust. This is possible as independent sam-
pling systems for both dust fractions are used. Therefore, inhomoge-
neous materials, particle movement, thermal effects, incorrect sampling,
wall deposits in FSP cyclones or the distance of the sampling systems to
the source of emission can lead to higher nickel concentrations in
respirable dust samples. In the result section, it was shown, that the
exclusion of these data pairs does not have a large impact on the analysis
at this stage, regarding the nickel concentration ranges of interest.
However, to include these samples would introduce a bias the analysis
toward a physically uncommon situation. Therefore, these values
remain excluded.
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4.4. Type of sampling

As ANOVA shows, the significant differences of cgni)/cioniy) found for
the whole dataset (group 0) with the median and distribution tests, are
caused by the different working activities which are included in the
whole dataset and are not an effect of using different types of sampling.

However, one cannot exclude, that the type of sampling has an
impact on the concentration, as it has been observed in various studies
(Lillienberg and Brisman, 1994; Esmen and Hall, 2000; Lee et al., 2006;
Klasson et al., 2016). Personal sampling systems collect occupational
dusts in reduced distance to the source of exposure, while stationary
systems can only be directed to the source. Personal sampling systems
might collect larger, heavier particles directly after the source of emis-
sion, while the amount of those particles decreases with increasing
distance and thus are collected to a lesser extend using stationary sam-
pling systems. This cannot be proved using the technical information in
the database MEGA, as it contains no information about the distance
from the source of emission.

4.5. Application and limitations of results

Especially for the group welding, it cannot be excluded, that the
nickel content of the welding material might influence the nickel con-
centration in inhalable and respirable dust, and therefore the conversion
function resulting for welding (Kendzia et al., 2017). When different
forms of welding are pooled it is possible, that the effect of different
nickel contents is concealed.

The considered measurements in this study have to be representative
for a whole 8-h shift with regard to the German limit values. This is a
prerequisite for analyses and the data storage in the exposure database
MEGA. According to the German Technical Guidance 402, one mea-
surement during a 2-h measurement is sufficient, to report a represen-
tative exposure during the shift of a worker. It remains problematic, if
the 2 h during which the measurements were executed, are not repre-
sentative for the whole work shift, but monitors a part of a work shift
(Kendzia et al., 2017). The restriction of 2 h-measurements is also a
limitation, because at workplaces with high exposures, the sampler
could be loaded with particles in a shorter time.

The given groups are heterogeneous considering the different
working activities and subgroups. One has to be careful to use the model
parameters in toxicological or epidemiological analyses without a
careful check of applicability. The results in this study were derived for
nickel dust-generating processes in the German industry between 2011
and 2020 and the working conditions described in the previous sections.

For the estimation of Nickel in respirable dust, we recommend to use
the conversion functions of the heuristic groups if the concerning
working activity matches to these groups. Special attention should be
paid, if there is no spatial separation between welding and grinding at
the evaluated work place. When welding processes with GTF < 5% are
evaluated, we recommend to use the conversion function of group o2
(‘welding (GTF < 5%) not transformed’). When the GTF is supposed to
exceed 5 % at welding processes, we recommend to use the formula of
group a3 (‘welding (GTF > 5 %) In-transformed’). When the GTF of a
welding process is unknown, it is recommended to use function o
(‘welding’). In all cases, where other high temperature processes than
welding (or high temperature cutting, group f) are to be evaluated, one
should use the conversion function of group 1 ‘high temperature pro-
cessing’. If the concerning working activity does not match the heuristic
groups, the functions of the working activity groups could be used
(group 1-3). If they are also not applicable, the use of group 0 is not
recommended.

If one calculates In(crni) using the regression coefficients in Table 3
for a given group and a given In(cyy)), then the result has the confidence
interval of + 1.96-sg;In(cg(ny ). The smaller value of sg; (Table 3) is only
valid around the mean value of In(cyi)) (Table 3). This variance has to
be added to the measurement uncertainty, which should be calculated
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for the dust sampling process, as well as the analytical process. The
measurement uncertainty (u) for the overall process (sampling and an-
alytics) of nickel is about 6.05 % (expanded measurement uncertainty
(0): 12.1 %) for concentrations up to 0.003 mg m2andu=12.1% U=
24.2 %) for concentrations up to 0.012 mg m~>. The calculations and
estimation of measurement uncertainties comply with the demands and
requirements in the international standards EN 482, ISO 21832 and ISO/
IEC Guide 98-3:2008 (GUM).

The uncertainty of the measured concentrations is in this study
limited to several percent of the measured value (European Committee
for Standardization, 2010; Deutsches Institut fiir Normung, 2021). The
concentrations themselves, on the other hand, cover up to an order of
magnitude due to other influences such as the type of work and inter or
intra worker effects. The difference of these two scales suggest that the
estimates of the slope parameter are not severely biased (Draper and
Smith, 1998). If such a bias existed, it would decrease the size of the
slope parameter. However, a rigorous treatment of the effect of uncer-
tainty in the concentrations is beyond the scope of this study, as it in-
cludes the transfer from the natural to a logarithmic scale in
combination with non-constant uncertainties.

The conversion functions were calculated from measurements per-
formed with the sampling systems listed in Table 1. Applying the
functions on data associated with other sampling systems, other mea-
surement uncertainties have to be taken into account and the overall
uncertainty might differ. The applicability of the functions on such data
can be assumed, when the sampling systems were validated by the same
international standards.

4.6. Comparison with literature

In a study of Kendzia et al. (2017), the average occupational expo-
sure to inhalable nickel was estimated, also using the exposure database
MEGA. In this study a total of 8 052 personal measurements of Nickel,
collected between the years 1990 and 2009 were evaluated and a me-
dian of cyi) = 0.009 mg m~3 was determined (Kendzia et al., 2017). In
our study, for 551 measurements a median of cj;) — 0.0047 mg m~3 was
calculated, although both studies used the same database. In our study,
only nickel concentrations of inhalable dust were considered, when a
relating nickel concentration of respirable dust was measured as well.
Additional to that, in our study more requirements and restrictions were
demanded for the dataset, such as the sampling time should be equal or
higher than 2 h or the restriction of not using samples with measured
concentrations below the limit of quantification and a restriction to the
used sampling systems. Kendzia et al. (2017) evaluated different occu-
pations, such as welders and metalworkers. The median for nine
different welding processes ranged between 0.004 mg mand 0.022
mg m3 (crawiy)- In our study, we pooled ten different welding processes,
forming the heuristic group o ‘welding’, determining a median of 0.0034
mg m >, In the study of Kendiza et al. (2017) also the effect of different
nickel content of the welding material is evaluated, in our study this was
not possible due to insufficient data.

In a study of Weiss et al. (2013) the correlation of parallel measured
nickel concentrations (n = 228) in respirable and inhalable dust during
different welding processes were evaluated. In contrast to our study,
values < LOQ have been included and were imputed with values
randomly selected from a log-normal distribution using a bootstrap al-
gorithm with 100 runs. A transformation of nickel concentrations with
log1p was done instead of In (natural logarithm). The study distinguishes
between metals with a nickel content lower or higher 5 %, whereas the
grinding time fraction in the measurements is neglected (Weiss et al.,
2013). In our study the correlation coefficient is smaller for the heuristic
group welding (R = 0.758 vs. R = 0.850). Considering the influence of
the GTF on the correlation of cjj) and cgeni), the correlation in group o2
(R = 0.852) is close to the one of Weiss et al. (2013) and in group o3 the
correlation coefficient is even higher (R = 0.912). If one uses the con-
version function of Weiss et al. (2013), considering cypvi) = 0.03 mg m’3,
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the resulting cg(yy) is ~ 0.016 mg m >, If one uses the functions from our
study for group a or a3, crevi) ~ 0.007 mg m~3 is estimated and if one
uses the function of group a2 0.011 mg m° respectively. The differ-
ences of the regression functions in the two studies and thus the esti-
mated cgeni), increase with higher cj;). Weiss et al. (2013) performed
additionally multiple linear regression models to determine predictor
variables for internal and external exposure. In our study, it was not
possible to correlate such variables, as the exposure database MEGA
does not contain biomonitoring measurements and these are not part of
this study.

The study of Berlinger et al. (2019) describes workplace exposures
during different hot work processes. In two different facilities inhalable
and respirable dust measurements were performed, and among other
elements also analyzed for the nickel content. Their study contains
measurements for flame cutting and plasma cutting (Berlinger et al.,
2019), which can be compared to our group p ‘high temperature cutting’,
since this heuristic group contains both subgroups (see Table 4). A
further group which can be compared is their group ‘surface grinding’
and our group y ‘grinding’. The measurements of the two facilities in the
study of Berliner et al. (2019) showed big differences in the measured
concentrations, resulting in broad median ranges. The median range for
nickel in inhalable dust in the groups ‘flame cutting’ and ‘plasma cut-
ting’ is 0.038-0.180 mg m > and in respirable dust 0.025-0.140 mg
m~>. In our study the median is lower, for ¢y it is 0.0021 mg m~> and
crvi) 0.0012 mg m3, respectively. The maximum concentrations (Max)
of cyeniy of the cutting groups vary between 0.051 and 0.480 mg m 3 (cg
(i) = 0.030-0.550 mg m~?), and the minimum concentrations (Min) of ¢;
(i between 0.023 and 0.100 mg m ™~ (cgavy = 0.015-0.060 mg m ). In
our group B, cyvi) Max is 0.100 mg m (creniy Max = 0.73 mg m ) and
civi) Min is 0.00047 (cgreniy Min = 0.00018 mg m™3). In our study, we
cover a broader range of concentrations as it can be seen for our Min and
Max concentrations. The different medians comparing both studies
might result from the different number of measurements. Berlinger et al.
(2019) calculated their parameters on the basis of 5-7 pairs of mea-
surement (dependent on facility and cutting group), whereas we were
able to use 48 parallel measured nickel concentrations. In case of
grinding, the study of Berlinger et al. (2019) showed also big differences
between the two facilities, medians of nickel in inhalable dust are 0.016
mg m > (facility 1) and 0.190 mg m ™ (facility 2). The median of facility
1 matches the median of our group y ‘grinding’ (0.015 mg m~>). Ber-
linger et al. (2019) did not use linear regression to correlate nickel in
respirable and inhalable dust, but calculated the ratio creviy/cinviy by
0.64 + 0.14 (flame cutting), 0.75 £+ 0.34(plasma cutting) and 1.22 +
0.36 (surface grinding). As we cannot assume a linear correlation for
these concentrations, we did not calculate any ratios. In addition, a ratio
of 1.22 cannot result from our study, because of the restriction cgeniy > ¢r

(ND).
5. Summary and conclusion

In summary, it is possible to develop conversion functions for esti-
mating the nickel concentration in the respirable dust fraction out of the
nickel concentration in the inhalable dust fraction. 551 data pairs were
analyzed including different working activities. The given conversion
functions can help occupational hygienists and risk assessors to estimate
missing nickel concentrations for retrospective analyses which are often
required for the assessment of occupational diseases or for epidemio-
logical studies. The used data represents nickel exposure at work places
in Germany and therefore, the conversion functions might be more
applicable for German exposure data. The application of the conversion
functions for data measured in other countries should be done with
caution.

The study suggests that the data should generally be evaluated using
linear regression of the log-transformed data shown in equation (2) or
(3) with k < 1 and Cp < 0, except for welding with a grinding time
fraction (GTF) < 5 %, where a linear regression of the untransformed,
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original concentrations is feasible, using equation (4). With specific
working conditions, it is possible to identify heuristic groups (a2, a3, B,
v) where 72 — 92 % of the variance in the data is accounted for by the
regression functions. The bigger working activity groups 1 — 3 are less
specific and the regression explains only 63 — 85 % of the variance.

For the estimation of Nickel in respirable dust, it is recommend to use
the conversion functions of the heuristic groups if the concerning
working activity matches these groups. When welding processes with
GTF < 5 % are evaluated, we recommend to use the conversion function
of group a2 (‘welding (GTF < 5 %) not transformed’). When the GTF
exceeds 5 %, we recommend to use the formula of group a3 (‘welding
(GTF > 5%) In-transformed’). When the GTF of a welding process is
unknown, function a (‘welding’) should be used. In all cases, where other
high temperature processes than welding (or high temperature cutting,
group ) are to be evaluated, one should use the conversion function of
group 1 ‘high temperature processing’. If the concerning working activity
does not match the heuristic groups, the functions of the working ac-
tivity groups could be used (group 1 - 3). In the next years, more
measurements of nickel in respirable and inhalable dust will be per-
formed and these new measurements will be used for further verification
of the conversion functions found in this study. This study is the starting
point for investigating further health related dust components, such as
Cobalt and Manganese.
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ARTICLE INFO ABSTRACT

Keywords: Spot urinary elemental concentrations are presented for 357 adults from Western Kenya collected between 2016
Urinary biomonitoring and 2019 as part of a wider environmental geochemical survey. The aim of this study was to establish population
Micronutrients

level urinary elemental concentrations in Western Kenya for micronutrients and potentially harmful elements for
inference of health status against established thresholds. For elements where thresholds inferring health status
Creatinine were not established in the literature using urine as a non-invasive matrix, this study generated reference values
Hydration correction with a 95% confidence interval (RVgss) to contextualise urinary elemental data for this population group.
Kenya Data are presented with outliers removed based upon creatinine measurements leaving 322 individuals, for
sub-categories (e.g. age, gender) and by county public health administrative area. For Western Kenya, reference
values with a 95% confidence interval (RVgss) were calculated as follows (ug/L): 717 (I), 89 (Se), 1753 (Zn), 336
(Mo), 24 (Cu), 15.6 (Ni), 22.1 (As), 0.34 (Cd), 0.47 (Sn), 0.46 (Sb), 7.0 (Cs), 13.4 (Ba and 1.9 (Pb).

Urinary concentrations at the 25th/75th percentiles were as follows (ug/L): 149/368 (1), 15/42 (Se), 281/845
(Zn), 30/128 (Mo), 6/13 (Cu), 1.7/6.1 (Ni), 2.0/8.2 (As). 0.1/0.3 (Cd), 0.05/0.22 (Sn), 0.04/0.18 (Sb), 1.2/3.6
(Cs), 0.8/4.0 (Ba) and 0.2/0.9 (Pb). Urinary concentrations at a population level inferred excess intake of
micronutrients I, Se, Zn and Mo in 38, 6, 57 and 14% of individuals, respectively, versus a bioequivalent (BE)
upper threshold limit, whilst rates of deficiency were relatively low at 15, 15, 9 and 18%, respectively. Each of
the administrative counties showed a broadly similar range of urinary elemental concentrations, with some
exceptions for counties bordering Lake Victoria where food consumption habits may differ significantly to other
counties e.g. I, Se, Zn.

Corrections for urinary dilution using creatinine, specific gravity and osmolality provided a general reduction
in RVgss for I, Mo, Se, As and Sn compared to uncorrected data, with consistency between the three correction
methods.

Potentially harmful elements
Reference values

1. Introduction

Human biomonitoring is a routine tool for the estimation of chemical
exposures and dietary intakes. Urine has increasingly been employed as
a non-invasive biomarker in biomonitoring studies to measure both
potentially harmful elements (PHEs) and beneficial micronutrients as an
integrated quantitative marker of human exposure from multiple path-
ways. Such information can inform public health, hazard assessments
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and subsequent mitigation strategies (NRC, 2012) to address excessive
or deficient intakes of various environmental and dietary chemicals.
National scale biomonitoring programmes are common in many
countries worldwide, particularly in North America (e.g. NHANES,
2021), Europe (HBM4EU, 2021; GHBC, 2021), and South East Asia (Kim
and Baek, 2016), with fewer programmes in Africa outside of the
occupational setting (Phiri et al. 2020, 2021). More commonly in Africa,
single event studies in the range of 100-500 individuals have been
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reported in the Democratic Republic of Congo-DRC (Tuakila et al.,
2015), Ethiopia (Godebo et al., 2019), Malawi, Kenya (Watts 2019b)
and Tanzania (Middleton et al., 2018) and on rare occasions on a much
larger scale up to 5000 (Farebrother et al., 2018). The complexities of
interpreting biomonitoring data were discussed in depth by Sar-
avanabhavan et al. (2017), in which common approaches using
descriptive statistics (geometric/arithmetic mean, percentiles) are often
compared with reference intervals using appropriate statistical meth-
odologies to account for baseline exposure in a reference population for
a health-risk based context (Legrand et al., 2010). A large body of work
has accumulated in the scientific literature to establish biomonitoring
equivalents (BE) to assist in contextualising biomonitoring data from a
reference value based on toxicokinetic data into a biomonitoring con-
centration (Angerer et al., 2011; Boogaard et al., 2011). For example,
Hays et al. (2014, 2016) reported biomonitoring equivalents (BE) for
trace elements without established thresholds using external reference
doses to relate to urine or blood concentrations. This followed efforts at
a Biomonitoring Equivalents Expert Workshop in 2008 to harmonise an
approach to interpreting HBM data and to provide guidance in a public
health context (Hays & Aylward 2009, 2012) including transparency of
discussions of confidence and uncertainty (LaKind et al., 2008).

Increasingly a reference value of background exposure in a popula-
tion has been reported in the literature using a 95th percentile (RVgss)
rather than a geometric mean, providing an upper margin of the current
background exposure (i.e. environmental, dietary sources) of a general
population to a given substance at a given point in time (Sar-
avanabhavan et al., 2017). The establishment of reference values can be
a useful snapshot of population level status, for which a database can be
revised and refined with new data. A powerful combination of reference
values and BEs can provide a broad comparison to a relatively
non-invasive and inexpensive biomonitoring use of urine to reflect
human dietary or exposure status to an appropriate range of potentially
harmful elements or micronutrients essential for human health. An ex-
ceedance of the RVgss may indicate a need to re-test and investigate
further, and does not take into account toxicological information to
inform clinical intervention, but are a useful starting point in the
absence of population level data for comparison against or in the
absence of upper or lower thresholds for exceedance or deficiency of
exposure/intake.

Urinary biomonitoring offers a route to supporting public health
professionals, with fewer logistical requirements compared to blood or
in settings where resources and infrastructure are challenging for sample
collection and storage, alongside capacity for sensitive analyses of trace
elements with appropriate quality control measures. Therefore, the aim
of this paper was to establish urinary biomonitoring reference values for
Western Kenya covering both micronutrients and potentially harmful
elements by: (1) presentation of a community based urinary bio-
monitoring 