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A B S T R A C T   

Background: Human biomonitoring (HBM) studies like other epidemiological studies are costly and time- 
consuming. They require the administration of questionnaires and collection of biological samples, putting 
substantial burden on the participants which may result in low participation rates. The growing importance of 
HBM studies in epidemiology, exposure assessment and risk assessment underline the importance of optimizing 
study planning, designing and implementation thus minimizing the above-mentioned difficulties. 
Methods: Based on frameworks from survey design and fieldwork preparation of the European Joint Program 
HBM4EU, the German Environment Surveys and the COPHES/DEMOCOPHES twin projects combined with el
ements of project management strategies, a Phased Approach has been developed, introducing a step-by-step 
guideline for the development of epidemiological studies. 
Results: The Phased Approach splits the process of developing a study into six phases: Phase 0 (Scoping and 
Planning): All aspects that are necessary to conduct a study are compiled and put on the agenda for decision- 
making. Phase 1 (Preparation and Testing): Instruments (e.g. questionnaires), materials (e.g. guidelines, infor
mation), and ethics and data management issues, needing thorough preparation and testing before a study can 
start. Phase 2 (Initiation): Organization and acquisition of necessary equipment and engaging and training 
personnel. Phase 3 (Implementation): All procedures that require temporal proximity to the start date of field
work, such as obtaining contact information of invitees. Phase 4 (Fieldwork and Analysis): Involvement of 
participants and chemical analysis of the collected samples. Phase 5 (Results and Evaluation): Final procedures 
leading to closure of the project, such as providing and communicating results. 
Conclusions: The separation of the planning and conduct of human biomonitoring studies into different phases 
creates the basis for a structured procedure and facilitates a step-by-step approach reducing costs, warranting 
high participation rates and increasing quality of conduct. Emphasis is put on a comprehensive scoping phase 
ensuring high quality of the study design, which is indispensable for reliable results.   

1. Introduction 

Early epidemiological studies often focused on infectious diseases 
and death; modern epidemiology has a broader application. Environ
mental epidemiology studies can be classified into two categories: 
descriptive and analytical. Descriptive studies include case reports, 
ecological studies, and cluster studies while analytical studies are based 
on more detailed data from individuals that can be used to control for 

confounding, they are usually costlier and more labor-intensive. 
Human biomonitoring (HBM) studies are environmental epidemio

logical studies and can be either descriptive or analytical in design. They 
include not only response to questionnaires, but also collection of bio
logical samples such as urine or blood from the participants (Angerer 
et al., 2007). They aim at assessing the exposure levels of a population 
and establishing the exposure sources by applying statistical procedures 
on the laboratory results and the provided questionnaire responses 
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(Kolossa-Gehring et al., 2012; National Research Council, 2006). Some 
studies additionally include the collection of environmental samples 
such as tap water or indoor air or dust samples from the homes of the 
participants (Kolossa-Gehring et al., 2012). Collecting materials and 
data has to follow a structured and quality assured procedure because 
every single step of the study has an impact on the overall quality of the 
conclusions (Calafat and Needham, 2009; Heffernan et al., 2020). Each 
one of these single steps needs to be decided upon because it can 
enhance or deteriorate the survey results and it needs (restricted) re
sources. Therefore, optimization of processes and resources is necessary. 
A so called “total survey design perspective” that considers all important 
aspects of study design can serve as orientation (Fowler, 2014). 

Epidemiological studies that include participants in fieldwork are 
costly. What makes HBM studies even more costly and complex is the 
need for collecting biological matrices, transport and conservation, the 
chemical analyses, and related issues e.g. control of contamination and 
ethical considerations. As HBM gains strength, for example in the field of 
risk assessment (Angerer et al., 2007; Bates et al., 2005; Choi et al., 
2015; Sobus et al., 2015) an increase in the numbers of HBM-studies is 
expected. At the same time, it has become more and more difficult to 
recruit volunteer participants for these time-consuming studies (Tolo
nen, 2015; Blair and Czaja, 2014). 

HBM or other epidemiological studies require a wide variety of 
expertise such as project management, questionnaire development, data 
management, ethics, data protection, general and participant commu
nication, logistics of materials and biological samples, chemical anal
ysis, toxicology, statistics, personnel for the study conduct (interviewer, 
field staff, in some cases medical staff) etc. (Choi et al., 2014; Tolonen, 
2016). 

Successful conduct of a study relies on the development and execu
tion of a well-organized research plan which includes the research 
question (incl. literature research), development of methods or in
struments, study implementation as well as management and analysis of 
data and last but not least interaction and communication with partic
ipants (Weber and Cobaugh, 2008). Support for organizing and man
aging the resources for a defined project within a defined time period is 
provided by project management (Berkun, 2005). Project management 
includes establishing a multidisciplinary project team, defining, in bal
ance with available financial resources, the project scope, developing a 
timeline, directing project activities, managing problems, and tracking 
the progress and ensuring quality in the whole process. For the devel
opment of a timeline the study needs to be broken down into steps or 
clusters of tasks, to which resources have to be allocated (Weber and 
Cobaugh, 2008). Applying these principles of project management to the 
planning of a study can lead to a better organized and effective study 
(Weber and Cobaugh, 2008). 

Some support for the planning of epidemiological studies is provided 
by epidemiological associations when they explain which elements have 
to be generally considered or have to be described in a study protocol. 
According to the International Epidemiologic Association (IEA), “… the 
[study] protocol is the cornerstone of any epidemiological research project” 
(IEA 2007) which makes it the main instrument for implementing an 
epidemiological, or human biomonitoring, study. The study protocol - 
also called study plan, handbook, or book of operations – starts with a 
chapter about the purpose and the underlying hypotheses of the study. 
Following chapters refer to the study design, the study (target) popu
lation and the sampling frame to be applied and details about planned 
activities and analyses. Furthermore, administrative issues, ethical and 
legal considerations and possible problems and limitations are described 
(IEA 2007). There are standards of good scientific practice for study 
conduct available and should be followed by all epidemiologic research 
initiatives (IEA, 2007). Such standards have been published e.g. by the 
American Chemical Manufacturers Association (Cook, 1991) and by the 
German Society for Epidemiology (DGEpi) (DGEpi, 2008; Hoffmann 
et al., 2019). Whenever a country or institution is striving to perform an 
epidemiological study, e.g. a health and/or nutrition survey or a human 

biomonitoring survey including collecting biospecimen, it is 
well-advised to respect these guidelines. 

However, while these standards provide useful guidelines, they do 
not inform about the roadmap for the planning of such studies which 
would be helpful considering the complexity of the studies and the 
different issues to be regarded. We propose here the Phased Approach 
which complements the existing literature on details of study design, 
fieldwork, ethics or data management (Ahrens and Pigeot, 2014) in 
providing a precise, practically and usefully structured, step-by-step 
approach for planning an epidemiological HBM-study in detail. 

2. Methods 

The Phased Approach was developed in the framework of the Eu
ropean Joint Program HBM4EU (HBM4EU, 2020). It is based on expe
riences of the German Environment Agency (UBA) which has conducted 
environmental surveys regularly since 1985 (Schulz et al., 2007). The 
experiences of the author and co-authors were already incorporated in 
the ESBIO project (Development of a coherent approach to human 
biomonitoring in Europe 2005–2007) (EU, 2013a) and the twin projects 
COPHES/DEMOCOPHES (EU 2013b; COPHES 2013), a European coor
dination action on HBM, and now in the Horizon 2020 project HBM4EU 
(HBM4EU, 2020). 

In HBM4EU to some extent data from newly developed studies in 
different countries will be used. To facilitate data interpretation, this 
data should be collected using a standardized study protocol. In reality a 
‘one fits all’ study protocol does not exist. Even though the general 
design can be standardized to a significant extent each country still has 
to plan and coordinate an HBM-study on its own (Joas et al., 2012; 
Becker et al., 2014; Casteleyn et al., 2015). These facts were the reason 
to develop the Phased Approach. The Phased Approach was based on the 
aforementioned experiences and established through a profound liter
ature research, including other fields of surveys, e.g. clinical trials, 
complemented with information from project management. It compiles 
all necessary steps for study conduct and puts them into the chrono
logical order. 

For project management several commercially available project 
management tools exist but also the European Commission has devel
oped an online available project management tool, called PM2, available 
for free. It is based on standards and methodologies of globally accepted 
project management best practices and also on experiences from several 
European Commission projects (European Commission, 2018). As the 
idea of the Phased Approach was developed in the frame of the European 
HBM4EU-Project the PM2 project management tool was selected to serve 
as a model for the Phased Approach. 

In the field of project management, it is common to operate projects 
in several – often five or six - phases to facilitate a proper follow-up of 
the different tasks involved. They start with an initiation or project 
conception phase, followed by a definition/planning phase and moving 
on to the development/project launching and execution phase also 
called implementation/performance phase. Finally, there is the follow- 
up or project closing phase (Baars, 2006). 

PM2 includes 4 project phases: 1) Initiating Phase; 2) Planning Phase; 
3) Executing Phase and 4) Closing Phase (European Commission, 2018: 
The PM2 Methodology Guide v3.0). The activities of monitoring and 
controlling are part of each of the four phases. A description of the 
content of the five phases is shown in Table 1. 

Besides the content of the single phases also their intertwining is of 
interest. 

Fig. 1 demonstrates that in each phase one activity is predominant (e. 
g. in the Initiating Phase activities of initiating are predominant) but 
that these phase-related activities will also be executed in neighboring 
phases, i.e. there is an overlap of activities or some activities are 
continued in other phases, e.g. initiating activities are repeated in the 
Planning Phase. A project moves on to the next phase when the goals of 
the current phase have been reached (ideally, results are reported 
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formally in a review). Although the Phased Approach intends to provide 
a step-by-step approach, an overlapping of some parts of a phase to the 
neighboring phases cannot completely be avoided and is partially 
necessary. 

For the Phased Approach six phases have been developed. This was 
necessary to strengthen the step-by-step approach which is really helpful 
not to get lost in the manifold topics an HBM study comprises. As 
pointed out by the IEA (IEA, 2007) the cornerstone of epidemiological 
projects is the ‘study protocol’, an instrument widely used for epide
miological studies. It is a compilation and precise description of each 
issue necessary for the implementation, application, and evaluation of a 
study. Therefore, the Phased Approach is linked to the study protocol. 
Within this Phased Approach the key words of epidemiological studies 
(study design, selection of participants, recruitment, biological samples, 
fieldwork, questionnaires, analysis, interpretation and communication, 
and quality control) (Choi et al., 2014) are addressed as well. 

3. Results 

3.1. Overview of the Phased Approach 

The Phased Approach breaks down the process of mapping a study 
into the 6 phases of (0) scoping and planning (1), preparation and 
testing, (2) initiation, (3) implementation, (4) conducting the fieldwork 
and starting with analysis and (5) reporting and evaluation procedures 
to close the project. This way, a step-by-step procedure becomes 
apparent and facilitates the development of an individualized study 
concept and the implementation of the study. 

The numbering of the phases starts with “0” because there all general 
decisions necessary for the study conduct will be taken - this decision 
process is regularly not part of a study protocol where the Phased 
Approach is anchored. 

Fig. 2 presents a rough overview of the 6 phases which are explained 
in more detail in the following text. 

As an example, Fig. 3 provides an overview of a possible distribution 
of the workload (effort) for the six phases during a four-year period. In 
other studies, the duration of the phases will vary according to the 
survey design. 

3.2. Phase 0 – Scoping and Planning 

The Phase 0 sets the basis for all aspects of the study. Therefore, it is 
necessary to take the time for compiling all that is needed later on for the 
study and to prepare necessary decisions. 

Decisions that have to be taken refer to three main questions: 

Table 1 
Descriptions of the project phases in the PM2 project management tool.  

Phase Description of content 

1. Initiating 
Phase 

Define the desired outcomes. Create a Business Case. Define the 
project scope. Get the project off to a good start. 

2. Planning 
Phase 

Assign the Project Core Team (PCT). Elaborate the project scope. 
Plan the work. 

3. Executing 
Phase 

Coordinate the execution of project plans. Produce deliverables. 

4. Closing Phase Capture Lessons Learned and post-project recommendations. 
Close the project administratively. 

5. Monitor & 
Control 

Oversee all project work and management activities over the 
duration of the project: monitor project performance, measure 
progress, manage changes, address risks and issues, identify 
corrective actions etc.  

Fig. 1. The PM2 project lifecycle: indicative phase overlapping and cumulative 
effort (source: The PM2 Methodology Guide v3.0). 

Fig. 2. Overview of the 6 phases of the Phased Approach.  

Fig. 3. Example of a possible distribution of the workload (effort) for the six 
phases during a four-year period. 
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a) What? Scope and hypothesis of the study and planned research 
program, including the substances to be analyzed, and instruments, i. 
e. human and additional environmental samples, clinical examina
tion and questionnaires (Table 2)  

b) Who? Target population and selected invitees (Table 3)  
c) How? Organization and organizational structure of the study, 

including the distribution of responsibilities and resources (Table 5). 

These questions need to be answered in detail, to disclose their in
terconnections, and to facilitate a proper study conduct. 

This description of Phase 0 starts with a closer look first on the What? 
then on the Who? and finally on the How? questions. But the parts of the 
How? question dealing with responsibility and budget may be necessary 
to be decided in advance: who will take all these decisions, who will 
have to be included for taking specific decisions, which research pro
gram is possible with the available budget? All these decisions belong to 
Phase 0, but without knowing what exactly the study consists of budget 
is difficult to estimate, therefore, in this text the What? questions 

precede the How? questions. 

3.2.1. Main question: What? 
An HBM study is usually conducted either to obtain the distribution 

of certain substances of interest in the population or to estimate the 
exposure level of a specific target population. For both questions the 
substance(s) of interest is a starting point for all further decisions, as 
target substances have implications on the study design, the question
naires, and the fieldwork. For example, the substance impacts the matrix 
of the biological sample to collect and the half-life of the target chemical 
in the selected matrix impacts the time of sample collection which again 
has consequences for the fieldwork (collection procedures differ for 
different matrices). Also, statistical power calculations used to detect the 
necessary number of participants for a representative sample are based 
on the selected substances. More detailed aspects connected to the 
substances of interest are shown in Table 2. Another What? - also shown 
in Table 2 - concerns the questionnaires that regularly accompany HBM 
samples, e.g. to elucidate the exposure pathways of the target sub
stances. When additional instruments, e.g. clinical examinations, or 
environmental samples are included in the study, additional issues in the 
“What?”-category have to be thought of. 

3.2.2. Main question: Who? 
The decision on what to study is closely connected to the question on 

target population (whom). Some countries may start their decision 
cascade with the decision on the target population and continue with the 
decisions on the substances, both decisions are closely related. 

Table 3 provides an overview of accompanying questions to the 
matter of the involved population. 

To be able to apply the results of the study to the target population, 
not only the sample of invitees needs to be representative for the target 
population but also those who actually participate (the participants) 
have to represent the target population which can only be achieved if the 
sample was representative for the target population. Decisions pertain
ing the intended representativeness of the study have on the one hand a 
great influence on the way the fieldwork can be performed and on the 
other hand a high impact on data interpretation. Table 4 gives examples 
of how to obtain a representative sample in different population groups. 

A good sampling method for selection of individuals if no population 
registry for a random sample is available or applicable is e.g. the strat
ified clustered multi-stage design. Via this design, geographical areas 
(stratification) are selected within a country. This can be applied if e.g. 
pregnant women shall be included and be approached when they arrive 
at the clinic before delivery. Within each of the geographical areas, 
primary sampling units (PSU), in this example the clinics (other exam
ples: general practitioners, schools, work registries) are selected 
randomly, (or proportional to the number of individuals in these PSU). 
Furthermore, individuals are selected randomly within the PSU. 

Once the target population is defined, in order to assess if an invitee 
can be included in the study as a participant or not, the definition of 
eligibility criteria is necessary. As this may have influence on the 
necessary efforts to obtain the desired number of participants, the de
cision on eligibility criteria is important at an early stage of planning of 

Table 2 
What? Things to consider and decide pertaining substances, questionnaires, and 
other additional instruments. Main question: Who?.  

Substances of interest Questionnaires (to 
elucidate exposure 
pathways and/or medical 
history) 

Clinical examinations (e. 
g. lung function tests, 
weight and height 
measurements) and 
additional environmental 
samples of the homes of 
the participants (e.g. 
indoor or outdoor air 
samples, tap water, dust)  

• Specified biomarkers 
(matrix/analyte): 
limits of quantification 
in the target 
population, time frame 
for sample collection  

• Analytical method: 
LOQ, certified 
reference material and 
standards, costs, etc.  

• Sample volume: for 
single analysis, 
repetitions and 
biobanking  

• Sample collection and 
storing material: 
material, volume, 
preservatives, control 
for background 
contamination, 
stability for 
biobanking (including 
labels), quality 
assurance aspects.  

• Processing of the 
samples during 
fieldwork (after 
receiving them from 
the participants)  

• Sample conservation 
and shipment  

• Sample reception and 
aliquoting process: 
number/volume of 
aliquots, labelling, 
criteria for 
acceptance/rejection 
of the samples  

• Qualified laboratories 
for the analyses 
(different labs may 
need different 
volumes)  

• Content (e.g. living 
environment, diet/ 
smoking behaviour, 
occupation, leisure 
time activities, health 
history, medication, 
socio-economic back
ground; for substances 
with short half-lives 
questions that cover 
the last 24–72 h past 
urine collection)  

• Supporting 
questionnaires: 
recruitment 
questionnaire (meeting 
inclusion/exclusion (=
eligibility) criteria, 
availability, history of 
contact); sampling 
questionnaires (i.e. 
period of sampling, 
recent exposure related 
to the target 
biomarker, etc.); 
interview guide 
(explaining the 
questions and possible 
answers for the 
interviewers or 
participants); non- 
responder question
naire; satisfaction 
questionnaire.  

• Way of application 
(face-to-face interview, 
telephone interview, 
self-administered, 
paper and pencil, web 
based) (also view 
“How?”)  

• necessary research 
equipment (devices, 
sample collecting 
containers, 
communication 
material, personnel)  

• necessary validation 
procedures for new 
instruments (e.g. new 
questionnaires or 
devices)  

• to whom shall which 
instrument be applied 
(to all participants or 
subgroups?)  

• time needed for the run 
of these procedures 
during fieldwork  

Table 3 
Who? Target population.  

Population aspects Decisions related to involved population 

Target population general population, risk-exposure groups 
(occupational, hot-spot) children, adults, etc. 

Definition of participants Age, sex, number; eligibility criteria 
Degree and direction of 

representativeness 
National, Regional, local, and according to sex and 
socio-economic status; oversampling of a subgroup 

Data to be collected (and 
stored?) 

Organizational aspects of data management; data 
protection 

Ethics committee for 
authorization 

Requirements of the selected ethics committee, 
procedure, and duration of the decision procedures  
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the study. The eligibility criteria should consider general aspects of the 
study design, e.g. the age of the participants, and others that can affect 
the results such as illness, language difficulties, hot spot areas or 
working in specific enterprises. 

A last but most important aspect pertaining the Who? is the 
compliance with ethical standards and data protection issues. The na
tional and e.g. European regulations on ethical, legal and data protec
tion issues have to be ascertained in an early state of the study planning 
to warrant proper compliance. 

3.2.3. Main question: How? 
Decisions on the How? already go deep into the details of a study. 

They involve the two aspects of 1) way of study conduct and general 
decisions necessary for this (based on the decision on the research 
program), and 2) organizational decisions (Table 5). 

The type of study has big implications on each aspect of the study 
conduct but also on the scientific significance especially if elucidating 
causality is aimed at. Cross-sectional studies, for example, can answer 
policy questions related to the actual exposure levels of the target 
population but cannot be used to answer questions on causality 
(Kleinbaum et al., 1982). Decisions on the sampling frame detail how 
invitees can be contacted. The timing (seasonal aspects) and duration of 
the fieldwork have implications on the representativeness and on 
organizational aspects of the study. The target groups and their 
respective occupation have to be reflected (e.g. a study planned to re
cruit school children in schools should not start during holidays). Pref
erably, a study should cover all four seasons to avoid seasonal variation 
of the outcome measures. If this is not possible, potential biases have to 
be taken into account. Time needed for training activities of the field 
staff before and during the fieldwork has to be considered appropriately. 

The decisions on the research program (What?) include decisions on 
the instruments to be applied, but it is also necessary to decide about 
the way how they shall be applied and how much time is needed, e.g. to 
answer the questionnaires. This duration has implications on the dura
tion of the whole fieldwork. The more instruments shall be applied the 
more burden is put on the participants and this may also influence the 
participation rate (Mindell, 2015). Burden put on participants is an 
ethical aspect. Therefore, a balance between the necessities of the 
research program and the practical feasibilities of the study is necessary. 

Decisions on the place of direct contact to the participants, private 
homes, or centralized examination rooms, also have implications on the 
organization of the fieldwork. It is advisable to offer alternative possi
bilities to comfort the participants, though it has to be checked if this is 
appropriate for the study instruments (home visits are necessary if e. g. 
indoor air or drinking water are to be collected by the field staff). 

In order to obtain high participation rates, it is advisable to identify 
potential obstacles in the enrolment process early on and think about 
ways how these could be addressed. Progress of the recruitment should 
also be monitored throughout the fieldwork and adapted if necessary. If 
ethics committee allows, additional incentives can be offered such as 
financial and in-kind compensations. Incentives can be provided un
conditional or conditional to participation. Type and format of in
centives should be addressed in the first information for the participants 
(invitation). 

Besides the quality control aspects pertaining the analytical and pre- 
analytical aspects of the samples and sample collection, quality control 
and quality assurance have to be applied for all instruments and the 
study as a whole. Internal quality control, e.g. for the fieldwork, can be 
performed by personnel of the unit of the institute or division not 
involved in the study. Additional external experts for quality control are 
especially advisable for larger research programs. Time for hiring and 
budget implications for these external experts have to be considered, 
too. 

To warrant high quality results, it is advisable to conduct a pilot 
study to prove the interaction and functionality of the main instruments 
with a small group of participants. Conducting a pilot study will include 

Table 4 
Methods for obtaining a representative sample in different population groups 
and their sampling frames.  

Target population Sampling frame (to 
select from the list of 
…) 

Methods for obtaining a 
representative sample 

General population of 
- adults 
- with or without 
children 
- or only children/ 
adolescents (separated 
by sex and/or age) 

Population register 
(country, regional) 
Or 
stratified clustered 
multi-stage design 

a) Obtain a random sample, 
keep track of non-responders 
and dropouts 
b) Extract from ongoing study 

Vulnerable population 
(pregnant, newborns, 
seniors, etc.) 

Patient files of clinics/ 
doctors/midwives 

Obtain a random sample, 
keep track of non-responders 
and dropouts 

Occupational 
population 

Employment records, 
branch organizations, 
large cohorts 

a) Prepare a list of eligible 
sampling units (workplaces) 
for random sample 
b) Extract from large 
database/cohort 

Children/adolescents 
(different age groups) 

Kindergartens/day care 
centers, or their groups 

Prepare a list of eligible 
sampling units (schools, day 
care centers) for random 
sample 

Schools, vocational 
schools, or classes  

Table 5 
How? General decisions on way of study conduct, and on organizational struc
ture, responsibilities, and budget.  

Study conduct, general decisions General decisions on organizational 
structure, personnel, and subcontracting  

• Study design (cross-sectional, cohort, 
etc.)  

• Organizational structure (Study 
Owner; Principal Investigator; Project 
Manager, managing team, etc.) 

•Sampling frame for the participants 
(how shall participants be contacted?)  

• Budgetary issues and allocation of 
financial, material, and human 
resources  

• Timing and duration of the fieldwork 
of the study (season (how many 
seasons?)  

• Personnel/responsibility for the 
preparation of all the written 
documents (like study protocol, 
Standard Operating Procedures 
(SOPs) for each instrument that is 
applied or developed, the data 
management and communication 
material for the participants, 
collaborating organizations and the 
general public  

• Repeated (?) involvement of 
individual participants in the study  

• Personnel/responsibility for 
organizational and pre-sampling pro
cedures (e.g. mailing issues, prepara
tion of sampling equipment/vessels)  

• Manner to apply selected instruments 
(e.g. questionnaires); collection and 
drop-off of biological samples; addi
tional physical measurements  

• Personnel for execution of the 
fieldwork (nurses and/or professional 
interviewers), temporarily or 
permanent staff?  

• Place of study conduct/participant 
involvement (participant homes; place 
of productive hours like schools, 
workplace, or the official head quarter 
for the study (examination center like 
in schools, clinics, town halls) or 
mobile centers  

• Necessity for subcontracting (e.g. 
execution of fieldwork, laboratory 
work  

• Incentives for participants (if decided 
to provide, what kind? reimbursement 
for travel costs and/or for spending 
time and samples): Information on 
individual and general study results; 
small gifts and certificates for 
participation   

• Quality assurance of the whole 
program and single steps (internal, 
external?)   

• Pilot Study – which instruments and 
processes shall be tested?   
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additional time and budget as all decision steps for the main study have 
to be repeated (in parallel) for the pilot study. But the pilot study pro
vides information on the feasibility of the actions and acceptability of 
measurements by participants and thus has implications to the costs and 
the quality of the results of the main study to a considerable extent 
(Becker et al., 2014; Biemer and Lyberg 2003). 

Additionally, and finally, decisions are also necessary on organiza
tional issues, pertaining the structure and the personnel responsible for 
the main parts of the study (Table 5). 

To have a clear structure and a clarification of the sharing of re
sponsibility is extremely important for the success of a complex study 
(Tolonen, 2016). According to project management, the establishment 
of a project team is a necessary activity to effectively plan and execute a 
project (Weber and Cobaugh, 2008). This supports the inclusion of 
different perspectives while setting up the research plan and planning 
the study. It plays an important role in ensuring the successful conduct of 
the project and for the concrete tasks, e.g. the preparation of all neces
sary (written) material, but also for decisions in case of unforeseen 
events. Allocation of human resources is, like material and financial 
resources, included in budgetary decisions. Mostly the budget has a 
steering (often limiting) function on the structure, the number of par
ticipants involved, the instruments applied, the duration and organiza
tion of the fieldwork and the subcontracts or additional permanent or 
temporary staff required. 

The How? Questions also tackles the question on responsible 
personnel for developing the written material. Indispensable for the 
quality of an epidemiological study is the proper elaboration of written 
instructions, summarized in the study protocol and detailed in the 
Standard Operating Procedures (SOPs) and questionnaires. 

It will be necessary to develop diverse communication material, as 
communication is key to ensure a successful contact to the participants 
and to reach acceptable participation rates (Exley et al., 2015; Tolonen, 
2015). These might not only be written material but can also take the 
shape of information meetings for potential participants, informational 
videos, social media presence or websites. For this or, e.g. for a potential 
new corporate design for the study (a logo), subcontracts/tender pro
cedures may have to be set up. 

Project management guidelines recommend preparing a timeline for 
the whole project. 

This could also be part of the Phase 0 or a first action of Phase 1. 
After these final decisions have been taken, Phase 0, the Scoping/ 

Planning Phase, ends. All theoretical considerations are now done. At 
this point the next phase starts with the elaboration of more details. 

3.3. Phase 1: Preparation and Testing 

The main focus of Phase 1 is on arranging those instruments and 
materials that need preparation and/or testing before they can be used 
for the study. If not already done in Phase 0, a first task of Phase 1 is the 
fixing of a timeline for the project. Also, it has to be safeguarded that the 
progress of each task is trackable (with indicators, milestones) to be able 
to steer the process. 

The first emphasis should then be put on the written materials 
because much of this is needed for the approval of the study by an 
ethics committee and the acceptance of the data protection officer. 
Both have to be approached in this phase and their approval carefully 
reviewed as it is a prerequisite for each study. Additionally, translations 
into different languages might be necessary which will also take some 
time. 

The preparation of a Fieldwork Manual, a collection of all written 
materials that are necessary for the fieldwork should start. 

The development of questionnaires is in itself a complex and time- 
consuming endeavor. Therefore, it is helpful to rely on already used and 
tested or validated questionnaires or questions whenever possible. A 
statistical analysis plan can help to streamline the questions to the 
research plan. Each question needs a justification or rationale for being 

asked and this background information should be put together in an 
Interviewer Manual if the questions are administered by interview. 
Otherwise this background information can be used for the elaboration 
of the information material for the participants (FAQs). Before questions 
or questionnaires can be applied to participants it is necessary to test 
them with at least 15 volunteers (Perneger recommends 30 (Pernegger, 
2015)) not only for the validation of the questions, but also to get an 
impression on the time needed for answering. This participant burden is 
of interest for ethic committees. If questionnaires are administered by 
computer assistance (CAPI/CATI/CASI/CAWI), respective codebooks 
for the programming of the questionnaires for computer programs have 
to be developed. 

Another part of the communication material that should be pre
pared in this phase are all other information materials about the study 
itself (information leaflet, flyer etc.) and instructions for study partici
pant, e.g. handling and storage of the samples the participants have to 
take themselves, such as the first morning urine samples. 

First ideas for the communication of the study to the target popula
tion should also be developed in this phase. 

Suitable communication is key when aiming at ensuring a suc
cessful contact to the participants and to reach acceptable participation 
rates. Therefore, already at this planning stage implications of the 
communication aspects are important to reflect (Exley et al., 2015; 
Fiddicke et al., 2015). 

Besides these written materials, other preparatory work should be 
started in this phase as shown in Table 6. 

3.4. Phase 2: Initiating 

Phase 2 comprises the concretization of the work ahead. All what is 
needed to be able to start with the fieldwork has to be turned into 
practice, initiated, e.g. material has to be bought or laboratories con
tracted, and final decisions regarding fieldwork, laboratory work and 
data management have to be made and respective measures taken. At 
this point, all prerequisites for the study, like ethics authorization and 
data protection issues are already solved. 

Table 7 provides a detailed overview of the tasks of Phase 2. 
The Fieldwork Manual (and other written material) has to be 

checked for necessary updates (e.g. printing errors etc., but attention not 
to get into conflict with the already received ethical authorization) so it 
can be used for the training of the field staff. Training workshops pro
vide an overview on the study itself, its background, the background of 

Table 6 
Preparatory work to be completed in Phase 1. After all this preparatory work is 
finalized, or at least well on track, the next, more detailed work can start in the 
Phase 2.  

Data management and incentives Laboratory work  

• Develop a data management plan  
• Creating a database for the contact 

details and the recruitment 
procedure  

• Creating a separate database for the 
questionnaire data and analytical 
results 

•If non-monetary incentives are plan
ned their design should be prepared  
• For monetary incentives, a reception 

sheet should be prepared  

• According to QA/QC-criteria qualified 
laboratories for the selected biomarkers 
have to be contacted or a tender process 
be prepared.  

• Test the planned collection materials on 
their usability, e.g. tubes and vessels are 
free of contaminants, labels are suited 
for the sampling and storing conditions 
(temperature, humidity, etc.)  

• Prepare a sample reception protocol to 
be filled in by involved laboratories, 
necessary to control the integrity of the 
packaging and the conditions of the 
sample tubes and vessels (respect the 
General Data Protection Regulation)  

• Database of aliquots: Create a database 
including the sample ID code, aliquot ID 
code, sampling date, freezing date, type 
of sample, aliquots remaining after 
analysis, location in the bio bank, etc.  
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the questions and specific topics and explain the details of the workflow 
(how to plan and conduct the interview, how to take samples, sample 
aliquoting, transport, sample reception, filling out all documents 
involved in the sampling procedure etc.) The training should also pro
vide hands on training, e.g. pertaining the samples and sampling and 
conducting interviews. 

Phase 2 also includes the creation of a detailed fieldwork schedule 
for the field staff with start date, end date and route plans concerning the 
involved study locations (towns, cities, or regions where the fieldwork 
will take place). 

The decisions pertaining the incentives or compensation, be it 
monetary or non-monetary, will need concretization in terms of buying 
(e.g. small gifts) or designing (certificate). 

The fieldwork logistics have to be planned and prepared including 
obtaining required devices and materials, their temporal storage, and 
transport to and from the fieldwork location. 

Laboratory equipment plays an important part in this phase. If the 
collected samples shall be (partly) processed directly in the field, it is 
necessary to ensure that minimum laboratory equipment will be avail
able, e.g. refrigerator, centrifuge to warrant optimal conservation, and 
appropriate facilities to avoid the contamination of the samples. 

If transport of samples is foreseen, the packaging must fulfil the 
regulations (local and general) concerning the shipping of biological 
material. If the transport will be done by couriers, the details what exact 
their service covers needs to be checked in advance to prevent loss of 
samples. 

If external laboratories are involved (selected in Phase 1), contracts 
need to be negotiated, set up and signed. These contracts should also 
include the date of finalizing the analyses and the date and format for 
reporting the results. 

To further support the field staff or interviewers, a checklist with all 
materials and devices for a study visit can be compiled. 

All databases necessary and a data management plan have already 
been developed in Phase 1. Final test runs for these plans and databases 
can still be done in this Initiation Phase. 

3.5. Phase 3: Implementation 

Phase 3 deals with the ‘general’ recruitment. It pertains all that is 
needed to reach the target group that shall be involved in the planned 
study. It only begins some two-to-three weeks before the start of the 
fieldwork, which is defined as the direct involvement of the participants. 
What exactly is necessary in this phase varies according to the way 
volunteers will be included in the study. 

In general, for population based representative studies, an invitation 
to all persons of the selected sample of the sampling frame fitting to the 

target population is necessary. Often contact details are obtained from 
sampling frames, like population registries of selected towns or lists of 
pupils of selected schools. Another way is to contact selected schools to 
prepare teachers to be the promotor of the study in selected classes or to 
inform the parents via the school internet or special events that their 
children will be invited. Physicians, midwives, or selected maternities 
are sometimes approached to reach special groups of probable partici
pants. The professionals need to agree and be prepared to forward in
vitations to the persons that fit to the target group. Finally, as a result of 
this ‘general’ recruitment, one of the two options has to be accomplished 
either a list of potential participants to whom invitations can be sent 
shall be available or counterparts for direct participant contact are 
established – so the sample of the invitees is prepared. 

Timing of this ‘general’ recruitment is a sensible issue. It should not 
be done too long in advance before the fieldwork shall start because 
invitees might change addresses or approached counterparts are no 
longer available. This risk increases with the timely distance between 
searching for addresses and sending individual invitations. 

If addresses of individuals have been collected, they then can be 
transferred to the databases set up in Phase 2. Additionally, each indi
vidual is assigned a study-specific ID number which serves for pseudo
nymization of results. During this process and from here on out, data 
protection always has to be ensured. 

During this Implementation Phase also the visit at the first study 
location (i.e. the region or city where the study will take place) is pre
pared. For example, the place or rooms that serve as examination centers 
have to be rented as well as rooms for field staff. Examination centers 
serve the needs for the study, i.e. consist of separate rooms (as waiting 
room or reception, room for interviews, room for exercises, sanitary 
facilities, etc.) and can be in schools, town halls, or clinics etc. They 
should be easily accessible and are necessary in each study location. If 
overnight stays of the fieldwork staff are necessary, this has also to be 
arranged. 

This is also a good period of time to raise awareness for the study and 
start communication with the target or additionally the general public 
about the study at the sampling location with the aim to increase the 
participation rate. 

Finally, the laboratories that will analyze the biological samples have 
to be informed about the upcoming start of the fieldwork so that they are 
ready to start with the first analysis. 

3.6. Phase 4: Fieldwork and Analysis 

Fieldwork starts with the direct contact to the individual partici
pants. The first part of fieldwork (Fieldwork I) comprises the individual 
recruitment and starts directly after the general recruitment has pro
vided the contact details of those who shall be invited or has informed 
about the way how to approach them. 

Invitations can now be sent, or direct contact be established. Invitees 
shall be provided different ways to articulate their acceptance or 
rejection of the invitation (e.g. personally, via phone, a reply card, 
email, or online tool). For organizational issues and to have the ability to 
calculate response rates it is necessary to keep track on the answers. 
Volunteers need to be contacted and checked for eligibility criteria. 
Those who will finally be included in the study, the participants, will be 
informed on their participation and probably sent detailed information 
or additional materials necessary for the study. Appointments for per
sonal interviews or clinical examinations will be fixed. 

Individual recruitment can be very time consuming, as it is necessary 
to grant several days for response and provide several reminders – how 
many should be detailed in the Fieldwork Manual. 

In those cases where invitations have been sent but invitees did not 
react the field staff can still try to recruit them personally. For statistical 
reasons (representativeness) it is important to try very hard to reach 
each randomly selected participant (see Fieldwork II below). 

In case a potential participant refuses to participate, a non-responder 

Table 7 
Overview of the tasks of Phase 2.  

Remaining issues to get into the position to start the study  

• Updates of the Fieldwork Manual with all SOPs, communication material and 
questionnaires.  

• Engage qualified interviewers/fieldwork staff. 
•Organize and perform the training of the interviewers/fieldwork staff.  
• Decision on exact starting date and duration of the fieldwork, provide a route plan 

for the visit of included cities (sampling or study locations).  
• Organize/purchase the incentives which have been selected for the participants 

(books, bags, etc. with study logo) and a reception sheet for monetary incentives. 
•Purchase material for the sampling of the matrix to be collected (sample vessels, 
aliquot tubes) and material for the field staff (laboratory equipment, office, and 
dispatch material). If necessary, prepare the material for sampling (clean with acid 
solution, label it, etc.). Also, material for sample transport to the laboratory or biobank 
have to be considered.  
• Fix relation to targeted laboratories, sign contracts. Define the date and delivery 

format for the analytical results: type of file, units, report about the internal quality 
controls applied, etc.  

• Provide packing lists and prepared material for the field staff.  
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questionnaire should be administered to be able to compare non- 
participants with participants to check for potential response bias. 

During the whole fieldwork procedure – until the participants have 
received their individual results - a phone number and an email address 
of the general study office as contact address has to be provided. 

The second part of fieldwork (Fieldwork II) is the core element of 
the study. Here the participants are directly involved in the study: 
samples collected, questionnaires are applied, clinical examinations are 
carried out and afterwards incentives and results provided - all 
depending on the instruments decided upon in Phase 0 and precisely laid 
down in the Fieldwork Manual. 

An example for a schedule for the fieldwork procedures at study 
locations could be: Upon arrival at the study location the examination 
center is furnished with study equipment and devices. Before the visit of 
every single participant, the material (such as interviewer identity card, 
papers, laptop, additional sampling vessels, incentives etc.) is checked, 
prepared, and stocked up. On arrival of a single participant, the field 
staff checks and accepts the declaration of informed consent from the 
participant. Only then the other instruments of the study are applied, e. 
g. the questionnaire can be filled out, measurements and samples taken. 
In case not all parts of the fieldwork could be completed at once, an 
additional visit in the next few days should be offered to the participant. 

If the participant involvement takes place in the participants’ homes 
special care has to be taken. Respect for the residents and close obser
vation of household etiquette is strongly recommended to avoid nega
tive effects on participation rates. 

Each visit needs to be well documented with details concerning 
duration, completion, handovers and consent, and all procedures 
accompanied by quality control measures to warrant high quality of the 
received results. 

Procedures for handling of the samples collected from the partic
ipants have been laid down in the Standard Operation Procedures (Phase 
1 and 2). Now, in this phase those SOPs have to be followed closely, e.g. 
aliquoting of the matrices, preparing for shipment or storage. 

If the study includes more than one study location all procedures will 
have to be repeated. 

In parallel, the laboratories can start analyzing samples to be 
prepared to report the results back to the participants (as laid down in 
the ethics documents). 

The managing site of the study (Principal Investigator, Survey Office) 
has to supervise the work of the field staff and to provide help and advice 
if necessary. Furthermore, internal quality control for fieldwork has to 
be established to check for signs of differential participation and to 
compare with the target population. It is further required to organize 
and conduct additional trainings for the field staff to maintain the 
quality of the fieldwork. 

Another important issue pertains the safeguarding of data protection. 
E. G. in Europe, the GDPR sets strict rules on the handling of sensitive 
personal data. Safeguarding compliance with the GDPR is a prerequisite 
for every study to be conducted in Europe. 

3.7. Phase 5: Reporting and Evaluation – Leading to Closure 

After the fieldwork is completed in one study location and the results 
of the sample analyses have been checked, the participants have a right 
(e.g. based on GDPR) to have their individual results reported back to 
them, preferably accompanied by some explanation if the values are 
prone to raise concern. After the fieldwork and the sample analyses are 
completed in all study locations results of the different instruments have 
to be merged and checked, participants who can count as a case have to 
be defined, i.e. who provided the information defined as indispensable 
(e.g. on smoking, alcohol/drugs use, diet, number of years living in the 

sampling location etc.). In the following, the cases are statistically 
analyzed according to the research questions. Only then advice for the 
(general) public and policies can be provided. 

Each part of the study should finally be evaluated – to support the 
conduct of following studies. 

This phase is to close the project – all remaining activities, like 
publishing results, reporting back to funding organizations and final
izing contractual obligations are part of this last phase. 

The workload of the different parts involved in a study, like labo
ratory work, ethics and data management activities, preparation and use 
of communication materials, questionnaire development and applica
tion and fieldwork preparation and conduct are unequally distributed 
across the different phases. Fig. 4 provides an example for a schematic 
overview on the distribution of efforts of the different parts. 

4. Discussion 

Epidemiological studies consist of many elements and have high 
budgetary implications. These rise even more if it concerns a human 
biomonitoring study which includes not only the interview of volunteers 
but also biospecimen to be taken and analyzed. Given the wide range of 
biomarkers, biological matrices, analytical methods and influencing 
factors, the study design is a critical aspect in the efficient use of HBM in 
risk assessment (Choi et al., 2014). The planning of such a study should 
therefore be comprehensive and include all aspects such as research 
subjects, materials to be included, target population, selection of par
ticipants, communication with all interested groups (stakeholders), 
biological analyses, data management, scientific publications, policy 
advice and first of all ethical and legal considerations. It is possible to 
find scientific publications on all of these single aspects and there are 
some guidelines available for good epidemiological practice. Also, 
several countries that run regular HBM programs have informed about 
their national strategy on human biomonitoring Belgium (Reynders 
et al., 2017; Schoeters et al., 2012), Canada (Haines et al., 2017), Czech 
Republic (Cerna et al., 2007, 2012), Denmark (Thomsen et al., 2008), 
France (Fréry et al., 2012), Germany (Kolossa-Gehring et al., 2012; 
Schulz et al., 2007). But none of these publications provide details on the 
complex procedure of planning a study or inform about an advisable 

Fig. 4. Example for a schematic overview on the distribution of efforts of the 
different parts involved in study conduct. 
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order for the planning of all the involved aspects. 
The Clinical Trials Transformation Initiative (CTTI, 2015) has 

developed quality-by-design principles for clinical trials to remove er
rors with meaningful impact on the credibility of the results. They aim at 
promoting critical thinking about trial design to prospectively build 
quality into the scientific and operational design of clinical trials rather 
than relying on retrospective scientific reviews (Meeker-O’Connell et al., 
2016). These principles also include the study protocol design which 
contributes to high quality results if it is designed appropriately. 

A good example for the planning of studies is available for the Eu
ropean Health Examination Survey (EHES). The EHES Manual (Tolonen, 
2016) provides guidelines for the implementation of standardized na
tional health examination surveys (HES) in European countries but can 
also be a reliable source for studies in other fields. EHES proposes a 
circular planning procedure, consisting of 6 parts: (1) defining the scope 
of the study; (2) planning and preparation; (3) pre-testing and piloting; 
(4) final survey design, planning and preparing; (5) fieldwork and data 
collection; and (6) data file construction, analysis and reporting. Quality 
assurance aspects link these individual parts. After all is done, the 
planning for the next study can start in the same order. Tolonen also 
recommends links to project management tools (Tolonen, 2016). 

A similar attempt has been undertaken by Statistics Canada ‘Survey 
Methods and Practices’ providing insights into survey practices (Statis
tics Canada 2003 and 2010). Like the EHES Manual (Tolonen, 2016) and 
the publication by Becker et al. (2014), all provide valuable information 
on alternative approaches for epidemiological studies, providing back
ground information for an information-based decision making on nearly 
all aspects of study conduct. 

Further in-depth information on study-design is available, e.g. in 
Blair and Czaja 2014 and Flower 2014 (Blair and Czaja, 2014; Flower, 
2014). Both books elaborate on general and specific issues on survey 
design for research and provide a comprehensive overview of the 
sources of error and the range of methodological issues in survey data 
collection. The US National Research Council (National Research 
Council, 2006) describes in detail considerations in the design of bio
monitoring studies and provides with this highly valuable information 
on several aspects of biomonitoring studies which could help the 
decision-making processes. 

Conducting a study involves many activities and several of them 
have to be started in parallel. None of the above-mentioned publications 
promote a structured concept or process for the planning of a study. To 
avoid not considering important aspects up front - and sometimes it 
might be too late to change things during the run of a study - the idea to 
develop a stringent concept for the planning of epidemiological/HBM 
studies arose and was turned into reality with the Phased Approach. 

As stated above, HBM studies need experts from different fields, i.e. 
multi- or interdisciplinary teams will work together. This in itself may 
pose some problems to the success of the project. To overcome such 
problems, Tobi and Kampen developed a Methodology for Interdisci
plinary Research (MIR) framework (Tobi and Kampen, 2018) based on a 
process approach which puts the common goal of the researchers at the 
center of the project thus creating different phases of the process: first 
the research team discusses about the different parts of the design of 
their study and only then the study is executed. During the first dis
cussion of the conceptual design of the study the ‘why’ (research 
objective) and ‘what’ (research question) of the research is decided. 
Then, the team discusses the technical design of the study (‘how’: study 
design; instrument selection or design; sampling plan; analysis plan). 
The execution of the work (including fieldwork) only starts after de
cisions of the complete research design have been taken (Tobi and 
Kampen, 2018). This concept is closely related to the handbook of 
project management from Baars (2006), the definition phase is also 
addressed as “What?” and the Design phase with “How?”. The MIR 
framework and the Phased Approach have the technical part – 
answering the question of “How?” in common, it deals mainly with 
fieldwork. Whereas the “What?” describes the research question (MIR 

framework) and the research program (Phased Approach), respectively. 
This discrepancy can be explained with the fact that the Phased 
Approach does not include an extra phase for elucidating the research 
question as it was developed for studies conducted in the frame of 
HMB4EU where the research question is to a great extent already 
decided upon on the level of the HBM4EU project. MIR framework and 
Phased Approach do have in common that first decisions have to be 
taken (Phase 0) and only afterwards the execution of the study is pre
pared and started. The Phased Approach was originally developed for 
(preferably population representative) HBM studies conducted in the 
frame of the European Joint Program HBM4EU though it can be adapted 
for other epidemiological studies. Conducting studies in the frame of 
HBM4EU has the consequence that the scope of and the research ques
tion for the intended study has to be within the scope of HBM4EU, i.e. is 
restricted to certain substances and age groups. Additionally, the time 
frame for the study is set. In consequence the project conception phase, 
defining the scope and developing the research questions is no single 
phase in the Phased Approach but is included in the scoping/planning 
phase (Phase 0). This can be adapted if the Phased Approach is used in 
other contexts. 

5. Conclusion 

Complex (HBM) studies need considerable financial, material, and 
human resources. This obliges those responsible for the planning of a 
study to search for methods that support the ideal allocation of the 
available resources. A study can be dealt with like a project and there
fore tools of project management can be applied. Project management, 
e.g. PM2 of the European Commission, separates the work within the 
project into several phases, like initiating, planning, executing, and 
closing phase which serves a structured procedure and a suitable allo
cation of resources. Several years of experiences in planning different 
HBM studies lead to the introduction of project management tools into 
study design. This is done with the aim to support new researchers in the 
field of HBM studies in conceptualizing resource efficient studies. Re
sources in terms of personnel and applied instruments can best be made 
use of if the concept of a study is thoroughly thought of. Therefore, the 
proposed Phased Approach lists all aspects which may occur in the later 
stages of a study already in the first phase as decision points. Only after 
all decisions are taken, the concrete work for the planned study shall 
start in a step-by-step approach. Following the Phased Approach can 
lead to a well-planned study resulting in highly valuable quality assured 
results with optimized allocation of resources. 
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A B S T R A C T   

We conducted cost effectiveness analyses of four different CLTS interventions implemented in Ethiopia and 
Ghana. In each country, a pilot approach in which additional local actors were trained in CLTS facilitation was 
compared to the conventional approach. Data were collected using bottom-up costing, household surveys, and 
observations. We assessed variability of cost effectiveness from a societal perspective for latrine ownership and 
latrine use outcomes in different contexts. Cost effectiveness ranged from $34–$1897 per household ($5.85–$563 
per person) gaining access to a private latrine or stopping open defecation, depending on the intervention, 
context, and outcome considered. For three out of four interventions, CLTS appeared more cost effective at 
reducing open defecation than at increasing latrine ownership, although sensitivity analysis revealed consider
able variation. The pilot approaches were more cost effective at reducing open defecation than conventional 
approaches in Ethiopia, but not in Ghana. CLTS has been promoted as a low-cost means of improving the 
ownership and use of sanitation facilities. In our study, the cost of CLTS per household gaining latrine access was 
slightly higher than in other studies, and the cost of CLTS per household stopping OD was slightly lower than in 
other studies. Our results show that aggregate measures mask considerable variability in costs and outcomes, and 
thus the importance of considering and reporting context and uncertainty in economic analysis of sanitation 
interventions.   

1. Introduction 

In 2010, the United Nations recognized sanitation as a human right 
(United Nations General Assembly, 2010). The Sustainable Develop
ment Goals (SDGs) include behavioral and infrastructure targets for 
sanitation (UN General Assembly, 2015), that require 892 million peo
ple switching from open defecation (OD) to latrine use, and 2.3 billion 
people gaining access to a private latrine (WHO/UNICEF, 2017). Open 
defecation and lack of safe sanitation are associated with increased 
diarrhea and mortality, and negative social impacts among women and 
children (Bisung and Elliott, 2017; Prüss-Ustün et al., 2019; Wolf et al., 
2018). 

Interventions for changing sanitation behavior and increasing access 
to private latrines span from no-subsidy demand generation to latrine 
provision to microfinance. Economic analysis can be used to identify 
economically attractive development programs (Hutton et al., 2014; 
Trémolet et al., 2010; Whittington et al., 2012). Community-led total 
sanitation (CLTS) is an approach for generating demand for sanitation 

that has quickly reached wide-scale implementation in over 50 countries 
since it was introduced in 2000. The rapid expansion of CLTS preceded 
evidence generation, and was driven largely by perceptions that it was 
cheap and fast (Attanasio et al., 2004). Evidence on the effectiveness of 
CLTS is growing, with many recent published evaluations (USAID, 2018; 
Venkataramanan et al., 2018). These show that CLTS can reduce OD and 
increase access to private latrines (Pattanayak et al., 2009; Pickering 
et al., 2015); however, it can also be ineffective (Guiteras et al., 2015). 
Evidence on the cost and cost effectiveness of CLTS has not kept pace 
with evidence on effectiveness. There are only a few prior studies that 
report economic outcomes for CLTS or a related intervention (Briceño 
and Chase, 2015; Trémolet et al., 2010; Woode et al., 2018). A recent 
study modeling benefit-cost ratios for CLTS relied mostly on assump
tions for estimating CLTS costs, due to the lack of empirical data avail
able (Radin et al., 2019). They found that CLTS can be cost-beneficial in 
many but not all situations. 

Evaluations of sanitation interventions tend to report aggregate ef
fect estimates, even for multi-site studies. The impact of sanitation 
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interventions on latrine coverage, use, and health outcomes varies 
dramatically between studies, and the setting in which interventions 
occur can be a determinant of the outcomes (Garn et al., 2017; Schmidt, 
2015). There have been several global economic analyses in the water, 
sanitation, and hygiene (WaSH) sector (Hutton et al., 2007). However, 
local context conditions the cost and outcomes of WaSH programs 
(Whittington, 2015). Thus, these global averages do not provide useful 
information about the relative performance of sanitation investments in 
specific contexts. Ideally, sanitation economic evaluations should study 
variation between sites, settings, and intervention delivery mechanisms 
(Kremer and Zwane, 2007). This would yield a more nuanced sense of 
where programs are likely to succeed or meet particular investment 
criteria. 

This paper presents the results of a retrospective (ex-post) cost 
effectiveness analysis to highlight the importance of incorporating local 
context and uncertainty in economic analysis. We report the cost 
effectiveness of four different CLTS interventions in five regions in 
Ethiopia and Ghana. This study had two research questions: 1) what is 
the cost effectiveness of CLTS in reducing OD and increasing latrine 
ownership, and 2) to what extent does cost effectiveness vary between 
contexts and with uncertainty in key parameters. We examine costs from 
a societal perspective, report cost effectiveness for two different 
outcome measures (reductions in OD and increases in latrine owner
ship), and report how cost effectiveness varies between different re
gions. This study follows the CHEERS reporting guideline (Husereau 
et al., 2013). 

2. Methods 

2.1. Program description 

Four different CLTS interventions were implemented: in Ethiopia, (1) 
health extension worker and kebele leader-facilitated CLTS (“HEW 
CLTS”), and (2) teacher-facilitated CLTS (“Teacher CLTS”); and in 
Ghana, (3) NGO-facilitated CLTS (“NGO CLTS”), and (4) NGO-facilitated 
CLTS with additional training for natural leaders (“CLTS + NL 
Training”) (Table 1). A kebele is the lowest administrative unit in 
Ethiopia, comprising 20–30 villages and approximately 5000 people in 
rural areas. Natural leaders (NLs) are motivated community members 
who encourage others to construct latrines and change sanitation- 
related behaviors. Facilitation comprised visits to study villages by fa
cilitators to conduct the three typical stages of CLTS: pre-triggering 
(community entry), triggering, and follow-up, which involves moni
toring a community’s progress and guiding them toward eliminating 
OD. 

The two interventions in Ethiopia lasted 12 months, and the two in 
Ghana lasted 18 months. The interventions in Ethiopia took place in the 
Oromia and Southern Nations, Nationalities, and Peoples (SNNP) re
gions, and in Ghana in the Central, Upper West, and Volta regions. In
terventions 1 and 2 in Ethiopia began with Plan International (Plan) 
training local actors who then led CLTS facilitation. Interventions 3 and 
4 in Ghana were facilitated by Plan. Plan’s interest in this study was to 
evaluate if pilot interventions (interventions 2 and 4) would improve the 
cost effectiveness of the conventional CLTS interventions in Ethiopia and 

Ghana, which were facing challenges as CLTS implementation was 
scaled up. There were several pre-existing enabling factors, including 
supportive national governments, local governments tasked with 
implementing CLTS, and a strong partnership between Plan and UNC 
(Saywell and Crocker, 2019). Further program details are available in 
implementation narratives and situational assessments on the project 
website (waterinstitute.unc.edu/clts). 

2.2. Study design 

Study design, data collection, rationale for village selection, and 
costing methods are described in previous publications (Crocker et al, 
2016a, 2016b, 2017a, 2017b). Briefly, the study in Ethiopia used a 
quasi-experimental design, in which six kebeles (165 villages) were 
matched on latrine access and population, then manually assigned to 
receive CLTS facilitated by either HEWs and kebele leaders, or by 
teachers. The study in Ghana used a cluster-randomized design, in which 
all 58 project villages received CLTS, and 29 of the villages were 
randomly selected to receive NL training as an add-on activity. A survey 
of a representative sample of households (2182 in Ethiopia, 1594 in 
Ghana) was used to measure sanitation outcomes and household 
spending on latrines. Surveys in Ethiopia were administered immedi
ately before implementation began, and again 2 years later (1-year after 
implementation ended). Surveys in Ghana were administered 2.5 years 
after implementation began (1-year after implementation ended). In 
Ghana, household recall on latrine age was used to estimate baseline 
coverage. Surveys covered demographics and WaSH indicators, and 
included latrine observations. All data collection was conducted in local 
languages by an experienced independent contractor. Printed surveys 
were used in Ethiopia, and SurveyCTO software on Nexus tablets was 
used in Ghana. 

Costs were assessed using a bottom-up, activity based costing 
method. Costs were measured (rather than estimated). Plan used 
checklists to track their implementation activities in detail (including 
management, training, and facilitation). Financial expenditures and 
receipts were reviewed to generate unit costs (e.g. for training venue 
rental, transportation, and person-time). Household surveys were used 
to collect data on community members’ time and money spent on 
sanitation during the study period. Costs were categorized as program 
cost (management, training, facilitation), and local costs (local actor 
time, community member time, and latrine spending). The management 
category includes time spent planning and preparing for the in
terventions. Training and facilitation include transportation costs. Local 
actors’ unpaid time was monetized using value-of-time estimates 
generated through review of local wages and survey results. No discount 
rate was used as costs were evaluated over a 2-year period (2012–2014). 
Ethical clearance was obtained from the UNC Institutional Review 
Board, and from the appropriate institutions in Ethiopia and Ghana. 
Informed consent was obtained from all study participants. 

2.3. Analysis 

Cost effectiveness of the CLTS interventions was calculated using two 
outcome measures (reduced OD, and increased latrine ownership). 
Latrine use included use of communal, shared, and private latrines. Self- 
reported private latrine use was validated by observing latrines. 
Households who reported using latrines that were full, unstable, or 
could not be observed were categorized as OD. Similarly, households 
were categorized as owning a latrine only if it had stable flooring and 
was not full on the day of surveying. The difference between self- 
reported behaviors and observation of a usable latrine are reported in 
a prior publication (Crocker et al., 2017a). Others have also pointed out 
that self-reported latrine use is an imperfect proxy for latrine use, 
although it is used for measuring the SDG indicators (Thomas et al., 
2018). 

The assessment of cost effectiveness of the CLTS interventions takes a 

Table 1 
Differences between interventions analyzed.  

Intervention Facilitation 

HEW CLTS (Ethiopia) Health extension workers and kebele leaders 
Teacher CLTS (Ethiopia) Teachers 
NGO CLTS (Ghana) NGO staff 
CLTS + NL Training (Ghana) NGO staff and natural leaders 

This table describes the main distinguishing factor between each intervention. 
Other differences are more thoroughly described in a previous publication 
(Crocker et al., 2017b). 
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societal perspective by including both program and local costs (Fuente 
et al., 2012). Program costs were those borne by Plan, which included 
management, training, and facilitation. Program costs were assessed 
through implementation tracking of Plan’s CLTS interventions, and re
view of financial expenditures. Local costs were those borne by local 
actors (district government, teachers, health workers, community 
members), comprising the economic value of their time, and house
holds’ financial expenditures on latrines. Local costs were assessed 
through a combination of Plan’s implementation tracking, and through 
household and local actor surveys. 

To arrive at cost effectiveness, program and local costs were divided 
by the number of households stopping OD or gaining latrine ownership. 
Cost effectiveness values should be interpreted as the societal cost to 
convert a household to latrine use or latrine ownership.  

CEi = Cost / Outcomei                                                                           

Where i = OD or latrine ownership. Sensitivity of cost effectiveness to 
uncertainty about the costs and outcomes of the programs was assessed 
using Monte Carlo analysis, using assumptions summarized in the sup
plement. Costs were measured, not estimated, so a uniform distribution 
with cost range of ± 30% from base values presented in Table 1 was 
chosen as a conservative approach for sensitivity analysis. For outcomes, 
normal distributions using standard deviations taken from impact 
evaluation data were used. Standard deviations for changes in open 
defecation in Ghana were not available, so 50% of the point estimates 
were used for the Monte Carlo analysis as a conservative approach, 
which is a larger range than used in previous studies (Radin et al., 2019; 
Whittington et al., 2012). Monte Carlo analysis was implemented using 
Oracle Crystal Ball and 1000 draws of the parameter values. 

3. Results 

3.1. Study population 

Large differences existed between the Ethiopia and Ghana study 
populations. The Ethiopia study population had more people per 
household, indications of lower wealth, smaller villages, lower access to 
an improved water supply, and higher latrine ownership than the Ghana 
study population. Within both countries, there were regional differ
ences; the Oromia region in Ethiopia and the Upper West region in 
Ghana showed larger households, and lower wealth, access to improved 
water supply, and latrine ownership (Table 2). A breakdown of these 
variables by intervention is in the appendix. 

3.2. Cost effectiveness 

Table 3 presents cost and outcome data and cost effectiveness for the 
four CLTS interventions by region for two outcome measures. For the 
full study population across both Ethiopia and Ghana in aggregate, CLTS 
cost $358.87 per household stopping open defecation, and $530.63 per 
household gaining ownership of a usable latrine. This equates to $75.27 
per person stopping open defecation, and $111.29 per person gaining 
ownership of a usable latrine (data not shown). 

In Ethiopia, the pilot intervention was more cost effective than 
conventional CLTS for both outcomes (Table 3, comparing column B to 
C). However, in Ghana, the pilot intervention was less cost effective than 
conventional CLTS for both outcomes (comparing column H to I). Both 
of the CLTS interventions in Ethiopia were more cost effective than those 
in Ghana (comparing columns B and C to H and I). For example, the two 
interventions in Ethiopia cost $218.26 and $150.65 per household 
stopping OD, while the two interventions in Ghana cost $442.26 and 
$479.11 per household stopping OD. In most cases, it was cheaper to 
reduce OD than it was to increase latrine ownership, with conventional 
CLTS in the Central and Volta regions being the exceptions (comparing 
the last two rows). This was due to some of the reduction in OD coming 
from latrine sharing, as discussed in previous publications (Crocker 
et al., 2016a, 2016b). Incremental cost effectiveness ratios are presented 
in Table A3 in the supplement. 

In Ethiopia, both CLTS interventions were more cost effective in the 
Oromia region. In the SNNP region, open defecation and latrine 
ownership did not improve, which would yield negative cost effective
ness ratios so they are not presented in Table 3. In Ghana, the CLTS 
interventions were more cost effective at reducing OD in the Upper West 
region, and more cost effective at increasing latrine ownership in the 
Volta region where latrine ownership increased more than latrine use 
(columns L, M, N, O). 

Fig. 1 summarizes the Monte Carlo sensitivity analysis for cost 
effectiveness of the CLTS interventions in Ghana and Ethiopia for two 
outcome measures (OD and latrine ownership). Cost effectiveness was 
sensitive to uncertainty about the costs and outcomes of the relative 
interventions. For example, the 95% confidence intervals from the 
Monte Carlo simulations do not indicate that one intervention was more 
cost effective than the other for either of the outcome measures. 

4. Discussion 

Since its first introduction in Bangladesh in 1999, CLTS has been 

Table 2 
Household and respondent characteristics in villages receiving CLTS in Ethiopia and Ghana, by region.  

Variable Ethiopia Ghana 

All regions Oromia SNNP All regions Central Upper West Volta 

Female respondent 76% 74% 77% 71% 68% 95% 62% 
Five or more years of education 18% 13% 21% 42% 57% 15% 75% 
Household size 5.8 6.1 5.6 4.9 3.3 6.4 3.6 
Number of children per household 0.9 1.0 0.9 0.6 0.5 1.1 0.5 
Metal roof 21% 11% 29% 91% 97% 72% 94% 
Own radio 26% 30% 24% 49% 43% 49% 55% 
Own television 1% 0% 1% 37% 46% 19% 38% 
Years family lived in village 22 25 21 28 27 36 25 
Years family lived in current house 14 6 18 14 14 16 15 
Access to improved water supply 21% 4% 33% 59% 65% 41% 60% 
Baseline latrine ownership 78% 51% 98% 21% 24% 10% 25% 
Baseline open defecation 45% 70% 27% 49%c 34%c 96%c 36%c 

Village size 34 29 38 116 164 68 123 
Villages with prior WaSH projects 0% 0% 0% 72% 100% 45% 79% 
Villages with prior subsidized latrines 0% 0% 0% 28% 33% 15% 37% 

All Ghana values are taken from the 1.5-year follow up household census and survey, and describe the two treatment groups at that time, except for baseline private 
latrine ownership, which is based on recall of how old their latrines were. The education variable assumes that respondents who have completed primary education in 
Ghana have spent at least five years in education. Baseline surveys were not used in Ghana, so baseline open defecation was based on the conservative assumption that 
decreases in open defecation were equivalent to increases in latrine ownership. “Access” meaning the improved water supply is within 30 min walking distance. 
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Table 3 
Cost effectiveness of four CLTS interventions in Ethiopia and Ghana.   

Variable Both 
countries all 
regions 

Combined Ethiopia 
regions 

Oromia region SNNP region Combined Ghana 
regions 

Central region Upper West 
region 

Volta region 

All CLTS 
interventions 

CLTS Teacher- 
CLTS 

CLTS Teacher- 
CLTS 

CLTS Teacher- 
CLTS 

CLTS CLTS +
natural 
leader 
training 

CLTS CLTS +
natural 
leader 
training 

CLTS CLTS +
natural 
leader 
training 

CLTS CLTS +
natural 
leader 
training  

Column ID A B C D E F G H I J K L M N O  

Households 12,217 1624 3838 651 1586 973 2252 3443 3312 1463 1495 808 540 1172 1277 
People 58,248 9829 21,216 4013 9153 5816 12,063 14,263 12,940 4670 5041 5208 3474 4385 4425 

Outcomes Change in open 
defecation 

− 13% − 10% − 11% − 48% − 56% 15% 21% − 9% − 22% − 6% − 16% − 13% − 53% − 9% − 15% 

Change in 
usable latrine 
ownership 

9% 4% 6% 43% 53% − 22% − 27% 9% 15% 7% 4% 8% 33% 12% 19% 

Households 
stopping open 
defecation 

1605 168 421 310 895 − 141 − 474 298 718 89 237 108 287 100 195 

Households 
gaining 
ownership of a 
usable latrine 

1086 70 229 282 841 − 211 − 612 305 481 102 58 634 179 139 243 

Costs Management 
cost 

$79,660 $8690 $14,867 $4345 $7434 $4345 $7434 $26,958 $29,145 $8797 $9525 $9308 $10,037 $8853 $9582 

Training cost $210,850 $17,617 $33,229 $9979 $17,279 $7638 $15,951 $4076 $155,928 $1199 $38,427 $928 $62,874 $1949 $54,627 
Facilitation cost $169,595 $4891 $6225 $2820 $1118 $2071 $5107 $73,428 $85,052 $28,573 $32,281 $18,270 $23,209 $26,584 $29,562 
Local actor time 
cost 

$12,583 $1926 $3863 $1084 $1889 $842 $1974 $1242 $5552 $314 $1525 $372 $1998 $555 $2030 

Community 
time cost 

$21,529 $2546 $4151 $1435 $1886 $1110 $2265 $5847 $8985 $1502 $3661 $1452 $2028 $2893 $3297 

Hired labor cost $21,942 $0 $0 $0 $0 $0 $0 $7132 $14,810 $1096 $1835 $2191 $3859 $3845 $9115 
Hardware cost $59,901 $1070 $1013 $911 $633 $159 $380 $13,101 $44,718 $4319 $23,501 $1282 $2452 $7501 $18,765 
Total cost $576,061 $36,739 $63,348 $20,573 $30,239 $16,166 $33,110 $131,783 $344,190 $45,800 $110,754 $33,803 $106,458 $52,180 $126,978 

Cost 
effectiveness 

Cost per 
household 
stopping open 
defecation 

$358.87 $218.26 $150.65 $66.44 $33.79 NA $442.26 $479.11 $512.01 $467.50 $311.86 $371.43 $521.12 $651.62 

Cost per 
household 
gaining usable 
latrine 
ownership 

$530.63 $522.02 $276.53 $73.03 $35.95 $432.11 $715.29 $447.24 $1897.01 $531.31 $593.22 $375.54 $521.80 

Sanitation outcomes worsened in the SNNP region, yielding misleading negative cost effectiveness ratios, so they are not presented in this table. Changes in open defecation and latrine ownership are for a 2.5-year period 
for Ghana, and a 2-year period for Ethiopia (baseline to 1-year after the interventions ended). Cost effectiveness estimates assume open defecation would not have changed in the absence of the CLTS interventions. 
Management, training, and facilitation costs were borne by Plan. Local actor and community time are economic costs. Hired labor and hardware costs were borne by households. “Usable” latrines were not full and had 
stable flooring on the day of surveying. Changes in open defecation and latrine ownership in Ghana are based on recall of latrine age. A previous publication explores variation in cost within and between countries(Crocker 
et al., 2017b) 
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promoted as a low cost means of improving the ownership and use of 
improved sanitation facilities (Kar and Chambers, 2008). In our study, 
the cost of CLTS per household gaining latrine access was $530.63 in 
aggregate, which is slightly higher than related interventions. An eval
uation of a World-Bank funded program in Tanzania reported the cost of 
gaining access to a latrine as $194 per household for a 
sanitation-promotion program, and $491 for a sanitation and hygiene 
promotion program (Briceño and Chase, 2015). Another study reported 
a ratio of $344 per household gaining latrine access in Senegal (Trémolet 
et al., 2010). Our study found the cost of CLTS per household stopping 
OD was $358.87 in aggregate. We are not aware of previous studies 
reporting the cost per household stopping OD for a CLTS intervention. A 
study of a small hygiene promotion program in four villages in Ghana 
saw costs per household changing any hygiene behavior (latrine use, 
handwashing, or safe water use) of $532, which is higher than the cost 
per household stopping OD in our study (Woode et al., 2018). They used 
improvement in any of three WaSH behaviors as their outcome, making 
direct comparison less conclusive. Care should be taken when inter
preting these direct comparisons between studies, due to methodolog
ical differences. For example, two of the three cited studies used 
top-down costing, which may result in underestimated costs and lower 
cost effectiveness ratios. 

The pilot CLTS interventions yielded improved sanitation outcomes 
over conventional CLTS in both Ethiopia and Ghana—a greater portion 
of households within project communities stopped open defecation and 
gained ownership of a usable private latrine. Additionally, pilot CLTS 
was more cost effective in aggregate than the conventional interventions 
at reducing OD and increasing latrine ownership in Ethiopia. For the full 
sample (all regions and interventions; Table 3, column A), OD reduced 
by 13% while latrine use increased by 9%, indicating that CLTS was 44% 
more cost effective at reducing OD than increasing latrine use. This may 
indicate that for CLTS, moving households up the sanitation ladder 
(WHO/UNICEF, 2017) is cheaper for the lowest rung on the ladder 
(stopping OD) than for higher rungs that require owning a private 
latrine. 

Nevertheless, there was considerable variability in the cost effec
tiveness of the interventions, depending on intervention, country, re
gion, and outcome measure. For example, in Ethiopia neither 
intervention improved sanitation outcomes in the SNNP region. This 

yields an aggregate cost effectiveness in Ethiopia of $151–$218 per 
household stopping OD, compared to a much more attractive cost 
effectiveness of $34–$66 per household stopping OD when considering 
the Oromia region alone. NL training in Ghana was more cost effective 
than conventional CLTS in the Central region using OD as an outcome 
measure. NL training was less cost effective than conventional CLTS in 
the Upper West and Volta regions. In an ex-ante cost effectiveness 
analysis, these results could be interpreted as a justification for imple
menting the NL intervention in the Central region and the conventional 
CLTS intervention in the Upper West and Volta regions. However, both 
latrine ownership and use outcomes were substantially (4X) higher with 
the inclusion of NL training in the Upper West region. CLTS outcomes 
have varied with implementation differences elsewhere as well (Harter 
et al., 2019). The higher spending in more intensive CLTS programs that 
include training more people within villages can improve latrine 
ownership and use within those villages and likely justify the costs, 
especially given emerging evidence that high neighborhood-level sani
tation coverage is important for health impacts (Fuller and Eisenberg, 
2016; Harris et al., 2017). 

Cost effectiveness differed between Ethiopia and Ghana. This was 
largely driven by differences in costs, not in outcomes. It is also 
important to note that the quality of latrines resulting from CLTS in
terventions tended to be higher in Ghana (Crocker et al., 2017a). We do 
not think our results would justify prioritizing investing in CLTS in one 
country over another. We instead compare cost effectiveness between 
Ethiopia and Ghana to discourage others from directly extrapolating 
cost or cost effectiveness results between countries. We are not aware of 
any prior studies that report empirical economic data from the same 
sanitation interventions in multiple countries. 

Cost effectiveness versus just effectiveness provide contrasting re
sults in Ghana. The conventional CLTS intervention was more cost 
effectiveness, in aggregate and in each region, than the NL intervention 
in Ghana. However, the NL training had a greater impact on latrine 
ownership and OD in aggregate and in the Upper West and Volta regions 
than conventional CLTS, but that increase in outcomes came at a cost. 
The NL intervention had a greater impact particularly on reductions in 
OD through stimulating greater latrine sharing. Both of these outcomes 
were assessed 1-year after the interventions ended, which does not 
necessarily indicate longer-term sustainability of the outcomes. This 

Fig. 1. Cost effectiveness of four different CLTS interventions per household for two outcome measures (stopping open defecation or gaining ownership of a private 
latrine) in Ethiopia and Ghana. Error bars represent 95% confidence intervals from Monte Carlo simulations. Lower-bound confidence interval for latrine ownership 
results in Ethiopia are truncated at zero. 
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highlights the fact that for interventions that yield multiple outcomes, 
the results of cost effectiveness analyses are sensitive to the choice of the 
outcome measure (Boardman et al., 2010). Our study thus reinforces the 
limitations of using cost effectiveness analyses to guide decision making. 
Given the importance of high sanitation for health impact, and that 
sanitation has been recognized as a human right, the most cost effective 
intervention may not be preferred by policy makers if a less cost effective 
intervention yields higher coverage. Cost effectiveness analysis can 
reduce the uncertainty of the consequences of a given decision, but 
cannot reflect the values of those that will be affected by the decision 
and the constraints of those making the decision (Wilkinson et al., 
2016). Thus, cost effectiveness can serve as a tool but not the sole 
determinant for decision making. 

In addition to variability observed within and across countries, the 
relative cost effectiveness of the interventions was sensitive to uncer
tainty about the costs and outcomes of the respective interventions. The 
Monte Carlo simulations show considerable overlap in the 95% confi
dence intervals for cost effectiveness of the respective CLTS in
terventions for both outcome measures. Thus, in addition to considering 
contextual factors that may influence outcomes, decision makers must 
be mindful of uncertainty about both costs and the effectiveness of in
terventions. In situations where costs, outcomes, or both are subject to 
considerable uncertainty, decision makers should be cautious when 
using point estimates to guide decision making and consider the distri
bution of potential outcomes. 

4.1. Limitations 

This study has a number of limitations. Cost effectiveness values are 
from Ghana and Ethiopia, and may not be generalizable to other con
texts. Changes in open defecation and latrine ownership in Ghana are 
based on recall of latrine age. Outcomes were measured at the household 
rather than individual level, which does not account for intra-household 
variation. Households reporting using a latrine observed to be unusable 
were categorized as OD, which may overestimate OD. Local costs 
incorporate assumptions about value-of-time. For further details and 
limitations of the study designs and data collection, refer to prior pub
lications that go into more detail on measuring outcomes and cost 
(Crocker et al, 2016a, 2016b, 2017b). 

4.2. Conclusion 

There is limited cost effectiveness evidence for sanitation in
terventions, and the existing evidence generally uses top-down costing 
methods, and reports aggregate outcomes. We contribute to filling this 
evidence gap by performing cost effectiveness analysis of CLTS in
terventions in Ethiopia and Ghana using bottom-up costing, and report 
results disaggregated by intervention, outcome, and geographical 
region. 

Both the pilot interventions (Teacher CLTS and CLTS + NL Training) 
involved training more local actors than was conventional in Ethiopia 
and Ghana. In Ethiopia, the pilot intervention was 30% more cost 
effective at reducing open defecation. In Ghana, the pilot intervention 
was 8% less cost effective at reducing open defecation, but had two-to 
three-times more impact. The NL intervention may be more appealing 
to policy-makers as reaching high community-level coverage and use of 
sanitation is both important and challenging (Fuller and Eisenberg, 
2016; Garn et al., 2017; Harris et al., 2017). We conclude that the extra 
cost of building local capacity in the pilot interventions was justified by 
improved outcomes, and improved effectiveness for the primary 
outcome targeted by the approach (defecation practices). 

Our results demonstrate the extent to which aggregate measures can 
mask considerable variability in costs and outcomes across countries 
and regions. We demonstrate the need for economic analyses that attend 
to local contextual factors and suggest that exploring variability of 
economic results is more valuable than considering solely aggregate 

results (Jeuland and Pattanayak, 2012). Instead of reporting just 
aggregate results, studies should report outcomes for different 
geographic regions within the study, and should report demographic 
characteristics of study participants by region as well. Point estimates of 
economic measures need to be interpreted with care. Both the costs and 
outcomes of interventions are subject to variability and uncertainty 
which should be reflected in economic analysis. 

Cost effectiveness analysis requires the analyst to choose a single 
outcome measure. The focus on individual outcomes inhibits comparing 
multiple potential outcomes that might be considered (Berman, 1982; 
Briscoe, 1984; Fuente et al., 2012). For CLTS, in addition to the two 
outcomes we present, this includes handwashing practices, solid waste 
management, time savings from stopping OD, and improvements in 
well-being associated with enhanced social status and safety for women. 
In such instances, cost effectiveness does not provide sufficient guidance 
to policy makers on how to proceed. While cost effectiveness analysis 
can and should be used to inform public health policy and programming, 
it should not be treated as a standalone tool for determining resource 
allocation. 
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Risk assessment for irritating chemicals – Derivation of 
extrapolation factors 
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A B S T R A C T   

Irritation of the eyes and the upper respiratory tract are important endpoints for setting guide values for 
chemicals. To optimize the use of the often-limited data, we analysed controlled human exposure studies (CHS) 
with 1–4 h inhalation of the test substance, repeated dose inhalation studies in rodents, and Alarie-Tests and 
derived extrapolation factors (EF) for exposure duration, inter- and intraspecies differences. 

For the endpoint irritating effects in the respiratory tract in rodents, geometric mean (GM) values of 1.9 were 
obtained for the EF for subacute→subchronic (n = 16), 2.1 for subchronic→chronic (n = 40), and 2.9 for sub
acute→chronic (n = 10) extrapolation. Based on these data we suggest an EF of 2 for subchronic→chronic and of 
4 for subacute→chronic extrapolation. In CHS, exposure concentration determines the effects rather than 
exposure duration. Slight reversible effects during 4 h exposure indicate that an EF of 1 can be considered for 
assessing chronic exposures. 

To assess species extrapolation, 10 chemicals were identified with both, reliable rat inhalation studies and 
CHS. The GM of the ratio between the No Observed Adverse Effect Concentration (NOAEC) in rats and humans 
was 2.3 and increased to 3.6 when expanding the dataset to all available EF (n = 25). Based on these analyses, an 
EF of 3 is suggested to extrapolate from a NOAEC in a chronic rat study to a NOAEC in a CHS. 

The analysis of EFs for the extrapolation from a 50% decrease in respiratory frequency in the Alarie test in 
mice (RD50) to a NOAEC in a CHS resulted in a GM of 40, for both, the reliable (n = 11) and the overall dataset (n 
= 19). We propose to use the RD50 from the Alarie test for setting guide values and to use 40 as EF. 

Efs for intraspecies differences in the human population must account for susceptible persons, most impor
tantly for persons with chemical intolerance (CI), who show subjective signs of irritation at low concentrations. 
The limited data available do not justify to deviate from an EF of 10 – 20 as currently used in different regulatory 
settings.   

1. Introduction 

Sensory irritation of the eyes or the upper respiratory tract is often 
the cause of complaints about quality of indoor air, and the critical ef
fect, when e.g. the German Committee for Indoor Air Guide Values de
rives guide values for indoor air (Fromme et al., 2019), or when 
occupational exposure levels are established (Brüning et al., 2014; 
Kuwabara et al., 2007). 

1.1. Cytotoxic and sensory irritation 

Generally, two types of irritation are distinguished: sensory irritation 
and cytotoxic irritation. 

Sensory irritation is mediated mainly by the TRPA1 receptor on free 
nerve endings of the trigeminal nerve, which extends to the epithelia of 
the upper respiratory tract and the eye (Bessac and Jordt, 2010; Doty 
et al., 2004). A wide variety of chemicals or their metabolites are able to 
bind to TRPA1, e.g. acrolein, formaldehyde, hydrogen peroxide, naph
thalene, and styrene (Achanta and Jordt, 2017; Bautista et al., 2006; 
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Bessac and Jordt, 2008; Lanosa et al., 2010). Receptor activation results 
in an influx of calcium into the nerve cells and release of mediators such 
as substance P or calcitonin gene-related peptide (Bascom et al., 1997; 
Bessac and Jordt, 2008, 2010), which then initiate e.g. vasodilation, 
leukocyte infiltration or mast cell degranulation i.e. neurogenic 
inflammation (Bautista et al., 2013). TRPA1 knockout mice do not 
exhibit sensory irritation, when exposed to styrene or naphthalene 
(Lanosa et al., 2010). In humans, activation of the nerve cells causes 
pungent, tingling, prickling, stinging, and burning sensations (Bessac 
and Jordt, 2008; Hummel et al., 2003). In addition, physiological re
sponses are observed such as lacrimation, eye blinking, reduced respi
ratory rate, and reduced nasal flow. All these events have been 
summarized as an adverse outcome pathway for sensory irritation with 
binding to TRPA1 as molecular initiating event (Martinez and Eling, 
2019). 

Sensory irritation can be assessed in CHS, where volunteers are 
exposed for up to 4 h to low levels of potentially irritating chemicals and 
subjective symptoms of nose and eye irritation as well as objective 
findings like eye blinking rate, tear film stability or secretion of medi
ators in nasal lavage fluid are recorded. Criteria for adequate perfor
mance of these studies are described by Nielsen and Wolkoff (2017). The 
review by (Doty et al., 2004) describes these endpoints and provides 
their strengths and limitations. 

An animal test that detects sensory irritation, is the Alarie test with 
mice. Exposure to sensory irritants and subsequent binding to the TRPA1 
receptor causes a vagal-mediated reduction in respiration rate. The 
concentration of a chemical that reduces the respiratory rate to 50 % 
(RD50) is determined as measure of sensory irritation (Alarie, 1981a). 
Results of Alarie tests are available for a wide number of chemicals 
(Alarie, 2016). 

Recently also an in vitro assay has been developed with fibroblasts 
stably transfected with the TRPA1 receptor. Ca influx as measure of 
TRPA1 binding of a chemical correlated well with results from the Alarie 
test, thus offering a promising approach for assessing sensory irritation 
with in vitro methods in the future (Martinez and Eling, 2019). 

In contrast to sensory irritation, cytotoxic irritation occurs at higher 
concentrations. Eye irritation is characterized by redness of the 
conjunctivae, oedema, and necrosis. In the nose, cytotoxic irritation 
involves e.g. cell proliferation, metaplasia, necrosis, cell death and tu
mours (Harkema et al., 2006). These effects can be observed in histo
pathological examinations in subacute, subchronic or chronic toxicity 
studies with rodents. 

1.2. Risk assessment for irritating chemicals 

There are several publications that propose approaches for risk 
assessment of irritating chemicals and propose EFs, which involve 
exposure duration (ECETOC, 2010; Kalberlah et al., 2002), adjustment 
to continuous exposure (Shusterman et al., 2006), species extrapolation 
from rodent studies to controlled human exposure studies (Brüning 
et al., 2014), and species extrapolation from the Alarie-Test with mice 
(Kuwabara et al., 2007). Furthermore there are publications on risk 
assessment for irritating chemicals in indoor air (Nielsen and Wolkoff, 
2017; Nielsen et al., 2007), and guidance documents of different in
stitutions (ECETOC, 2010; ECHA, 2012; Ad hoc Arbeitsgruppe Innen
raumrichtwerte, 2012). A commonly recognised science-based approach 
for the quantitative risk assessment of irritating chemicals is unfortu
nately missing. 

1.3. Objectives 

To evaluate these proposals and to develop a sound basis for deriving 
guide values for the German Committee for Indoor Air Guide Values, we 
derived EFs for irritating substances (Mangelsdorf, 2018; Schröder et al., 
2015). This work involved a review of the literature on CHS, analysis of 
inhalation studies with rats and mice collected in the Fraunhofer 

RepDose® Database, and of Alarie tests with mice as well as on studies 
addressing mechanistic questions. 

2. Materials and methods 

2.1. Derivation of EFs for exposure duration with the RepDose® database 

The RepDose® database (www.fraunhofer-repdose.de, (Bitsch et al., 
2006)) was used for the analysis of EFs for exposure duration for irri
tating effects in rodent inhalation studies. RepDose® is a database on 
repeated-dose toxicity studies with rodents with oral and inhalation 
exposure. The database contains information on study design, affected 
organs, No Observed Effect Concentrations (NOECs) of the studies, and 
Lowest Observed Effect Concentrations (LOECs) for all observed effects. 
For deriving extrapolation factors for study duration a similar approach 
as in Batke et al. (2011) was applied. Briefly, high quality inhalation 
studies - preferably according to OECD Guidelines 407, 413, 452, with 
subacute, subchronic and chronic duration were identified in the data
base. For these studies it was determined, which type of effect was 
observed at the LOEC, either local or systemic. Effects in the eyes or in 
the respiratory tract (site of first contact) were considered as local effects 
while all other effects were considered as systemic effects. The extrap
olation factor was calculated by dividing the NOEC or LOEC of the 
shorter study duration by the NOEC or LOEC of the longer study dura
tion, either for chemicals with local effects at the LOEC, systemic effects 
at the LOEC or for all chemicals. For some chemicals, there was more 
than one inhalation study available for the same species and study 
duration. Accordingly, more than one EF could be derived. To avoid a 
chemical-triggered bias, the median of all EFs per chemical was calcu
lated and used for further analyses. Statistical analyses were performed 
with the software Statistica. To characterize the distribution function, 
geometric means (GM), medians, 10th and 90th percentiles are pro
vided. The experimental EFs followed a lognormal distribution, there
fore two GM values are provided: GMe – experimental data from the 
logarithmic data set, and GMf – the fitted value based on the assumption 
of a lognormal distribution of the original EF values. 

2.2. Literature review 

CHS (search term “controlled human exposure studies”, “chamber”) 
were searched in PubMed and LIVIVO using search terms referring to 
irritation and specific effects/endpoints, e.g. “(sensory)irritation”, 
“nasal lavage”, “rhinometry”, “eye blink frequency”. Additional 
controlled human exposure studies were identified from the references 
in the publications obtained. Studies were selected according to the 
following criteria: investigation of sensory irritation (i.e. subjective 
symptoms or objective parameters), at least one test concentration plus a 
control group, at least 5 persons exposed, and at least 1-h exposure. 
Investigations with mixtures and with particles were excluded for the 
derivation of EFs for species extrapolation. The literature search covers 
publications until August 2020. 

For the selected human studies, experimental details NOAECs, 
Lowest Observed Adverse Effect Concentrations (LOAECs) and effects at 
the LOAEC were recorded. The NOAEC was defined as the concentra
tion, at which only very slight subjective symptoms of irritation of the 
eyes or the upper respiratory tract (assessed in questionnaires) occurred 
and no objective signs of irritation such as changes in eye blinking rate, 
rhinomanometry, cytokines in nasal lavage fluid. The symptom ratings 
were considered as slight, when they were below 1 (somewhat, scale 0–5 
in the Swedish Performance Evaluation System), below 70 (weak, scale 
1–1000 in the Labelled Magnitude Scale), below 1 (hardly at all, scale 
1–7 in the Visual Analog Scale). This collection of human studies was 
used for correlation of NOAECs with rat inhalation studies, with RD50 
from the Alarie test, for deriving EFs from rat inhalation studies and 
results of the Alarie test and for evaluating intraspecies differences. 

Rat inhalation studies with durations of at least 90 days were 
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searched for those chemicals, for which controlled human exposure 
studies were available. For this search, reviews on the respective sub
stances from national and international institutions were used as well as 
the database of registered substances of the European Chemicals Agency 
(ECHA). Inhalation studies with rats were described similarly as the 
human studies. The lowest NOAEC or LOAEC from the study with the 
longest duration was used for derivation of a species extrapolation factor 
rat to human. If only a subchronic study was available, the NOAEC was 
divided by a factor of 2 to adjust for the lower NOAECs in studies with 
longer study durations according to our analyses with the RepDose® 
database described above. 

Results of Alarie tests were obtained from a data collection by Alarie 
(2016). 

Correlations between NOAECs in controlled human exposure studies 
and rat inhalation studies and results from Alarie tests were analysed. If 
a LOAEC but no NOAEC was available in the corresponding human or rat 
study, the respective LOAECs were extrapolated to NOAECs by using a 
default factor of 3 (ECETOC, 2010; ECHA, 2012), which reflects the dose 
spacing most often used in toxicological studies. It is thus assumed, that 
the next lower dose level would be the NOAEC. For correlating results of 
the Alarie tests with human short term exposure studies, RD50 × 0.03 
was used, as proposed by Alarie (1981b). In addition, EFs from NOAECs 
of rat studies to NOAECs in human studies were derived, and from RD50 
from Alarie tests to NOAECs in human studies. If NOAEC or LOAEC was 
missing in one of the paired studies or in both, the resulting EF was 
considered as “less reliable”. The resulting EF distributions were char
acterised by their geometric means, medians, 10th and 90th percentiles. 

To analyse differences of the human subpopulation, CHS investi
gating the influence of gender, age, smoking, allergic rhinitis, asthma, 
and chemical intolerance were evaluated. If possible, an EF accounting 
for differences between a sensitive subgroup and a control group was 
derived. 

3. Results and discussion 

3.1. EFs for exposure duration 

3.1.1. Rodent subacute, subchronic and chronic inhalation studies 
We investigated, whether EFs for exposure duration for the endpoint 

irritation in inhalation studies in rodents differ from those, usually used 
in risk assessment (ECHA, 2012). Table 1 shows the EFs derived for 
different study durations for irritating effects in rodents with the 
Fraunhofer RepDose® -database. The geometric mean (GMf) of the fitted 
distribution for subacute→subchronic extrapolation was 2.1, for 

subchronic→chronic extrapolation 1.9 and for subacute→subchronic 
extrapolation 2.9. If 2.1 would be multiplied by 2.9 the combined EF for 
subacute to subchronic extrapolation would be 4 instead of 2.9. As both, 
the extrapolation subacute→subchronic and chronic bears some uncer
tainty due to the low number of studies, we propose to use the higher 
value of 4 for subacute→chronic extrapolation and 2 for sub
chronic→chronic extrapolation. 

Higher EFs of 3.8 and 4.7 were obtained, when instead of a subacute 
study (20–35 days) a “short” study (10–19 days) was used as basis for 
extrapolation to subchronic or chronic exposure. Studies with 14 days 
duration are often dose finding studies for subsequent studies with 
longer duration, e.g. within the US National Toxicology Programme 
(NTP). In these studies, the scope of examinations is lower than in a 28- 
day subacute study following OECD guidelines (and therefore they have 
a lower sensitivity (higher NOAECs) than studies according to OECD 
guidelines. Our results confirm earlier findings from Kalberlah et al. 
(2002), who obtained a factor of 3.2 for subacute→subchronic, and 6.6 
for subacute→chronic extrapolation for irritating chemicals, when using 
14-day studies from the NTP. In conclusion, when considering extrap
olations for exposure duration, 14-day dose finding studies should be 
differentiated from 28-day studies according to OECD guidelines and 
should probably not be used for risk assessment due to their limited 
scope of examination. 

There seems to be a specific sensitivity of the respiratory tract to 
prolonged exposure to locally acting chemicals at cytotoxic concentra
tions. The EFs obtained for systemic effects were consistently lower than 
for local irritating effects in our analysis of inhalation studies (Table 2), 

Table 1 
Extrapolation factors for exposure duration for local and systemic effects in inhalation studies with rats and mice.  

Shorter study durationa Longer study durationa Effect at LOEC N GMe Median 10th 90th GMf 

Short Subacute Local 9 9.0 8.8 1.9 40.0 9.6   
Systemic 15 2.2 2.1 0.2 25.5 2.2   
Any effect 18 2.8 4.9 0.2 25.5 3.0 

Short Subchronic Local 22 3.7 4.0 0.5 20.0 3.8   
Systemic 35 2.8 2.5 0.7 20.0 3.1   
Any effect 41 3.0 2.5 0.6 16.3 3.2 

Short Chronic Local 16 4.6 2.4 0.3 97.1 4.7   
Systemic 28 3.6 3.0 0.6 51.8 3.9   
Any effect 29 3.3 2.9 0.3 51.8 3.6 

Subacute Subchronic Local 16 2.1 2.0 0.4 10.0 2.1   
Systemic 34 1.6 1.7 0.1 9.7 1.6   
Any effect 44 1.7 1.5 0.4 10.0 1.8 

Subchronic Chronic Local 40 1.7 1.4 0.5 11.9 1.9   
Systemic 59 1.4 1.0 0.3 9.8 1.6   
Any effect 71 1.5 1.5 0.4 9.8 1.7 

Subacute Chronic Local 10 2.8 3.7 0.5 9.6 2.9   
Systemic 18 1.8 2.8 0.1 18.7 1.9   
Any effect 23 1.8 3.2 0.2 13.4 1.9  

a Short 10–19 days, subacute 20–35 days, subchronic 78–122 days, chronic >350 days, N number of chemicals, GM geometric mean, GMe GM from experimental 
(logarithmised) dataset, GMf GM from fitted original distribution. 

Table 2 
Effects triggering the LOAEC in rat inhalation studies.  

Organ/epithelium affected N Chemical 

No histopathological 
findings in respiratory 
tract 

10 1,1,1-trichloroethane, 1,1,1-trifluoroethane, 
1,1,1,3,3-pentafluoropropane, 1-methoxy-2- 
propanol-2, 2-ethyl hexanol, ethyl benzene, 
2-propanol, methanol, 2-butanone, 1-methyl- 
2-pyrrolidone, 2-methoxy-2-methylpropane 

Nose: olfactory epithelium 10 Acetaldehyde, chlorine, dioxane, ethyl 
acetate, ethyl acrylate, formaldehyde, methyl 
methacrylate, 1-butyl acetate, styrene, 
toluene 

Nose: respiratory epithelium 7 2-Propanol, acrolein, chlorine, 1,4-dioxane, 
formaldehyde, methyl methacrylate, 
naphthalene, toluene 

Nose: squamous epithelium 2 Chlorine, hydrogen peroxide  
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but were comparable with analyses of EFs for exposure duration with 
much larger datasets for the oral route with the RepDose® database 
(Batke et al., 2011; Escher et al., 2020). From all these analyses a sys
temic EF of 2 for subchronic→chronic and 3 for subacute→chronic 
extrapolation can be derived, which is less conservative than the 
currently applied values of 2 for subchronic→chronic and 6 for sub
acute→chronic extrapolation (ECHA, 2012; Fromme et al., 2019). 

3.1.2. Human studies 
For risk assessment of chemicals in indoor air, lifelong exposure for 

24 h per day is assumed. Consequently, CHS with long durations should 
form the basis for risk assessment, which are, however not available. 

Only one CHS with repeated exposures was identified. During 5 days 
exposure to ethyl acrylate (4 h per day), symptom ratings for eye irri
tation slightly decreased from day to day indicating adaptation, while 
eye blinking frequency was the same at each exposure day (Kleinbeck 
et al., 2020). There was a complete recovery from day to day. 

In some studies, it was investigated, whether previous exposure at 
workplaces leads to higher sensitivity in chamber studies compared to 
previously unexposed controls. For naphthalene and toluene higher 
symptom ratings or objective findings were found in persons with pre
vious exposure at workplaces (Blaszkewicz et al., 2016; Dalton et al., 
1997; Orbaek et al., 1998). This may indicate, that the workers have 
developed cytotoxic damage from exposures to rather high concentra
tions at the workplaces. In contrast, there were lower symptom ratings 
after preexposure to acetone and ammonia (Dalton et al., 1997; Hoff
mann et al., 2004; Ihrig et al., 2006) indicating adaptation. From these 
few studies, it can be concluded that both, aggravation, and adaptation 
is possible after repeated exposures, possibly depending on the exposure 
concentrations at the workplace and the toxicity of the respective 
chemials. 

Some additional information can be obtained from analysing the 
course of the concentration-time curve in CHS. Generally, the intensity 
of the subjective symptoms for irritation of eye and nose as well as 
objective parameters like eye blinking frequency increased during the 

first 1–2 h of exposure, irrespective of chemical investigated (Cain et al., 
2010; Ihrig et al., 2006; Kleinbeck et al., 2017; Pacharra et al., 2017; van 
Thriel et al., 2005). The increase was steeper for higher exposure con
centrations, compared to lower exposure concentrations (Claeson and 
Lind, 2016; Dwivedi et al., 2015; Kleinbeck et al., 2017). In several 
studies, after 1–2 h a plateau was reached (Cain et al., 2010; Claeson and 
Lind, 2016; Dwivedi et al., 2015; Hempel-Jorgensen et al., 1999; 
Sundblad et al., 2004; van Thriel et al., 2002, 2005, 2007). Sometimes 
the intensity of ratings even decreased after 1–2 h (Ernstgard et al., 
2006b; Iregren et al., 1993). But also an increase during the whole 4 h of 
exposure was found (Kleinbeck et al., 2017, 2020). These results indi
cate that also during an exposure session both, aggravation, and adap
tation is possible. 

In addition, CHS with acrolein, ethylacrylate, ethylhexanol, formal
dehyde, and 1-octanol show that the concentration of a chemical de
termines the effect primarily and not the duration of exposure. In these 
studies, exposure conditions with intermittent peaks led to higher irri
tation (objective findings as well as subjective symptoms) than the same 
time weighted average (TWA) concentration under continuous exposure 
(Baelum et al., 1990; Claeson and Lind, 2016; Kiesswetter et al., 2005; 
Kleinbeck et al., 2017; Lang et al., 2008; Sucker et al., 2019; van Thriel 
et al., 2003a, 2005, 2007). 

Based on the studies described above, exposure duration is not an 
important parameter at low exposure concentrations, because at low 
concentrations slight effects are reversible. Furthermore exposure con
centration is more important for determining the NOAEC. Therefore it is 
concluded that no EF is needed for exposure duration based on a NOAEC 
in a CHS. 

3.2. EFs for species extrapolation 

3.2.1. Extrapolation rat inhalation → humans 
We evaluated whether NOAECs in inhalation studies with rats may 

predict NOAECs in CHS on sensory irritation. 25 chemicals were iden
tified, for which both, CHS and rat studies of at least 90 days duration 

Fig. 1. Correlation between NOAECs in rat inhalation studies (≥90 d) and CHS.  
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were available. 
A correlation was found for the NOAECs in these rat studies with the 

NOAECs in the controlled human exposure studies with a coefficient of 
determination r2 = 0.74 (Fig. 1). 

When assessing the correlations of NOAECs in CHS with NOAECs in 
rat inhalation studies, the study design related limitations must be 
considered. The NOAECs of the human studies often were the only 
concentration tested; thus the “real” NOAEC may be higher. For ethical 
reasons, the tested concentrations in CHS had to be chosen low enough 
to be considered as safe, i. e usually at or below occupational exposure 
limits. On the other side, there were also several human studies, where 
no NOAEC could be derived. For our correlation we used a factor of 3 to 
extrapolate from a LOAEC to a NOAEC irrespective of effect or effect size 
detected at the LOAEC. 

Another source of uncertainty is that in most CHS, the authors did 
not report NOAECs and LOAECs. We had to decide and to be consistent 
between studies from different research groups, and to consider differ
ences in terminology and grading of symptoms. So, our assignments bear 
considerable uncertainty. 

Despite these limitations, the correlation was reasonably good, 
indicating that the potency of a sensory irritant in humans can be pre
dicted by rat inhalation studies. 

Table 2 shows the effects that triggered the LOAEC in the animal 

studies for those chemicals that were investigated in humans with 
respect to sensory irritation. The nose was the most sensitive organ in 
the rat for all those chemicals, where details from histopathological 
examination were available. Several chemicals affected more than one 
epithelium in the nose, effects in the lung were less sensitive. Thus, ef
fects in histopathological examinations of the nose (cytotoxic irritation) 
seem to be a good predictor for sensory irritation in humans. 

For obtaining an interspecies EF from rats to humans, the data pairs 
of human and rat studies were subdivided into two groups in Table 3: 
those with “reliable” NOAEC (9 chemicals) with both, NOAEC and 
LOAEC in the human and the rat studies, and the “less reliable” data 
pairs due to the presence of only NOAEC or LOAEC in either the human 
studies, or the rat studies or both (16 chemicals). The chronic NOAEC 
from the rat inhalation studies was divided by the NOAEC of the human 
controlled exposure studies. For the chemicals with “reliable” NOAEC a 
geometric mean of 2.3 was obtained as EF. The 90th percentile was 7. 
For the “less reliable” chemicals, the corresponding figures were higher. 

Based on the “reliable dataset”, and taking into consideration the 
uncertainty due to the small dataset of 10 chemicals a species EF of 3 for 
higher susceptibility in CHS compared to findings in histopathology in 
the nose in chronic rat studies may be applied. This factor is in agree
ment with the factor of 3 obtained in an earlier analysis by Brüning et al. 
(2014) of 8 chemicals. It is also in the same order of magnitude as the 
factor of 2.5 that is often assigned for species differences due to other 
interspecies differences, e.g. from toxicodynamic differences (ECHA, 
2012). The investigations above were with studies with rats. For risk 
assessment purposes it is assumed that the same EF of 3 is also applicable 
for inhalation studies with mice. 

3.2.2. Extrapolation Alarie test → humans 
A similar analysis as above was performed also for the Alarie test. 19 

Table 3 
EF for extrapolation from a NOAEC in a chronic rat study to a NOAEC in a CHS.  

Dataset n GM Median 10th 90th 

Reliable 10 2.3 3.1 0.7 7.0 
less reliable 15 4.9 5 0.5 64.0 
All 25 3.6 3.5 0.5 36.0  

Fig. 2. Correlation between RD50 × 0.03 from Alarie tests with mice and NOAECs from CHS.  
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chemicals were identified with both, human studies and Alarie tests in 
mice. Fig. 2 shows the correlation between RD50 × 0.03 from the Alarie 
test and the NOAEC in human studies. RD50 × 0.03 was chosen, as 
originally proposed by Alarie (1981b). With a coefficient of determi
nation of r2 = 0.87, the correlation between the RD50 of the Alarie test 
and the NOAECs of the human studies on sensory irritation is quite good. 
There are some outliers. For ethyl acetate, the reason can be explained: 
the dose response curve in the Alarie test was much steeper than for 
other chemicals (Alarie, 1981b) and therefore, the factor of 0.03 over
estimates the toxicity in the Alarie test. 

Our analysis confirms earlier findings, where RD50 × 0.03 correlated 
well with irritation thresholds (Cometto-Muniz and Cain, 1994), occu
pational exposure limits (Alarie, 1981a, b; Kupczewska-Dobecka et al., 
2006; Schaper, 1993) and human studies on irritation (Kuwabara et al., 
2007). The quality of the correlation in our analysis was slightly better 
than in the study by Kuwabara et al. (2007) with 25 chemicals and r2 =

0.80. Our analysis included more recent publications and the focus was 
narrower than by Kuwabara et al. who also included studies, where lung 
function or airway hyperresponsiveness were investigated as the only 
endpoint and studies with exposure durations as low as 1 min. 

Our results confirm the proposal by Nielsen and Wolkoff (2017) to 
use the Alarie Test to derive guide values for irritating effects of chem
icals in indoor air. 

RD50 × 0.03 as originally proposed by Alarie (1981b) for occupa
tional exposure limits, could also be expressed as an EF of 33 in analogy 
to the rat studies. Based on CHS we derived a slightly higher EF of 40 
(Table 4), which should be applied for extrapolation from a RD50 value 
to a NOAEC in a CHS. 

For obtaining an interspecies EF from the RD50 in mice to humans, 
chemicals with reliable NOAECs in controlled human exposure studies 
(11 chemicals) were distinguished from less reliable studies (8 chem
icals), where either NOAEC or LOAEC in the human studies was missing. 
For the chemicals with reliable NOAEC a geometric mean of 39.4 was 
obtained as EF, the 90th percentile was 126. In contrast to the rat 
inhalation studies, there was only a small difference between reliable 
and less reliable datasets (Table 4). 

In conclusion, it is proposed to apply an EF of 40 to extrapolate from 
a RD50 in the Alarie test with mice to a NOAEC in a CHS. 

The Alarie test can, however, not be used as the only starting point 
for setting a guide value, because systemic effects that may occur at 
lower dose levels than the irritating effects that are detected in the Alarie 
test, are not covered. 

There are two possibilities: A subacute, subchronic or chronic rodent 
inhalation study is available in addition to an Alarie Test. In this case, 
the guide values derived after applying appropriate EFs from Alarie test 
and rodent inhalation study should be compared. Unless there are spe
cific reasons - the lower value should be used. 

If no rodent inhalation study is available, we recommend performing 
a route-to-route extrapolation from oral rodent studies with subacute, 
subchronic or chronic duration as described in ECHA (2012). In a pre
vious research project (Schröder et al., 2016) we could show that the 
GMf for the ratio of NOAECs of oral and inhalation studies for the same 
chemical and species was 2 for systemic effects and 3.4 for chemicals 
with irritating effects. As it is not known a priori, whether a chemical is 
irritating or not, we recommend taking a conservative factor of 4 for the 
extrapolation. The resulting value then should be compared with the 
result of the Alarie test, and – as above - the lower value shall be used to 
derive the guide value. Route-to-route extrapolation without supporting 

Alarie test is not considered as sufficient. 

3.3. EF for intraspecies differences 

In the following, results from CHS are summarized that provide in
formation on possible special sensitivity of some population subgroups. 
No suitable CHS were identified that investigated possible special 
sensitivity of children, elderly people, or smokers. 

3.3.1. Atopy, allergic rhinits, asthma 
Only a limited number of CHS investigated the influence of atopy, 

allergic rhinitis or asthma on sensory irritation. Compared to controls, 
no differences in ratings of sensory irritation were found in atopic per
sons (with elevated IgE for frequent allergens in Sweden) exposed to 2- 
ethylhexanol (Ernstgard et al., 2010), persons with allergic rhinitis 
exposed to ammonia (Blaszkewicz et al., 2016; Pacharra et al., 2017), or 
asthmatics exposed to formaldehyde (Green et al., 1987). In a study with 
exposure to a mixture of ozone and limonene, the scores of sensory 
irritation were even lower in mild asthmatics compared to controls 
(Fadeyi et al., 2015). 

Small differences between controls and persons with allergy, how
ever, may not have been detected due to the fact, that also controls may 
be allergic. A recent study revealed, that from 105 young volunteers who 
considered themselves as non-allergic, almost half were atopic and 10% 
had airway disease or bronchial hyperreactivity (van Kampen et al., 
2020). 

The possible special sensitivity of asthmatics to irritating chemicals 
with respect to changes in lung function such as reductions of the forced 
expiratory volume in 1 s (FEV1) and specific airway resitance (SRaw) was 
evaluated in a review by Johansson et al. (2016). For 8 of 19 chemicals a 
somewhat higher sensitivity of asthmatics was reported. The highest 
factor of 3 was obtained for acetaldehyde, >.2 for sulfur dioxide, all 
other “positive” chemicals were >1, but could not be better quantified, 
due to lack of suitable data. 

In our analyses, in all studies investigated lung function was less 
sensitive than nose or eye irritation: with acrolein (Dwivedi et al., 2015), 
ammonia (Hoffmann et al., 2004; Sundblad et al., 2004), butyl acetate 
(Iregren et al., 1993), acetic acid (Ernstgard et al., 2006a), formaldehyde 
(Lang et al., 2008), and 2-propanol (Ernstgard et al., 2002). A higher 
susceptibility of persons with allergy therefore may appear at higher 
concentrations of the chemicals tested for more severe effects. The 
relevance of the findings of Johansson et al. (2016) is therefore ques
tionable as not the most sensitive endpoint was investigated. 

3.3.2. Sex 
Several studies show that women are somewhat (no quantification 

possible) more susceptible than men, especially at low concentrations of 
irritating chemicals and with respect to subjective symptoms (Ernstgard 
et al., 2002, 2012; Pacharra et al., 2016; Sucker et al., 2019). In some 
studies, differences were seen even without exposure (Ernstgard et al., 
2002, 2012; Pacharra et al., 2016). There were also differences between 
sexes in processing of irritant stimuli as assessed by event related po
tentials during exposure to carbon dioxide stimuli (Lundstrom et al., 
2005). In one study, where subjective symptom ratings of eye irritation 
were compared to objective eye blinking frequency, only subjective 
symptom ratings were higher in women than in men but not eye blinking 
frequency (Sucker et al., 2019). In the sham exposure no differences in 
symptom rating between sexes were seen. 

A different susceptibility of the sexes is made plausible by findings 
that show that sex hormones can regulate the expression of TRP re
ceptors and modulate intracellular signalling pathways that activate 
TRP receptors (Artero-Morales et al., 2018). Furthermore, women 
generally suffer more often from eye symptoms then men, probably due 
to hormonal influences that make the tear film less stable, especially in 
women above 40 years (Wolkoff, 2017). 

Table 4 
EF for extrapolation from RD50 to a NOAEC in a CHS.  

Dataset n GM Median 10th 90th 

Reliable 12 39.4 30.0 13.3 126 
Less reliable 8 38.1 36.8 20.0 113 
All 20 38.8 30.0 12.4 134  
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3.3.3. Chemical intolerance 
In several controlled exposure studies, persons with chemical intol

erance (CI) or multiple chemical sensitivity (MCS), which is a more se
vere form of CI (Dantoft et al., 2015), reacted more sensitive to exposure 
with irritant chemicals than controls without CI. Subjective symptoms 
were increased (Claeson and Andersson, 2017; Österberg et al., 2003; 
van Thriel et al., 2002, 2003b, 2005, 2007), sometimes already before 
start of exposure (Andersson et al., 2016; Österberg et al., 2004). 
Objective findings such as changes in nasal flow, heart rate variability or 
pulse rate were detected only in few studies in persons with CI 
(Andersson et al., 2016; Wiesmüller et al., 2002). From some of these 
studies, factors accounting for special sensitivity of persons CI/MCS 
could be derived. Differences in sensitivity compared to healthy controls 
ranged from a factor of 1–3 for most of the studies, up to about 20. 

It has been discussed, whether subjective symptoms of persons with 
CI reflects sensory irritation, or whether odour causes subjective 
symptoms. One study showed that when the odour of an irritating 
chemical (acrolein) was masked by an odorous chemical (heptane), 
persons with CI reacted only to the mixture of the irritating and 
odourous substance but not to the odorous substance alone (Claeson and 
Andersson, 2017). It can, however, not be excluded that the mixture was 
more unpleasant and therefore caused the effects. In another study, 
exposure of the eyes with perfume caused eye irritation symptoms in 
persons with MCS, although they could not perceive an odour (Millqvist 
et al., 1999), and there was no difference found between persons with 
CI/MCS compared to controls with respect to their ability to detect 
odours (Azuma et al., 2016; Blaszkewicz et al., 2016; Claeson and 
Andersson, 2017; Österberg et al., 2003). As mentioned above, in some 
studies, also objective findings were reported, which would indicate 
physiological reactions and not just a consequence of perceptions. 

3.3.4. Negative expectations 
The possibility that negative expectations about the exposure could 

cause symptoms was investigated in several studies by applying a spe
cific questionnaire on negative affectivity (Ihrig et al., 2006; Mueller 
et al., 2013; Nordin et al., 2017; Triebig et al., 2016; Ziegler et al., 2008). 
There was no difference in symptom ratings between persons with and 
without negative affectivity. 

3.3.5. Conclusion 
In conclusion, the limited data available on intraspecies differences 

in CHS do not justify to derive an EF which would deviate from the 
precautionary EF of 10–20 as currently used in different regulatory 
settings for the general population (ECHA, 2012; Fromme et al., 2019). 

4. Conclusion – concept for risk assessment 

Based on the evaluations described above, the EFs shown in Fig. 3 are 
proposed. CHS are preferred for the derivation of guide values for indoor 
air. If CHS are not available, rodent repeated dose studies and Alarie 
Tests can be used. In case of the Alarie test it must be confirmed that 
irritating effects are the most sensitive endpoint. A NOAEC from sys
temic effects can be determined by route-to-route extrapolation from 
studies with oral application. 

While the factors for exposure duration and route-to-route extrapo
lation from rodent studies are reliable as they were derived from data
sets with reasonable size, the EFs for species extrapolations, 
extrapolation LOAEC→NOAEC in CHS and to chronic exposure in 
humans are still preliminary. The factor for interindividual differences is 
a precautionary factor. 

As it has been shown that a wide variety of chemicals can bind to the 
receptors on the nerve endings that mediate sensory irritation, additive 
effects of different chemicals should be considered when assessing 
exposure situations in indoor air. 

Boxes: Endpoints, bullets with figures: size of EFsRoute-to-route 
extrapolation should only be used in a weight of evidence approach 
together with other info. The factor of 20 for human sensitive pop
ulations is a precautionary factor, due to insufficient data. 
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A B S T R A C T   

We sequentially assessed the presence of SARS-CoV-2 IgG antibodies in 1253 hospital workers including 1026 
HCWs at the University Medical Center Hamburg-Eppendorf at three time points during the early phase of the 
epidemic. By the end of the study in July 2020, the overall seroprevalence was 1.8% (n = 22), indicating the 
overall effectiveness of infection control interventions in mitigating coronavirus disease 2019 (COVID-19) in 
hospital workers.   

1. Introduction 

Health care workers (HCWs) are at the front line of the coronavirus 
disease 2019 (COVID-19) pandemic response and disproportionally at 
risk of contracting severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) due to occupational exposure to droplets, aerosols and 
contaminated surfaces (Razzini et al., 2020). Reports about high infec
tion rates of HCWs in many countries have illustrated the challenges of 
HCW protection, especially with regard to the risk of infections from 
pre-symptomatic COVID-19 patients (Arons et al., 2020; Zhan et al., 
2020). Besides their personal health risk, infected HCWs may contribute 
to critical staff shortages and pose a risk for vulnerable patients and 
fellow HCWs. Serological surveillance of hospital workers allows for an 
estimation of the overall infection rate and for early identification of 
professional groups and hospital environments at increased risk for 
contracting COVID-19. This approach is paramount to evaluate and 
adjust infection control measures to mitigate nosocomial transmission of 
SARS-CoV-2. By now, several studies have demonstrated high seropre
valence in HCWs in countries most affected by COVID-19 (Garcia-Bas
teiro et al., 2020; Sotgiu et al., 2020; Rudberg et al., 2020; Houlihan 

et al., 2020; Martin et al., 2020; Moscola et al., 2020; Stubblefield et al., 
2020) but data from German HCWs are scarce (Korth et al., 2020). By 
17th July 2020, a total of 5232 cases had been confirmed amongst the 
1.9 million inhabitants of the city of Hamburg, which constituted one of 
the highest infection rates in Germany (Robert Koch Institute, 2020). At 
the University Medical Center Hamburg-Eppendorf, more than 170 
COVID-19 patients were treated during the same time period. The aim of 
our study was to longitudinally assess the SARS-CoV-2 seroprevalence 
and seroconversion rates in hospital workers at our tertiary care center 
at three time points during the early phase of the epidemic. 

2. Material and methods 

2.1. Recruitment of the study population 

The study protocol was reviewed and approved by the Ethics Com
mittee of the Medical Council of Hamburg (PV 7298). Participants were 
recruited by informing employees of the University Medical Center 
Hamburg-Eppendorf both in person and via an internal email newsletter 
and written informed consent was obtained by all study participants 
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prior to recruitment. Both at baseline (Screening period 1 (SP 1): 20th 
March – 9th April) and during the first (SP 2: 20th April 20 – 8th May) 
and second (SP 3: 22nd June – 17th July) follow-up visit serum samples 
were drawn. Study participants were contacted by phone and email to 
remind them of the follow-up visits to reduce selection bias. 

2.2. Data collection 

On the day of recruitment, we collected demographic and general 
work-related data using a standardized questionnaire. Hospital workers 
were classified as HCWs if they reported regular occupational contact 
with patients. Study participants were asked to report only their main 
clinical role. Since some employees work in different departments in 
parallel, study participants could to assign themselves to different lo
cations of work. In addition, we used another questionnaire to assess 
known and possible past contact to COVID-19 patients with or without 
sufficient personal protective equipment (PPE) as well as the presence of 
symptoms during the prior 4 weeks at SP 1 and SP 2 and during the prior 
8 weeks at SP 3 respectively. Fever, cough, and dyspnea were classified 
as typical symptoms while rhinorrhea, sore throat, headache, stomach 
pain, joint and muscle pain, nausea, and diarrhea and were considered 
as uncharacteristic symptoms. Questionnaires were available both 
paper-based and on online REDcap electronic data capture tools hosted 
at our center. Study participants with positive SARS-CoV-2 IgG were 
contacted again by phone to assess the probable source of infection and 
to ask if nasopharyngeal swabs for RT-PCR had been performed. 

2.3. ELISA 

At all three screening periods, serum samples were drawn from all 
study participants. A semi-quantitative SARS-CoV-2 immunoglobin (Ig) 
G enzyme-linked immunosorbent assay (ELISA) targeting the S1- 
Domain of the S-protein spike protein subunit (Euroimmun Medizini
sche Labordiagnostika, Lübeck, Germany) was performed according to 
the manufacturer’s protocol. Results are evaluated by calculation of a 
ratio of the extinction of the serum sample over the extinction of the 
calibrator. According to the manufacturer, a ratio <0.8 is considered 
negative, ≥0.8 and < 1.1 borderline, and ≥1.1 positive. The manufac
turer reports a specificity 99.6% and sensitivity of 94.4% 10 days after 
the onset of symptoms. However, we used a more stringent cut-off value 
of ≥1.5 for positive results, which has been shown to display a speci
ficity of 100% (Pflüger et al., 2020) to account for the low prevalence 
environment. Given the longitudinal character of our study, we do not 
expect a relevant loss of test sensitivity. Study participants were classi
fied as seropositive in all future sampling periods if they had an IgG 
antibody titer ≥1.5 at least once, even if antibody titers waned over 
time. 

2.4. Statistical analyses 

Seroprevalence of antibodies against SARS-CoV-2 at different time 
points was calculated as proportions with 95% confidence interval (CI). 
Continuous variables were expressed as mean and interquartile range 
(IQR) and compared with student’s t-test. Categorical variables were 
expressed as number (%) and compared by Chi-square or Fisher’s exact 
test. P values less than 0.05 were considered statistically significant. 
Figures were designed using GraphPad Prism version 8 for macOS 
(GraphPad Software, La Jolla, California, USA). All other analyses were 
performed using SPSS, version 21.0 (IBM Corp., Armonk, New York, 
USA). 

3. Results 

3.1. Characterization of the study population 

A total of 1253 individuals were included during SP 1, which 

represent around 11% of all employees at the University Medical Center 
Hamburg-Eppendorf. The majority of study participants were HCWs (n 
= 1026) who were recruited at different departments of our hospital 
including regular wards (n = 332), outpatient clinics (n = 234), the 
intensive care unit (n = 130), and the emergency department (n = 63) 
(Table 1). The remainder were researchers, administrative staff, or 
belonged to other occupational employee groups not directly involved in 
patient care. While we did not recruit a strictly representative sample of 
hospital workers at our institution, the relative proportion of different 
professional groups in our study cohort (35.4% nurses, 21.9% medical 
doctors, 42.7% others) fairly well matched the overall distribution at our 
hospital (30.1% nurses, 25.8% medical doctors, 44.1% others). Infor
mation on whether study participants had been knowingly in close 
contact with COVID-19 patients was available for 1163 (92.8%) study 
participants (Table 2). Of those, 25.4% (n = 295) reported to having 
been in direct contact with COVID-19 cases. A total of 226 individuals 
were only involved in the care of patients with diagnosed SARS-CoV-2 
infections and were thus equipped with appropriate PPE. Another 69 
study participants had contact with patients who were later diagnosed 
with COVID-19, which is why these HCWs did not wear adequate PPE at 
the time of exposure. Occupational contact to infected colleagues was 
reported by 12.0% (n = 140), community contact by 3.0% (n = 35) of 
participants. 

3.2. Serological results 

A total of 23 (1.8%) participants missed the first follow-up visit, but 
all study participants attended the second follow up visit. At the initial 
screening period, 0.8% (n = 10, 95% confidence interval [CI] 0.3 to 1.3) 
of the study participants were found to be SARS-CoV-2 seropositive 
(Fig. 1). Another ten individuals showed seroconversion at SP 2, giving a 
seroprevalence of 1.6% (95% CI 0.9 to 2.3). At SP 3, two more in
dividuals had developed anti-SARS-CoV-2 IgG antibodies, thus the 
overall seroprevalence was 1.8% (n = 22, 95% CI 1.0 to 2.5) by the end 
of the study. 

No significant differences in age or the relative distribution of sex 
were observed between seronegative and seropositive study partici
pants. Seropositivity was increased in physicians (3.3% vs 1.3%; p =
0,04), while none of the other professional categories and none of the 
different locations of work showed any association with the presence of 

Table 1 
Characterization of the study population.   

Total Seropositive p 

Total, n 1253 22 (1.8)  
Age 
Median 36 33 0.33 
IQR 29; 48 29; 40  
Sex 
Male 308 8 (2.5) 0.21 
Female 934 14 (1.5) 0.23 
Diverse 11 0 (0) 1.0 
Clinical role, n (%) 
Nurse 444 10 (2.3) 0.37 
Physician 275 9 (3.3) 0.04 
Medical technician 105 0 (0) 0.25 
Medical student 73 2 (2.7) 0.37 
Physiotherapist 15 0 (0) 1.0 
Other HCW 114 1 (0.3) 0.25 
Non-HCW 227 1 (0.4) 0.16 
Location of work, n (%) 
Regular ward 332 9 (2.7) 0.14 
Outpatient clinic 234 5 (2.1) 0.58 
Intensive care unit 130 2 (1.5) 1.0 
Operating room 111 1 (0.9) 0.71 
Emergency department 63 1 (1.6) 1.0 
Other 354 4 (1.1) 0.35 

Baseline characterization of the study population and association of variables 
between seropositive and seronegative individuals; IQR = interquartile range. 
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antibodies to SARS-CoV-2. 
The most probable source of infection could be identified for the 

majority of seropositive study participants (Table 2). Six HCWs pre
sumably got infected when caring for pre-symptomatic patients who 
were later diagnosed with COVID-19 and had thus not used appropriate 
PPE at the time of exposure. Five HCWs most likely contracted SARS- 
CoV-2 while caring for COVID-19 patients with adequate PPE. Other 
probable infection routes in our cohort were close contact with infected 
colleagues (n = 3), community transmission in high-risk regions (n = 3), 
and infected household contacts (n = 1). The remainder of four sero
positive employees did not report any known contact to COVID-19 pa
tients, and the probable source of infection could not be established. 
Seroprevalence was higher in study participants who reported contact 
with COVID-19 patients (4.3%; p < 0.001). The subgroup of study 
participants who reported caring for pre-symptomatic COVID-19 and 
did not use appropriate PPE at the time of exposure showed the highest 
seroprevalence (5.4%; p = 0.001). Of note, no increased rate of anti- 
SARS-CoV-2 IgG-antibodies was observed in the subgroup of hospital 
workers who reported providing direct clinical care to diagnosed 
COVID-19 patients with appropriate PPE (2.2%; p = 0.79) or contact to 
SARS-CoV-2 infected colleagues (2.1%; n = 0.74). However, study 
participants who reported delivering care for pre-symptomatic COVID- 
19 and did therefore not use appropriate PPE at the time of exposure had 
a significantly higher seroprevalence (5.4% vs 27.3%; p = 0.001). 
Moreover, community contact with COVID-19 cases was a significant 
risk factor for seropositivity in our study cohort (2.7% vs 18.2%, p =
0.003). 

3.3. Information on nasopharyngeal swabs of seropositive individuals 

Out of all seropositive study participants, a total of 40.9% (n = 9) had 
been diagnosed with SARS-CoV-2 infection by RT-PCR and thus had 
been placed under quarantine during the study period. Another six 
seropositive HCWs reported that they had at least one nasopharyngeal 
swab performed due to symptoms or close contact with a COVID-19 case 
but were tested negative at that time. The remainder of seven seropos
itive individuals had not been tested by RT-PCR at all. 

3.4. Symptoms 

Complete information on symptoms throughout the study period was 
provided by 1094 (87.3%) of the study participants (Table 2). The 
overall rate of hospital workers who reported typical SARS-CoV-2 
symptoms did not differ between seronegative and seropositive in
dividuals (54.6% vs 63.6%; p = 0.52) (Table 3). Only fever (9.9% vs. 
36.4%; p = 0.001) and muscle aches (22.6% vs 59.1%; p < 0.001) were 
more commonly reported in hospital workers with anti-SARS-CoV-2 
antibodies. 

4. Discussion 

The first results of our ongoing study demonstrate a low overall 
SARS-CoV-2 seroprevalence of 1.8% (n = 22, 95% CI 1.0 to 2.5) in a 

Table 2 
Contact to COVID-19 cases reported by the study participants.   

Total Seropositive, n (%) p 

Any known contact 417 18 (4.3) <0.001  
- Patients, only with PPE 226 5 (2.2) 0.79  
- Patients, without PPE 69 6 (8.7) 0.001  
- Colleagues 140 3 (2.1) 0.74  
- Community 35 4 (11.4) 0.003 

Contact to COVID-19 cases reported by seropositive and -negative study par
ticipants and association of variables between seropositive and seronegative 
individuals. Information on contact to COVID-19 cases was available for 1163 
study participants. 

Fig. 1. Serologic results of the study population.  

Table 3 
Symptoms reported by seropositive and -negative study participants.   

Seronegative Seropositive p 

Typical symptoms, n (%) 597 (54.6) 14 (63.6) 0.52  
- Fever, n (%) 108 (9.9) 8 (36.4) 0.001  
- Cough, n (%) 511 (46.7) 11 (50.0) 0.83  
- Dyspnea, n (%) 254 (23.2) 8 (36.4) 0.12 
Rhinorrhea, n (%) 736 (67.3) 16 (72.7) 0.65 
Sore throat, n (%) 576 (52.7) 11 (50.0) 0.83 
Headache, n (%) 717 (65.5) 15 (68.2) 1.0 
Abdominal pain, n (%) 297 (26.9) 8 (36.4) 0.34 
Muscle aches, n (%) 247 (22.6) 13 (59.1) <0.001 
Nausea, n (%) 211 (19.3) 8 (36.4) 0.06 
Diarrhea, n (%) 299 (27.3) 8 (36.4) 0.34 

Respective symptoms as stated by the study participants at SP 1 or SP 2 for the 
preceding month and at SP 3 for the preceding 2 months. Complete information 
was provided by a total of 1094 seronegative and 22 seropositive participants. 
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cohort of 1253 hospital workers at the University Medical Center 
Hamburg-Eppendorf at the early phase of the COVID-19 epidemic. 
Remarkably, seroprevalence was not significantly increased in HCWs 
directly involved in patient care compared to other hospital workers. 
These low overall infection rates are despite more than 170 patients with 
SARS-CoV-2 infections that had been treated at our center during the 
study period. Notwithstanding considerable exposure to COVID-19, 
infection rates in our study were substantially lower than in HCWs 
from Belgium (12.6%) (Martin et al., 2020), Spain (11.2%) (Garcia-
Basteiro et al., 2020), Italy (14.4%) (Sotgiu et al., 2020), Sweden 
(19.1%) (Rudberg et al., 2020) the United Kingdom (10.8%–43.5%) 
(Martin et al., 2020; Houlihan et al., 2020) and the United Stated of 
America (7.6%–13.7%) (Moscola et al., 2020; Stubblefield et al., 2020). 
Those marked differences in infection rates may be partially explained 
by local differences in community transmission: population seropreva
lence has been estimated to be 8.0% in Belgium, 5.5% in Spain, 4.6% in 
Italy, 3.7% in Sweden, 5.1% in the United Kingdom, and only 0.85% in 
Germany by May 2020 (Flaxman et al., 2020). However, our results 
confirm the findings of a previous cross-sectional study that detected 
anti-SARS-CoV-2 in 1.6% (n = 5) of 316 HCWs at another German ter
tiary care hospital (Korth et al., 2020) and are likely also an indicator 
that local infection control interventions were effective in protecting 
HCWs from COVID-19. A timeline of the most important infection 
control measures that were undertaken at our institution and in 
Hamburg, Germany are listed in Table 4. 

It has been shown that stringent use of appropriate PPE by HCWs 
when providing direct care to patients with suspected or confirmed 
SARS-CoV-2 infections effectively prevents transmission (Wang et al., 
2020). Indeed, we did not observe a significant association between the 
rate of anti-SARS-CoV-2 IgG-antibodies and contact with COVID-19 
patients when using appropriate PPE. However, five HCWs in our 
study presumably contracted SARS-CoV-2 despite the use of appropriate 
PPE when caring for COVID-19 patients. We cannot determine with 
absolute certainty whether those HCWs contracted COVID-19 while 
caring for infected patients, and whether infection control standards 
were maintained by these individuals at all times. Our observations 
nevertheless demonstrate that awareness for SARS-CoV-2 infection is 
crucial even when appropriate PPE is used. 

Moreover, another six HCWs presumably contracted SARS-CoV-2 
infections when delivering care for pre-symptomatic patients who 
were not suspected COVID-19 cases at the time of exposure. Indeed, such 
contacts with yet undiagnosed patients without appropriate PPE were 
associated with seropositivity. Our observations are in line with the 
results of previous studies, which have demonstrated that pre- 
symptomatic patients play a pivotal role in both community and 
healthcare facility associated transmission of SARS-CoV-2 (Arons et al., 
2020). To detect those pre-symptomatic patients pre-symptomat, uni
versal admission screening for all hospitalized patients has been sug
gested (Sutton et al., 2020) and was also established at our institution by 
20 April. 

While exposure- and symptom-based SARS-CoV-2 RT-PCR is the 
mainstay of HCW surveillance, previous studies have demonstrated 
potential challenges and limitations of symptom-based screening efforts 
due to a lack of both sensitivity and specificity of symptoms suggestive 
of COVID-19 (Black et al., 2020). Our findings highlight those limita
tions. Indeed, only 68.2% of seropositive study participants had prior 
RT-PCR testing for SARS-CoV-2, and only 40.9% had a positive test 
result. Fever, cough, or dyspnea - symptoms generally considered sug
gestive of COVID 19 – were reported by only 63.3% of individuals with 
anti-SARS-CoV-2 antibodies. On the other hand, 54.6% of seronegative 
individuals reported at least one of those symptoms. Fever, but not 
cough or dyspnea were significantly associated with the detection of 
anti-SARS-CoV-2 antibodies. While testing of only symptomatic HCWs 
might miss a substantial number of COVID-19 cases, expanding RT-PCR 
surveillance to all asymptomatic HCWs might be a powerful, but 
resource- and cost-intensive tool to reducing the risk of nosocomial 

transmission. 
Our study is subject to a number of limitations. Firstly, since various 

infection control measures were sequentially adopted and the study did 
not include a control group, we are not able to answer the question 
which of the described interventions are the most effective in preventing 
healthcare transmission. However, our results suggest that the overall 
approach in our institution was effective in mitigating SARS-CoV-2 
transmission to HCWs. This is also supported by the fact that after the 
adoption of all infection control interventions, only two more serocon
versions were observed in the two months between SP 2 and SP 3. 
Secondly, when analyzing serological data, we did not use the cut-off 
≥1.1 as provided by the manufacturer, but an optimized IgG ratio of 
≥1.5 to ensure maximum specificity of test results. Given the longitu
dinal character of our study and the expected increase of IgG ratios over 
time in infected individuals, we did not expect any relevant loss of test 
sensitivity. When analyzing serological data with the cut-off value of 
≥1.1, the overall seroprevalence was 2.8% (n = 36). Thirdly, we did not 
recruit a strictly representative sample of hospital workers at our insti
tution and participation was voluntary, which limits the overall gener
alizability of our results. 

5. Conclusions 

In conclusion, the SARS-CoV-2 seroprevalence of hospital workers at 
our tertiary care hospital in Germany was 1.8% during the early phase of 
the COVID-19 pandemic. Local infection control interventions appear to 
be generally effective in mitigating nosocomial transmission of SARS- 
CoV-2. However, our study also highlights the challenges and limita
tions of those measures. Awareness for SARS-CoV-2 infections remains 
crucial for HCWs on COVID-19 wards as well as for other hospital 
workers without known contact to SARS-CoV-2 infected patients. 
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Table 4 
Infection control interventions at the University Medical Center Hamburg- 
Eppendorf and in Hamburg, Germany.  

Interventions at the University Medical Center Hamburg-Eppendorf 

27 
February 

Opening of an on-campus COVID-19 testing clinic 

11 March Cancellation of all meetings not directly related to patient care 
18 March Mandatory wearing of face masks in the emergency department 
19 March Implementation of visitor restrictions 
22 March Mandatory wearing of face masks in all clinical settings 
10 April Mandatory wearing of FFP2 masks at all oncology and hematology 

wards and clinics 
20 April Universal RT-PCR admission screening of patients 
11 May Universal RT-PCR screening of employees caring for COVID-19 

patients or vulnerable patients 

Interventions in Hamburg, Germany 

16 March Closure of educational facilities 
22 March Stay at home order 
27 April Mandatory wearing of face masks 

Infection control interventions at the University Medical Center Hamburg- 
Eppendorf and in Hamburg, Germany. 
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A B S T R A C T   

Childhood exposure to phthalates, a class of chemicals with known reproductive and developmental effects, has 
been hypothesized to increase the risk of obesity, but this association is not well understood in preschool chil
dren. We examined the association between urinary concentrations of phthalate metabolites and concurrently 
measured body mass index (BMI) and skinfolds among children between the ages of two and five years. 

We collected anthropometric measures and biomonitoring data on approximately 200 children enrolled in the 
Maternal-Infant Research on Environmental Chemicals Child Development Plus study. We measured 22 phtha
late metabolites in children’s urine and used the 19 metabolites detected in at least 40% of samples. Our primary 
outcome was BMI z-scores calculated using the World Health Organization growth standards. Skinfold z-scores 
were secondary outcomes. We used multivariable linear regression to evaluate the association between tertiles of 
phthalate concentrations and each anthropometric measure. We also used weighted quantile sum regression to 
identify priority exposures of concern. 

Our analytic sample included 189 singleton-born children with complete anthropometric data. Children with 
concentrations of the parent compound di-n-butyl phthalate (

∑
DnBP) in the third tertile had 0.475 (95% CI: 

0.068, 0.883) higher BMI z-scores than those in the lower tertile. 
∑

DnBP was identified as a priority exposure in 
the weighted quantile sum regression BMI model. 

In this population of Canadian preschool aged children, we identified DnBP as a potential chemical of concern 
in regard to childhood obesity. Future research with serial phthalate measurements and anthropometric mea
surements in young children will help confirm these findings.   

1. Introduction1 

The global prevalence of childhood obesity has increased dramati
cally in recent decades (GBD Obesity Collaboration, 2014). Obesity is a 
multifactorial condition rather than a simple caloric imbalance (Keith 

et al., 2006; Romano et al., 2014). Early life exposure to 
endocrine-disrupting chemicals, such as phthalates, is hypothesized to 
be one of the pathways leading to the development of childhood obesity 
(Grun and Blumberg, 2009; Heindel et al., 2015). Experimental data has 
shown that phthalate exposure may induce weight gain by stimulating 
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peroxisome proliferator-activated receptors (PPAR), decreasing andro
genic activity, and increasing adipocyte number and size (Biemann 
et al., 2012; Casals-Casas and Desvergne, 2011; Desvergne et al., 2009; 
Hao et al., 2012; Hurst and Waxman, 2003). Findings from epidemio
logical studies in adults and children have been equivocal (Goodman 
et al., 2014), and hindered by the methodological challenges of multiple 
correlated exposures and inability to establish temporality. Further
more, insufficient research has been dedicated to measuring the asso
ciation between phthalate exposure and anthropometry during windows 
of developmental susceptibility such as early childhood. 

Phthalates are synthetic organic chemicals that are commonly used 
as plasticizers, solvents and additives in numerous consumer products 
(Wang et al., 2019). Low molecular weight (LMW) phthalates, which 
contain between one to four carbon chains, are commonly found in 
personal care products and cosmetics, adhesives, enteric coated medi
cations, and toys. High molecular weight (HMW) phthalates, which 
contain greater than five carbon chains, are commonly found in plastics, 
food packaging, and polyvinyl products (Wang et al., 2019; Wittassek 
et al., 2011). These chemicals readily leach out of these products and are 
absorbed by humans via ingestion or dermal absorption. Ingestion of 
both food and dust is one of the primary routes of exposure to many 
phthalates in young children (Weiss et al., 2018; Wormuth et al., 2006); 
the phthalates are then converted into monoesters or oxidative metab
olites in the gastrointestinal tract, conjugated with glucuronide or sul
fate and excreted via urine (Wang et al., 2019; Wittassek et al., 2011). 

Young children tend to have higher phthalate exposure than adults 
due to their specific behaviors (e.g., mouthing and crawling), higher 
food requirements per unit body mass and ventilation rate. Furthermore, 
their rapid growth and under-developed detoxification mechanisms put 
young children at increased risk to the potential adverse effects of 
phthalate exposures (Braun, 2017; Gow et al., 2001; Wormuth et al., 
2006). Still, the evidence from human studies on the association be
tween phthalate exposure and measures of body fat in early childhood is 
scant and conflicting (Boas et al., 2010; Deierlein et al., 2016; Goodman 
et al., 2014; Maresca et al., 2016; Shoaff et al., 2017; Vafeiadi et al., 
2018; Zhang et al., 2014). 

In a 2014 systematic review of seven studies, including six cross- 
sectional studies, Goodman et al. concluded that the evidence was 
insufficient to determine whether childhood phthalate exposure is 
associated with childhood obesity (Goodman et al., 2014). More 
recently, longitudinal studies remain inconsistent with positive (Deier
lein et al., 2016; Shoaff et al., 2017; Vafeiadi et al., 2018), null (Maresca 
et al., 2016; Shoaff et al., 2017), and inverse (Vafeiadi et al., 2018; 
Zhang et al., 2014) associations being reported. Of note, only three 
identified studies have examined the potential obesity-related effects of 
phthalate exposure in children younger than five years of age (Boas 
et al., 2010; Shoaff et al., 2017; Vafeiadi et al., 2018). Statistically sig
nificant positive associations in these studies were restricted to a specific 
subgroup defined by the child’s age (Shoaff et al., 2017) and sex 
(Vafeiadi et al., 2018). 

The objective of the present study was to determine the association 
between childhood urinary phthalate concentrations and concurrently 
measured body mass index (BMI) and skinfold measurements in a pop
ulation of Canadian preschool children with extensive biomonitoring 
data. Given previous epidemiological (Vafeiadi et al., 2018; Yang et al., 
2017; Zhang et al., 2014) and experimental (Grun and Blumberg, 2009; 
Hao et al., 2012) evidence of sex-specific obesity related effects of 
phthalate exposures, our secondary objective was to explore whether the 
association between phthalate exposure and anthropometric outcomes 
differed between boys and girls. To account for the challenges of 
analyzing multiple correlated exposures, we supplemented traditional 
regression models with weighted quantile sum regression (Carrico and 
Gennings, 2015; Tanner et al., 2019). 

2. Methods 

2.1. Study population 

The Maternal-Infant Research on Environmental Chemicals (MIREC) 
study is a national-level pregnancy cohort of 2001 women from 10 Ca
nadian cities (Vancouver, Edmonton, Winnipeg, Sudbury, Ottawa, 
Kingston, Toronto, Hamilton, Montreal, and Halifax) (Arbuckle et al., 
2013). Briefly, women were recruited between 2008 and 2011 in their 
first trimester and followed through delivery. Compared to the national 
average, MIREC participants tended be of higher socioeconomic status, 
and have a lower rate of smoking, and lower BMI (Arbuckle et al., 2013). 
A follow-up study of child growth, neurodevelopment, and exposure 
biomonitoring was conducted in six study sites between 2013 and 2015 
(Vancouver, Toronto, Hamilton, Kingston, Montreal, and Halifax) 
(MIREC-Child Development Plus (MIREC-CD Plus)). This follow-up 
group was similar to the overall MIREC population in terms of key 
characteristics such as pre-pregnancy BMI, smoking, and education. 
Biomonitoring of phthalate metabolites was conducted on 200 children 
between ages of 2 and 5 years of age. A spot random urine sample was 
collected from each participating child, during a home visit, unless the 
participant requested a clinic visit. Parents were reminded that urine 
would be collected at this visit and they might want to give their child a 
beverage before the appointment time. The study was reviewed by the 
Health Canada Research Ethics Board, CHU de Quebec Ethics Board, as 
well as by ethics committees at all recruitment sites, and parents signed 
an informed consent form for their child’s participation. 

2.2. Exposures: child urinary phthalate metabolite concentrations 

We measured 22 phthalate metabolites in children’s urine samples 
that were collected at the time of the biomonitoring visit (Suppl 
Table 1). To create summary indices of parent compounds, we calcu
lated molar sums for metabolites of parent compounds by dividing 
metabolites by their molecular weight, summing all metabolites of a 
specific parent compound and multiplying the sum by 1000. We calcu
lated molar sums for DEHP, DiNP, DnBP, DIDP, DiBP; the corresponding 
metabolites are shown in Suppl Table 1. Four metabolites (MMP, MEP, 
MBzP, MCPP) were distinct and treated as individual analytes (Table 1). 
We excluded three metabolites (MCHP, MOP, MNP) from the analyses 
that were detectable in less than 40% of samples (Suppl Table 1). 

Analysis of the urine samples was performed at the Centre de tox
icologie du Québec of the Institut National de Santé Publique du Québec. 
In brief, following an enzyme deconjugation step, the analytes were 
extracted using a robotized liquid-liquid extraction unit at pH 3 with a 
mixture of hexane:ethyl acetate. The extracts were brought to dryness, 
taken up in a solution of acetonitrile:water (25:75), and analyzed by an 
ultra-performance liquid chromatograph (Waters Acquity, Waters 
Limited Mississauga, ON, Canada) and tandem mass spectrometer 
(Waters Xevo TQ-S with MassLynx software version 4.1) in the multiple 
reaction monitoring mode with an “electrospray” source operated in the 
negative mode. Machine readings were used for all values below the 
limit of detection. To account for heterogeneity in urinary dilution, 
phthalate concentrations were standardized for urine specific gravity 
(SG), measured using a refractometer, according to the following for
mula: Pc = Pi [(SGm- 1)/(SGi - 1)], where Pc = SG standardized metab
olite concentration (μg/ml), Pi = observed metabolite concentration, 
SGi = specific gravity of the urine sample, and SGm = median SG for the 
cohort (Just et al., 2010). Descriptive statistics are presented for 
SG-standardized phthalate concentrations. To account for urinary dilu
tion in multivariable models, SG was entered as a covariate with the raw 
phthalate concentrations. This approach facilitates comparison of crude 
and unadjusted models. 

In the MIREC study, first trimester urinary concentrations of 11 
phthalate metabolites were measured and descriptive statistics have 
been previously reported for the seven metabolites with a sufficient 
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percentage of samples with detectable concentrations (Arbuckle et al., 
2014). In the present study, we assess correlations between maternal 
and child phthalate concentrations, compare descriptive statistics with 
the child concentrations, and determine whether adjustment for these 
prenatal exposures influences results of the associations between child 
phthalate concentrations and anthropometric measures (Engle and 
Wolff, 2013). The maternal phthalate metabolites were standardized for 
SG in the same manner as described for the childhood phthalate 
metabolites. 

2.3. Outcomes: child adiposity 

Our primary outcome measure was the body mass index (BMI); 
secondary outcomes were triceps skinfold (TSF) and subscapular skin
fold (SSF) z-scores. Trained research personnel followed a detailed 
protocol to measure child’s weight with a calibrated scale (Seca model 
874 [Seca Corporation, Hanover, MD, USA]), standing height using a 
calibrated stadiometer (Seca model 217 [Seca Corporation, Hanover, 
MD, USA]), and SSF and TSF using a Lange skinfold caliper (Cambridge 
Scientific Instruments, Cambridge, MA, USA). All measurements were 
completed during the home visit and the average of two measured 
values was used. If the two measures differed by a pre-determined value, 
research personnel performed a third measurement. A third measure
ment was performed in 24%, 10%, 3%, and less than 1% of individuals 
for weight, height, TSF, and SSF respectively. Research personnel were 
blinded to maternal and child phthalate exposure concentrations. Age- 
and sex-specific z-scores for BMI, TSF, and SSF were calculated for each 
child based on WHO Child Growth Standards (WHO, 2015). 

2.4. Statistical analysis 

We calculated counts and percentages for the study population. 
Pearson correlation coefficients were calculated for all log2-transformed 
summary indices and metabolites measured in children and in mothers. 
Due to the skewed distributions of all exposures, we log2-transformed all 
exposures prior to use in regression models or calculation of correlation 

coefficients. 
We used three approaches to evaluate the association between 

phthalates and each anthropometric outcome. First, we developed in
dividual linear regression models for tertiles of each phthalate parent 
compound (DEHP, DiNP, DnBP, DIDP, DiBP) and metabolite (MCPP, 
MBzP, MMP, MEP) measured at the time of the MIREC-CD Plus study 
visit. We categorized each exposure variable in this way to account for 
potential non-linear associations. Separate models were developed for 
each outcome. Confounders, identified via causal diagrams, included 
maternal postnatal weight status (Voerman et al., 2019), household 
income (Garí et al., 2019; Lewin et al., 2017), and maternal age (Lewin 
et al., 2017) (Suppl Figure 1). We entered these variables into all models, 
along with urine SG. We assessed effect modification by stratifying 
models by sex and calculating p values of products terms for sex and 
each exposure. To account for missingness in the covariates and the 
exposures, multiple imputation with chained equations was used (m =
30, 30 iterations) (van Buuren and Groothuis-Oudshoorn, 2011). 

Second, we used weighted quantile sum (WQS) regression to eval
uate the association of the phthalate mixture on each anthropometric 
outcome using the gWQS package in R (Renzetti et al., 2019). This 
approach estimates the body burden of the chemical mixture, identifies 
priority chemicals among a set of correlated exposures and has been 
shown to have superior performance to regularization techniques such 
as elastic net, particularly when dealing with multiple correlated ex
posures (Carrico and Gennings, 2015). A WQS index was created using 
our primary phthalate exposures (5 parent compounds, 4 metabolites) 
and each exposure was assigned a weight that reflects the strength of 
that phthalate-outcome association. Briefly, using 40% of the data 
designated as the training set, individual exposures were categorized 
into tertiles and assigned a weight between 0 and 1 using a non-linear 
modeling optimization algorithm. To increase the stability of the esti
mates, average weights were calculated based on analysis performed in 
75 bootstrapped samples. Due to the unidirectional nature of WQS 
regression, we constrained the β coefficient of the index to be positive in 
the bootstrap samples based on our hypothesis that phthalates would be 
positively associated with childhood anthropometric measures; 

Table 1 
Urinary concentrations of specific gravity-standardized molar sum phthalate metabolite compounds (nmol/L) and individual metabolites (μg/L) among children 
enrolled in MIREC-CD Plus.   

N Minimum 25th percentile Median 75th percentile Maximum 

Parent Compounds 
∑

DEHP 187 22.3 106 155 229 2023 
∑

DiNP 180 0.0030 10.1 19.1 33.6 707 
∑

DnBP 181 17.3 66.9 100 156 2595 
∑

DIDP 174 0.750 3.96 6.58 9.61 179 
∑

DiBP 187 11.1 62.1 89.8 141 1039 
Metabolites       
MBzP 187 0.540 3.64 8.34 17.4 201 
MEP 187 2.58 7.60 11.5 21.8 1020 
MMP 186 0.729 2.68 3.74 5.89 72.5 
MCPP 187 0.160 1.34 1.87 3.03 39.2 
MCPP 187 0.160 1.34 1.87 3.03 39.2 
2-OH-MiBP 187 1.13 5.72 8.58 12.7 76.8 
MCMHP 187 0.009 2.77 4.01 6.39 44.3 
MCiNP 179 0.251 0.999 1.43 2.16 885 
MCiOP 184 0.001 1.02 1.69 3.26 92.3 
MEHHP 187 1.79 8.02 12.5 17.8 200 
MEHP 187 0.337 1.06 1.86 2.51 69.3 
MEOHP 187 1.30 6.36 9.11 14.4 149 
MHBP 181 0.493 2.28 3.53 5.27 99.6 
MHiDP 182 0.001 0.102 0.290 0.491 39.6 
MHiNP 183 0.002 1.13 2.15 3.72 83.1 
MOiDP 186 0.001 0.129 0.262 0.576 59.6 
MOiNP 187 0.002 0.714 1.39 2.31 34.7 
MiBP 187 1.42 8.00 12.2 19.0 194 
MiNP 187 0.001 0.137 0.362 0.865 13.4 
MnOP 186 0.001 0.001 0.001 0.002 0.284 

Abbreviations for all phthalate parent compounds and metabolites are provided in Supplemental table 1. 
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however, the coefficients were not constrained to be positive when 
weights were estimated in the test data. We then modelled the associ
ation between the WQS index and each outcome using the data desig
nated as the test set (60%). These models included specific gravity to 
account for urinary dilution. We report weights for chemicals deter
mined to be of concern based on a weight greater than 11% (100/9 
exposures) as this value is higher than expected by chance (Tanner et al, 
2019, 2020). To further account for the relatively small sample size and 
potential instability of results due to division of data into training and 
test sets, we used repeated holdout validation to randomly partition the 
data and repeated the WQS estimation 100 times. Based on the distri
bution of results, we calculated mean weights for each exposure (Tanner 
et al, 2019, 2020). As the WQS index does not have an intuitive quan
titative interpretation, the WQS model was primarily used to qualita
tively identify phthalate metabolites that are associated with the child’s 
BMI and skinfold thickness. 

The third step of the analysis was to evaluate dose-response re
lationships using generalized additive models for parent phthalate 
compounds or phthalate metabolites that were identified as a key 
exposure in both the linear regression and WQS models. In these models, 
we trimmed the data to exclude the top and bottom 3% of observations 
to prevent the curves from being overly influenced by extreme 
observations. 

To assess the potential confounding effect of prenatal phthalate 
exposure, we conducted a sensitivity analyses adjusting for maternal 
first trimester urine phthalate concentrations. This analyses was 
restricted to the phthalates where both maternal and child data was 
available (MCPP, MBzP, MEP, MBP, 

∑
DEHP) and was accomplished by 

adding the log2-transformed maternal phthalate exposure in each model 
for the corresponding child phthalate. For example, log2-transformed 
maternal MCPP was added to the model examining the association be
tween childhood MCPP and BMI. 

Analyses were conducted in SAS version 9.4 (SAS Institute, Cary, NC, 
USA) and R version 3.5.2 (R Core Team, 2019). 

3. Results 

Of the 200 children with phthalate biomonitoring data, 192 were 
singleton births, and 189 had complete height and weight data and were 
included in the analyses. Consistent with other reports from the MIREC 
Study, the study population is of moderate to high socioeconomic status 
and mothers tended to be, on average, of normal pre-pregnancy BMI, 
non-smokers, and born in Canada. Children were, on average, 32 months 
(standard deviation (SD): 2.7) at the time of the MIREC-CD Plus study 
visit (Table 2). Mean (SD) BMI, TSF, and SSF z-scores were 0.55 (0.87), 
1.0 (1.4), and − 0.15 (1.6), respectively. 

Eighteen out of the twenty-two metabolites measured in MIREC-CD 
Plus participants were detectable in at least 80% of children (Suppl 
Figure 1). Descriptive statistics for the five summed parent compounds 
and four individual metabolites measured in children are reported in 
Table 1. Descriptive statistics for the metabolites measured in mothers 
are presented in Suppl Table 2. Median urinary MCPP and MBzP con
centrations were nearly twice as high in children compared to their 
mothers (MCPP mother = 0.94 μg/L, child = 1.9 μg/L; MBzP mother =
4.5 μg/L, child = 8.3 μg/L) whereas the median urinary MBP concen
trations in mothers was approximately two-thirds that of the childs 
(mother = 13 μg/L, child = 19 μg/L). In contrast, the median urinary 
MEP concentration in the mother was more than double that of the child 
(mother = 26 μg/L, child = 12 μg/L). Concentrations of certain DEHP 
metabolites were also higher in children than mothers (MEHHP mother 
= 9.4 μg/L, child = 12 μg/L; MEOHP mother = 6.5 μg/L, child = 9.4 μg/ 
L) (Table 1 and Suppl 2). 

We observed moderate to strong correlations among metabolites and 
parent compounds in children, with correlation coefficients ranging 
from 0.387 (MBzP and MEP) to 0.843 (MCPP and 

∑
DiNP). In contrast, 

we observed weak correlations between maternal and child phthalate 

concentrations; correlation coefficients ranged from − 0.001 (child 
∑

DIDP and maternal MBzP) to 0.165 (child MEP and maternal MEP) 
(Suppl Table 6). 

In the adjusted linear regression models (Fig. 1, Suppl Table 3), 
children with 

∑
DnBP concentrations in the highest tertile had 0.475 

(95% CI: 0.068, 0.883) higher BMI z-scores than those in the lowest 
tertile; no other phthalate metabolite or parent compound was associ
ated with BMI z-scores in the adjusted models. In the sex-specific models 
(Suppl Table 6), no statistically significant associations were found, and 
there was no evidence of effect modification based on a product term p- 

Table 2 
Characteristics of MIREC-CD Plus study participants (n = 189).  

Parental N % 

Maternal age at time of delivery (years)   
≤29 54 29 
30–34 73 39 
≥35 62 33 
Household income (CAD)   
<50 000 32 17 
50 000–100 000 80 43 
>100 000 73 40 
Maternal Education   
High school or less 4 2.1 
College courses of diploma 48 26 
University degree 135 72 
Maternal Country of Birth   
Canada 152 80 
Other 37 20 
Maternal pre-pregnancy BMI (kg/m2)   
<25 115 67 
25–29 28 16 
≥30 29 17 
Maternal postnatal BMI (kg/m2)   
<25 108 58 
25–29 41 22 
≥30 38 20 
Maternal prenatal smoking   
Current 6 3.2 
Former or quit when pregnant 51 27 
Never 127 70 
Paternal BMI (kg/m2)   
<25 52 28 
25–29 88 47 
≥30 46 25 
Child   
Age at follow-up (mths) (mean (SD)) 32 2.7 
Gestational age (wks) (mean (SD)) 39 1.4 
Sex   
Male 83 44 
Female 106 56 

Missing income (n = 4), education (n = 2), pre-pregnancy BMI (n = 17), post
natal BMI (n = 2). 
Paternal BMI (n = 3). 
Abbreviations: BMI body mass index, CAD Canadian dollar, mths months, SD 
standard deviation, wks weeks. 

Fig. 1. Adjusted1 parameter estimates and 95% confidence intervals (CI) for 
the association between tertiles of childhood urinary phthalate parent com
pounds (nmol/L), metabolites (μg/L), and BMI z-scores (n = 189). 
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value <0.05. 
In the adjusted TSF z-score models, children with 

∑
DiNP, MMP, and 

MEP concentrations in the second tertile had higher TSF z-scores than 
children with levels in the referent category (

∑
DiNP 2nd tertile β =

0.623 (95% CI: 0.068, 1.178); MMP 2nd tertile β = 0.678 (95% CI: 
0.113, 1.242); MEP 2nd tertile β = 0.551 (95% CI: 0.030, 1.071)) (Fig. 2, 
Suppl Table 4). We observed no statistically significant associations in 
the SSF z-score models (Fig. 3, Suppl Table 5). The magnitude and di
rection of effect in the sex-stratified models were largely consistent with 
the findings in the overall population (Suppl Tables 7–8). We observed 
no effect modification by sex in either the TSF or SSF models. We 
observed no material change in results for each of the outcomes when 
adjusted for prenatal phthalate exposures (data not shown). 

According to the WQS regression models with repeated holdout 
validation (data not shown), 

∑
DnBP, 

∑
DIDP, and 

∑
DEHP accounted 

for 23%, 20%, and 13%, respectively, of the weight of the overall index 
of phthalate exposure in the BMI z-score models (range of weights 
0.0–0.23). In the TSF models, MMP, 

∑
DnBP, and 

∑
DIDP accounted for 

26%, 14%, and 14% of weights (range of weights: 0.03–0.26). The ex
posures of concern identified in the SSF z-score models were 

∑
DIDP 

(24%), 
∑

DnBP (20%), and MMP (12%) (range of weights: 0.04–0.24). 
Based on the results of the categorical and the WQS models, we 

visualized the association between 1) log2-transformed 
∑

DnBP and 
BMI z-scores and 2) log2-transformed MMP and TSF z-scores using 
generalized additive models. Both models were characterized by a 
positive linear relationship with considerable imprecision (Fig. 4). 

4. Discussion 

In this population of Canadian preschool children, we evaluated 
concentrations of 22 phthalate metabolites in relation to concurrently 
measured BMI and skinfolds thickness. Compared to children with 
∑

DnBP concentrations in the referent tertile, those with concentrations 
in the highest tertile had moderately increased BMI z-scores. These re
sults were consistent with the WQS analysis which identified 

∑
DnBP as 

a primary exposure of concern. In the TSF models, MMP was identified 
as a priority exposure in the WQS analysis and second tertile MMP 

concentrations were positively associated with TSF z-scores. We did not 
find effect modification by sex in any of the models. Our study provides a 
comprehensive assessment of phthalate metabolites in young children. 
Due to the number of measured metabolites, it is difficult to provide an 
overall summary comparison with other biomonitoring studies. Out of 
the LMW metabolites, median MEP and OH-MiBP concentrations in 
MIREC-CD Plus were lower than observed in children of similar ages 
enrolled in NHANES (CDC, 2009), GerES V (Schwedler et al., 2020), and 
a Polish study (Garí et al., 2019). With regard to HMW metabolites, 
median MEHHP, MEOHP, and MECPP concentrations were higher than 
observed in NHANES. A comparison table is provided in the supple
mental material (Suppl Table 10). Moreover, the short half-life of these 
metabolites creates challenges to interpreting spot urine samples from 
different study populations and a more accurate comparison would 
include 24 h urine samples or repeated measurements over time. 

Children are most commonly exposed to DnBP via ingestion of food 
due to its ubiquitous presence in food packaging (Environment and 
Climate Change Canada, 2017; Fisher et al., 2019; Wormuth et al., 
2006). In contrast, a primary route and source of exposure to DMP, the 
parent compound of MMP, is inhalation of indoor air resulting from the 
use of DMP as a solvent in building materials, such as paints and sealants 
(Wormuth et al., 2006). Children may also be exposed to DMP via 
dermal absorption of topical products (diaper creams, lotions), contact 
with toys (Environment and Climate Change Canada, 2015) (Fisher 
et al., 2019), and through diet (Correia-Sá et al., 2018). Previous 
epidemiological studies that examined the potential effects of these 
phthalates on childhood adiposity are equivocal due, in part, to het
erogeneity in timing of measurement of both the exposures and the 
outcomes as well as different study designs and analytical methods. 
Despite this heterogeneity, our findings are consistent with one longi
tudinal and two cross-sectional studies of positive associations between 
concentrations of 

∑
DnBP, or its metabolite MBP, and measures of 

adiposity in children from Chinese and Mexican American populations 
between the ages 5 and 15 (Harley et al., 2017; Wang et al., 2013; Zhang 
et al., 2014). Exposure levels in MIREC-CD Plus participants (median 
MBP = 19 μg/L) tended to be lower than these studies (median MBP 
30–43 μg/L in children ages 8–12 years of age) (Wang et al., 2013; 
Zhang et al., 2014). Our findings are also in line with reported positive 
associations between summary measures of LMW phthalates (which 
include both MBP and MMP) and childhood obesity (Buser et al., 2014; 
Deierlein et al., 2016; Teitelbaum et al., 2012). Some of these associa
tions were only observed in subgroups of sex or weight status (Deierlein 
et al., 2016; Teitelbaum et al., 2012; Zhang et al., 2014). For example, 
authors of a study of children from New York City reported that the sum 
of LMW phthalates was associated with BMI and waist circumference 
only among children who were overweight (Teitelbaum et al., 2012). In 
a cross-sectional study of Chinese children, MBP and the sum of LMW 
phthalates were positively associated with BMI in boys, but not girls, 
older than 10 years of age (Zhang et al., 2014). 

Our observed association between DnBP and increased BMI is further 

Fig. 2. Adjusted parameter estimates and 95% confidence intervals (CI) for the 
association between tertiles of childhood urinary phthalate parent compounds 
(nmol/L), metabolites (μg/L), and TSF z-scores (n = 186). 

Fig. 3. Adjusted parameter estimates and 95% confidence intervals (CI) for the 
association between tertiles of childhood urinary phthalate parent compounds 
(nmol/L), metabolites (μg/L), and SSF z-scores (n = 184). 

1 Abbreviations: BMI body mass index, DEHP di(2-ethylhexyl) phthalate, 
DiNP Di-iso-nonyl phthalate, DnBP Di-n-butyl phthalate, DIDP Diisodecyl 
phthalate, DiBP Diisobutyl phthalate, HMW high molecular weight, ICC intra
class correlation coefficient, LMW low molecular weight, MBzP monobenzyl 
phthalate, MEP monoethyl phthalate, MIREC Maternal-Infant Research on 
Environmental Chemicals, MMP mono-methyl phthalate, MCPP Mono-3- 
carboxypropyl phthalate, MOP Mono-n-octyl, MNP mono-isononyl phthalate, 
MCHP mono-cyclo-hexyl phthalate, PPAR peroxisome proliferator-activated 
receptors, SG specific gravity, SSF scapular skinfolds, TSF triceps skinfolds, 
WQS weighted quantile sum. 
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supported by experimental data demonstrating that DnBP exhibits 
developmental and reproductive toxicity (Foster et al., 2000; Wittassek 
et al., 2011). Specifically, DnBP may promote adiposity via its 
anti-androgenic effects and subsequent influence on the estro
gen/androgen ratio (Mylchreest et al., 1999). Other potential mecha
nisms underlying an association between DnBP and obesity are 
exposure-induced changes in testosterone, insulin, and thyroid levels 
(Mylchreest et al., 1999; Wittassek et al., 2011). Although other 
phthalates, such as DEHP, may disrupt lipid metabolism and promote 
adipogenesis via activation of PPAR-alpha and gamma receptors, DnBP 
may not operate through this pathway (Hurst and Waxman, 2003). MMP 
may modestly activate the PPAR-alpha pathway in a mouse model but 
not in humans (Hurst and Waxman, 2003). Further experimental 
research could help elucidate whether DnBP and DMP, the parent 
compound of MMP, have greater potential for inducing obesogenic ef
fects than other phthalates. 

Our study benefited from the extensive biomonitoring data and the 
use of two different analytical approaches that yielded consistent results. 
Although many studies have evaluated associations between phthalates 
and childhood growth, the present study is one of the first to examine 
these associations in children as young as 24 months. The extensive 
biomonitoring data available in the MIREC study also enabled us to 
evaluate more metabolites than any other identified biomonitoring 
study and to characterize how exposure patterns differed between 
pregnancy and early childhood. Consistent with previous data (CDC, 
2009; Garí et al., 2019; Wormuth et al., 2006), we found that children 
had higher concentrations of certain metabolites than their mothers. 
These notable differences in exposure levels are compatible with the 
observed weak correlations between the maternal and child phthalate 
concentrations and confirm the variability in exposure patterns from the 
in utero to early life time periods. Additionally, this non-uniform pattern 
in exposure demonstrates the challenge in identifying a biomarker that 
is reflective of the critical window of exposure for childhood growth. 
Similar to our findings, authors of a Polish cohort study observed weak 
correlations between maternal third trimester and child phthalate con
centrations (Garí et al., 2019). In contrast, a cross-sectional study of 
biospecimens from 17 European studies observed strong correlations 
between maternal and children’s phthalate concentrations (Den Hond 
et al., 2015). The stronger correlation in this study could be due to the 
concurrent measurement of maternal and child phthalate concentrations 
and lack of influence from temporal trends in phthalate exposure con
centrations (Zota et al., 2014). 

The three primary limitations of our findings are the use of one spot 
urine sample, the small sample size, and the concurrent measurement of 
childhood phthalate metabolites and outcome measures. Phthalates are 

non-persistent chemicals and thus subject to intra-individual variability 
over time. However, MBP has been shown to be one of the most stable 
metabolites over time with an intraclass correlation coefficient for pre
natal measurements ranging from 0.35 (Fisher et al., 2015) to 0.57 
(Casas et al., 2018). A study of between-day and between-season 
phthalate variability in children reported intraclass correlation co
efficients of 0.58 and 0.36 for MBP (Casas et al., 2018). Although the 
availability of only one childhood measurement precluded us from 
determining sensitive windows of exposure in the very early childhood 
years, we did consider the influence of in utero exposures by adjusting 
for certain prenatal phthalates. Future analyses of MIREC data will 
enable greater insight into this question by analyzing a wider range of 
prenatal phthalates and determining their association with children’s 
anthropometric outcomes. At time of this writing, maternal urine sam
ples are being re-analyzed to quantify levels of 22 phthalate metabolites. 
In addition to temporal variation, metabolite concentrations may be 
influenced by interindividual variations in urinary flow rate (Aylward 
et al., 2014; Hays et al., 2015). We addressed this potential source of 
misclassification bias by standardizing and adjusting metabolite con
centrations for specific gravity. 

It is also worth noting that our results are subject to type 1 error due 
to the multiple comparisons examined. It is possible, for example, that 
the statistically significantly results observed in middle tertiles of the 
TSF models are a result of chance rather than a true association. On the 
other hand, non-monotonic relationships have been observed between 
phthalate exposures and health outcomes (Hill et al., 2018). It is not 
possible within the present study to confirm or deny the presence of true 
non-linear relations; thus, we interpret our findings of positive associ
ations between MMP and TSF z-scores with caution. The consistency in 
results between the traditional and weighted quantile sum regression 
models does, however, lessen concern that the observed positive asso
ciations between 

∑
DnBP and BMI and between MMP and TSF z-scorse 

are solely due to chance. 
We cannot rule out the potential for reverse causality in the observed 

positive associations, given the cross-sectional data collection of child 
exposure and anthropometric data. Food packaging may serve as a 
source of exposure to DnBP as well as a surrogate of food consumption. A 
study of 112 children and adolescents aged 4–18 years found that 
adoption of a healthy diet low in packaged and processed food was 
associated with a reduction in phthalate metabolite levels (Correia-Sá 
et al., 2018). High consumption of processed food, which necessitates 
more packaging than fresh food, may contribute to risk of obesity (Poti 
et al., 2017), but we did not have the capacity to incorporate data on 
childhood dietary patterns or intake of sugar, fat, or processed foods in 
this study. It is, therefore, difficult to know whether associations 

Fig. 4. Generalized additive models for associations and their 95% confidence intervals between log2DnBP and BMI z-scores and log2MMP and TSF z-scores.  
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between 
∑

DnBP and BMI are real or an artifact of consumption and 
exposure patterns. It is also possible that we did not have the statistical 
power to detect associations and that the results are, therefore, subject to 
a type 2 error - particularly in the sex-specific analyses. Median 

∑
DnBP 

concentrations were higher in boys (110 nmol/L) than girls (89.9 
nmol/L), whereas MMP concentrations were fairly similar (boys 4.48 
nmol/L, girls 3.49 nmol/L). These modest differences may also reflect 
variation in the small sample and warrant further inquiry into potential 
sex-specific patterns of exposure and differences in potential 
exposure-related growth patterns. 

MIREC study participants tend to have a healthier pregnancy profile 
(i.e. lower smoking rates and pre-pregnancy BMI) and are of higher 
socioeconomic status than the overall Canadian population (Arbuckle 
et al., 2013). Median concentrations of MnBP and MMP in MIREC-CD 
Plus participants were, however, comparable to concentrations in 3–6 
year old children enrolled in the Canadian Health Measures Survey 
(Health Canada, 2019). Given the ubiquity of phthalate exposures across 
all socioeconomic groups, the sociodemographic composition of the 
MIREC cohort is not a notable barrier to the generalizability of our re
sults. Our findings do, however, have limited generalizability to 
non-Caucasian racial and ethnic groups who may have heightened sus
ceptibility to the growth-related effects of phthalate exposures (Tra
sande et al., 2013). 

5. Conclusions 

In this population of Canadian preschool-aged children, we identi
fied DnBP as a potential chemical of concern with regard to childhood 
obesity. Future research with serial phthalate measurements and 
anthropometric measurements will help determine whether the 
observed findings are indicative of an obesogenic effect of these ubiq
uitous exposures. Follow-up studies being conducted in the MIREC study 
platform will facilitate this type of research. 
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Magnus, P., Majewska, R., Mäkelä, J., Manios, Y., McAuliffe, F.M., McDonald, S.W., 
Mehegan, J., Mommers, M., Morgen, C.S., Mori, T.A., Moschonis, G., Murray, D., 
Chaoimh, C.N., Nohr, E.A., Andersen, A.M.N., Oken, E., Oostvogels, A.J.J.M., 
Pac, A., Papadopoulou, E., Pekkanen, J., Pizzi, C., Polanska, K., Porta, D., 
Richiardi, L., Rifas-Shiman, S.L., Ronfani, L., Santos, A.C., Standl, M., Stoltenberg, C., 
Thiering, E., Thijs, C., Torrent, M., Tough, S.C., Trnovec, T., Turner, S., van 
Rossem, L., von Berg, A., Vrijheid, M., Vrijkotte, T.G.M., West, J., Wijga, A., 
Wright, J., Zvinchuk, O., Sørensen, T.I.A., Lawlor, D.A., Gaillard, R., Jaddoe, V.W.V., 
2019. Maternal body mass index, gestational weight gain, and the risk of overweight 
and obesity across childhood: an individual participant data meta-analysis. PLoS 
Med. 16, 1–22. https://doi.org/10.1371/journal.pmed.1002744. 

Wang, H., Zhou, Y., Tang, C., He, Y., Wu, J., Chen, Y., Jiang, Q., 2013. Urinary phthalate 
metabolites are associated with body mass index and waist circumference in Chinese 
school children. PloS One 8, e56800. https://doi.org/10.1371/journal. 
pone.0056800. 

Wang, Y., Zhu, H., Kannan, K., 2019. A review of biomonitoring of phthalate exposures. 
Toxics 7, 21. https://doi.org/10.3390/toxics7020021. 

Weiss, J.M., Gustafsson, Å., Gerde, P., Bergman, Å., Lindh, C.H., Krais, A.M., 2018. Daily 
intake of phthalates, MEHP, and DINCH by ingestion and inhalation. Chemosphere 
208, 40–49. https://doi.org/10.1016/j.chemosphere.2018.05.094. 

WHO, 2015. The WHO Child Growth Standards. http://www.who.int/childgrowth/sta 
ndards/en. (Accessed 14 November 2020). 

Wittassek, M., Koch, H.M., Angerer, J., Brüning, T., 2011. Assessing exposure to 
phthalates - the human biomonitoring approach. Mol. Nutr. Food Res. 55, 7–31. 
https://doi.org/10.1002/mnfr.201000121. 

Wormuth, M., Scheringer, M., Vollenweider, M., Hungerbühler, K., 2006. What are the 
sources of exposure to eight frequently used phthalic acid esters in Europeans? Risk 
Anal. 26, 803–824. https://doi.org/10.1111/j.1539-6924.2006.00770.x. 

Yang, T.C., Peterson, K.E., Meeker, J.D., Sánchez, B.N., Zhang, Z., Cantoral, A., 
Solano, M., Tellez-Rojo, M.M., 2017. Bisphenol A and phthalates in utero and in 
childhood: association with child BMI z-score and adiposity. Environ. Res. 156, 
326–333. https://doi.org/10.1016/j.envres.2017.03.038. 

Zhang, Y., Meng, X., Chen, L., Li, D., Zhao, L., Zhao, Y., Li, L., Shi, H., 2014. Age and sex- 
specific relationships between phthalate exposures and obesity in Chinese children 
at puberty. PloS One 9. https://doi.org/10.1371/journal.pone.0104852. 

Zota, A.R., Calafat, A.M., Woodruff, T.J., 2014. Temporal trends in phthalate exposures: 
findings from the national health and nutrition examination survey, 2001-2010. 
Environ. Health Perspect. 122, 235–241. https://doi.org/10.1289/ehp.1306681. 

J. Ashley-Martin et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/s0278-6915(99)00128-3
https://doi.org/10.1016/s0278-6915(99)00128-3
https://doi.org/10.1016/j.envint.2019.04.011
https://doi.org/10.1016/j.envint.2019.04.011
https://doi.org/10.1016/S0140-6736(14)60460-8
https://doi.org/10.3109/10408444.2013.860076
https://doi.org/10.1034/j.1600-0773.2001.088001003.x
https://doi.org/10.1034/j.1600-0773.2001.088001003.x
https://doi.org/10.1016/j.mce.2009.02.018
https://doi.org/10.1042/BSR20120042
https://doi.org/10.1038/pr.2017.112
https://doi.org/10.1038/pr.2017.112
https://doi.org/10.1289/ehp.1408944
https://doi.org/10.1289/ehp.1408944
http://refhub.elsevier.com/S1438-4639(21)00002-X/sref30
http://refhub.elsevier.com/S1438-4639(21)00002-X/sref30
https://doi.org/10.1038/nrendo.2015.163
https://doi.org/10.1177/1559325818798282
https://doi.org/10.1093/toxsci/kfg145
https://doi.org/10.1093/toxsci/kfg145
https://doi.org/10.1038/jes.2010.13
https://doi.org/10.1038/jes.2010.13
https://doi.org/10.1038/sj.ijo.0803326
https://doi.org/10.1016/j.ijheh.2017.01.001
https://doi.org/10.1289/ehp.1408750
https://doi.org/10.1006/taap.1999.8643
https://doi.org/10.1007/s13679-017-0285-4
https://R-project.org
https://cran.asia/web/packages/gWQS/vignettes/gwqs-vignette.pdf
https://cran.asia/web/packages/gWQS/vignettes/gwqs-vignette.pdf
https://doi.org/10.1007/s40471-014-0007-3
https://doi.org/10.1007/s40471-014-0007-3
https://doi.org/10.1016/j.ijheh.2019.113444
https://doi.org/10.1016/j.ijheh.2019.113444
https://doi.org/10.1289/ehp1022
https://doi.org/10.1016/j.mex.2019.11.008
https://doi.org/10.1016/j.mex.2019.11.008
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.envint.2019.105185
https://doi.org/10.1016/j.envres.2011.12.006
https://doi.org/10.1016/j.envres.2011.12.006
https://doi.org/10.1289/ehp.1205526
https://doi.org/10.1289/ehp.1205526
https://doi.org/10.3389/fpubh.2018.00327
http://refhub.elsevier.com/S1438-4639(21)00002-X/sref50
http://refhub.elsevier.com/S1438-4639(21)00002-X/sref50
https://doi.org/10.1371/journal.pmed.1002744
https://doi.org/10.1371/journal.pone.0056800
https://doi.org/10.1371/journal.pone.0056800
https://doi.org/10.3390/toxics7020021
https://doi.org/10.1016/j.chemosphere.2018.05.094
http://www.who.int/childgrowth/standards/en
http://www.who.int/childgrowth/standards/en
https://doi.org/10.1002/mnfr.201000121
https://doi.org/10.1111/j.1539-6924.2006.00770.x
https://doi.org/10.1016/j.envres.2017.03.038
https://doi.org/10.1371/journal.pone.0104852
https://doi.org/10.1289/ehp.1306681


International Journal of Hygiene and Environmental Health 232 (2021) 113690

Available online 8 January 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/).

Short communication 

Utilization of greenhouse effect for the treatment of COVID-19 
contaminated disposable waste - A simple technology for 
developing countries 

Osama Ali Maher a,*, Sherif A. Kamal b, Ahmed Newir c, Kenneth M. Persson a 

a Water Resources Engineering, Lund University, Lund, Sweden 
b Building and Construction Department, Faculty of Engineering, October 6 University, Cairo, Egypt 
c Faculty of Engineering, Mechatronics Department, October 6 University, Cairo, Egypt   

A R T I C L E  I N F O   

Keywords: 
IPC 
Medical waste 
Air temperature 
COVID-19 
Greenhouse effect 

A B S T R A C T   

Countries with abundant solar radiation have the potential to invest in simple technologies for deactivation of 
many bacteria and viruses in medical solid waste. In addition to the traditional Infection and Prevention Control 
(IPC) measures, these simple technologies contribute to better protection of health care workers in countries with 
compromised solid management schemes. Monitoring of temperature, relative humidity and ultraviolet inside 
containers soundly designed to collect disposal infectious waste illustrated to deactivate several viruses and 
bacteria. Casanova et al., 2010, used some surrogate viruses to overcome the challenges of working with SARS- 
CoV, concluded that by temperature above 40 ◦C most of viruses become below levels of detection after 90 min. 
Here we are proposing a model of a simple transparent container almost 200 L in volume that allow solar energy 
to be accumulated inside. In summer conditions in the testing site, temperature inside the container reached 
above 50 ◦C when the ambient air temperature was around 30 ◦C. The container was built using epoxy glass to 
guarantee maximum heat penetration. Actual temperature measurement inside the container was measured in 
real time against ambient air temperature. We present a mathematical model for predication of maximum 
temperature at different positions inside the container and their relation to different ambient air temperature 
scenarios. The mathematical formulas used are based on the conservation laws and a good agreement of a full 
month of field measurements were obtained. Even in winter conditions in many of developing countries air 
temperature can maintain levels above 20 ◦C, which will produce temperature around 30 ◦C and viruses can 
reach levels below detection limit in maximum 3 h.   

1. Introduction 

Infectious solid waste management usually uses expensive tech
niques such as incineration, chemical treatment or autoclaving to insure 
minimizing or eliminating of the hazardous substances in these wastes. 
Personal Protective Equipment (PPE) for personnel managing patients 
suffering from infectious diseases can be either reusable or disposable. 
The reusable equipment needs to go through sterilization process to 
guarantee the elimination of any biological contamination. The 
disposable materials need to go through some processes before it is end 
of life disposal in a safe manner to guarantee low or no risk of infection 
to personnel responsible for its full life cycle from usage to final disposal. 

In many health care facilities in poor countries, financial capacities are 
limited to invest in modern techniques and protocols for how to deal 
with infectious waste is often lacking. There is not enough analysis on 
infection among health care waste handlers in low income countries or 
countries with no adequate medical solid waste management scheme. 
However, in such context it is important to explore all possible measures 
to protect workers under this category from getting infected as a result of 
exposure to biologically contaminated medical waste. In lack of enough 
Personal Protection Equipment (PPEs) and an integrated medical solid 
waste management schemes in health care facilities, it is important to 
investigate innovative ways to take advantage of environmental condi
tions to control the virus survivals on surfaces of medical waste. Little 
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attention was paid to advantages of some environmental conditions 
prevailing in some countries. However, it is reported that the COVID-19 
can be transmitted largely by garbage collectors (Ouhsine et al., 2020). 
The survival of the COVID-19 virus on surfaces was subject to some 
research, however these researchers were not inclusive (WHO and 
UNICEF 2020). In this study we are examining three environmental 
aspects of affecting the survival of similar viruses as a proxy indicator for 
the COVID 19 survival on surfaces. These atmospheric indicators, 
Relative Humidity (RH), Air Temperature (AT) and Ultraviolet Irradia
tion (UV), aim to develop some guidance and operations procedures to 
an intermediate storage unit at health care facilities for COVID-19 PPEs 
in preparation for a final safe disposal among municipal waste. 

2. Background 

Several studies were directed examine the relation between envi
ronmental conditions such as Air Temperature (AT) on the survival of 
viruses and bacteria on different surfaces, for instance Hepatitis A Virus 
(Mbithi et al., 1991) and avian influenza viruses (Paek et al., 2010). 
Another study on the Coronavirus, Casanova et al., (2010), using two 
potential surrogates were evaluated in this study; transmissible gastro
enteritis virus (TGEV) and mouse hepatitis virus (MHV) concluded that, 
these viruses can survive on different surfaces from hours to days and the 
optimum deactivation of the virus happened at around 50% RH. The 
same study confirmed that the virus infectivity with increased by tem
peratures higher than 40 ◦C and at this level of temperature, RH was not 
significant for the deactivation of the viruses. Following the SARS 
outbreak in 2003 some studies were conducted to examine the survival 
of the virus in relation to environmental conditions. In a study by Duan 
et al., (2003) on the SARS CoV–P9 on its deactivation when exposed to 
UV (260 nM) for about 60 min resulted in the destruction of virus 
infectivity. The same study pointed out that the virus was totally deac
tivated after 90, 60, 30 min at 56 ◦C, 67 ◦C and 75 ◦C respectively. In 
countries with abundance of solar radiation and long sunny hours, it is 
easy to achieve these favorable conditions for virus inactivation with 
simple technology. The proposed technology here depends on producing 
simple collection system based on minimum protection procedures and 
low costing. 

With more than 15 million confirmed cases in Africa and Latin 
America alone, it is obvious that the amount of medical solid waste 
production has increased dramatically. The IPC measures usually not 
being optimal in theses settings, so complementary measures needs to be 
in place to minimize possible infections to these vulnerable group. The 
fate of the solid waste produced is usually that the medical waste will be 
mixed with municipal waste. According to our knowledge no detailed 
research concerning infection among solid waste collectors in low and 

middle income countries has been carried out. 

3. Methodology 

A model for a simple acrylic waste collection bin was constructed 
with clear shits dimensions of 0.9 m high and a square base 0.5 m in 
length. The bin had an open led 0.2 m length from one side of the top, 
Fig. 1. The bin was exposed to direct solar radiation at a site in Cairo, 
Egypt (longitude 29.9◦, latitude 31.39◦) and temperature was measured 
with 1 h interval between 11:00 a.m. and 4:00 p.m. for the full month of 
June in 2020. The bin was closed during the whole measurement period 
during the day. The temperature measured using TESTO 875i thermal 
imager with temperatures range up to 327 ◦C and the accuracy is ±2% of 
reading. 

The storage volume of the bin is approximately 200 L (0.5 ×
0.5*0.85 cm) and the different in head in the front 0.85 m and in the 
back 0.9 m is to make a slope to insure the direct sun light to enter the 
bin to give maximum temperature using greenhouse effect. 

The bin is constructed in a practical way that it will not be well 
marked and easy to operate by the solid waste operators within the 
health care facility. The container should be placed outdoor in places 
directly exposed to the sun with clear marks showing that it is for the 
disposal of gloves and masks. 

4. Results and discussions 

4.1. Field measurements 

The greenhouse effect is identified by the difference between the 
effective radiating temperature of the earth surface and its surface 
temperature. The difference between the energy emitted by the surface 
and can therefore be defined as the long wave energy trapped in the 
atmosphere (Berger and Tricot 1992). The origin of the term greenhouse 
was associated with providing a Controlled Environment Agriculture 
(CEA) through framed or inflated structure, covered by transparent or 
translucent material that permits optimum light and hence energy 
transmission. This closed structure will accumulate thermal energy if 
kept exposed to solar energy with little or no air movement (Jensen and 
Malter 1995). These conditions will generate a difference in temperature 
between inside the space and ambient air temperature. Egypt enjoys 
around 2900–3200 h of sunshine annually with annual direct normal 
energy density of 1970–3200 kWh/m2 (Comsan 2010). The maximum 
day temperature, away from heat waves, usually reached during the 
month of August. The COVID -19 pandemic reached Egypt by 
mid-March and cases have been reported until September 2020. The 
experiment here was carried out during the month of June in the middle 

Fig. 1. The dimensions of the medical waste 
bin (to the left and the actual prototype is to 
the right). The dimensions are representing 
the clear dimensions of the acrylic sheets 
directly exposed to sun and connected using 
aluminum. The theoretical part for predic
tion of the temperature inside the bin was 
built on a three-dimensional model of 
greenhouse structure. The temperature en
vironments for simulation calculation are in 
hot summer with no wind. Entire medical 
recycle bin model is divided into 47,887 el
ements. Iterative calculation is conducted 
using two CPU 3.07 GHz quad-core work
station in simulation.   
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of the COVID-19 pandemic. Continuous measurements AT as well as the 
temperature inside the solid waste bin were carried throughout the 
month. Registered peaks of AT, corresponding temperature inside the 
bin, and times of these peaks are presented in Fig. 2. 

The average peak air temperature during this month was above 30 ◦C 
and the maximum registered temperature difference between inside and 
outside temperature was more than 10 ◦C during the whole month. 
Table 1 shows the maximum registered daily air temperature of 39 ◦C 
around 2 p.m. on 18th of June. 

4.2. Model iterations and validation 

The governing equations of fluid flow and heat transfer can be 
considered as mathematical formulations of the conservation laws that 
govern all associated phenomena. These conservation laws describe the 
rate of change of a desired fluid property as a function of external forces 
in accordance with the continuity equation: the mass flows entering a 
fluid element must balance exactly with those leaving. 

∂ρ
∂t

+∇ ⋅
[
ρ V→

]
= Sm (1)  

where, ρ is the air density, t is the time, v→ is the velocity vector and Sm is 
the source term. 

Conservation of momentum (Newton’s second law): the sum of the 
external forces acting on the fluid particle is equal to its rate of change of 
linear momentum. 

∂
∂t
(ρ v→)+∇ ⋅

(
ρ V→V→

)
= − ∇p+ ρ g→+ F→ (2)  

where, p is the static pressure and g→ and F→ are the gravitational body 
force and external body forces respectively. 

Conservation of energy (the first law of thermodynamics): the rate of 

Fig. 2. Maximum recorded temperature outside and inside the bin during the 
month of June. During the whole the difference between the measured tem
perature exceeded 10 ◦C. 

Table 1 
Registered temperature on June 18, 2020, temperature was measured on 1 h 
interval and a difference in temperature was recorded already at the first 
measurement.  

Time AT (◦C) Bin Temp. (◦C) 

11:00 36 47.9 
12:00 37 48.5 
13:00 38 48.7 
14:00 39 53.2 
15:00 38 55.6 
16:00 38 57.5  

Fig. 3. Calculated temperature inside the bin with three scenarios, case 1 is using data registered at the day of maximum measured air temperature, case 2 and 3 for 
maximum air temperature of 20 and 30 ◦C respectively. 
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change of energy of a fluid particle is equal to the heat addition and the 
work done on the particle. 

Uj
∂T
∂xj

=
∂

∂xj

(

α ∂T
∂xj

− ujt
)

(3) 

The optimization of any structure to reach maximum utilization of 
solar thermal energy to be attained within a structure is highly depen
dent on the structure geometry. Here we used ANSYS © 17.1 DESIGN 
MODULER pre-processor software to create the simulated grid to the 
prototype. A good quality mesh can assist verifying model calculation 
and produces fast and accurate solution. Therefore, more than one mesh 
type is tested and compared with each other to attain a good compu
tational fluid dynamics solution. The different meshes used are multi- 
zone and automatic, tetrahedral patch conforming. Mesh quality is 
depending on many parameters, but most important ones are meshed 
elements, mesh skewness ratio and orthogonal ratio. 

These parameters are used to ensure that, mesh density should be 
high enough to capture all relevant flow features and the mesh adjacent 
to the wall should resolve the boundary layer flow. 

The best method for the medical recycle bin geometry is tetrahedral 
patch conforming to 47,887 elements with average skewness 0.216 and 
the average orthogonal is 0.864, which falls into the “excellent” range 
according to the software standard. The acrylic walls in the model are 3 
mm thickness and added in ANSYS the material properties, it is prop
erties is 1180 kg/m3 density, 1470 J/kg-k specific heat and 0.19 w/m-k 
thermal conductivity. Three cases were calculated in the mathematical 
model, case one is the experimental case which implemented in the 
practical experiment day rush hour at 2:00 p.m. (June 18, 2020), with 
AT of 40 ◦C. The second case calculated at the outside temperature was 
30 ◦C and the third case at 20 ◦C. In addition, the longitude and latitude 
entered in the energy calculation to calculate the solar energy effect by 
solar calculator. Fig. 3 shows the calculated temperature distribution in 
outside walls at the top of the figure and the vertical and horizontal 
central contours in the rest of the figure. 

In case 1 the temperature inside the medical recycle bin reaches 
more than 50 ◦C and the average temperature. Case 2 with AT of 30 ◦C 
resulted in temperature of 38 ◦C inside the bin. These calculated tem
peratures are expected to increase due to the greenhouse effect as it 
happened in the experimental study. 

The obtained temperature from the actual measurement on 18th of 
June as in Fig. 4 shows 53.2◦ at an AT of 39 ◦C, which is in a good 
agreement with the model results for case 1 as mentioned earlier. 

5. Conclusions 

Inverse effects of elevated temperature on viruses and bacteria have 
been reported by several researchers. Most of the researcher reports 
40 ◦C as the limits where most of viruses can be under detection limits. 
The utilization of the greenhouse effect in the area of treatment for 
biological contamination of disposal PPEs before the final disposal was 
rarely investigated. Our data showed that with a simple technology that 
guarantees enough penetration of solar radiation, air temperature of 
around 30 ◦C is enough to generate a temperature of 40 ◦C or higher 
inside an acrylic solid waste bin. The unit cost of the proposed bin can be 
30 $ (current production cost in Egyptian market), which is fat cheaper 
than alternative high technologies in this area and can be afforded by 
health authorities in treatment facilities for patients with communicable 
diseases. The proposed technology is easy to handle and with some 
simple instruction regarding segregation of disposable waste and stan
dard precautions while transporting it to the bin. Waste by the end of the 
day can be collected and dealt with as non-infectious waste and can be 
treated with municipal waste. There is still some limitation on using this 
method at air temperature lower than 20 ◦C. However, investing in these 
technologies can guarantee quick production and effective removal for 
viruses during the current pandemic and for other infectious diseases as 
well. 
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Fig. 4. Example of the maximum temperature registered and location inside the bin on June 18, 2020.  
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