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Abstract: Quantitative Microbial Risk Assessment (QMRA) methodology, which has already been
applied to drinking water and food safety, may also be applied to risk assessment and management
at the workplace. The present study developed a preliminary QMRA model to assess microbial risk
that is associated with inhaling bioaerosols that are contaminated with human adenovirus (HAdV).
This model has been applied to air contamination data from different occupational settings, including
wastewater systems, solid waste landfills, and toilets in healthcare settings and offices, with different
exposure times. Virological monitoring showed the presence of HAdVs in all the evaluated settings,
thus confirming that HAdV is widespread, but with different average concentrations of the virus. The
QMRA results, based on these concentrations, showed that toilets had the highest probability of viral
infection, followed by wastewater treatment plants and municipal solid waste landfills. Our QMRA
approach in occupational settings is novel, and certain caveats should be considered. Nonetheless,
we believe it is worthy of further discussions and investigations.

Keywords: quantitative microbial risk assessment; airborne infectious; human adenovirus (HAdV);
occupational exposure

1. Introduction

Occupational biological risk assessment is particularly difficult because of the wide range of
pathogenic agents, different types of exposure, the stochastic nature of infections, the presence of
workers with different levels of susceptibility to risk, and the lack of epidemiological data that would
permit the establishment of certain limits of exposure. Biological agents can pose serious risks in many
work settings, mainly when they are transmitted through bioaerosols, defined as airborne particles
with a biological origin [1].

Bioaerosols include bacteria, fungi, pollen, viruses, their fragments and byproducts
(e.g., endotoxins and mycotoxins), and products or fragments from living beings, such as animal
allergens [2]. Health effects that are caused by exposure to bioaerosols and can severely impact public
health include infectious diseases, acute toxic effects, allergies, and cancer. The most widely studied
and probably most important bioaerosol-associated health effects [3] are respiratory symptoms and
impairment in lung function.

Despite recognizing the importance of bioaerosol exposure with regard to human health, the
assessment of occupational biological risk is generally limited to evaluating “potential exposure”,
without any quantitative estimate. This evaluation is based on the concept that biological risk is
stochastic thus even a single microbial infectious particle can theoretically cause infection in an
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exposed worker. Nevertheless, the probability of this event depends on the infectivity of the pathogen,
its concentration in the air, and exposure time. The risk assessment output is then usually expressed as
a level (low, medium, high) and represented in risk matrices combining magnitude and probability
scores [4].

When risk comes from environmental contamination, such as exposure to bioaerosols,
microbiological monitoring can help define levels of risk and the sources and spread of biological
agents [5]. Usually, this monitoring considers a generic contamination, measured as total bacterial
count and total fungal count (TBC and TFC, respectively). Less frequently, and only in situations
where faecal contamination occurs, an Escherichia coli-coliform count (ECC) is used. These indicators
are not representative of all pathogens and cannot be correlated with the real risk, but rather only with
general hygienic conditions [6].

In some cases, monitoring includes pathogens; however, owing to the lack of information
on dose-response relationships and threshold limit values, risk management is based on the
“precautionary principle”, and prescribes the adoption of preventive measures independent of the
dose of the exposure. Occupational exposure limits (OELs) are rarely recommended in legislation, but
several countries have proposed limits, mainly for total number of bacteria, gram-negative bacteria,
bacterial endotoxin, and fungi [4,7,8].

Based on experience from biological risk assessments for drinking water and food [9–12], one
possible way of estimating the risk from infectious agents is to use the Quantitative Microbial Risk
Assessment (QMRA) methodology. This is a process of estimating the risk from exposure to pathogenic
microorganisms (or a medium in which pathogens occur) by combining dose-response information
for the infectious agent with information on the distribution of environmental contamination [13].
This methodology could also be useful for occupational risk assessment by allowing risk management
to be planned on the basis of a defined acceptable risk and the simulation of prevention measures.

QMRA was derived from the chemical risk assessment paradigm that was set forth by the
National Research Council (NRC) in 1983 [14,15], consisting of four basic stages: (i) hazard
identification; (ii) exposure assessment; (iii) effect assessment (dose-response relationship); and (iv) risk
characterization. In occupational settings, these stages should take into account the worker’s activity
and identify the transmission chain, routes of exposure, and matrices involved. It is also essential to
choose one index pathogen (or several) representative of the routes of exposure and infection and that
is well known in terms of dose-response, resistance, pathogenicity, ease of detection and enumeration
in environmental matrices. Although the measurement of pathogens in the air is more difficult than
measurements in water or food, biomolecular methods represent an important technical progress for a
rapid and easy detection of specific microorganisms in “difficult” matrices [16].

One possible innovative approach for risk assessment in occupational settings that are
characterized by bioaerosol exposure is monitoring the air for a pathogen, which can be further used
for QMRA. The choice of an index pathogen depends heavily on the sources of aerosol, environmental
spread, resistance, and routes of exposure and infection. In many cases, the bioaerosol comes from
water or dust contaminated by faecal or respiratory secretions, as in wastewater treatment [17], waste
processing [18] or, more simply, from toilets [7].

Human adenoviruses (HAdVs) are the agents for numerous symptomatic and asymptomatic
infections affecting the respiratory tract, the eyes, and the gastrointestinal tract. They can be excreted
in the feces, urine, and respiratory secretions and transmitted via contact with the eyes, the fecal-oral
route, or inhalation. HAdVs have a number of features that justify their use as index pathogens for
air in occupational settings possibly contaminated by faecally-excreted pathogens. In fact, HAdVs
have been suggested as virological markers for water quality because of their high concentrations in
environmental waters and resistance to disinfection [19–22]. HAdVs can be pathogenic by either a
respiratory or faecal-oral route of exposure, and the relationship between dose and infection in these
types of exposures has been studied [13,23]. Moreover, methods of culture and biomolecular research
and quantification of HAdVs are relatively simple and standardized.
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For these reasons, we decided to use HAdVs as the reference pathogen for our study, the objective
of which was to develop a preliminary QMRA model to assess the microbial risk associated with the
inhalation of contaminated bioaerosols. This model was then applied to data on air contamination
from different settings (e.g., wastewater treatment plants, solid waste landfills, toilets in offices and
hospitals) and with various exposure times.

2. Materials and Methods

In previous studies, we quantified and reported HAdVs in the air in several settings [7,17]. In the
present study, we report only information on the sampling sites and analytical methods, referring to
previously published papers for more details [7,18].

2.1. Study Settings

The present study was performed using data obtained by monitoring bioaerosols in different
occupational settings.

‚ Toilets in healthcare settings and offices. The airborne spreading of HAdV can occur through the
aerosol and droplets produced by toilet flushing, contaminating the surrounding environment.
The environmental monitoring of air and selected surfaces was carried out with five replicate
sampling sessions, in three toilets in a hospital ward (i.e., one toilet for a four-bed patient room,
one toilet for a two-bed patient room, and one toilet for healthcare personnel) and two toilets in
an office building, for a total of 43 samples [7].

‚ Wastewater treatment plants (unpublished data). Aerosol produced by public sewage treatment
plants may contain HAdVs that—because of their high stability under environmental conditions
and likely transmission by the aerosol route—constitute a potential health hazard for plant
workers and nearby residents. During a monitoring aimed to evidence the airborne contamination
of 20 wastewater treatment plants, twenty-five samples were collected in areas that are at greatest
risk of bioaerosol production: (i) entrance sewage as entry point of wastewater treatment plant;
(ii) sludge treatment systems; (iii) biological oxidation tank; and (iv) side-entrance manhole.

‚ Solid waste landfill. The workers involved in the management of solid waste are at risk of exposure
to bioaerosol which is a mixture of particles of biological origin or with biological effects such as
bacteria, fungi, and viruses. To evaluate the presence of HAdV, sixteen samples were collected
from eight sampling sites that were chosen based on their relevance to worker exposure [18].
Four of these sites were in the recycling paper area, and four were in an outside area.

2.2. Sampling Procedures and Virological Analysis

Air samples (1000 L of air in an indoor workplace and 3000 L in an outdoor area) were collected
using an impactor sampler (Microflow Aquaria Srl, Milan, Italy) that was loaded with Rodac plates that
contained tryptone soy agar (Oxoid, Milan, Italy). According to a previously-described protocol, the
sampling agar was eluted in 15 mL of 3% beef extract (pH 9), and the supernatant was collected after
mixing and centrifugation. The recovery efficiency of the elution/mixing/centrifugation method has
been estimated to be on average 40%, ranging from 19% to 68%, for enteroviruses with cell cultures [24].
Viral DNA was extracted using the QIAamp Viral DNA Mini Kit (Qiagen, Hilden, Germany) starting
from 200 µL of sample. The genomic concentration of positive samples was measured by real-time
polymerase chain reaction (q-PCR) based on published protocols for HAdVs [25]. The samples were
tested in triplicate and analyzed in 96-well optical plates using an ABI 7300 sequence detector system
(Applied Biosystems, Foster City, CA, USA). To guarantee the quality of the assay-specific DNA
positive control, a non-template control and a control for the presence of enzymatic inhibitors (uracil
n-glycosylase) were used for each reaction. The results were expressed as the number of genomic
copies per cubic meter (GC/m3).
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2.3. Statistical Analysis and Simulation Tool

For each setting, the log (base 10)-transformed data on bioaerosol contamination were used to
calculate means and standard deviations using GraphPad Prism 5.0 software (GraphPad Software,
Inc., La Jolla, CA, USA). To calculate means and standard deviations for the experimental data by
taking into account negative samples, we assigned a value of half of the detection limit of the analytical
method (1 log GC/m3) [18,26].

The simulations for the static QMRA model were performed using Vensim (Ventana Systems,
Inc., Harvard, MA, USA) [27], based on the metaphor of System Dynamics [28–32] for simulating the
behavior of complex systems through models that consist of levels, flows, and other types of variables
(constants and auxiliary variables).

2.4. QMRA Framework

A point-estimate QMRA model was elaborated according to the method suggested by a previous
report [33] and articulated in four phases: (i) hazard identification; (ii) exposure assessment; (iii) effect
assessment (dose-response relationship); and (iv) risk characterization.

2.4.1. Hazard Identification

As indicated in the Introduction above, the hazard was considered to be an infection following
the inhalation of HAdVs that are present in bioaerosols in different occupational settings. Given
that HAdVs are largely widespread, this hazard could represent a general viral hazard that comes
from bioaerosols.

2.4.2. Exposure Assessment

The calculation of the inhaled dose should take into account various factors: inhalation rate (rin),
exposure time (texp), and concentration of HAdVs in the air (expressed as GC/m3).

The inhalation rate varies with activity level, age, weight, sex, and general physical condition [34].
In our study, we used the value based on 16 h light activity for adult males.

Although quantitative polymerase chain reaction has become a useful method for virus
detection [16], its recovery efficiency is generally less than 100%. It can detect virus-specific nucleic
acids, but it does not allow conclusions to be drawn regarding virus infectivity [35,36]. For this reason,
in the present model, we considered the estimated virus concentration based on recovery efficiency
(reff). We used a conversion factor (fconv) that allowed us to obtain infectious viral particle (PFU) values
by taking into account the proportion of genomic copies (GCs) that corresponds to the infectious
virus [37]. Based on these considerations, we derived the following expression:

dose “ pHAdVq{reffˆ rinˆ texpˆ fconv (1)

2.4.3. Dose-Response Relationship

An essential part of QMRA is a suitable dose-response model for estimating the probability
of infection that is caused by exposure to an infectious agent. The only information about the
dose-response relationship for HAdV available at present from the literature is the one derived
from clinical trials [23,38] and further elaborated by Haas [39]. These studies investigated the
dose-response relationship for respiratory effects in volunteers (healthy adult males) exposed to
aerosol that contained Human Adenovirus type 4. The mathematical function (see Equation (2) below)
that was formulated [13] provided the best fit for the inhalation of adenovirus-containing aerosols in
humans is a single-parameter exponential function.
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2.4.4. Risk Characterization

Risk characterization is the final phase of risk assessment, consisting of three phases: hazard
identification, dose-response assessment, and exposure assessment. This phase determines the risk of
infection, computed using an exponential dose-response model [13]:

Pr “ 1´ exp p´rˆdoseq (2)

where the dose is expressed by Equation (1). The model input parameters were based on the scientific
literature and their mean values were used as constants in the model (Table 1).

Table 1. Input parameters used in the exponential dose-response model.

Parameter Value Reference

Recovery efficiency: reff 40% [18]
Single parameter-model for HAdV: r 0.4172 [33] 1

Conversion factor: fconv 10´3 PFU/GC [37] 2

Average inhalation rate: rin 1.2 m3/h [34] 3

1 The reported value is the best-fit parameter of the model [33]; 2 The only value for Human Adenovirus (HAdV)
infectivity available in the literature and derived from the studies of Couch, et al. on HAdV type 4 [23]; 3 The
inhalation rate varies with activity level, age, weight, sex, and general physical condition [34]. In our study, the
chosen value was based on 16 h light activity for adults. GC: genomic copy; PFU: infectious viral particle.

3. Results

Virological monitoring detected HAdVs in all of the sampled settings (Figure 1), thus confirming
their widespread presence. Nevertheless, the average concentrations of HAdV differed, ranging from
2 log10 GC/m3 in the area outside the landfill during the winter to 8 log10 GC/m3 in hospital ward
toilets. The indoor environments had the highest concentrations of HAdVs. For this reason, these
areas must be considered to be at a greater risk for exposure and infection.
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Figure 1. Concentrations of HAdV in different occupational settings. Sampling sites (average value
µ and intervals (µ ´ σ, µ + σ), σ = standard deviation (SD)). Toilets: (1) four-bed patient room
(7.90 GC/m3, SD = 2.81); (2) two-bed patient room (6.86 GC/m3, SD = 3.61); (3) healthcare personnel
(6.02 GC/m3, SD = 4.02); (4) office building (4.81 GC/m3, SD = 2.96); wastewater treatment plants: (5)
entrance sewage (3.39 GC/m3, SD = 0.73); (6) sludge treatment (2.97 GC/m3, SD = 0.20); (7) biological
oxidation tank (3.21 GC/m3, SD = 0.80); (8) side-entrance manhole (2.77 GC/m3, SD = 0.33); solid
waste landfill: (9) paper recycling (3.20 GC/m3, SD = 3.46); (10) outside area (2.24 GC/m3, SD = 2.89).
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Figure 1 shows a graphic representation of descriptive statistics for the HAdV concentrations in
different occupational settings.

For each occupational setting, we verified a trend of probability of infection as a function of
exposure time (in minutes). Such times were chosen from the set {3,5,10,15}. Temporal trends for
hospital toilets are not shown in Figure 2 because we obtained a probability of infection of 1 after 1 min
for these settings.
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Figure 2. Probability of infection as a function of exposure time in different occupational settings.
Sampling sites (average values µ): toilets: (4) office building (4.81 GC/m3); wastewater treatment
plants: (5) entrance sewage (3.39 GC/m3); (6) sludge treatment (2.97 GC/m3); (7) biological oxidation
tank (3.21 GC/m3); (8) side-entrance manhole (2.77 GC/m3); solid waste landfill: (9) paper recycling
(3.20 GC/m3); (10) outside area (2.24 GC/m3).

4. Discussion

Directive 2000/54/EC of the European Parliament and Council of 18 September 2000 [38] on
the protection of workers from risks related to exposure to biological agents at the workplace deals
mainly with the risk of infectious agents and gives guidance on health surveillance and containment
levels. However, exposure limits are not given for either infectious or non-infectious biological agents,
thus implying that simply the potential presence of a pathogen in the air should require the use of
respiratory personal protection equipment (RPPE), regardless of exposure time. This practice can be
difficult to accomplish in many occupational settings (e.g., outdoor plants for wastewater treatment
and landfills) where air contamination differs between areas. Additionally, wearing RPPE can be very
uncomfortable. In many cases, workers may not comply with the regulations. The application of
QMRA frameworks and models could be useful to give operational guidance for risk management
and could lead to a better understanding of health risks from exposure in workplaces.

The use of QMRA to estimate risk associated with drinking water, food, bioaerosols, and fomites
was proposed in several studies as a valuable tool to evaluate regulatory standards, bridge information
gaps, and assist risk managers in making informed decisions. For example, QMRA has been used [39]
to assess the risk associated with enteric and skin pathogens via exposure to contaminated fomites
and evaluate risk reductions that are needed to achieve a safety goal of 1 ˆ 10´6. The use of such
models to predict potentially critical human exposure to Legionella has been examined in various
studies [40–42] where, unlike our study, the concentration in air was estimated based on levels in the
water. Moreover, in a study that was performed in southern Italy [43], the QMRA approach was used
to assess the risk from a sewage treatment plant for a nearby population. Rotavirus, Campylobacter,
and Cryptosporidium were selected as index pathogens. Similarly, in another study, QMRA was used
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to quantify the associated public health risk relative to the distance downwind from the manure
application area [44]. Some of the settings we considered can also be contaminated by microbial
metabolites (for instance endotoxins and gliotoxin) that could increase the viral infectivity. This was
the case of solid waste processing facilities, where endotoxins were sometimes found to be at high
levels [18,45]. The synergistic effect of these substances could also be taken into account in a QMRA, if
they could be quantifiable, but at the present time these data are unavailable.

In the present study, we applied QMRA methodology to workplace settings in order to determine
the risk of infection that is caused by inhalation exposure to HAdV, which was chosen as a reference
pathogen because of its wide dispersion, resistance, and infectivity [46]. Our data confirmed the wide
diffusion of this virus and also found considerable differences between indoor and outdoor settings.
Our findings reveal an opportunity to reduce indoor contamination with adequate ventilation systems.

The simulations that employed empirical data showed that going to an office toilet for 3 min may
be associated with a higher HAdV infection risk compared with working for 15 min at the entrance
of a wastewater treatment plant. These results suggest the implausible need to wear RPPE to go
to the toilet, more than when working in wastewater treatment plant areas. Such a finding could
derive from the index pathogen that was chosen (HAdV). All adenovirus genomic copies were indeed
included in the assessment to yield the maximal estimate of risk, although only a sub-portion of the
51 adenovirus serotypes are known to cause respiratory illnesses [47]. Of the 51 known adenovirus
serotypes, only one-third are associated with human disease, and infections by other serotypes are
asymptomatic [48]. The dose-response of adenovirus serotype 4 should not be strictly applied to all
adenoviruses. Moreover, the presence of other pathogenic agents (e.g., E. coli, Salmonella, reovirus,
enterovirus, norovirus, hepatitis A virus, and rotavirus) could be associated with a higher risk of
infection in settings where aerosols are contaminated by sewage [17,49–52]. Finally, although the
objective of the study was limited to assessing the infectious risk due to viral inhalation in occupational
settings, we are aware that other contaminated matrices, such as surfaces, can be related to possible
exposures. Nevertheless, specific data on dose-response relationships for the exposure to contaminated
surfaces are unavailable, owing to the multiple ways of infection related to them: not only skin contact,
but also hands, food, and tool contamination. In order to take into consideration multiple pathogens
and multiple exposures, the QMRA model should be more complex and should use dose-response
data specific for each agent and route of transmission.

5. Conclusions

In conclusion, the QMRA approach—applicable to occupational settings where workers’ exposure
depends on environmental contamination—can be a useful tool in order to establish exposure limits
in terms of pathogen concentration and/or exposure times, to identify the relative importance
of different risk management options (e.g., use of RPPE) and in general to predict, simulate, and
optimize preventive measures. Nevertheless, this methodology is new in this area and should be used
with caution. For a further study on a specific setting, the proposed methodology requires further
refinements that include both the use of probability distributions instead of point estimates (in order
to take into account the uncertainties and the variabilities on some of the parameters with Monte Carlo
techniques) and the gathering of more data of good quality on dose-response relationships, efficiency
of the method, and inhalation rates. Our work is just the beginning of a wider study on occupational
risk assessment based on QMRA that will be aimed to face the different transmission vehicles and
routes of exposure. However, this is the first tentative approach of using QMRA for occupational
biological risk assessment, and its future developments could be very useful in risk management.
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Quality; Dudzińska, M.R., Ed.; CRC Press/Balkema: Boca Raton, FL, USA, 2011; pp. 1–20.

9. Bichai, F.; Smeets, P.W. Using QMRA-based regulation as a water quality management tool in the water
security challenge: Experience from The Netherlands and Australia. Water Res. 2013, 47, 7315–7326.
[CrossRef] [PubMed]

10. Havelaar, A. Recommendations for Addressing Quantitative Microbiological Risk Assessment at the
European Level. External Scientific Report 2005. Available online: www.efsa.europa.eu/en/af060303/
docs/af060303-ax2.pdf (accessed on 7 August 2015).

11. Romero-Barrios, P.; Hempen, M.; Messens, W.; Stella, P.; Hugas, M. Quantitative microbiological risk
assessment (QMRA) of food-borne zoonoses at the European level. Food Control 2013, 29, 343–349. [CrossRef]

12. Westrell, T.; Schonning, C.; Stenstrom, T.A.; Ashbolt, N.J. QMRA (quantitative microbial risk assessment)
and HACCP (hazard analysis and critical control points) for management of pathogens in wastewater and
sewage sludge treatment and reuse. Water Sci. Technol. 2004, 50, 23–30. [PubMed]

13. Haas, C.N.; Rose, J.B.; Gerba, C.P. Quantitative Microbial Risk Assessment; John Wiley & Sons, Inc.: New York,
NY, USA, 1999.

14. National Academy Press (NRC). Risk Assessment in the Federal Government: Managing the Process;
NRC: Washington, DC, USA, 1983.

15. The NRC Risk Assessment Paradigm. Available online: http://www2.epa.gov/fera/nrc-risk-assessment-
paradigm (accessed on 23 November 2015).

16. Mackay, I.M.; Arden, K.E.; Nitsche, A. Real-time PCR in virology. Nucleic Acids Res. 2002, 30, 1292–1305.
[CrossRef] [PubMed]

17. Carducci, A.; Battistini, R.; Rovini, E.; Verani, M. Viral removal by wastewater treatment: Monitoring of
indicators and pathogens. Food Environ. Virol. 2009, 1, 85–91. [CrossRef]

18. Carducci, A.; Federigi, I.; Verani, M. Virus occupational exposure in solid waste processing facilities.
Ann. Occup. Hyg. 2013, 57, 1115–1127. [CrossRef] [PubMed]

http://dx.doi.org/10.2486/indhealth.MS1324
http://www.ncbi.nlm.nih.gov/pubmed/22785422
http://dx.doi.org/10.1093/annhyg/meg032
http://www.ncbi.nlm.nih.gov/pubmed/12639832
http://dx.doi.org/10.1039/c2em10717a
http://www.ncbi.nlm.nih.gov/pubmed/22267210
http://dx.doi.org/10.1186/1471-2458-12-594
http://www.ncbi.nlm.nih.gov/pubmed/22853006
http://dx.doi.org/10.2105/AJPH.69.11.1116
http://www.ncbi.nlm.nih.gov/pubmed/228561
http://dx.doi.org/10.1016/j.ajic.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24818773
http://dx.doi.org/10.1016/j.watres.2013.09.062
http://www.ncbi.nlm.nih.gov/pubmed/24184021
www.efsa.europa.eu/en/af060303/docs/af060303-ax2.pdf
www.efsa.europa.eu/en/af060303/docs/af060303-ax2.pdf
http://dx.doi.org/10.1016/j.foodcont.2012.05.043
http://www.ncbi.nlm.nih.gov/pubmed/15344769
http://www2.epa.gov/fera/nrc-risk-assessment-paradigm
http://www2.epa.gov/fera/nrc-risk-assessment-paradigm
http://dx.doi.org/10.1093/nar/30.6.1292
http://www.ncbi.nlm.nih.gov/pubmed/11884626
http://dx.doi.org/10.1007/s12560-009-9013-x
http://dx.doi.org/10.1093/annhyg/met043
http://www.ncbi.nlm.nih.gov/pubmed/23917836


Int. J. Environ. Res. Public Health 2016, 13, 733 9 of 10

19. Albinana-Gimenez, N.; Miagostovich, M.P.; Calgua, B.; Huguet, J.M.; Matia, L.; Girones, R. Analysis
of adenoviruses and polyomaviruses quantified by qPCR as indicators of water quality in source and
drinking-water treatment plants. Water Res. 2009, 43, 2011–2019. [CrossRef] [PubMed]

20. Wyer, M.D.; Wyn-Jones, A.P.; Kay, D.; Au-Yeung, H.K.C.; Girones, R.; Lopez-Pila, J.; de Roda Husman, A.M.;
Rutjes, S.; Schneider, O. Relationships between human adenoviruses and faecal indicator organisms in
European recreational waters. Water Res. 2012, 46, 4130–4141. [CrossRef] [PubMed]

21. Kundu, A.; McBride, G.; Wuertz, S. Adenovirus-associated health risks for recreational activities in a
multi-use coastal watershed based on site-specific quantitative microbial risk assessment. Water Res. 2013,
47, 6309–6325. [CrossRef] [PubMed]

22. Hewitt, J.; Greening, G.E.; Leonard, M.; Lewis, G.D. Evaluation of human adenovirus and human
polyomavirus as indicators of human sewage contamination in the aquatic environment. Water Res. 2013, 47,
6750–6761. [CrossRef] [PubMed]

23. Couch, R.B.; Cate, T.R.; Douglas, R.G., Jr.; Gerone, P.J.; Knight, V. Effect of route of inoculation on experimental
respiratory viral disease in volunteers and evidence for airborne transmission. Bacteriol. Rev. 1966, 30,
517–529. [PubMed]

24. Carducci, A.; Arrighi, S.; Ruschi, A. Detection of coliphages and enteroviruses in sewage and aerosol from an
activated sludge wastewater treatment plant. Lett. Appl. Microbiol. 1995, 21, 207–209. [CrossRef] [PubMed]

25. Bofill-Mas, S.; Calgua, B.; Clemente-Casares, P.; La Rosa, G.; Iaconelli, M.; Muscillo, M.; Rutjes, S.;
Husman, A.M.D.; Grunert, A.; Graber, I.; et al. Quantification of human adenoviruses in European
recreational waters. Food Environ. Virol. 2010, 2, 101–109. [CrossRef]

26. Nordgren, J.; Matussek, A.; Mattsson, A.; Svensson, L.; Lindgren, P.E. Prevalence of norovirus and factors
influencing virus concentrations during one year in a full-scale wastewater treatment plant. Water Res. 2009,
43, 1117–1125. [CrossRef] [PubMed]

27. Ventana Systems Inc. Vensim PLE User’s Guide, 6th ed.; Ventana Systems Inc.: Cambridge, MA, USA, 2012.
28. Cioni, L. Introduction to System Dynamics; Technical Report TR-10-09; Computer Science Department,

University of Pisa: Pisa, Italy, 2010; Available online: http://compass2.di.unipi.it/TR/Files/TR-10-09.ps.gz
(accessed on 10 August 2015).

29. Forrester, J.W. Principles of Systems; MIT Press: Cambridge, MA, USA, 1968.
30. Richmond, B. An Introduction to Systems Thinking. High Performance Systems, Inc., 2005. Available online:

http://www.fi.muni.cz/~xpelanek/IV109/jaro07/IST.pdf (accessed on 10 August 2015).
31. Sterman, J.D. System Dynamics Modeling Tools for Learning in a Complex World. 2001. Available

online: http://www.systemdynamics.org/conferences/2002/proceed/papers/CAREVIEW/C2STERMA.
PDF (accessed on 10 August 2015).

32. Wolstenholme, E.F. System Enquiry: A System Dynamics Approach; John Wiley & Sons, Inc.: New York, NY,
USA, 1990.

33. Haas, C.; Eisenberg, J.N.S. Risk assessment. In Water Quality Guidelines, Standards and Health: Assessment of
Risk and Risk Management for Water-Related Infectious Disease; Fewtrell, L., Bartram, J., Eds.; IWA Publishing:
London, UK, 2001; pp. 161–184.

34. U.S. Environmental Protection Agency (EPA). Exposure Factors Handbook, 2011 ed.; EPA/600/R-09/052F;
National Center for Environmental Assessment: Washington, DC, USA, 2011.

35. Bae, H.G.; Nitsche, A.; Teichmann, A.; Biel, S.S.; Niedrig, M. Detection of yellow fever virus: A comparison
of quantitative real-time PCR and plaque assay. J. Virol. Methods 2003, 110, 185–191. [CrossRef]

36. Donia, D.; Bonanni, E.; Diaco, L.; Divizia, M. Statistical correlation between enterovirus genome copy
numbers and infectious viral particles in wastewater samples. Lett. Appl. Microbiol. 2010, 50, 237–240.
[CrossRef] [PubMed]

37. McBride, G.B.; Stott, R.; Miller, W.; Bambic, D.; Wuertz, S. Discharge-based QMRA for estimation of public
health risks from exposure to stormwater-borne pathogens in recreational waters in the United States.
Water Res. 2013, 47, 5282–5297. [CrossRef] [PubMed]

38. Ryan, M.O.; Haas, C.N.; Gurian, P.L.; Gerba, C.P.; Panzl, B.M.; Rose, J.B. Application of quantitative microbial
risk assessment for selection of microbial reduction targets for hard surface disinfectants. Am. J. Infect. Control
2014, 42, 1165–1172. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.watres.2009.01.025
http://www.ncbi.nlm.nih.gov/pubmed/19230949
http://dx.doi.org/10.1016/j.watres.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22633054
http://dx.doi.org/10.1016/j.watres.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24045212
http://dx.doi.org/10.1016/j.watres.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24094728
http://www.ncbi.nlm.nih.gov/pubmed/5920335
http://dx.doi.org/10.1111/j.1472-765X.1995.tb01042.x
http://www.ncbi.nlm.nih.gov/pubmed/7576510
http://dx.doi.org/10.1007/s12560-010-9035-4
http://dx.doi.org/10.1016/j.watres.2008.11.053
http://www.ncbi.nlm.nih.gov/pubmed/19108861
http://compass2.di.unipi.it/TR/Files/TR-10-09.ps.gz
http://www.fi.muni.cz/~xpelanek/IV109/jaro07/IST.pdf
http://www.systemdynamics.org/conferences/2002/proceed/papers/CAREVIEW/C2STERMA.PDF
http://www.systemdynamics.org/conferences/2002/proceed/papers/CAREVIEW/C2STERMA.PDF
http://dx.doi.org/10.1016/S0166-0934(03)00129-0
http://dx.doi.org/10.1111/j.1472-765X.2009.02775.x
http://www.ncbi.nlm.nih.gov/pubmed/19943888
http://dx.doi.org/10.1016/j.watres.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23863377
http://dx.doi.org/10.1016/j.ajic.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25241163


Int. J. Environ. Res. Public Health 2016, 13, 733 10 of 10

39. Azuma, K.; Uchiyama, I.; Okumura, J. Assessing the risk of Legionnaires’ disease: The inhalation exposure
model and the estimated risk in residential bathrooms. Regul. Toxicol. Pharmacol. 2013, 65, 1–6. [CrossRef]
[PubMed]

40. Buse, H.Y.; Schoen, M.E.; Ashbolt, N.J. Legionellae in engineered systems and use of quantitative microbial
risk assessment to predict exposure. Water Res. 2012, 46, 921–933. [CrossRef] [PubMed]

41. De Man, H.; Bouwknegt, M.; van Heijnsbergen, E.; Leenen, E.J.; van Knapen, F.; de Roda Husman, A.M.
Health risk assessment for splash parks that use rainwater as source water. Water Res. 2014, 54, 254–261.
[CrossRef] [PubMed]

42. Stellacci, P.; Liberti, L.; Notarnicola, M.; Haas, C.N. Hygienic sustainability of site location of wastewater
treatment plants: A case study. II. Estimating airborne biological hazard. Desalination 2010, 253, 106–111.
[CrossRef]

43. Jahne, M.A.; Rogers, S.W.; Holsen, T.M.; Grimberg, S.J. Quantitative microbial risk assessment of bioaerosols
from a manure application site. Aerobiologia 2015, 31, 73–87. [CrossRef]

44. Lim, K.Y.; Hamilton, A.J.; Jiang, S.C. Assessment of public health risk associated with viral contamination
in harvested urban stormwater for domestic applications. Sci. Total Environ. 2015, 523, 95–108. [CrossRef]
[PubMed]

45. Park, D.U.; Ryu, S.H.; Kim, S.B.; Yoon, C.S. An assessment of dust, endotoxin, and microorganism exposure
during waste collection and sorting. J. Air Waste Manag. Assoc. 2011, 61, 461–468. [CrossRef] [PubMed]

46. Jiang, S.C. Human adenoviruses in water: Occurrence and health implications: A critical review.
Environ. Sci. Technol. 2006, 40, 7132–7140. [CrossRef] [PubMed]

47. Mena, K.D.; Gerba, C.P. Waterborne adenovirus. Rev. Environ. Contam. Toxicol. 2009, 198, 133–167. [PubMed]
48. Carducci, A.; Verani, M.; Battistini, R.; Pizzi, F.; Rovini, E.; Andreoli, E.; Casini, B. Epidemiological

surveillance of human enteric viruses by monitoring of different environmental matrices. Water Sci. Technol.
2006, 54, 239–244. [CrossRef] [PubMed]

49. Carducci, A.; Morici, P.; Pizzi, F.; Battistini, R.; Rovini, E.; Verani, M. Study of the viral removal efficiency in a
urban wastewater treatment plant. Water Sci. Technol. 2008, 58, 893–897. [CrossRef] [PubMed]

50. Carducci, A.; Verani, M. Effects of bacterial, chemical, physical and meteorological variables on virus removal
by a wastewater treatment plant. Food Environ. Virol. 2013, 5, 69–76. [CrossRef] [PubMed]

51. Korzeniewska, E. Emission of bacteria and fungi in the air from wastewater treatment plants—A review.
Front. Biosci. 2011, 1, 393–407. [CrossRef]

52. Sigari, G.; Panatto, D.; Lai, P.; Stefani, L.; Giuntini, A.; Carducci, A.; Gasparini, R. Virological investigation
on aerosol from waste depuration plants. J. Prev. Med. Hyg. 2006, 47, 4–7. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.yrtph.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23195792
http://dx.doi.org/10.1016/j.watres.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22209280
http://dx.doi.org/10.1016/j.watres.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24576701
http://dx.doi.org/10.1016/j.desal.2009.11.024
http://dx.doi.org/10.1007/s10453-014-9348-0
http://dx.doi.org/10.1016/j.scitotenv.2015.03.077
http://www.ncbi.nlm.nih.gov/pubmed/25863500
http://dx.doi.org/10.3155/1047-3289.61.4.461
http://www.ncbi.nlm.nih.gov/pubmed/21516941
http://dx.doi.org/10.1021/es060892o
http://www.ncbi.nlm.nih.gov/pubmed/17180959
http://www.ncbi.nlm.nih.gov/pubmed/19253037
http://dx.doi.org/10.2166/wst.2006.475
http://www.ncbi.nlm.nih.gov/pubmed/17037159
http://dx.doi.org/10.2166/wst.2008.437
http://www.ncbi.nlm.nih.gov/pubmed/18776627
http://dx.doi.org/10.1007/s12560-013-9105-5
http://www.ncbi.nlm.nih.gov/pubmed/23412727
http://dx.doi.org/10.2741/s159
http://www.ncbi.nlm.nih.gov/pubmed/17061403
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Study Settings 
	Sampling Procedures and Virological Analysis 
	Statistical Analysis and Simulation Tool 
	QMRA Framework 
	Hazard Identification 
	Exposure Assessment 
	Dose-Response Relationship 
	Risk Characterization 


	Results 
	Discussion 
	Conclusions 

