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The bioaerosol exposure data from the study by Akpeimeh, Fletcher, and Evans (2019) was
used to compute the risk of infection from the exposure of dumpsite workers to Aspergillus
fumigatus and Escherichia coli O157:H7. A stochastic (Markov Chain) model was used to
model the transport of the inhaled dose though the human respiratory system and then in-
tegrated into the beta-Poisson dose–response model to estimate workers risks of respiratory
and gastrointestinal (GI) infection. The infection risk was computed based on workers ex-
posure to E. coli O157:H7 at 10–50% pathogen ingestion rate and pathogen-indicator ratio
(P:I) of 1:103 and 1:104, while exposure to A. fumigatus was based solely on the average initial
exposure dose. The results showed that after 11 hours of exposure, workers engaged in scav-
enging, waste sorting, and site monitoring were at risk of respiratory and GI infection in the
magnitude of 10−1. However, the risk estimates associated with specific areas of the dumpsite
showed that, the risk of GI infection at the active area ranged between 3.23 × 10−3–1.56 ×
10−2 and 3.25 × 10−4–1.62 × 10−3; dormant area 2.06 × 10−3–1.01 × 10−2 and 2.09 × 10−4–
1.04 × 10−3; entrance 1.85 × 10−3–9.09 × 10−3 and 1.87 × 10−4–9.27 × 10−4; boundary 1.82
× 10−3–8.82 × 10−3 and 2.09 × 10−4–8.94 × 10−4 for P:I = 1:103 and 1:104 respectively, while
the risk of respiratory infection risks were in the magnitude of 10−1 for all four locations. The
estimated risk of workers developing respiratory and gastrointestinal infections were high for
all activities assessed at the dumpsite.
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1. INTRODUCTION

The public health and environmental hazards
that result from the mismanagement of municipal
solid waste (MSW) are a global issue that cannot be
ignored. The most severely impacted are develop-
ing and transition countries where the rate of solid
waste generation has been on the rise due to ur-
banization, but without corresponding infrastructure
developments to treat such volumes of waste (UN-
HABITAT, 2009). For instance, subSaharan Africa
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alone is estimated to generate 62 million tonnes of
MSW per year, with a corresponding annual urban
population growth rate of 2.27 percent per year,
yet lacks a sustainable system of managing MSW
(Akpeimeh, Fletcher, & Evans, 2019; Hoornweg &
Bhada-Tata, 2012). This results in the uncontrolled
dumping of the excess MSW on open land areas,
forming large waste hills over time known as open
dumpsites. Open waste dumps are a major source
of environmental pollution and a huge public health
risk in vicinities where they are located. They gener-
ate heavy metals, polluting the soil and nearby wa-
ter bodies; emit toxic chemicals such as dioxins due
to uncontrolled burning; bioaerosols, organic dust,
and methane gas, which is a potent greenhouse gas
(Akpeimeh et al., 2019; Han et al., 2016; Karakurt,
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Aydin, & Aydiner, 2012; Minh et al., 2003; Vong-
dala, Tran, Xuan, Teschke, & Khanh, 2019). Respira-
tory diseases are one of the most commonly reported
health symptoms by dumpsite workers and resi-
dents living near dumpsites, and have been attributed
to exposure to aerosolized etiological agents from
these dumpsites (Garrido, Bittner, Harth, & Preisser,
2015; Ray, Roychoudhury, Mukherjee, Roy, & Lahiri,
2005). Although a lot of information has been re-
ported on the respiratory health impact from expo-
sure to toxic particulate matter (Hamra et al., 2014;
Kim, Kabir, & Kabir, 2015), reports exclusively asso-
ciating respiratory disease to exposure to bioaerosols
are limited. Moreover, empirical data supporting in-
fection resulting from exposure to bioaerosols are
scarce and only available for a few microorganisms
(Haas, Rose, & Gerba, 2014). Thus, the use of an-
alytical models such as Quantitative Microbial Risk
Assessment (QMRA) by Haas, Rose, and Gerba
(1999) for the evaluation of public risk from expo-
sure to bioaerosols have become widely accepted.
The main advantage of QMRA is that it provides
researchers with readily available analytical models
that can mimic the human response to pathogen ex-
posure without over reliance on existing animal mod-
els, which are expensive to run and may have ethical
implications.

QMRA as a mathematical model for evaluating
risks associated with exposure to pathogenic micro-
bial agents have been widely used as an invaluable
tool in decision and policy making in the areas of
food safety, recreational water safety, and wastewa-
ter reuse (McBride, Stott, Miller, Bambic, & Wuertz,
2013; Romero-Barrios, Hempen, Messens, Stella, &
Hugas, 2013; Pielaat, Leusden, & Wijnands, 2014).
However, given the rise in global concerns about in-
fectious diseases (e.g., SARS in 2003) and bioterror-
ism threats, government agencies, and public health
experts have developed a keen interest in infec-
tion risk modeling and quantification of exposure to
aerosolized pathogenic microbial agents (Bartrand,
Weir, & Haas, 2008; Huang & Haas, 2009; Ksiazek
et al., 2003). The QMRA framework is such that it
utilizes mathematical models and quantitative data
to examine the exposure, characterize the spread
of the pathogenic agents, and assesses the infection
risk from such exposure. The four-tiered approach
commonly used are hazard identification (HAZ ID),
dose–response assessment, exposure assessment, and
risk characterization. The dose–response assessment
phase in the QMRA model is the quantitative yard-
stick for estimating infection risk. In previous stud-

ies of respiratory health risks from bioaerosol ex-
posure, most often, the average exposure dose was
used in this phase to estimate the workers risk of
respiratory diseases from exposure to bioaerosols.
However, in reality, when bioaerosols considered in-
fectious are inhaled, they are transported to specific
regions of the lungs and would have to be deposited
for an infection to take place (Weir & Haas, 2011).
Thus, the average exposed dose does not account
for the required particle transport through and losses
in initiating infection in the respiratory system. Bar-
trand et al. (2008) demonstrated that the host’s re-
sponse to bioaerosol particle dose was a function of
the particle diameter, leading to the need to develop
an effective dose–response model based on the un-
derstanding of this behavior. Weir and Haas (2011)
attempted to model a physical system incorporating
the Markov Chain stochastic principles to estimated
particle transport and deposition in the various stages
of the respiratory system based on the particle size.
In this study however, ingestion of pathogenic bacte-
ria particles was coupled to the model by Weir and
Haas (2011), further stretching the applicability of
the model to include gastrointestinal (GI) infections
exclusively from swallowing of particles deposited in
the nasopharynx religion of the lungs.

The data on bioaerosol concentration used in this
study has already been published in a previous report
by Akpeimeh et al. (2019). They reported the ambi-
ent concentration for total bacteria, Gram-negative
bacteria, and Aspergillus fumigatus at Olusosun open
dumpsite, Nigeria. The dumpsite workers were re-
ported to be exposed to bioaerosols at concentra-
tions up to 106 cfu m−3 depending on the activities
they were involved in. These workers spent on aver-
age 11 hours daily on the dumpsite and would have
been working on the dumpsite for five years (me-
dian). The authors also reported that only 11% of
the workers used nose mask at least twice during
work in the last six months prior to the study, while
89% used nose mask only once or not at all for the
same period. High prevalence of respiratory symp-
toms was also reported among the dumpsite workers,
and was attributed to the prolong exposure to eti-
ological agents including bioaerosols. Because these
respiratory symptoms were partly as a result of expo-
sure to bioaerosols, it was necessary to compute the
probable health risk associated with such exposure
by running a QMRA with the data set. It is worthy
of note that hitherto, QMRA reports on bioaerosols
isolated from solid waste dumpsites either do not ex-
ist or are extremely scarce. As such, this study aims to



Fig 1. Schematics showing the connec-
tion between the eight states in the
Markov Chain model used to model
transport and deposit in the respiratory
system.

estimate the probable risk of infection of the dump-
site workers from exposure to Gram-negative bacte-
ria and Aspergillus fumigatus.

2. METHODOLOGY

2.1. Markov Chain Model

A Markov chain model is a probabilistic tool that
uses stochastic processes to model physical systems
(Privault, 2013). Fig. 1 shows the schematics of the
Markov chain applied in this study where the physi-
cal element in each region is represented as “states’
and the loss rates from each associated state is sig-
nified as λ. The loss rate (λ) is the function that de-
scribes the rate of change of the pathogen from state
i to state j, or pathogens being removed from state i
to state j. It can be seen that in this study the Markov
chain model consists of eight states. Described in or-
der, the model starts from the nasopharynx region R1

with the bulk fluid in state 1 (air) and deposition on
the surface of the respiratory system in state 2 (depo-
sition). As flow passes from R1 to R2 starting with the
bulk fluid in state 3 (air) and deposition on surface of
the respiratory system in state 4 (deposition). Then
from R2 to R3 starting with the bulk fluid in state
5 (air) and deposition on the surface of the respi-
ratory system in state 6 (deposition). Inactivation of

the pathogen from natural causes is defined as state 7
(applicable to R1, R2, and R3) and exhalation is state
8.

2.1.1. The Markov Transitional Matrix

The Markov transition probability matrix (P)
(Equation (1)) contains probabilities (p) that predict
the transitioning of the pathogens from one state to
another, either within the same region or to another
region of the respiratory system. Consider an inhaled
pathogen in state i (air), in the next time step �t,
the pathogen has an unconditional probability of re-
maining in the same state i, denoted as pii and an
unconditional probability of transitioning to another
state j, denoted as pij. The sum of pij (j = 1, 2…, 8)
equals one. Equation (1) shows the first order transi-
tion probability matrix P for the system in Fig. 1. The
values of pij are entered with each row representing
a state in the system. The zero entry, that is, pij = 0,
signifies that the pathogen cannot move between the
two states in one-time step (1 minute), for example,
P51, P36. For absorbing states such as states 7 and 8,
pij = 1.

Furthermore, considering the Markov chain at
time zero, a pathogen is introduced into the state i,
and after n × �t time steps, the probability that the
introduced pathogen is in state j at n × �t is the en-
try in ith row and jth column of P multiplied by itself



nth times. The probability is designated pn
i j, while

the latter matrix is designated as P(n), with n being
the number of multiplications.

P =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

p11 p12 p13 0 0 0 p17 p18

0 p22 0 0 0 0 p27 0
p31 0 p33 p34 p35 0 p37 0
0 0 0 p44 0 0 p47 0
0 0 p53 0 p55 p56 p57 0
0 0 0 0 0 p66 p67 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.(1)

2.1.2. Loss Rates and Probabilities

Given the sum all the loses from state i (λi), the
probability of remaining in state i or pii is the expo-
nential survival probability in Equation (1) (Nicas &
Sun, 2006).

pii = exp (−λi · �t) . (2)

Since the Markov chain model is based on a flow
through the system, pathogenic particles that are not
deposited and have survived inactivation in a previ-
ous region (e.g., from R1 to R2) are assumed to have
moved to the next region. Hence, the unconditional
probability of the pathogen transitioning from state i
to state j in �t is the product of the probability that
the pathogen in states i moves to j, that is, (1 − pii),
and the ratio of the loss rates associated with transi-
tioning from state i (λi) to state j(λij), shown in Equa-
tion (3) (Weir & Haas, 2011).

pi j = λi j

λi
· [1 − pii] , (3)

where λi > 0. If λi = 0, state i is an absorbing state
and pij = 0 for i �= j

The loss rate associated with inhaled pathogens
moving deeper into the respiratory system from a re-
gion of higher Rx air volume to lower Ry, is general-
ized in Equation (4) (Weir & Haas, 2011).

λxy = Q + B
VRx

, (4)

where VRx = the volume of the higher region (cm3),
λxy = the loss of a spore in the higher region transi-
tioning from region x to region y, Q = the volumetric
flow rate of the inhaled air, and B = the volumetric
flow rate of exhaled air. Both Q and B are assumed
to be constant throughout the lungs (i.e., inflow is
equal to outflow) and has the value of 125 cm3 min−1

(Weibel, Cournand, & Richards, 1963).

The loss rate associated with spores transition-
ing from lower regions to the higher regions of the
respiratory system via exhalation, is expressed in
Equation (5)

λyx = B
VRy

, (5)

where VRy = the volume of the lower region, λyx =
the loss of a spore in the lower region transitioning
from region y to region x.

Bulk transport or phagocytosis is the main mech-
anism for the loss of pathogens in the human body,
including the respiratory system (Clarke et al., 2010).
In addition to phagocytosis, deposition can occur on
the respiratory system surface. The resuspension of
the deposited pathogens is prevented by mucocil-
iary escalators, and they are eventually expectorated
within 12 hours (Koblinger, 1985). The loss due to
deposition is accounted for by impaction, sedimenta-
tion, and diffusion (Weir & Haas, 2011). For sedimen-
tation, the rate is determined by the terminal settling
velocity of the particle (vts) and is expressed in Equa-
tion (6)

vts = 0.0018 · d2
p ·

[
1 + 0.166

dp

]
, (6)

where dp is the particle size and hold accurate for par-
ticle up to 50 µm in diameter.

Therefore, the loss of pathogen from deposition
accounting for sedimentation, impaction, and diffu-
sion can be estimated in Equation (7)

λdeposition
vts

dRx

+ DIRx . (7)

Where DIRx = diffusion deposition rate in associated
region, dRx = diameter of the associated region. The
estimated values of the loss rates in the Markov chain
model and the physiological parameters for humans
used in the computation are found in Tables S1 and
S2 in Supporting Information.

2.1.3. Effective Dose from Inhalation

Effective dose is the fraction of the viable
pathogens that would have been deposited on the
target organ, survived inactivation, and has the po-
tential of germination that results in infection. Once
the probabilities of the transition matrix P (Equa-
tion (1)) were assigned, the estimate of the viable
pathogens in any given state at time �t is the product



of the sum total of the probabilities associated with 
that state in each time step as seen in Equation (8)

E [Di] = Ni ·
∞∑

n = 1

pn
i j, (8)

where n is the number of multiplications associated
with the time step in the model, Ni = initial pathogen
load either transitioned or remaining in the same
state.

Subsequently, the initial pathogen load for the
next state or region in turn equals the effective dose
E [De] of the previous state or region. For example,
in order to compute the effective dose of the particle
deposited in the surface at state 6, let us consider E
[D1] that denotes viable pathogens in state 1 (Air),
E [D3] that denotes viable pathogens in state 3 (Air),
E [D5] that denotes viable pathogens in state 5 (Air),
and E [D6] that denotes viable pathogens to state 6
(respiratory surface), the doses are quantified as fol-
lows:

E [D1] = N1 × (pn
11 + pn

13) , (9)

N2 = N1 × pn
12, (10)

E [D2] = N2 × pn
22, (11)

E [D3] = E [D1] × (pn
33 + pn

35) , (12)

E [D5] = E [D3] × (pn
55) , (13)

N6 = E [D3] × pn
56, (14)

E [D6] = N6 × pn
66. (15)

2.1.4. Effective Dose from the Swallowing of
Pathogens

The effective internal swallowed dose (di) was
calculated from considering two major sources:

(i) The estimated internal dose from particles with
an aerodynamic diameter < 3.3 µm, which may
be deposited in the Nasopharynx region of the
respiratory system, that is E [D2].

The estimated internal dose of viable pathogens
> 3.3 µm in diameter that may be deposited in the
Nasopharynx region of the respiratory system, Ec.
For Gram-negative bacteria of this size range, it was
assumed that all inhaled pathogen particles were de-
posited in the upper respiratory track or Nasophar-
ynx region of the respiratory system.

The sum total of the inhaled dose (di) of viable
Gram-negative bacteria deposited in the Nasophar-
ynx region can be estimated in Equation (16)

di = E [D2] + Ec, (16)

where Ec = ec · λ7, Ec being the initial exposure con-
centrations per day of particles with an aerodynamic
diameter > 3.3 µm.

Fig. 2 shows a schematic representation of the
GI infection pathway of inhaled particles that were
eventually swallowed. The entrapped particles (or
pathogens) on the surface of the respiratory system
are prevented from resuspension by the actions of
the mucociliary escalators, and they are eventually
removed by expectoration or swallowed, with the lat-
ter increasing the gastrointestinal (GI) pathogen load
(Koblinger, 1985; Pillai, 2007). The ingestion rate ag
is estimated to be between 10% and 50% of the in-
haled pathogens (Brooks, Tanner, Gerba, Haas, &
Pepper, 2005; Medema, Wullings, Roeleveld, & Van
Der Kooij, 2004). Pathogen ingestion is accounted for
by multiplying Equation (16) with ingestion rate ag,
as shown in Equation (17):

dsw = di · ag, (17)

The effective gastrointestinal pathogen dose is
expressed in Equation (18):

E [dsw] = dsw − (dsw · λs) , (18)

where dsw is the ingested pathogen load; ag = in-
gestion rate (%); E[dsw] = effective gastrointestinal
pathogen dose; λs (min−1) is the rate of inactivation
of Escherichia coli from stomach acid (Lindqvist &
Barmark, 2014).

The estimated values of the loss rates in the
Markov chain model and the swallowing of E. coli
used in the computation of the GI load can be seen
in Tables S1 and S2 (Supporting Information).

Dose–Response (D–R) Assessment

The beta-Poisson dose–response model was used
in this study because the model has been widely
used from inhalation and ingestion of A. fumigatus
and E.coli respectively (Dungan, 2014; Leleu et al.,
2013; Teunis, Ogden, & Strachan, 2008). The dose–
response assessment establishes a mathematically re-
lationship between the inhaled pathogen dose and
the probability of infection in exposed waste workers
at Olusosun dumpsite. The beta-Poisson D–R model
by Haas et al. (1999) was used to estimate the risk of



Fig 2. Schematic representation of the
GI infection pathway.

Table I. Slop Parameters Used in the Beta-Poisson D–R Model and Assumptions

Pathogen D–R Model Parameter Conditions of Development References

A. fumigatus β-Poisson α = 1.1, β = 20 Developed from animal model of
immunosuppressed mice.

Leleu et al. (2013)

E.coli β-Poisson α = 0.248, β = 48.8 Developed from fitting data from
eight out breaks from E. coli

O157:H7

Jahne et al. (2015);
Teunis et al.

(2008)

infection from exposure to both respiratory and GI
pathogens as described in Equation (19):

Pi = 1 − [1 + (de/β)]−α
, (19)

where Pi is the probability of infection, de is the ef-
fective infective dose (either as E [D6] or E[dsw] for
respiratory or gastrointestinal respectively), α and β

are the slope parameters related to the pathogen, and
their values can be found in Table I.

2.2. Risk characterization

The risk characterization combined the dose–
response results and exposure information to esti-
mate the magnitude of the risk to the exposed waste
workers. The infection probability was calculated
based on a one-time (1 min), daily (11 hours/day) and
annual exposure duration (Akpeimeh et al., 2019). A
Pathogen to indicator ratio (P:I) ranging from con-
servative 1:1000 to a least conservative 1:10,000 for
the ratio of E. coli O157:H7 to Gram-negative bac-
teria was used to calculate the infection risk from
exposure to Gram-negative bacteria. Brooks et al.
(2005) used similar ratios in modeling of infection
risks from aerosolized Salmonella spp. and coxsack-

ievirus A21 from the spreading liquid biosolids. Risk
combination using the inclusion–exclusion principle
estimated the overall risk estimate in different sce-
narios combining several risk estimates.

2.2.1. Combining Risk

The mathematical principle of inclusion–
exclusion was used to calculate the overall expected
infection risk (E[R]) in any particular scenario. This
assumes that infection can occur only once, as de-
scribed in Equations (20) and (21) for two and three
risk combination respectively (Nicas & Sun, 2006):

E [R] = |RA| + |RB| − |RARB| , (20)

OR

E [R] = |RA| + |RB| + |RC| − |RARB| − |RARC|
− |RBRC| + |RARBRC| , (21)

E[R] = Overall expected risk, RA, RB, RC, are
the risk variables.



Risk of Infection

Variable 11 Hours 1 Year*

Risk associated with active involvement at sampling location (Breathing rate = 17 breathe per minute)
Active Area 3.01 × 10−1 6.27 × 10−1

Entrance 2.04 × 10−1 5.71 × 10−1

Dormant Area 1.72 × 10−1 5.50 × 10−1

Boundary 1.01 × 10−1 4.96 × 10−1

Combined risk 5.9 × 10−1 9.64 × 10−1

Risk associated with passive involvement at the sampling location (Breathing rate = 12 breathe per minute)
Active Area 2.75 × 10−1 6.12 × 10−1

Entrance 1.77 × 10−1 5.54 × 10−1

Dormant Area 1.48 × 10−1 5.34 × 10−1

Boundary 8.12 × 10−2 4.77 × 10−1

Combined risk 5.33 × 10−1 9.58 × 10−1

One-time exposure (min−1) 1.4 × 10−5 -

*Annual risk of infection based on exposure for six days per week for 52 weeks.

2.3. Data Analysis and Model Testing

The Markov chain model was developed as
a steady state model. A one-minute time-step
was used, as the model was expected to estimate
pathogen deposition in human lungs based on the
number of breaths taken per minute. The model was
developed in MS Excel 2013 (Microsoft Inc.) and in
R-project (by the R Foundation). The Monte Carlo
simulation for the β- Poisson dose–response model
was run on Minitab 18 statistical software. The Monte
Carlo simulation was used to account for the natu-
ral variability in the model parameters and to reduce
the level of uncertainty in the model results (Soller,
Schoen, Bartrand, Ravenscroft, & Ashbolt, 2010).
The technique works by sampling values at random
from the probability distribution of the input data, in
this case, the bioaerosols exposure data (Kottegoda
& Rosso, 2008). Thus, it was important that, prior to
running the Monte Carlo simulation, a goodness-of-
fit test was conducted to determine the kind of dis-
tribution that best fits the input data for this study.
A one-sample Kolmogorov–Smirnov (K–S) test was
carried out on the bioaerosol exposure data to deter-
mine the distribution of best-fit for Gram-negative
bacteria and A. fumigatus (Sunger & Haas, 2015).
The data for Gram-negative bacteria was fit to a nor-
mal distribution (p = .59) and A. fumigatus fit to an
exponential distribution (p = .49). Randomized data
were subsequently generated based on the result of
the one-sample K-S test for A. fumigatus (E[D6])
and E. coli O157:H7 (E[dsw]) and subsequently use

to run the Monte Carlo simulation for β- Poisson
dose–response model. The Monte Carlo simulation
was run for 10,000 iterations and the median was con-
sidered to present the most likely scenario for esti-
mating the infection risk.

3. RESULTS AND DISCUSSION

3.1. Risk of Infection Inherent to Location on the
Dumpsite (A. fumigatus)

The results of the QMRA have shown the po-
tential health risk of the poor microbial air quality
at Olusosun dumpsite. The risk from the one-time
exposure (1.4 × 10−5) to A. fumigatus increased by
5-log (combined risk: 5.33 × 10−1) after 11 hours
of exposure from passive activities (e.g., Middlemen,
visitors, and small business owners) at the dump-
site (Table II). This implies that overall; there is at
least a 53.3% chance of an individual involved in
passive activities at the dumpsite to develop a res-
piratory ailment from inhalation of the spores of A.
fumigatus from merely being present at Olusosun
dumpsite for 11 hours. A. fumigatus is one of the com-
mon molds present in the ambient air at composit-
ing sites and landfill sites (Persoons, Parat, Stoklov,
Perdrix, & Maitre, 2010; Schlosser, Robert, & De-
beaupuis, 2016). Though the respiratory pathologies
associated with the inhalation of its spores have been
thoroughly investigated, the probable estimate of the
risk of infection from inhalation of the spores have



Fig 3. . Eleven-hour risk of infection from bioaerosol containing A. fumigatus and E. coli O157:H7 from the four sampling locations at
Olusosun dumpsite. Boxplots indicates upper/lower quartiles and median; Whiskers indicates 95th percentiles.

received limited attention. In this study, the results
of the D–R model suggest that, based on the con-
centration of spores of A. fumigatus in the air sam-
ples, the risk to the individuals actively working on
the dumpsite per day might be between 1.01 × 10−1

and 3.01 × 10−1, which 1.24 times higher overall com-
pared to those who are not involved in activities at
the dumpsite (Table II). The differences between the
two infection risk estimates (passive and active work-
ers) were marginal, suggesting that the etiology of the
infection would be the same once the pathogen is in-
haled whether or not people are active at the dump-
site.

Fig. 3 shows a trend that suggests an overall re-
duction in risk levels with distance from the active
area to the site boundary. Although the risk mag-
nitude remained the same across locations that is,
10 −1, the result otherwise suggests that workers
working at the active area may be at greater risk of
infection from A. fumigatus than those located fur-
ther away.

The combined infection risk indicates adjusted
overall expected risk for Olusosun open dumpsite,
considering the risk levels inherent to each sampling
location. Because the waste workers and food ven-
dors spend their time moving from one part of the
dumpsite to the other during the day (11-hour expo-
sure), the minimum expected infection risk for these
group of workers is the combined risk of 5.90 × 10−1

(Annual risk = 9.58 × 10−1). In other words, on
the one-time pathogen exposure, for every 10 times
during the day they are exposed at the dumpsite,
they will likely be infected six times from inhaling
spores of A. fumigatus. Owners of small businesses
and middlemen are usually stationed at the dormant
area and the boundary, which are “relatively” lower
risk compared to the active area where scavenging is
the predominant activity. However, by combining the
inherent risk from each activity with their associated
locations, the chances of infection increases from 66
to 78% (see S4 Table, Supporting Information). Tak-
ing the dormant area as an example; the result of the



Table III. Risk of Infection (Median) from Inhalation-Ingestion Exposure to E.coli O157:H7 at the Four Sampling Location at Olusosun
Dumpsite

Risk of Infection for 10–50% Ingestion Rate

1:1,000
‡

1:10,000
‡

Variable 11 Hours 1 Year* 11 Hours 1 Year*

Risk associated with active involvement at sampling location (Breathing rate = 17 breathe per minute)
Active Area 3.23 × 10−3- 1.56 × 10−2 3.32 × 10−1-5.32 × 10−1 3.25 × 10−4-1.62 × 10−3 8.16 × 10−2- 2.41 × 10−1

Entrance 1.85 × 10−3- 9.09 × 10−3 2.58 × 10−1-4.68 × 10−1 1.87 × 10−4-9.27 × 10−4 5.12 × 10−2-1.75 × 10−1

Dormant Area 2.06 × 10−3- 1.01 × 10−2 2.72 × 10−1- 4.81 × 10−1 2.09 × 10−4-1.04 × 10−4 5.64 × 10−2-1.87 × 10−1

Boundary 1.82 × 10−3 - 8.82 × 10−3 2.56 × 10−1-4.64 × 10−1 2.09 × 10−4-8.94 × 10−4 5.01 × 10−2-1.71 × 10−1

Combined Risk 8.93 × 10−3 - 4.29 × 10−2 7.32 × 10−1-9.31 × 10−1 9.32 × 10−4 −4.47 × 10−3 2.19 × 10−1-5.78 × 10−1

Risk associated with passive involvement at the sampling location (Breathing rate = 12 breathe per minute)
Active Area 2.28 × 10−3- 1.11 × 10−2 2.86 × 10−1- 4.90 × 10−1 2.29 × 10−4- 1.14 × 10−3 6.09 × 10−2- 1.99 × 10−1

Entrance 1.31 × 10−3- 6.46 × 10−3 2.15 × 10−1- 4.24 × 10−1 1.31 × 10−4- 6.57 × 10−4 3.71 × 10−2- 1.39 × 10−1

Dormant Area 1.45 × 10−3- 7.19 × 10−3 2.27 × 10−1- 4.43 × 10−1 1.46 × 10−4- 7.32 × 10−4 4.11 × 10−2- 1.49 × 10−1

Boundary 1.15 × 10−3- 5.73 × 10−3 1.99 × 10−1- 4.09 × 10−1 1.46 × 10−4- 5.72 × 10−4 3.31 × 10−2- 1.25 × 10−1

Combined Risk 6.19 × 10−3- 3.05 × 10−2 - 6.52 × 10−4- 3.11 × 10−3 -
One-time exposure

(min−1)
1.39 × 10−5- 6.97 × 10−5 - 1.40 × 10−6- 7.00 × 10−6 -

*Annual risk of infection based on exposure for six days per week for 52 weeks.
‡Pathogen–indicator ratio at 1:103 and 1:104

combined risk for waste sorting (which is the pre-
dominant activity) estimates the chances of infection
at 68% and 90% as daily and annual infection risk
respectively, which is a 5 and 4 percentage point in-
crease, assuming the individual was not engaged in
waste sorting at the dormant area. The trend suggests
that the kind of activity undertaken at the dumpsite
can play an important role in heightening the risk of
infections for the workers irrespective of the location
they take place.

3.2. Risk of GI Infection Inherent to Location on
Dumpsite (E. coli O157:H7)

The risk of GI infection from an 11-hour expo-
sure to bioaerosols containing E. coli O157:H7 at the
active area was only 1-log greater than the boundary
for P:I = 1:103 and 1: 104 (Table III). The decrease
in bioaerosol concentration with distance as reported
by Akpeimeh et al. (2019) may explain the decrease
in GI infection risk from the results of the QMRA.
A similar trend was observed by Dungan (2014),
where the decrease in GI infection risk from enteric
pathogen during land application of dairy wastewa-
ter was associated with the decrease in the concen-
tration with distance, owing primarily to wind dilu-
tion. There are currently no guidelines for the ac-

ceptable risk threshold from exposure to aerosolized
enteric bacteria in occupational environments, how-
ever, the range 10−6–10−4 (conservative to a less-
conservative) have been commonly cited in the lit-
erature for GI infection risk, and have been adopted
in this study for comparison purposes (Dungan, 2014;
Regli, Rose, Haas, & Gerba, 1991). Considering the
results of the QMRA, only the estimates of GI in-
fection risk for P:I = 1:104 were within acceptable
limit (upper boundary). For individuals involved in
passive activities at the entrance (1.31 × 10−4–6.57 ×
10−4), dormant area (1.46 × 10−4–7.32 × 10−4), and
the boundary (1.46 × 10−4- 5.72 × 10−4) would do
so within the acceptable GI infection risk threshold.
Furthermore, only individuals involved in active ac-
tivities at the entrance (1.87 × 10−4–9.27 × 10−4) and
the boundary (2.09 × 10−4-8.94 × 10−4) would do
so within the acceptable GI infection-risk threshold.
Furthermore, the data for P:I = 1:103 showing an 11-
hour combined risk for all four sampling locations in-
dicates that workers who are physically active (lifting,
climbing the waste hill, pulling, etc.; breathing rate =
17 breath per minute) at the dumpsite will have a risk
range of 8.93 × 10−3–4.29 × 10−2, while the infec-
tion risk for those who are passively active (breath-
ing rate = 12 breath per minute) will range from
6.19 × 10−3–3.05 × 10−2 (Table III). Interestingly, the



Table IV. Risk of Infection (Median) from Inhalation of Spores of Aspergillus fumigatus During Activities at the Olusosun Dumpsite

Risk of Infection

Exposure Activity 11 Hours 1 Year*

Scavenging 6.11 × 10−1 7.93 × 10−1

Waste sorting 6.17 × 10−1 7.96 × 10−1

Site monitoring/supervision 6.71 × 10−1 8.25 × 10−1

*Annual risk of infection based on exposure for six days a week for 52 weeks.

differences in the risk estimates for the two levels
of activities is only marginal, thereby indicating that,
not engaging in physical activities does not necessar-
ily decrease the magnitude of the risk. Jahne, Rogers,
Holsen, Grimberg, and Ramler (2015) reported a GI
infection risk from E. coli O157:H7 aerosolized dur-
ing manure application to be 10−3–10−2 for an 8-
hour exposure, values comparable to the prediction
in this study. Although ranked as a medium-risk sce-
nario, they however cautioned that that the risk level
could easily escalate to high should there be any out-
break of E. coli O157:H7 from the sources feeding
the point of exposure. A similar threshold (5 × 10−3)
was also reported by Seto, Soller, and Colford (2007)
and Brooks, McLaughlin, Gerba, and Pepper (2012)
to have caused the E. coli O157:H7 outbreak in 2006,
with 205 reported illnesses and 5 death in the United
States.

3.3. Risk of Respiratory Infection Inherent to
Activities at Dumpsite (A. fumigatus)

The annual respiratory infection risk inherent to
activities like scavenging, waste sorting, and site su-
pervision are as high as 10−1 (Table IV). The result
further indicates that by engaging in these activities
in the active area (infection risk = 3.01 × 10−1), the
risk of infection increases by 3.11 × 10−1, 3.16 × 10−1,
and 3.70 × 10−1 points for scavenging, waste sort-
ing, and site monitoring, respectively. The annual risk
of respiratory infection from exposure to A. fumiga-
tus during scavenging, waste sorting, and site mon-
itoring ranged from 7.93 × 10−1–8.25 × 10−1. For
such estimates, it can be assumed based on a one-
time exposure, for every 10 times the workers are
exposed during the year to this dose at the dump-
site, they will likely become infected eight times, es-
pecially those with suppressed immune systems. By
implication, the workers are likely to be infected sev-
eral times in a year from inhaling the spores of A.

fumigatus. The risk estimates are very high consider-
ing that the workers are exposed six days per week
and may be exposed to other pathogenic agents that
may take a toll on their immune systems.

For healthy individuals, the inhaled spores are
either removed by the mucociliary clearance mech-
anism or killed by the alveolar macrophages. Those
that evade macrophage killings may germinate in
the bronchioles or alveolar spaces; and at this point
are targeted by infiltrating neutrophils capable of de-
stroying their hyphae (Dagenais & Keller, 2009). The
risk associated with developing any form of invasive
aspergillosis is primarily the breakdown or dysfunc-
tion of the hosts defense system and the survival abil-
ity of the pathogen in the target growth environment
of the hosts (Schaffner, Douglas, & Braude, 1982).
Moreover, the combination of smoking and exposure
to other aerosolized environmental pollutants can
impair mucociliary clearance even in healthy indi-
viduals, thereby increasing the chances of deposition
and possible growth of inhaled spores of A. fumigatus
(Wolff, 1986; Xavier et al., 2013). In the case of the
study by (Akpeimeh et al., 2019) where 41% of the
participants were smokers and 89% had never used
nose masks for nasal protection during their work at
the dumpsite, the respiratory risk estimates modeled
in this study may be consistent with the reality of the
respiratory health risk associated with working in en-
vironments such as Olusosun dumpsite.

3.4. Risk of GI Infection Inherent to Activities at
Dumpsite (E. coli O157:H7)

Workers engagements in activities at the dump-
site, depending on the kind of activity, are at a high
risk of GI infection, that is, risk estimates higher
than the inherent risk associated with the location
where the activity took place. The risk of GI infec-
tion from scavenging at the active area (5.03 × 10−1–
6.63 × 10−1) for example, is two-threefold greater



Table V. Risk of Infection (Median) from Inhalation-Ingestion Exposure to E.coli O157:H7 During Activities at Olusosun Dumpsite

Risk of Infection for 10–50% (low–high) Ingestion Rate (ag)

Exposure Activity 1:1,000
‡

1:10,000
‡

11 hour 1 Year* 11 hour 1 Year*

Scavenging 5.03 × 10−1-6.63 × 10−1 8.79 × 10−1-9.19 × 10−1 2.10 × 10−1−4.20 × 10−1 7.86 × 10−1-8.56 × 10−1

Waste sorting 4.54 × 10−1-6.27 × 10−1 8.66 × 10−1-9.11 × 10−1 1.63 × 10−1-3.65 × 10−1 7.62 × 10−1-8.40 × 10−1

Site monitor-
ing/supervision

1.89 × 10−1-3.96 × 10−1 7.76 × 10−1-8.49 × 10−1 3.04 × 10−2-1.18 × 10−1 6.05 × 10−1-7.34 × 10−1

*Annual risk of infection based on exposure for six days a week for 52 weeks.
‡Pathogen–indicator ratio (P:I) at 1:103 and 1:104

than the inherent risk at the active area (3.23 ×
10−3–1.56 × 10−2) for the same exposure duration
(Tables III and V). A similar trend was also observed
for the category of P:I = 104 where risk levels were
higher by three-four orders of magnitude for scav-
enging, waste sorting, and site supervision compared
to the inherent risk levels at the active area where the
sampling took place. Furthermore, the combined risk
showed an even higher risk estimate overall than if
the inherent risk for the locations and activity were
measured as stand-alone (S4 Table, Supporting In-
formation). Combining the risk of the active area
and scavenging increased the overall adjusted risk
by 2–3 orders of magnitude to 5.05 × 10−1–6.68 ×
10−1 for P:I = 103 and 3–4 orders of magnitude to
2.10 × 10−1–4.21 × 10−1 for P:I = 104. The prox-
imity of these activities to the exposure source and
the reduced effect of dilution during these activi-
ties might explain the high-risk values in the dose–
response model. Occupational risk studies account-
ing for enteric bacterial risk is very limited. Some
notable exceptions are healthcare workers, wastew-
ater treatment plant personnel, and in concentrated
animal feeding operations (CAFOs) (Bobo & Dub-
berke, 2010; Brooks et al., 2012; Medema et al., 2004).
Notably, Medema et al. (2004) reported the predicted
annual risk from a wastewater treatment plant to be
as high as 2 × 10−1 from a one-time exposure to
enteric pathogens. Tanner et al. (2008) on the oth-
erhand, simulated an annual risk range of 2 × 10−2

(use of protective equipement) to 3 × 10−1 (no use
of protective equiptment) during CAFOs. Brooks
et al. (2012) reported similar risk values to Tanner
et al. (2008), ranging from 1 × 10−2 to 5 × 10−1,
values comparable what is predicted in this study
(Table V). As it currently stands, there are no
epidemiological or clinical studies establishing the
inhalation–ingestion route of transmission of enteric

bacterial pathogens in humans (Brooks et al., 2012).
This is because in most of the cases considered,
there also exist fecal-oral route of transmission (from
fomite, waterborne, or foodborne) in the same envi-
ronment. It is also worthy of note that because the
detection procedure for the fecal-oral transmission
has been established over time, it is common to ig-
nore the inhalation-ingestion route of transmission.
However, there is mounting evidence from animal
trials that inhalation–ingestion routes of transmission
exist and can pose a high risk of GI infection in a
population exposed to aerosolized enteric bacteria
(Clemmer, Hickey, Bridges, Schliessmann, & Shaffer,
1960; Darlowa, Bale, & Carter, 2009; Fedorka-Cray,
Kelley, Stabel, Gray, & Laufer, 1995).

3.5. Risk Management Options

3.5.1. Use of PPEs an RPEs

Workers at Olusosun dumpsite generally did not
use personal protective equipment (PPE), includ-
ing respiratory protective equipment (RPE) because
they were expensive, and they could not afford them
(Akpeimeh et al., 2019). This reflects the economic
status of the workers, as most of the recycled mate-
rials are sold to intermediaries at cheap rates; barely
enough to cover their daily upkeep let alone afford
a personal protective equipment. To this end, inter-
vention by the authorities is necessary to protect the
health of the workers. PPE’s should be subsidized for
the workers, and the workers monitored for effective
usage of the PPE’s. Routine, but compulsory respira-
tory health checks (however rudimental) should be
carried as part of the requirement to work on the
dumpsite. This will help the authorities keep on top
of the health conditions of the workers and incen-
tivize record keeping.



3.5.2. Reduction of the Number of Waste
Scavengers in Dumpsites

Scavengers composed of the highest proportion
(61%) of workers at Olusosun dumpsite (Akpeimeh
et al. (2019). By the nature of their activity, they
are the most exposed to bioaerosols and have the
highest risk of getting infected. It is therefore rec-
ommended that by systematically reducing the num-
ber of scavengers picking at the dumpsite, it is pos-
sible to reduce the overall health impact on pop-
ulation at the dumpsite. If city authorities imple-
ment programs that reduces to the barest minimum
the amount of recyclables reaching dumpsites, the
population of scavengers on the dumpsite will con-
sequently reduce. The United Kingdom’s waste hier-
archy for example is core to the waste directive (Di-
rective 2008/98/EC), which prioritizes waste preven-
tion, then reuse, then recycling, then recovery and
last of all, disposal (e.g., in landfill). Another ex-
ample is described by Asim, Batool, and Chaudhry
(2012) where informal recyclers are integrated into
the mainstream of the waste management system of
Lahore city, Pakistan. They go door-to-door collect-
ing household recyclable waste, and then take them
to waste transfer points across the city where itiner-
ant buyers buy the waste at higher value than they
would at the dumpsite. Moreover, the approach of
using local expertise (like above) to proffer sustain-
able low-cost solutions to solid waste management
problems will directly or indirectly impact positively
on the social-economic status of the people in that so-
ciety (Zurbrügg, Gfrerer, Ashadi, Brenner, & Küper,
2012). Conclusively, the informal waste workers will
earn more money from their enterprise while reduc-
ing exposure to pathogens and improving their over-
all health.

3.6. Research Limitations

In carrying out this research, there were sources
of uncertainty inherent to the simulation such as
the sample collection, effective dose dose–response
model and the population type and these may have
cascaded through the model, widening the “cone of
uncertainty” through the various steps of the model-
ing process. Firstly, the method of sample collection
was a potential source of uncertainty in the risk calcu-
lation, as E. coli O157:H7 was not originally isolated
in the air samples at the dumpsite. However, one of
the approaches used to address this was to assume a
pathogen-indicator ratio in the exposure dose. This

approach has been applied by Brooks et al. (2005)
representing the risk estimate as a range of values of
the pathogen doses and this was adopted in this study.
Secondly, because inactivation rates vary by micro-
bial specie and the environment, applying the same
inactivation rates for both indicator microorganisms
as used in this study, may have increased the uncer-
tainty in the model. However, the use of a Monte
Carlo simulation to estimate the natural variability of
the indicator organisms as they are inhaled mitigates
this uncertainty to some extent.

4. CONCLUSION

The QMRA simulation presented here involved
the first application of a stochastic model to predict
the transport of bioaerosols in the human respiratory
system (Markov Chain Model), and to estimate the
risk of infection specific to dumpsite workers from
the settlement of those pathogens in the respiratory
and gastrointestinal tracks. The overarching trends
suggest that the infection risk from inhaling contami-
nated air containing spores of A. fumigatus at all loca-
tions were of the same magnitude (10−1) irrespective
of whether the individual was involved in activities in
the dumpsite or not. The combined risk of exposure
from activities and ambient exposure to A. fumigatus
increases the daily chances infection. At the active
area, the risk of infection ranged between 73–78%,
while at the boundary the range was 66–70% for all
activities associated with the locations. The daily esti-
mates of the risk of infection from ingestion of E. coli
O157:H7 ranged from 10−3-10−2 for the conservative
and 10−4-10−3 for the least conservative pathogen to
indicator ratio and was classified as a medium-high
and low-medium risk, respectively. The probable out-
come from ingesting inhaled E.coli O157:H7 during
scavenging, waste sorting, and site monitoring was
high (10−1), with similar magnitude comparable to
the annual infection risk.

Overall, the trends in the risk estimates suggest
that the activities at the dumpsite may contribute
more to the likelihood of workers developing either
respiratory infection or GI infection than any other
factor

ACKNOWLEDGMENTS

The study was carried out as part of a PhD stu-
dentship funded by the Niger Delta Development
Commission, Nigeria. The authors thank, Professor
Catherine Noakes and Dr Marco-Felipe King for



their excellent technical assistance. Ethical approval 
was obtained from the Engineering Faculty Research 
Ethics Committee, University of Leeds, UK.

REFERENCES

Akpeimeh, G., Fletcher, L., & Evans, B. (2019). Exposure to
bioaerosols at open dumpsites: A case study of bioaerosols ex-
posure from activities at Olusosun open dumpsite, Lagos Nige-
ria. Waste Management, 89, 37–47.

Asim, M., Batool, S. A., & Chaudhry, M. N. J. R. (2012) Scavengers
and their role in the recycling of waste in Southwestern Lahore.
Resources, Conservation and Recycling, 58, 152–162.

Bartrand, T. A., Weir, M. H., & Haas, C. N. (2008). Dose-response
models for inhalation of bacillus anthracis spores: Interspecies
comparisons. Risk Analysis, 28(4), 1115–1124.

Bobo, L. D., & Dubberke, E. R. (2010). Recognition and preven-
tion of hospital-associated enteric infections in the intensive
care unit. Critical care medicine, 38(80), S324.

Brooks, J. P., McLaughlin, M. R., Gerba, C. P., & Pepper, I. L.
(2012). Land application of manure and class B biosolids: An
occupational and public quantitative microbial risk assessment.
Journal of Environmental Quality, 41(6), 2009–2023.

Brooks, J. P., Tanner, B. D., Gerba, C. P., Haas, C. N., & Pepper, I.
L. (2005). Estimation of bioaerosol risk of infection to residents
adjacent to a land applied biosolids site using an empirically de-
rived transport model. Journal of Applied Microbiology, 98(2),
397–405.

Clarke, M., Engel, U., Giorgione, J., Müller-Taubenberger, A.,
Prassler, J., … & Gerisch, G. (2010). Curvature recognition and
force generation in phagocytosis. BMC biology, 8(1), 154.

Clemmer, D. I., Hickey, J. L., Bridges, J. F., Schliessmann, D. J.,
& Shaffer, M. F. (1960). Bacteriologic studies of experimental
air-borne salmonellosis in chicks. The Journal of Infectious Dis-
eases, 106(2), 197–210.

Dagenais, T. R., & Keller, N. P. (2009). Pathogenesis of Aspergillus
fumigatus in invasive aspergillosis. Clinical Microbiology Re-
views, 22(3), 447–465.

Darlowa, H. M., Bale, W. R., & Carter, G. B. (2009). Infec-
tion of mice by the respiratory route with Salmonella ty-
phimurium. Journal of Hygiene, 59(3), 303–308. https://doi.org/
10.1017/S0022172400038961

Dungan, R. S. (2014). Estimation of infectious risks in residential
populations exposed to airborne pathogens during center pivot
irrigation of dairy wastewaters. Environmental Science & Tech-
nology, 48(9), 5033–5042.

Fedorka-Cray, P. J., Kelley, L. C., Stabel, T. J., Gray, J. T., & Laufer,
J. A. (1995). Alternate routes of invasion may affect pathogen-
esis of Salmonella typhimurium in swine. Infection and Immu-
nity, 63(7), 2658–2664.

Garrido, M. V., Bittner, C., Harth, V., & Preisser, A. M. (2015).
Health status and health-related quality of life of municipal
waste collection workers–a cross-sectional survey. Journal of
Occupational Medicine and Toxicology, 10(1), 22.

Haas, C. N., Rose, J. B., & Gerba, C. P. (1999). Quantitative micro-
bial risk assessment. Hoboken, NJ: John Wiley & Sons.

Haas, C. N., Rose, J. B., & Gerba, C. P. (2014). Quantitative mi-
crobial risk assessment (2nd ed.). Hoboken, NJ: John Wiley &
Sons.

Hamra, G. B., Guha, N., Cohen, A., Laden, F., Raaschou-Nielsen,
O., Samet, J. M., … Yorifuji, T. (2014). Outdoor particulate mat-
ter exposure and lung cancer: A systematic review and meta-
analysis. Environmental Health Perspectives, 122(9), 906–911.

Han, Z., Ma, H., Shi, G., He, L., Wei, L., & Shi, Q. (2016). A review
of groundwater contamination near municipal solid waste land-
fill sites in China. Science of the Total Environment, 569–570,
1255–1264. https://doi.org/10.1016/j.scitotenv.2016.06.201

Hoornweg, D., & Bhada-Tata, P. (2012) What a waste: A global
review of solid waste management. Urban development series;
knowledge papers no. 15. Washington, DC: World Bank.

Huang, Y., & Haas, C. N. (2009). Time-dose-response models for
microbial risk assessment. Risk Analysis, 29(5), 648–661.

Jahne, M. A., Rogers, S. W., Holsen, T. M., Grimberg, S. J., &
Ramler, I. P. (2015). Emission and dispersion of bioaerosols
from dairy manure application sites: Human health risk as-
sessment. Environmental Science & Technology, 49(16), 9842–
9849.

Karakurt, I., Aydin, G., & Aydiner, K. (2012). Sources and mitiga-
tion of methane emissions by sectors: A critical review. Renew-
able Energy, 39(1), 40–48. https://doi.org/10.1016/j.renene.2011.
09.006

Kim, K.-H., Kabir, E., & Kabir, S. (2015). A review on the human
health impact of airborne particulate matter. Environment In-
ternational, 74, 136–143.

Koblinger, L. (1985). Analysis of human lung morphometric
data for stochastic aerosol deposition calculations. Physics in
Medicine & Biology, 30(6), 541.

Kottegoda, N. T., & Rosso, R. (2008). Applied statistics for civil and
environmental engineers. Malden, MA: Blackwell.

Ksiazek, T. G., Erdman, D., Goldsmith, C. S., Zaki, S. R., Peret, T.,
Emery, S., … Lim, W. (2003). A novel coronavirus associated
with severe acute respiratory syndrome. New England journal
of Medicine, 348(20), 1953–1966.

Leleu, C., Menotti, J., Meneceur, P., Choukri, F., Sulahian, A.,
Garin, Y. J. F., … Derouin, F. (2013). Bayesian development of
a dose-response model for Aspergillus fumigatus and invasive
aspergillosis. Risk Analysis, 33(8), 1441–1453.

Lindqvist, R., & Barmark, G. (2014). Specific growth rate deter-
mines the sensitivity of Escherichia coli to lactic acid stress: Im-
plications for predictive microbiology. BioMed Research Inter-
national, 2014. https://doi.org/10.1155/2014/471317.

McBride, G. B., Stott, R., Miller, W., Bambic, D., & Wuertz, S.
(2013). Discharge-based QMRA for estimation of public health
risks from exposure to stormwater-borne pathogens in recre-
ational waters in the United States. Water Research, 47(14),
5282–5297.

Medema, G., Wullings, B., Roeleveld, P., & Van Der Kooij, D.
(2004). Risk assessment of Legionella and enteric pathogens in
sewage treatment works. Water Science and Technology: Water
Supply, 4(2), 125–132.

Minh, N. H., Minh, T. B., Watanabe, M., Kunisue, T., Monirith,
I., Tanabe, S., … Prudente, M. S. (2003). Open dumping site
in Asian developing countries: A potential source of poly-
chlorinated dibenzo-p-dioxins and polychlorinated dibenzofu-
rans. Environmental Science & Technology, 37(8), 1493–1502.
https://doi.org/10.1021/es026078s.

Nicas, M., & Sun, G. (2006). An integrated model of infection
risk in a health-care environment. Risk Analysis, 26(4), 1085–
1096.

Persoons, R., Parat, S., Stoklov, M., Perdrix, A., & Maitre, A.
(2010). Critical working tasks and determinants of exposure to
bioaerosols and MVOC at composting facilities. International
Journal of Hygiene and Environmental Health, 213(5), 338–
347.

Pielaat, A., Leusden, F. M.v&. and Wijnands, L. M. (2014). Mi-
crobiological risk from minimally processed packaged salads in
the Dutch food chain. Journal of Food Protection, 7(3), 395–403,
available: https://doi.org/10.4315/0362-028x.jfp-13-136.

Pillai, S. D. (2007). Bioaerosols from land-applied biosolids: Is-
sues and Needs. Water Environment Research, 79(3), 270–
278.

Privault, N. (2013). Understanding Markov Chains, examples and
applications. Singapore: Springer.

Ray, M. R., Roychoudhury, S., Mukherjee, G., Roy, S., & Lahiri, T.
(2005). Respiratory and general health impairments of workers
employed in a municipal solid waste disposal at an open landfill

https://doi.org/10.1017/S0022172400038961
https://doi.org/10.1017/S0022172400038961
https://doi.org/10.1016/j.scitotenv.2016.06.201
https://doi.org/10.1016/j.renene.2011.09.006
https://doi.org/10.1016/j.renene.2011.09.006
https://doi.org/10.1155/2014/471317
https://doi.org/10.1021/es026078s
https://doi.org/10.4315/0362-028x.jfp-13-136


site in Delhi. International Journal of Hygiene and Environmen-
tal Health, 208(4), 255–262.

Regli, S., Rose, J. B., Haas, C. N., & Gerba, C. P. (1991). Modeling
the risk from Giardia and viruses in drinking water. Journal-
American Water Works Association, 83(11), 76–84.

omero-Barrios, P., Hempen, M., Messens, W., Stella, P., &
Hugas, M. (2013). Quantitative microbiological risk assessment
(QMRA) of food-borne zoonoses at the European level. Food
Control, 29(2), 343–349. https://doi.org/10.1016/j.foodcont.2012.
05.043.

Schaffner, A., Douglas, H., & Braude, A. (1982). ‘Selective pro-
tection against conidia by mononuclear and against mycelia
by polymorphonuclear phagocytes in resistance to Aspergillus:
Observations on these two lines of defense in vivo and in vitro
with human and mouse phagocytes. The Journal of Clinical In-
vestigation. 69(3), 617–631.

Schlosser, O., Robert, S., & Debeaupuis, C. (2016). Aspergillus fu-
migatus and mesophilic moulds in air in the surrounding envi-
ronment downwind of non-hazardous waste landfill sites. Inter-
national Journal of Hygiene and Environmental Health, 219(3),
239–251.

Seto, E. Y., Soller, J. A., & Colford, Jr, J.M. (2007). Strategies to
reduce person-to-person transmission during widespread Es-
cherichia coli O157: H7 outbreak. Emerging Infectious Dis-
eases, 13(6), 860–867.

Soller, J. A., Schoen, M. E., Bartrand, T., Ravenscroft, J. E., &
Ashbolt, N. J. (2010). Estimated human health risks from expo-
sure to recreational waters impacted by human and non-human
sources of faecal contamination. Water Research, 44(16), 4674–
4691.

Sunger, N., & Haas, C. N. (2015). Quantitative microbial risk as-
sessment for recreational exposure to water bodies in Philadel-
phia. Water Environment Research, 87(3), 211–222.

Tanner, B. D., Brooks, J. P., Gerba, C. P., Haas, C. N., Joseph-
son, K. L., & Pepper, I. L. (2008). Estimated occupational risk
from bioaerosols generated during land application of class B
biosolids. Journal of Environmental Quality, 37(6), 2311–2321.

Teunis, P., Ogden, I., & Strachan, N. (2008). Hierarchical dose re-
sponse of E. coli O157: H7 from human outbreaks incorpo-
rating heterogeneity in exposure. Epidemiology & Infection,
136(6), 761–770.

N-HABITAT (2009). Global Report on Human settelements.
Nirobi Kenya: United Nations Human Settlements Programme
(UN-HABITAT).

Vongdala, N., Tran, H.-D., Xuan, T., Teschke, R., & Khanh, T.
(2019). Heavy metal accumulation in water, soil, and plants of
municipal solid waste landfill in Vientiane, Laos. International
Journal of Environmental Research Public Health, 16(1), 22.

Weibel, E. R., Cournand, A. F., & Richards, D. W. (1963). Mor-
phometry of the human lung. Berlin, Germany: Springer.

Weir, M. H., & Haas, C. N. (2011). ‘A model for in-vivo delivered
dose estimation for inhaled Bacillus anthracis spores in humans
with interspecies extrapolation. Environmental Science & Tech-
nology, 45(13), 5828–5833.

Wolff, R. K. (1986). ‘Effects of airborne pollutants on mucociliary
clearance. Environmental Health Perspectives, 66, 223–237.

Xavier, R. F., Ramos, D., Ito, J. T., Rodrigues, F. M. M., Bertolini,
G. N., Macchione, M., … Ramos, E. M.C. (2013). Effects of
cigarette smoking intensity on the mucociliary clearance of ac-
tive smokers. Respiration, 86(6), 479–485.

Zurbrügg, C., Gfrerer, M., Ashadi, H., Brenner, W., & Küper,
D. J. W.M (2012) Determinants of sustainability in solid waste
management–The Gianyar waste recovery project in Indonesia.
Waste Management, 32(11), 2126–2133.

SUPPORTING INFORMATION

Additional supporting information may be found on-
line in the Supporting Information section at the end
of the article.

S1 Table. Loss Rate Mechanisms, Equations and Es-
timated Loss Values for Transport of Particle through
the Human Respiratory System
S2 Table. Loss Rate Mechanisms, Equations and Es-
timated Loss Values for Swallow of E.coli
S3 Table. Physiological Parameters for Humans used
as Parameters in the Markov Chain (Weibel et al.,
1963)
S4 Table. Combined Risk Calculations for the Four
Sampling Locations and Activities on Olusosun
Dumpsite

https://doi.org/10.1016/j.foodcont.2012.05.043
https://doi.org/10.1016/j.foodcont.2012.05.043
https://www.researchgate.net/publication/348165969



