
Contents lists available at ScienceDirect

Journal of Environmental Management

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

Research article

Multi-route – Multi-pathway exposure to trihalomethanes and associated
cumulative health risks with response and dose addition
Mesut Genisoglu, Ceyda Ergi-Kaytmaz1, Sait C. Sofuoglu∗

Izmir Institute of Technology, Department of Environmental Engineering, Gulbahce, Urla, 35430, Izmir, Turkey

A R T I C L E I N F O

Keywords:
Cumulative risk
Exposure assessment
Health risk assessment
Trihalomethanes

A B S T R A C T

Cumulative health risk estimation for exposure to mixtures is a current issue, which would present a useful tool
for environmental and public health management. Cumulative risks were estimated with response and dose
addition methods for individual multi-route – multi-pathway exposure to trihalomethanes and associated car-
cinogenic toxic risks in Izmir, Turkey. Exposure levels were estimated for ingestion, dermal, and inhalation
routes using measured tap water and bottled water THM concentrations. Drinking, showering, hand and dish
washing were the considered pathways. THM concentrations in air during the showering were modeled with
two-resistance theory using tap water concentration data. The estimated carcinogenic risk levels for ingestion
route were in the range of safe (< 10−6) to low priority (< 10−4), for dermal route all were in the safe zone
(< 10−6), and for inhalation route were in the range of safe to high priority (> 10−4) zones, indicating in-
gestion and inhalation routes were of similar significance ahead of dermal exposure. Cumulative carcinogenic
risks of THM compounds were estimated using simple (response) addition and dose addition using cumulative
relative potency factor (CRPF) methods. CRPF method estimated the risks at lower levels compared to the simple
addition, which originated from the use two different risk factor values for the index chemical in the method.
Cumulative chronic-toxic risks were also assessed, rendering below the threshold risk levels for all routes. This
study showed that multi-route – multi-pathway exposure assessment and cumulative risk assessment should
together be considered for better environmental and public health management.

1. Introduction

Chlorine is the most commonly used disinfectant due to its various
advantages to prevent waterborne diseases such as cholera, typhoid,
dysentery, and diarrhea (Legay et al., 2011; Kinani et al., 2016).
However, the reaction of chlorine and natural organic matter forms
disinfection by-products (DBPs). DBPs are formed up to 700 species as a
result of reactions between the disinfectant and precursors, such as
natural organic matter (NOM), algal organic matter (AOM), bromide,
iodide, nitrite, etc., in disinfection processes (Krasner, 2009; Stalter
et al., 2016). Among them, THMs attracted attention and became the
most studied group because they occur with the highest concentrations
and the highest frequencies (Nazir and Khan, 2006). Therefore, THMs
are considered to be indicators of chlorinated DBPs (Villanueva et al.,
2004). The THM group consists of CHCl3 (chloroform), CHCl2Br (bro-
modichloromethane, BDCM), CHClBr2 (dibromochloromethane,
DBCM), and CHBr3 (bromoform).

Long term exposure to THMs may pose health risks to human

beings. Epidemiological studies have shown a relationship between
exposure to chlorinated drinking water and likelihood of bladder cancer
in men (Villanueva et al., 2004). Although it is a carcinogen, it was
decided that carcinogenic effects are unlikely for chloroform at
common drinking water concentrations, resulting in withdrawal of its
carcinogenic risk factor from Integration Risk Information System
(IRIS) (USEPA, 2018) by United States Environmental Protection
Agency (USEPA) deeming the Reference Dose (RfD) is sufficient. Car-
cinogenicity studies on bromoform have shown that there is a positive
association between bromoform and cancer in humans, but these stu-
dies are incomplete (USEPA, 2018). However, animal studies have
provided evidence that bromoform is carcinogenic. Bromoform, in-
creases the activity leading to tumor formation in the liver and skin
(Pereira et al., 1982). Although there is no epidemiological study for
BDCM alone, there are some studies that show relationship between
chlorinated drinking water and cancer (Cantor et al., 1978, 1987;
Aldrich and Peoples, 1982). Studies with BDCM on animals show that
BDCM increases formation of liver, kidney and intestinal tumors
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(USEPA, 2018). Although there is no epidemiological study that DBCM
is carcinogenic to humans and there is limited evidence for carcino-
genic to animals, the case of hepatocellular adenomas and carcinomas
were significantly increased in female mice (USEPA, 2018). Maximum
contaminant level (MCL) of THMs is limited to 80 μg/L and 100 μg/L by
USEPA (USEPA, 2006) and Turkish Legislation (Official Gazette, 2013),
respectively.

Exposure to THMs may occur through ingestion, dermal contact,
and inhalation. Consumption of drinking water is the main ingestion
exposure pathway. Hand washing, dishwashing, and showering are the
regular daily activities that cause dermal contact to THMs in tap water,
among which showering is the main regular activity for inhalation
route (Nazir and Khan, 2006). THM concentrations in air of indoor
swimming pools, hot tubs, and bathrooms are generally higher due to
their relatively high vapor pressures (Harman et al., 2017). THM con-
centrations in water and air is increased with increasing water tem-
perature. The temperature effect is related to two mechanisms: (i) THM
growth and (ii) air-water partitioning described by Henry's Law con-
stant (Chowdhury and Champagne, 2009). THM formation may in-
crease with increasing ambient temperature as a result of increasing
reaction rates between residual chlorine and organic matter
(Chowdhury and Champagne, 2009). Hua and Reckhow (2008) re-
ported that total organic halogen (TOX) and THM concentrations in-
crease with temperature due to the temperature dependence of halo-
genation reaction. In addition, Henry's Law constant is temperature
dependent. Consequently, mass transport of THMs from water to air is
increased with increasing temperature (Nicholson et al., 1984).

Like many studies in the literature, exposure and health risks were
underestimated by our previous study for Izmir due to the lack of gas
phase concentrations, ignoring inhalation pathway (Kavcar et al.,
2006). However, exposure via inhalation is relatively high due to the
volatility of THMs, which may be as important as ingestion exposure.
Previous studies showed that inhalation exposure may be up to 6 times
higher than the ingestion route (Lin and Hoang, 2000). Showering was
determined as the main exposure inhalation pathway compared to
cooking and dish washing (Lin and Hoang, 2000). Gas phase levels have
been estimated by modeling volatilization from heated water such as
used in bathing and hot tubs (Chowdhury and Champagne, 2009).

There are several studies in the literature claiming that inhalation
and dermal exposure constitute serious health risks in addition to oral
exposure (Lee et al., 2004; Siddique et al., 2015). Inhalation exposure
distinguish further because of the volatility of THMs (Lin and Hoang,
2000; Thiriat et al., 2009; Pan et al., 2014; Niu et al., 2015), which has
been shown to exceed dermal and ingestion exposures (Basu et al.,
2011; Pardakhti et al., 2011). For this reason, estimation of multi-route
exposure to THMs is important, while estimation of cumulative risks
associated with the four potent THM species is also critical, which may
lead the local authorities to adopting stringer standards of their own to
better protect the population they serve. The cumulative cancer risks of
THMs is usually calculated summing the component responses, i.e., risk
levels (simple addition method) (Lee et al., 2004; Wang et al., 2007a; b;
Viana et al., 2009; Siddique et al., 2015). Dose addition has also been
considered. Cumulative Relative Potency Factor (CRPF) approach was
developed based on combining dose and response additions (Teuschler
et al., 2004). CRPF approach could be used for estimation of the cu-
mulative cancer risk of DBP mixture, dividing the DBP components to
subclasses and selecting an index component for each subclass. Their
doses are converted to index chemical equivalents using the RPFs, si-
milar to Toxic Equivalency Factors that have been used for pollutants
such as polycyclic aromatic hydrocarbons, dioxins, and dioxin-like
polychlorinated biphenyls (Gungormus et al., 2014; Ugranli et al.,
2016; Dumanoglu et al., 2017; Cetin et al., 2018). Then, the risk factor
of the index chemical is used to calculate the risk associated with the
calculated total dose of the subclass. The use of CRPF approach was
suggested by Lambert and Lipscomb (2007) and Gallagher et al. (2015).

Determining the cumulative risks of mixtures such as DBPs has been

an important issue in the last two decades. USEPA has been leading the
efforts (Choudhury et al., 2000; USEPA, 2000, 2002, 2003). However,
there is no study that estimated and compared the carcinogenic risks by
using both of the simple addition and CRPF methods other than those
developed and suggested the use of CRPF. The aim of this study was to
estimate and compare cumulative health risks of THMs estimated by
CRPF and simple addition methods using our previously reported THM
levels in drinking water of Izmir, Turkey (Kavcar et al., 2006), which
still can be of use according to the measurements made by the local
authorities. This is, according to our knowledge, the first study that
compared simple addition and CRPF methods for cumulative carcino-
genic risks. This is also the first assessment of multi-route – multi-
pathway exposure to THMs and associated cumulative health risks in
Izmir, Turkey, which may have important implications for environ-
mental/public health management mitigation efforts.

2. Material and methods

2.1. Sampling and THM analysis

Kavcar et al. (2006) had collected samples from 100 households in
Izmir, Turkey. While tap water was drunk in 65 of the 100 sampled
households, the remaining 35 consumed bottled water. Bottled water
samples were directly collected from the container. Tap water samples
were collected after the 3min flushing. Ascorbic acid was used as a
quenching agent for inhibition of the oxidant activity. Sampling vials
were immediately closed and shaken for mixing the sample and
quenching agent. All samples were transferred to the laboratory in dark
in a cooler, and extracted within five days. Gas chromatography in-
strument (Agilent 6890N) with a mass selective detector (Agilent
5973N MSD) was used for analysis of THMs. Five-point calibration (1,
5, 25, 50, and 100 μg/L) was used. R2 values of calibration curves were
higher than 0.996. Further details can be found in the previous study
(Kavcar et al., 2006). Total THM concentrations measured by the local
authorities at several points in the water distribution system in
2013–2017 period were obtained to validate the use of previously
measured concentrations by comparing the two sets by hypothesis
testing.

2.2. Concentration modeling

THM concentrations increase with increasing water temperature
while taking shower. Heated water THM concentrations are calculated
using Equations (1) and (2) that were developed by Chowdhury and
Champagne (2009).

k 0.0011 e0.0407 T= × × (1)

where, k: THMs growth rate at T °C (min−1); T: temperature of water
(°C).

C C ehw w
k k( ) thw w= × × (2)

where, Chw: THM concentration in heated water (μg/L); Cw: THM con-
centration in tap water (μg/L); khw: THM growth rate of heated water
(min−1); kw: THM growth rate of tap water (min−1); t: shower duration
(min).

THM concentrations in air is estimated using the two-resistance
theory (Eqs. (3)–(7)). A model developed by Little (1992) for modeling
air concentrations based on measured water concentrations. Table 1
shows the specific values used in modeling the THM concentrations in
air.

Y t exp bt a b( ) [1 ( )]( / )s = (3)

b Q H exp N Q V{( / )[1 ( )] }/L G s= + (4)

a Q C exp N V{ [1 ( )]}/L W s= (5)
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N K A Q( )/OL L= (6)

C Y t Y( ( ) )/2air s si= + (7)

where, Ysi: initial THM concentration in shower room (assumed as 0
because we neglected inhalation exposure during activities other than
showering); Ys: THM concentration in the shower at time t (min); QL:
water flow rate (L/min);QG: Air flow rate (L/min);Vs: bathroom volume
(m3); H: dimensionless Henry's law constant; K AOL : overall mass
transfer coefficient (L/min).

2.3. Exposure and risk assessment

Individual multi-pathway carcinogenic and chronic toxic health risk
assessment was conducted for THMs in tap/drinking water of Izmir,
based on the USEPA guidance documents (USEPA, 1992). Exposure
assessment was conducted for oral, dermal adsorption, and inhalation
routes for different scenarios. Drinking the water is the main pathway
for ingestion route. While showering and hand washing were assumed
as the main pathways for the route of dermal adsorption, showering
was considered as the main activity for inhalation exposure. Exposure
to THMs was calculated using chronic daily intake (CDI). The CDI va-
lues were calculated for ingestion, dermal adsorption, and inhalation
with Eq. (8), Eq. (9), and Eq. (10), respectively.

CDI C IRw EF ED
BW ATingestion

w= (8)

CDI C Kp ET EF ED
BW ATdermal

wa= (9)

CDI C IRa ET EF ED
BW ATinhalation

a= (10)

where, Cw: concentration in water (mg/L), IRw: ingestion rate of
drinking water (L/day); EF: exposure frequency (day/year); ED: ex-
posure duration (year); SA: skin surface area (cm2); Kp: specific per-
meability coefficient (cm/h); ET: exposure time (h); Ca: concentration
in air (mg/m3); IRa: inhalation rate (m3/h); BW: body weight; AT:
average lifetime.

Carcinogenic risks were calculated with CDI and corresponding
slope factor (SF) values (Eq. (11)). Hazard Quotient (HQ) was calcu-
lated for chronic-toxic risk assessment (Eq. (12)). Chronic-toxic risk
analysis for inhalation route could not be performed since the RfC va-
lues for THM compounds are not yet evaluated. SF and RfD values used
in the calculations, which were obtained from IRIS (USEPA, 2018) or if
not available from CalEPA (2018), are listed in Table 2. Cumulative risk
is the total risk associated with the simultaneous exposure to the mix-
ture of THM compounds. It was estimated with two methods: (i) simple
addition (SA), and (ii) CRPF method. The CRPF method was developed
by Teuschler et al. (2004). Briefly, an index compound was selected
(BDCM). Doses of other components in the subclass were converted to
dose of index component (equivalent or relative dose) using ‘‘relative
potency factors (RPF)’‘. RPF is defined as the ratio of the risk factors of
subject compound to the index compound. When dose of subject com-
pound is multiplied by its RPF it is converted to Index Chemical
Equivalent Dose (ICED). As shown in Eq. (13) and Eq. (14); ICEDs of
each compound were summed and multiplied by ‘‘maximum likelihood
estimate (MLE) of cancer slope factor of the index chemical’‘. The MLE
value was used as 0.0057 (Teuschler et al., 2004).

Risk CDI SF= × (11)

HQ CDI RfD/ingestion or dermal = (12)

ICED SF
SF

Dose SF
SF

Dose SF
SF

Dosea

i
a

b

i
b

c

i
c= × + × + ×

(13)

CR ICED MLE= × (14)

where, CDI: chronic daily intake dose; SF: slope factor; HQ: hazard
quotient; RfD: reference dose; SFa,b,c: slope factors of a, b, and c com-
pounds; SFi: slope factor of index compound; Dosea,b,c:dose of a, b, and c
compounds, ICED: index chemical equivalent dose; MLE: maximum
likelihood estimate of the slope factor.

Three scenarios were constructed to estimate the exposure through
ingestion: Scenario 1 (Scenario 1ing), drinking from tap water at both of
home and work; Scenario 2 (Scenario 2ing), drinking from tap water at
home and bottled water at work; and Scenario 3 (Scenario 3ing),
drinking from bottled water at both of home and work. The consump-
tion amounts of drinking water were determined by Kavcar et al. (2006)
by a questionnaire survey administered to people living in the sampled
households. An individual exposure calculation was made for each
study participant using the measured concentrations at their house-
holds and questionnaire survey data. Three scenarios were constructed
to estimate the exposure through each of the inhalation and dermal
pathways based on the activity durations. The upper-bound (95th
percentile), mean, and median values of activity durations were se-
lected as exposure durations through inhalation and dermal pathways
for the construction of scenarios (Scenario 1inhalation/dermal, Scenario
2inhalation/dermal, and Scenario 3inhalation/dermal, respectively). Showering
was selected as the main activity that cause exposure through inhala-
tion pathway. Body surface area values of the participants were cal-
culated using an empirical model based on body weight developed by

Table 1
Parameter values used in modeling.

Parameter Reference

KOLA (L/min) Chloroform 7.4 Wang et al., 2007a,
bBDCM 5.9

DBCM 4.6
Bromoform 3.7

QL (L/min) 5 Little, 1992
Vs (m3) 6
Qg (L/min) 50
H at 40 °C

(dimensionless)
Chloroform 0.350 Nicholson et al.,

1984BDCM 0.186
DBCM 0.102
Bromoform 0.058

Kp (cm/hr) Chloroform 0.16 Legay et al., 2011
BDCM 0.18
DBCM 0.20
Bromoform 0.21

IRa (m3/hr) inhalation 20 USEPA, 2011
IRw (l/day) individual – Kavcar et al., 2006
EFh (day/year) all routes 350 assumed in this

study
ED (year) employed duration 30 assumed in this

study
ED (year) unemployed

duration
40 assumed in this

study
ED (year) lifetime 70 USEPA, 2011
BW individual – Kavcar et al., 2006
Skin surface area (m2) body individual Livingston and Lee,

2001
USEPA, 2011

hand individual

Table 2
SF and RfD values of THMs used in the risk calculations.

THM SF (Ingestion) SF (Dermal) SF (Inhalation) RfD

(mg/kg-day)−1 (mg/kg-day)

Chloroform N.A. 0.031b 0.0805a,c 0.01a

BDCM 0.062a 0.062a 0.13b 0.02a

DBCM 0.084a 0.084a N.A. 0.02a

Bromoform 0.0079a 0.0079a 0.00385a,c 0.02a

N.A.:Not available.
a USEPA, 2018.
b CalEPA, 2018.
c Derived from inhalation unit risk.
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Livingston and Lee (2001). Surface area of hands was used for dermal
exposure during hand and dish washing, calculated using surface area
percentage values reported in Exposure Factors Handbook (USEPA,
2011). Individual body weights of participants were used in all sce-
narios.

3. Results and discussion

3.1. THM concentrations

Generally, chloroform is the most common DBP in chlorinated
drinking waters (Uyak, 2006; Chowdhury, 2013; Gan et al., 2013). In
this study, chloroform was identified as the highest concentration THM
species as shown in Table 3. The mean and maximum concentrations in
Izmir tap water were 6.35 and 34.6 μg/L, respectively. The most
abundant THMs after chloroform in Izmir tap water were BDCM and
DBCM. Bromoform is usually found in chlorinated drinking waters at
low concentrations (Uyak, 2006; Chowdhury, 2013; Gan et al., 2013).
The mean and maximum concentrations of bromoform in Izmir tap
water were 4.19 and 9.02 μg/L, respectively. The mean concentration
of total THMs in Izmir water is 16.4 μg/L. The mean total THM con-
centration of bottled water was 1.98 μg/L. Generally natural spring
waters are bottled and released to the market for consumption in
Turkey. NOM concentrations of spring waters are much lower than
surface waters (Thomas and Burgess, 2017).

Because sampling of volatile organic compounds is expensive and
labor-intensive, concentrations are measured only in water while in-
door air gas-phase concentrations as a result of volatilization from
chlorinated tap water are commonly estimated by modeling (Lin and
Hoang, 2000; Nazir and Khan, 2006; Chowdhury and Champagne,
2009). Kavcar et al. (2006) did also measure THM concentrations only
in water but not estimated the associated indoor air levels, which is
mainly a concern during showering because water is heated and
sprayed resulting in higher volatilization (Little, 1992). Water tem-
perature is generally assumed as 40 °C for showering in the literature
(Nazir and Khan, 2006). THM growth rates depend on the water tem-
perature (Chowdhury and Champagne, 2009). Growth rate model is
used to model the increase in water THM concentrations depending on
its temperature (Nicholson et al., 1984), which also increases volatili-
zation (Batterman et al., 2000). Tap water and heated water tempera-
tures were assumed as 15 and 40 °C, respectively. The estimated bath-
room air concentrations are listed in Table 3. The highest mean
concentration was estimated for chloroform (77.60 μg/m3); however,
the highest median concentrations belonged to DBCM and bromoform
(2.88 and 2.56 μg/m3), which are higher than those of chloroform and

BDCM (1.29 and 1.27 μg/m3).
The skewness of chloroform, BDCM, DBCM, and bromoform con-

centrations in tap water were determined as 1.47, 1.35, 1.25, and 1.22,
respectively. Skewness values of the concentrations of THM compounds
in bottled water are in the range of 5.87–5.92. Positive skewness values
indicated the distribution of concentrations are right-skewed for bottled
water. Quartile coefficient of distribution (QCD) values of four THM
compounds in tap water are in the range of 0.92–1.00. Bottled water
QCD values for chloroform, BDCM, DBCM, and bromoform are 0.91,
0.94, 0.86, and 0.33, respectively, which indicate that bromoform
variation in bottled water was lower than those of the other three
compounds that have similar levels of variation. Skewness and QCD
values of heated water and bathroom air concentrations of THMs are
similar to those of tap water because they are modeled based on the tap
water levels that have larger spread than bottled water.

3.2. Multi-route – multi-pathway exposure

Exposure scenarios were established to account for variation in the
daily activities that are associated with exposure. The highest median
exposure levels of chloroform, BDCM, DBCM, and bromoform through
ingestion pathway were estimated in Scenario 1 as 2.08×10−6,
3.65×10−6, 7.12× 10−6, and 7.81× 10−6mg/kg-day, respectively.
The lowest median exposure levels of chloroform, BDCM, DBCM, and
bromoform through ingestion pathway were estimated in Scenario 3 as
4.90×10−7, 1.09×10−7, 1.38×10−7, and 1.39× 10−6mg/kg-day,
respectively. Chowdhury et al. (2014) estimated the mean exposure
levels of chloroform, BDCM, DBCM, and bromoform through ingestion
pathway in the range of 2.65×10−4 and 1.75× 10−5mg/kg-day in
tap water. The THM exposure values calculated with the highest con-
centration and average concentration of THM compounds in tap water
were estimated by Panyakapo et al. (2008) were in the range of
1.59×10−3 - 1.83× 10−4 and 7.59× 10−4 - 8.07×10−5, respec-
tively. Compared with the literature; exposure levels of THM from the
tap water of Izmir appears to be relatively low due to the relatively low
THM concentrations. These concentrations are also lower than those
measured at other cities of Turkey such as Istanbul in the range of
43–100 μg/L (Uyak, 2006) and Antalya in the range of 11–23 μg/L
(Kitis et al., 2010). As shown in Table 4, drinking of tap water results in
higher exposure due to the high THM contents in contrast to bottled
water. Drinking bottled water at work did not seem to significantly
reduce exposure levels due to the low drinking water consumption rate
at work. Descriptive statistics of the ingestion exposure estimates are
presented in Supplementary Material (SM) Table S1.

Exposure to THMs through inhalation route should also be

Table 3
THM concentrations in water and bathroom air.

Water Source Chloroform BDCM DBCM Bromoform THMa

Bottled Water (μg/L) Mean 0.81 0.65 0.41 0.10 1.98
SDb 4.64 3.82 2.35 0.33 11.1
Median 0.02 < 0.01 0.01 0.06 0.09
Q1-Q3c < 0.01–0.04 < 0.01–0.01 < 0.01–0.02 0.03–0.07 0.07–0.11

Tap Water (μg/L) Mean 6.35 5.38 3.80 0.90 16.4
SD 10.6 8.76 5.85 1.06 25.5
Median 0.11 0.13 0.35 0.40 1.20
Q1-Q3 0.02–9.80 0.02–7.25 0.02–4.67 0.07–1.80 0.15–34.4

Heated Tap Water (μg/L) Mean 6.82 5.78 4.08 0.97 17.7
SD 11.3 9.41 6.28 1.13 27.4
Median 0.12 0.14 0.38 0.43 1.29
Q1-Q3 0.02–10.5 0.02–7.79 0.03–5.02 0.08–1.93 0.16–36.9

Bathroom Air (μg/m3) Mean 40.3 30.2 18.2 3.66 92.4
SD 66.9 49.2 28.0 4.25 144
Median 0.70 0.73 1.68 1.62 5.43
Q1-Q3 0.13–62.1 0.09–40.7 0.12–22.4 0.29–7.31 0.72–188

a THM, sum of chloroform, BDCM, DBCM, and bromoform.
b SD, standard deviation; cQ1, 25th percentile; cQ3, 75th percentile value.
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investigated because of their volatility. Showering, bathing and swim-
ming in indoor pools are the main activities that result in the THMs
exposure through inhalation route (Chowdhury et al., 2014). Show-
ering and/or bathing are a life-long daily activity from birth to death.
The health risks of THMs through the inhalation could be higher than
the other exposure pathways (Little, 1992; Uyak, 2006). In this context,
determination of health risk via inhalation is as important as for in-
gestion route. Dermal exposure was estimated for two media: water and
air. Dish washing, hand washing, and showering were selected as the
main pathways of dermal route to THMs from water (Lin and Hoang,
2000; Chowdhury, 2013). Showering is the main daily activity that
results in dermal exposure to THMs from air (Kerger et al., 2000). The
mean, median, and 95th percentile durations determined from the
questionnaire survey for hand washing were 0.182, 0.150, and 0.363 h/
day, respectively. The mean, median, and 95th percentile durations of
dish washing were 0.502, 0.333, and 0.880 h/day, respectively. Dura-
tion of showering could not be determined from the questionnaire
survey; therefore, it was taken from the Exposure Factors Handbook
(USEPA, 2011). The mean, median and 95th percentile durations for
showering were 0.338, 0.300, 0.573 h/day, respectively. The estimated
dermal exposures are shown in SM Tables S2–S4 for water pathways
and in Table S5 for the main inhalation pathway, showering. The es-
timated exposures show that overlooking inhalation very likely to result
in underestimation of aggregate exposure because, estimated inhalation
exposure (median values for chloroform, BDCM, DBCM, and bromo-
form are 2.57×10−6, 3.11× 10−6, 6.73×10−6, and
5.87×10−6mg/kg-day, respectively) is as high as ingestion exposure
(median values for chloroform, BDCM, DBCM, bromoform are
2.08×10−6, 3.65× 10−6, 7.12× 10−6, and 7.81×10−6mg/kg-day,
respectively), and higher than dermal exposure (median values for
chloroform, BDCM, DBCM, and bromoform are 1.56×10−10,
2.25×10−10, 3.32× 10−9, and 7.58× 10−10mg/kg-day, respec-
tively).

3.3. Carcinogenic risk

Carcinogenic risk (CR) assessment was conducted associated with
the estimated exposures. The upper-bound (95th percentile) and central
tendency (the mean and median) risk estimations were made for the
considered exposure scenarios. In the first scenario, it is assumed that
people drank tap water both at home and work. In the second scenario,
it was assumed that people drank tap water at home and bottled water
at work. In third scenario, it was assumed that people drank bottled
water both at home and work. The 1st and 3rd scenarios represented
the worst and best cases, respectively, as bottled water contained much
less THMs compared to tap water. Risk values were evaluated in four
categories (Legay et al., 2011): CR≤10−6 considered as there is no risk
(safe zone), 10−6<CR<10−5 considered as acceptable risk zone,
10−5<CR<10−4 considered as low priority risk zone, and
CR≥10−4 considered as unacceptable risk and high priority risk zone.

CR was estimated for each considered exposure pathway for all
scenarios (Fig. 1). In the first (worst-case) scenario, the mean, median,

and 95th percentile CR values for ingestion route spanned from safe to
low priority zone for both BDCM (9.87×10−6, 2.26×10−7 and
5.07×10−5, respectively) and DBCM (9.37× 10−6, 5.98×10−7 and
4.57×10−5, respectively). CR values of bromoform through ingestion
were estimated in safe zone even for the worst-case scenario with the
mean, median, and 95th percentile values of 2.07× 10−7, 6.17×10−8

and 7.92×10−7, respectively. In the second scenario, the estimated
mean, median, and 95th percentile CR levels of BDCM for ingestion
route were 8.56× 10−6, 1.82×10−7, 4.56×10−5, respectively,
which span again from safe to low priority zones. The mean, median
and 95th percentile CR values of DBCM through ingestion were esti-
mated as 8.19× 10−6, 5.20×10−7, 3.97×10−5, respectively, which
again spanned from safe to low priority zones. Estimated CR of bro-
moform through ingestion route, on the other hand, were lower than
BDCM and DBCM, and stayed in the safe zone even at 95th percentile
level. The CR values of all three THMs were estimated to be in the safe
zone even at 95th percentile in the 3rd (best-case) scenario with the
highest value of 2.44×10−7 for DBCM. The estimated CR values of
chloroform, BDCM, DBCM, bromoform through ingestion route by
Chowdhury et al. (2014) were in the range of 1.31× 10−7 -
1.35×10−5. Panyakapo et al. (2008) estimated the CR of THM com-
pounds in high and average concentrations through ingestion route in
the ranges of 2.17× 10−6 – 9.40×10−5 and 1.05×10−6 –
4.65×10−5, respectively. Uyak (2006) estimated the highest CR of
THMs through ingestion route as 2.10× 10−5 associated with BDCM in
Istanbul (Turkey). Order of the mean CR levels were estimated from
high to low as DBCM, BDCM, and bromoform in Istanbul (Turkey)
(Uyak, 2006). Relatively low CR levels were observed through ingestion
route in this study due to the low THM concentrations in tap water of

Table 4
Median THM chronic daily intake levels (mg/kg-day).

Chloroform BDCM DBCM Bromoform

Ingestion Scenario 1 2.08× 10−6 3.65× 10−6 7.12×10−6 7.81× 10−6

Scenario 2 1.72× 10−6 2.93× 10−6 6.18×10−6 6.87× 10−6

Scenario 3 4.90× 10−7 1.09× 10−7 1.38×10−7 1.39× 10−6

Dermal Scenario 1 3.04× 10−10 4.41× 10−10 6.38×10−9 1.48× 10−9

Scenario 2 1.79× 10−10 2.58× 10−10 3.76×10−9 8.70× 10−10

Scenario 3 1.56× 10−10 2.25× 10−10 3.32×10−9 7.58× 10−10

Inhalation Scenario 1 4.92× 10−6 5.94× 10−6 1.29×10−5 1.12× 10−5

Scenario 2 2.90× 10−6 3.50× 10−6 7.59×10−6 6.62× 10−6

Scenario 3 2.57× 10−6 3.11× 10−6 6.73×10−6 5.87× 10−6

Fig. 1. THM carcinogenic risk levels associated with ingestion.
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Izmir and commercial bottled water.
Dermal CR levels from water were estimated based on tap water

concentrations for dish and hand washing, and heated water con-
centrations for showering pathways. The median values of CR of
chloroform, BDCM, DBCM, and bromoform from water through dermal
route in Scenario 1 were estimated in the range of safe zone, which
spans from 8.52× 10−12 to 1.10×10−10. The dermal CR values from
air were estimated based on the modeled bathroom air concentrations
during showering. The estimated dermal CR from air is lower than that
from water except for DBCM (for which CR levels from water and air
are similar). Only DBCM stood out due to relatively higher risk levels
associated with dermal exposure from air during showering. Dermal
exposure via air is very small compared to water, therefore total dermal
CR is dominated by the water pathways. All estimated CR values were
under the safe zone limit value (CR < 10−6) for all water and air ex-
posure pathways even for their sum at 95th percentile level (Fig. 2).
These findings are consistent with other studies in the literature (Wang
et al., 2007a, b; Basu et al., 2011).

CR of THMs through inhalation during showering are shown in

Fig. 3. These scenarios were created based on the 95th percentile,
mean, and median (Scenario 1, 2 and 3, respectively) showering
durations (34.4, 20.3, and 18.0min, respectively) obtained from the
questionnaire survey. While all the estimations for bromoform and the
medians of the remaining two THMs were in the safe zone, the mean
and 95th percentile CR levels were>10−5 for the two THMs indicating
low priority risks with only the highest value of 1.07×10−4 for
chloroform (in Scenario 1) emerging in the high priority zone. CR levels
of THMs through inhalation route are relatively high due to their vo-
latility (Uyak, 2006; Basu et al., 2011). In the literature, chloroform is
the main contributor to CR through inhalation route (Uyak, 2006;
Wang et al., 2007a, b; Basu et al., 2011), however, chloroform and
BDCM were estimated as the main contributors of CR through inhala-
tion in this study with 45.2 and 54.6%.

3.4. Cumulative risks

Cumulative CR values obtained by simple addition are shown in
Fig. 4. Cumulative CR associated with dermal exposure is lower than
those of ingestion and inhalation routes. Cumulative risks in Scenario 3
for ingestion were all in safe zone, while those in Scenarios 1 and 2
spanned from safe to low priority zones. It has been estimated that the
consumption of bottled water at the work did not significantly affect the
cumulative risk due to the low intake rate at work (0.59 L/day) com-
pared to that at home (1.22 L/day). However, consumption of bottled
water considerably decreases the cumulative risk due to the low THM
content of bottled water, which shows that mitigation measures to re-
duce DBPs in Izmir tap water could play a significant role in reducing
the associated risks. Cumulative CR values through dermal exposure
were estimated in safe zone. THM exposure through dermal contact is
generally low due to the low permeability coefficients of THM species
and short exposure durations. Cumulative CR levels of all scenarios
through inhalation route estimated in a wider range than ingestion and
dermal exposures. Median CR levels of Scenario 1, 2, and 3 through
inhalation route were estimated near the boundary of safe zone, how-
ever 95th CR levels were estimated around the boundary of high
priority zone. As shown in Fig. 4, the highest risk of cancer occurs with
inhalation route during showering and oral route with drinking from
tap water.

Cumulative risks estimated by CRPF method resulted in categor-
ization of risk mainly in the safe zone except 95th percentile values of
inhalation and ingestion scenarios that involve consumption of tap

Fig. 2. Carcinogenic risk levels of THMs through dermal exposure (Scenario 1)
from water.

Fig. 3. Carcinogenic risk levels of THMs through inhalation for showering.

Fig. 4. Cumulative carcinogenic risk of THMs estimated with simple addition.
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water. Bottled water consumption at work in Scenario 2 did not de-
crease the cumulative CR considerably. However, bottled water con-
sumption both at home and work significantly reduced cumulative CR
level of ingestion route. Although the majority of people, which is less
than 75%, exposed to THMs by inhalation are in safe zone, the re-
maining 20% up to 95th percentile are in the acceptable risk zone in the
worst-case (Scenario 1). Estimated cumulative risk levels by CRPF
method were lower than those estimated by simple addition method
(Fig. 5). SA/CRPF ratio are 10.88, 10.88, and 22.80 for ingestion,
dermal, and inhalation, respectively. This difference is due to the use of
maximum likelihood estimate (MLE) of the SF for the index chemical
(BDCM) for estimation of the cumulative risk with the class ICED in-
stead of the SF value used in the calculation of RPF values as suggested
by Teuschler et al. (2004). If the 95% upper bound SF (6.2× 10−2

[mg/kg-day]−1) is used both in RPF and cumulative risk calculation
instead of the MLE value (5.7×10−3 [mg/kg-day]−1) for cases such as
in this study where there are only compounds, all of which can be as-
sumed to have a common Mode of Action (MoA) so that dose addition is
used, both methods (response addition and dose addition, CRPF in this
study) would result in the same level of cumulative risk because
mathematically the two methods are essentially the same (Eq. (15)).

This study used THM concentrations measured by Kavcar et al.
(2006), which can be justified by comparing them to those measured by
the local authorities since then. Total THM concentrations in Izmir is
regularly measured at six sampling points, and published on the in-
ternet by water supply authority of the city (IZSU). So, THM con-
centrations used in this study and those measured and published by
IZSU between 2013 and 2017 were compared. Descriptive statistics and
results of Mann-Whitney test used for comparison are presented in SM
Tables S7 and S8, respectively. The difference is significant, indicating
that the latter concentrations (IZSU, 2013–17) are higher than the
former (Kavcar et al., 2006), which may make the exposure-risk levels
found in this study underestimations. Ratio of the mean concentrations
of the former and the latter data sets is 0.70. However, the latter con-
centrations published by IZSU are measured at water supply storage
points in the distribution system, but not at the tap, therefore they are
probably higher than the levels people are actually exposed to, which
may cancel out the underestimation.

SF D SF D SF D SF
SF

ICED SF
SF

ICED

SF
SF

ICED SF

( ) ( ) ( )1 1 2 2 3 3
1

1
1

2

1
2

3

1
3 1

× + × + × = × + ×

+ × ×
(15)

3.5. Chronic-toxic risk assessment

Cumulative Chronic-Toxic Risks (CTR) were also assessed in this
study using Hazard Index (HI) (Fig. 6). If HI values are greater than the
threshold value of ‘1‘, adverse health effects are possible, and de-
pending on the levels further investigation is required. HI values of
THM through ingestion and dermal contact are lower than the
threshold. Similar to the carcinogenic risks values, the lowest CTR was
estimated for the dermal exposure. However, CTR associated with in-
gestion were estimated to be below the threshold, while its carcinogenic
risks were up to high priority risk boundary of 10−4. CTR were not
estimated for inhalation since no RfC values were available.

4. Conclusions

Similar carcinogenic risk (CR) levels were estimated for inhalation
and ingestion, while risks associated with dermal exposure pathways
were considerably lower. CR by ingestion pathway is mainly due to
BDCM and DBCM contents in tap water, and bromoform content in
bottled water. CR and chronic-toxic risk (CTR) levels were low for the
dermal exposure route, and at similar levels for all THM species in
water pathways. However, CR levels due to dermal exposure from air
mainly occurs by DBCM. Although the permeability coefficient is re-
latively low compared to that of chloroform, the relatively high slope
factor of DBCM renders higher CRs. High CR and CTR by inhalation
route were estimated due to the volatility of the THMs from water
heated to 40 °C, even without the contribution of DBCM due to un-
available slope factor. Therefore, the estimated levels of CR for in-
halation is due to the chloroform volatilization from heated water
during showering. Low bromoform exposure was estimated due to re-
latively lower volatility and lower concentrations in the modeled
bathroom air. As a conclusion, it has been determined that THM levels
in tap water increase both carcinogenic and chronic-toxic risks through
ingestion and inhalation routes, indicating that mitigation measures are

Fig. 5. Cumulative carcinogenic risk of THMs estimated with CRPF. Fig. 6. Cumulative chronic-toxic risk of THMs (HI).
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needed. Cumulative CR levels were estimated using simple addition
(SA) and CRPF. Higher CR levels were estimated using SA due to the use
of the maximum likelihood estimate for slope factor (SF) of the index
chemical for cumulative risk calculation rather than the upper-bound
SF value in CRPF method. Otherwise, the two methods should estimate
the same cumulative risk levels. Majority of the cumulative CR levels
estimated with CRPF method both for ingestion and inhalation were
below the de Minimis risk level of 10−6, while all 95th percentile values
were below 10−5, which therefore can be considered as acceptable,
whereas those estimated with SA were higher with median levels
around 10−6 and 95th percentile levels reaching 10−4, indicating
priority risk levels. Since the slope factor of each compound is different,
an environmental/public health management plan should be estab-
lished based on individual compound concentrations not total THM
measured at the consumer tap, and associated cumulative carcinogenic
risks. The authorities should estimate and publish the cumulative risks
periodically, rather than the concentrations.
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