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BACKGROUND: Knowledge about human exposure and health effects associated with non-routinely monitored disinfection by-
products (DBPs) in drinking water is sparse.
OBJECTIVE: To provide insights to estimate exposure to regulated and non-regulated DBPs in drinking water.
METHODS: We collected tap water from homes (N= 42), bottled water (N= 10), filtered tap water with domestic activated carbon
jars (N= 6) and reverse osmosis (N= 5), and urine (N= 39) samples of participants from Barcelona, Spain. We analyzed 11
haloacetic acids (HAAs), 4 trihalomethanes (THMs), 4 haloacetonitriles (HANs), 2 haloketones, chlorate, chlorite, and
trichloronitromethane in water and HAAs in urine samples. Personal information on water intake and socio-demographics was
ascertained in the study population (N= 39) through questionnaires. Statistical models were developed based on THMs as
explanatory variables using multivariate linear regression and machine learning techniques to predict non-regulated DBPs.
RESULTS: Chlorate, THMs, HAAs, and HANs were quantified in 98–100% tap water samples with median concentration of 214, 42,
18, and 3.2 μg/L, respectively. Multivariate linear regression models had similar or higher goodness of fit (R2) compared to machine
learning models. Multivariate linear models for dichloro-, trichloro-, and bromodichloroacetic acid, dichloroacetonitrile,
bromochloroacetonitrile, dibromoacetonitrile, trichloropropnanone, and chlorite showed good predictive ability (R2= 0.8–0.9) as
80–90% of total variance could be explained by THM concentrations. Activated carbon filters reduced DBP concentrations to a
variable extent (27–80%), and reverse osmosis reduced DBP concentrations ≥98%. Only chlorate was detected in bottled water
samples (N= 3), with median= 13.0 µg/L. Creatinine-adjusted trichloroacetic acid was the most frequently detected HAA in urine
samples (69.2%), and moderately correlated with estimated drinking water intake (r= 0.48).
SIGNIFICANCE: Findings provide valuable insights for DBP exposure assessment in epidemiological studies. Validation of predictive
models in a larger number of samples and replication in different settings is warranted.
IMPACT STATEMENT: Our study focused on assessing and describing the occurrence of several classes of DBPs in drinking water
and developing exposure models of good predictive ability for non-regulated DBPs.

Keywords: Drinking water; Disinfection by-products; Exposure assessment; Filtered water; Bottled water; Urine

Journal of Exposure Science & Environmental Epidemiology (2024) 34:23–33; https://doi.org/10.1038/s41370-022-00453-6

INTRODUCTION
Water disinfection is a necessary public health intervention to
prevent waterborne infections. However, unintended disinfection
by-products (DBPs) are formed during chemical disinfection
processes [1]. DBPs occur in complex mixtures, and their relative
concentrations depend on the characteristics of organic matter in
the raw water, the treatment and disinfectant used, and the
length and condition of the distribution system [2–4]. More than
600 DBPs have been identified to date, constituting a widespread
exposure in the population worldwide through drinking water
consumption, inhalation, and dermal contact [4]. Long-term
exposure to DBPs has been consistently associated with increased

bladder cancer risk [5]. DBP exposure also has been associated
with a number of reproductive and pregnancy outcomes,
although evidence is less consistent [4].
The current state of knowledge about the health effects linked to

DBP exposure mostly relies on regulated DBPs. The EU currently
regulates total trihalomethanes (THMs) and bromate in finished
drinking water, although new regulations will be enforced from
2023 to incorporate haloacetic acids (HAAs), chlorite, and chlorate
[6]. Epidemiological research on emerging or non-regulated DBPs is
limited in a large extent by the lack of adequate routine monitoring
data necessary to evaluate exposure in human studies. However,
regulated DBPs are a minor fraction of total halogenated DBPs [7],
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and may not be the primary drivers of toxicity [8]. Epidemiological
studies have mainly evaluated trihalomethanes (THMs) and, to a
lower extent HAAs [4]. THMs have been typically used as DBP
markers for association analyses of human health effects, although
one can argue that they might not necessarily be the causal agents
[9]. Among the nonvolatile HAAs, trichloroacetic acid (TCAA)
received increased attention as a proxy DBP biomarker due to
significant correlations reported between TCAA concentrations in
urine and ingested TCAA from drinking water [10–13]. However,
there is limited knowledge about other urinary HAAs.
A better understanding of the health effects associated with DBP

exposure requires the evaluation of a range of DBP classes in
addition to THMs [14]. The lack of adequate biomarkers reflecting
long-term exposure forces epidemiologists to use water concentra-
tions as the main component of exposure assessment, together with
modeling approaches to estimate historical THM concentrations [15].
A number of studies have developed predictive models of THMs
based on water parameters [16]. However, the use of models to
predict non-regulated DBPs in finished drinking water with exposure
assessment purposes has not been explored, to our knowledge.
We aimed to provide insights to estimate exposure to a wide

range of DBPs in drinking water in Barcelona (Spain), by (1)
describing occurrence in tap and bottled water; (2) developing
statistical models to predict non-regulated DBPs based on
routinely monitored parameters in the public water supply; (3)
evaluating the effect of domestic filters on tap water concentra-
tions; and (4) exploring the use of DBPs in urine as biomarkers of
exposure though drinking water. Findings are potentially applic-
able for exposure assessment in epidemiological studies to
evaluate health effects associated with non-regulated DBPs.

MATERIAL AND METHODS
Study area
Barcelona city and the metropolitan area (North-East Spain) are located in
a coastal area in the Mediterranean sea characterized by dry weather,
whose main drinking water supply rely on surface sources (Llobregat and
Ter rivers). The Llobregat river is severely impacted by anthropogenic
activities, and contains a higher bromide concentration
(range= 2.5–10mg/L) compared to the Ter river (range= 0.5–5mg/L)
[17], which leads to the predominance of brominated THMs in drinking
water [18]. Although historically high concentrations of total THMs [19]
have been dramatically reduced after incorporating membrane-based
technology in the drinking water plants, there is still a relative
predominance of brominated species [18].

Study participants and data
We aimed to enroll volunteers living in 42 locations (one per postal code)
to represent the geography of Barcelona. Participants were reached
through advertisements in social media and were contacted via email. A
brief online screening questionnaire including the postal code of residence
and type of water consumed was used to create a roster of potential
volunteers. We recruited 39 volunteers and conducted home visits to
collect urine and tap water samples between August 31st and October
16th of 2020. For 3 postal codes we failed to identify volunteers thus we
collected drinking water samples from public fountains during the same
period. Among the 39 volunteers, N= 11 used domestic filters. Gender
balance was also used as a secondary selection criterion, in order to enroll
both men and women. Participants provided written consent prior to
voluntary participation. Personal information (sociodemographic, anthro-
pometrics, lifestyle) and drinking water consumption habits (source,
amount) were collected through a self-administered online questionnaire.
We semi-quantitatively ascertained the amount of bottled water, unfiltered
tap water, and filtered tap water consumed at home and outside (≤1, 1, 2,
3–4, 5–6, >6 glasses/day, where 1 glass= 250mL). The study was approved
by the Parc de Salut Mar Ethics committee.

Sample collection
Tap water samples. We collected unfiltered tap water samples at 42
locations, plus filtered tap water samples in a subset of 11 homes: N= 6

activated carbon (pitcher type), N= 5 reverse osmosis filters. Tap water
samples (both unfiltered and filtered) were collected in 4 containers: (1)
2.5 L glass bottle for HAAs analysis; (2) 500mL glass bottle for chlorate and
chlorite analysis; (3) 250mL glass bottle for THMs, haloacetonitriles (HANs),
haloketones (HKs), and trichloronitromethane (TCNM) analysis; and (4) 1 L
glass bottle for physicochemical parameters analysis. Ascorbic acid was
added as quenching agent prior to the collection of the water samples in
bottles aimed at quantifying HAAs, THMs, HANs, HKs, and TCNM. Tap water
samples were collected after leaving cold water running for 2 min
approximately. Bottles without quencher were rinsed twice with tap water
on site. Bottles with quencher were slowly filled to the top to avoid air
bubbles, an air chamber and quencher loss, and were finally gently shaken
for at least 30 s. Samples were transported in a portable cooler with ice
packs to the research center, where samples were stored in the refrigerator
(≈4 °C) until shipment to the laboratories within 1–4 days.

Bottled water samples. We included samples from 10 brands of natural
mineral water selected among the most popular in the area. We purchased
1.5 L polyethylene terephthalate (PET) bottles at local supermarkets, that
were transported at room temperature to the laboratory.

Urine samples. First morning-void spot urine samples were collected from
39 volunteers, on the same day that the tap water samples were collected.
Participants received the container in advance together with written
instructions to self-collect urine samples on the day of the home visit.
Urine samples were collected in a 70-mL sterile plastic container and were
placed in the fridge until the visit of study personnel. Urine samples were
transported at ≈4 °C to the research center and stored at −20 °C until the
analysis at the end of enrollment.

Laboratory analyses
Details about analytical methods are in the Supplementary Information (SI).
Analytical methodologies and limits of quantification (LOQ) and detection
(LOD) are summarized in Table S1 for the different analytes in drinking
water and urine. LOQs of DBPs in water ranged between 0.1 µg/L (THMs,
HANs, HKs, trichloronitromethane) and 10 µg/L (chlorate, chlorite), and
LODs of HAAs in urine were in the range between 0.02 µg/L (TCAA) and
3.98 µg/L (iodoacetic acid) (Table S1). Drinking water samples were
analyzed for 11 HAAs, 4 THMs, 4 HANs, 2 HKs, TCNM, chlorate and
chlorite. Chlorate and chlorite were measured directly and HAAs were pre-
concentrated by online solid phase extraction (SPE). HAAs, chlorite and
chlorate were analyzed by tandem mass spectrometry coupled to liquid
chromatography (LC–MS/MS). Specifically, HAAs were analyzed according
to the method developed by Planas et al. with some modifications [20].
Analysis of THMs, HANs, HKs, and TCNM were performed by liquid-liquid
salted microextraction and gas chromatography (GC Trace 1300, Thermo
Fisher Scientific) coupled to a mass spectrometer (GC–MS/MS, Thermo
Fisher Scientific).
Urine samples were only analyzed for 11 HAAs with the aim to examine

their biomarker potential for exposure assessment in epidemiological
studies. HAAs were analyzed using off-line SPE and LC–MS/MS based on
the methods previously developed [21, 22]. Urinary creatinine was
determined using an automated alkaline picrate method [23]. The limit
of detection was 2.9 mg/dL. We divided the concentrations of HAAs in
urine samples by the creatinine concentrations to adjust for the urinary
concentration (reported as μg/g creatinine).
For all LC–MS/MS analyses, a TSQ quantum triple quadrupole mass

spectrometer equipped with an electrospray ionization (ESI) source
(Thermo Fisher Scientific, San Jose, CA, USA), a Finnigan Surveyor MS plus
pump and a HTC PAL autosampler were used. The analyses were carried
out in negative ion electrospray and multiple reaction monitoring
acquisition mode (MRM). The spray voltage was chosen at 3.0 kV and
the tube lens voltage and collision energy were optimized for each m/z
and for each transition, respectively. The ion transfer tube temperature was
set at 250 °C. Nitrogen was used as a sheath and auxiliary gas at flow rates
of 65 psi and 15 arbitrary units (a.u.), respectively. The argon gas collision-
induced dissociation was used with a pressure of 1.5 millitorr (mTorr). Data
acquisition was performed with Xcalibur 2.0.7 software (Thermo Fisher
Scientific).
Quantification and quality control measures to comply with the 2002/

657/EC Commission Decision [24] are described in detail in the SI. All
chemicals were measured in all drinking water types, except for THMs,
HANs, HKs and TCNMs, which were not analyzed in bottled water because
of the low THM levels detected in bottled water in a previous study [25].
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More information about the analytical procedure including physicochem-
ical parameters and reagents are detailed in the SI.

Statistical analysis
Descriptive analyses. Maximum, percentiles, mean, and standard devia-
tion (SD) were calculated for measurements >LOQ. The bromine
incorporation factor (BIF) was calculated for THMs (1) and HAAs
(dihalogenated species (DXAAs) (2) and trihalogenated (TXAAs) (3)) to
assess the molar contribution of the brominated species with the following
equations (details provided in the SI):

(1) BIF(THMs)= (0 × [TCM]+ 1 × [BDCM]+ 2 × [DBCM]+ 3 × [TBM])/
([TCM]+ [BDCM]+ [DBCM]+ [TBM])

(2) BIF(DXAA)= (0 × [DCAA]+ 1 × [BCAA]+ 2 × [DBAA])/([DCAA]+
[BCAA]+ [DBAA])

(3) BIF(TXAA)= (0 × [TCAA]+ 1 × [BDCAA]+ 2 × [DBCAA]+ 3 × [TBAA])/
([TCAA]+ [BDCAA]+ [DBCAA]+ [TBAA])

Normalized BIF was calculated by dividing BIF by the number of halogen
substituents. Spearman rank correlation coefficients were calculated to
evaluate the degree of correlation between individual DBPs as well as
between ingested TCAA and urine levels. A principal component analysis
(PCA) was performed to describe and reduce the dimensionality of the
different DBP classes. Samples (water, urine) with concentrations <LOQ
were assigned LOQ/2 to estimate correlations and the PCA.

Multivariate predictive models. We used linear regression and machine
learning to develop models predicting non-regulated DBPs based on routine
monitoring parameters. Linear regression models were based on 4 THM
species (trichloromethane: TCM; bromodichloromethane: BDCM; dibromo-
chloromethane: DBCM; and bromoform: TBM) as independent variables.
Conductivity was not considered due to its high correlation with THMs. For
each DBP and each transformation of the independent variables (no
transformation, log, square root, squared) we performed 15 variations of
linear regression models within the possible combinations of independent
variables (4 simple models, 11 multiple models). We selected the best model
for each DBP and each transformation based on the highest R-squared (R2)

and variance inflation factor (VIF) lower than 10 to avoid multicollinearity. As
a next step, we used 5-fold cross validation as a method to estimate the
prediction accuracy of these models and selected the final linear models
based on the highest coefficient of determination (R2), narrower confidence
interval (95% CI) and lower Root Mean Squared Error (RMSE) for each DBP.
Super learner (SL) modeling is a machine learning method and prediction

technique that combines several individual predictive algorithms (library of
algorithms) into a new individual model: a weighted combination
(ensemble). Separate models were built to predict DBPs concentrations
using fivefold cross-validated SL based on the 4 THMs, conductivity, pH, and
geocodes as explanatory variables. SL modeling was developed with 3
different cross-validated models using different individual algorithms: Model
1 = algorithm library including generalized linear model, Bayesian GLM,
random forest (from ‘random forest’ and ‘ranger’ packages), multivariate
adaptive regression splines, local polynomial regression, neural network,
adaptive polynomial splines; Model 2= same as Model 1 plus Random Forest
algorithm modification; Model 3 = same as Model 2 plus additional
screening algorithms for the input variables. For each DBP, models with the
highest R2, narrower 95% CI and lower RMSE were selected for comparisons
with linear regression models.
All statistical analyses were performed using R version 4.1.1 (2021-08-10)

[26]. Packages ggplot2, ggpubr, factoextra, RVAideMemoire, Superlearner (v
2.0-28) [27], caret (v 6.0-88) [28] were used.

Effect of domestic filters on DBPs concentrations in tap water. Average
concentrations before and after filtration were compared using paired t-
tests, after checking the normality of the resulting difference with the
Shapiro–Wilk test. Log or square root transformation was necessary for
some of the variables to meet the assumption of normality. The
homogeneity of the variances was evaluated for each variable and
considered in the paired t-test. The average percentage change was
calculated as the after-before difference in the concentration relative to
the average concentration before filtration.

Estimated DBP ingestion. We identified the primary source of drinking
water at home and estimated residential DBP exposure by multiplying the
volume (in liters) by the concentration of DBPs in the specific type of water
consumed.

RESULTS
Characteristics of the study population is presented in Table 1.
Twenty-four participants (60.5%) were female, 14 (36.8%) were
male and 1 (2.6%) was non-binary. Mean age and body mass index
in the study population were, respectively, 41 years old and
22.7 kg/m2. Unfiltered tap water was the drinking water type with
the highest mean volume consumed (0.6 L/day) at home, followed
by bottled (0.5 L/day) and filtered tap water (0.4 L/day). On
average, participants spent 9.2 min/day showering, and 4 partici-
pants reported to regularly swim in chlorinated pools.

DBP occurrence in tap and bottled water
Table 2 shows the DBP concentrations in tap water samples, and
physicochemical parameters are provided in Table S2. THMs and
HANs were present in all unfiltered tap water samples. Specifically,
BDCM, DBCM, TBM, bromochloroacetonitrile (BCAN) and dibro-
moacetonitrile (DBAN), were quantified in at least 90% of samples.
HAAs were detected in 98% of the samples, being monobromo-,
dibromo-, bromodichloro-, and trichloro- acetic acids (MBAA,
DBAA, BCAA, TCAA) quantified in more than 48% of the samples.
Chlorate, chlorite, and trichloropropanone (TCP) were found in 98,
62 and 36% of the tap water samples, respectively. Six out of the
24 DBPs analyzed were below the LOQ in all samples:
monochloro- (MCAA), monoiodo- (MIAA), and diiodo- (DIAA)
acetic acid, trichloroacetonitrile (TCAN), dichloropropanone (DCP)
and trichloronitromethane (TCNM). The median value of total
THMs, HAAs and HANs, TCP, chlorite and chlorate in tap water,
calculated using values >LOQ, were 42, 18, 3.2, 1.2, 53.9 and
214 μg/L, respectively (Table 2).
Median BIF values for THMs, dihalogenated (DXAA) and

trihalogenated (TXAA) HAAs were 2.48, 1.78 and 0.08, respectively.

Table 1. Characteristics of the study population (N= 39)a.

Variable Mean ± SD (range)

Age, years 40.7 ± 10.2 (26–76)

Body mass index, kg/m2 22.7 ± 2.9 (18.6–30.1)

Drinking water consumption (home), L/day

Tap 0.6 ± 0.5 (0.1–1.5)

Filtered 0.4 ± 0.5 (0.1–1.5)

Bottled 0.5 ± 0.4 (0.3–1.5)

Showering time, minutes/day 9.2 ± 4.7 (2–30)

N (%)

Gender

Male 14 (36.8)

Female 24 (60.5)

Other (non-binary) 1 (2.6)

Education

High school 4 (10.3)

≥University 35 (89.7)

Swimming in chlorinated pool

Yes 4 (10.3)

No 35 (89.7)

Smokingb

Yes 4 (10.3)

No 35 (89.7)
a1 missing value in body mass index, 2 missing showering time values.
bAt least 1 cigarette/day or 1 cigar/week in the last 6 months.
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Normalized median BIF values were, respectively, 0.83, 0.89 and
0.03. Samples with lower bromide substitution (TCM > TBM) had
similar concentrations of total THMs and HAAs, while samples with
higher bromide substitution (TBM > TCM), generally showed
higher THM concentrations compared to HAAs (Table S3, Fig. S1).
Principal component analysis revealed two components of DBPs:
(1) chlorinated species (DCAA, TCAA, BDCAA, TCM, BDCM, DCAN,
DBAN, chlorite, TCP) and TBM, explaining 61.5% of the total
variance; and (2) dominated by brominated species (BCAN,
DBCAA, TBAA) and chlorate, that explained 16.3% of the total
variance (Table S4, Fig. S2).
Spearman correlation coefficients (ρ) between DBPs are shown

in Table S5. Highest ρ (≥0.90) were found for TBM-DBAN (ρ =
0.93), DBCM-DBAN (ρ= 0.91), TCAA-DCAN (ρ= 0.91), TCM-TCAA
(ρ= 0.91), DCAA-BDCAA (ρ= 0.90). Total THMs vs. total HAAs were
weakly correlated (ρ = 0.32), and correlations in absolute value
(|ρ|) between individual THMs and HAAs ranged from 0.12 to 0.91,
in opposite directions at times. Individual THMs were correlated
with individual HANs to a variable extent (range |ρ|= 0.15–0.93),
and total THMs vs. total HANs correlation was ρ = 0.59. Individual
THMs significantly correlated with TCP and chlorite (range |ρ| =
0.48–0.76), in opposite directions in some cases. Individual HAAs

were not correlated with BCAA (ρ ≤ 0.34), and correlation (|ρ|) with
DCAN and DBAN ranged, respectively, 0.40–0.91 and 0.22–0.79 in
varying in directions. Chlorate showed weak correlations (ρ ≤ 0.44)
except for a moderate correlation with chlorite (ρ = 0.58).
Table S6 presents correlation coefficients between physico-

chemical parameters and DBPs. Conductivity was positively
correlated with hardness (ρ = 0.86) and negatively with TOC
(ρ=−0.83). Conductivity was negatively correlated with total
HAAs (ρ = −0.82), total THMs (ρ = −0.39), DCAN (ρ=−0.78),
BCAN (ρ=−0.41), TCP (ρ=−0.75), chlorite (ρ = −0.70), chlorate
(ρ= −0.48); and positively correlated with the BIF of THMs (ρ =
0.82), BIF of DXAA, (ρ = 0.66), and TXAA (ρ= 0.65). Moreover,
individual and total DBPs were moderate to strongly correlated
with hardness, TOC, and pH, in opposite directions in some cases.
Results of bottled water brands showed that only chlorate was

quantified, in three out of ten samples (median= 13.0 µg/L,
IQR= 12.4–22.4 µg/L). A summary of the physicochemical para-
meters measured in bottled water is given in Table S2.

Multivariate predictive models
Table 3 summarizes the 5-fold cross-validated model parameters
of linear regression and super learner models for 14 individual

Table 2. Occurrence and concentrations (µg/L) of disinfection by-products (DBPs) in tap water samples (N= 42) above the limit of
quantification (LOQ).

N ≥ LOQ % ≥ LOQ Min Perc25 Perc50 Perc75 Max Mean SD

Haloacetic acids (HAAs)

Monochloroacetic acid (MCAA) 0 0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 –

Dichloroacetic acid (DCAA) 17 41 <0.5 6.4 9.8 12 15 9.2 3.9

Trichloroacetic acid (TCAA) 20 48 <0.5 12 18 22 24 15 7.9

Monobromoacetic acid (MBAA) 24 57 <0.5 0.8 1.0 1.2 1.7 1.0 0.3

Dibromoacetic acid (DBAA) 28 67 <0.5 3.8 7.4 8.6 14 6.3 3.5

Tribromoacetic acid (TBAA) 18 43 <0.5 2.0 2.9 3.9 6.6 3.0 1.6

Bromochloroacetic acid (BCAA) 26 62 <0.5 1.0 1.7 2.1 4.9 1.7 0.9

Dichlorobromoacetic acid (BDCAA) 16 38 <0.5 1.6 1.8 2.3 3.7 1.9 0.7

Dibromochloroacetic acid (DBCAA) 17 41 <0.5 1.0 1.3 2.0 3.4 1.6 0.8

Iodoacetic acid (IAA) 0 0 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 –

Diiodoacetic acid (DIAA) 0 0 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 –

Total HAAs 41 98 <LOQ 11 18 30 39 20 12

Trihalomethanes (THMs)

Chloroform (TCM) 27 64 0.3 1.2 23 28 36 17 14

Bromodichloromethane (BDCM) 42 100 0.3 1.4 2.4 8.6 12 4.6 3.7

Dibromochloromethane (DBCM) 42 100 1.7 3.3 8.0 11 27 8.5 5.7

Bromoform (TBM) 38 91 0.2 12 25 29 58 23 15

Total THMs 42 100 17 38 42 49 83 45 13

Haloacetonitriles (HANs)

Dichloroacetonitrile (DCAN) 23 55 0.2 0.5 1.7 2.1 2.6 1.4 0.8

Bromochloroacetonitrile (BCAN) 42 100 0.1 0.4 0.5 0.6 0.9 0.5 0.2

Dibromoacetonitrile (DBAN) 38 91 0.1 0.9 2.7 3.2 4.3 2.2 1.4

Trichloroacetonitrile (TCAN) 0 0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 –

Total HANs 42 100 1.3 2.6 3.2 3.9 5.0 3.3 0.9

Haloketones (HKs)

1,1,1-Trichloropropanone (TCP) 15 36 <0.1 1.1 1.2 1.3 2.0 1.2 0.4

1,1-Dichloropropanone (DCP) 0 0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 –

Other DBPs

Trichloronitromethane (TCNM) 0 0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 –

Chlorite 26 62 <10.0 16.9 53.9 113 149 61.8 49.8

Chlorate 41 98 <10.0 159 214 296 367 225 79.9
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DBPs, total brominated HAAs, total chlorinated HAAs, total HAAs
and total HANs. Models for DCAA, TCAA, BDCAA, total HAAs, total
brominated HAAs, total chlorinated HAAs, regulated HAAs, DCAN,
BCAN, DBAN, total HANs, TCP, and chlorite had cross-validated
R2 > 0.7 and lower 95% LCI > 0.5, showing an acceptable predictive
capacity. However, models for other haloacetic acids (MBAA,
DBAA, TBAA, BCAA, DBCAA) and chlorate showed poor goodness
of fit (cross-validated R2 < 0.7, LCI < 0.5).

Effect of domestic filters on DBPs concentrations in tap water
Activated carbon filters significantly reduced average total HAAs
concentrations (−52%, p value = 0.045), total THMs (−80%, p
value = 0.003), and total HANs (−75%, p value = 0.001) (Table 4).
Average TCP, chlorite and chlorate concentrations were reduced
−63%, −60% and −27% (p value > 0.05, respectively) after
activated carbon filtration, although differences did not reach
statistical significance. Activated carbon filters significantly
reduced free chlorine from 1.9 to 0.1 mg/L (p value = 0.01) and
total chlorine from 2.4 to 0.2 mg/L (p value = 0.001) but did not
reduce total organic carbon (Table S7). Reverse osmosis filters
reduced total HAAs, total HANs (p value < 0.001), TCP and chlorite
concentrations to levels <LOQ (−100%) and reduced THMs and
chlorate levels −99% and −98%, respectively (Table 4). Reverse

osmosis significantly reduced total organic carbon, conductivity,
hardness, and TOC (p value < 0.001) (Table S7).

Urinary biomarkers of exposure
Table 5 presents summary statistics for HAAs concentration in
urine. Urine samples (N= 39) had detectable levels of 5/11 HAAs
above LOD with TCAA being the most prevalent (69.2% detection
rate overall, 50% among bottled water users, and 40% among RO
users), followed by DBCAA (23.1%), BDCAA (20.5%), DCAA (10.3%),
MCAA (2.6%). Other HAAs were below LOD (MBAA, DBAA, IAA,
DIAA). No results are shown for BCAA and TBAA due to the great
matrix effect and instability, respectively. Urinary TCAA concentra-
tions ranged from non-detectable (<0.02 µg/L) to 33 µg/L (mean=
4.2, median=1.3 µg/L) and from non-detectable (<0.01 µg/g) to
16.0 µg/g (mean= 3.0, median=1.3) after adjusting for creatinine.
When considering creatinine-adjusted urinary TCAA measure-
ments below the limit of detection (<LOD; 30.8%), we assigned
LOD/2, that resulted in a lower level of adjusted mean urinary
TCAA (2.1 µg/g) (Fig. 1). Spearman’s correlation between
creatinine-adjusted urinary TCAA and ingested TCAA at home
from drinking water was moderate but statistically significant
(ρ=0.48, p-value=0.002), explaining approximately 50% of total
variability in urinary TCAA (Fig. 1).

Table 4. Effect of domestic filters on disinfection by-products (DBPs) concentrations in tap water.

N ≥ LOQ % ≥ LOQ Min Perc25 Perc50 Perc75 Max Mean SD Average % Change

Total haloacetic acids (HAAs)

Before AC filter 6 100 2.7 14 16 32 38 21 14 −52

After AC filter 6 100 1.5 5.2 11 15 16 9.9 6.3

Before RO filter 4 80 <LOQ 19 20 20 21 19 2.4 −100

After RO filter 0 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ –

Total trihalomethanes (THMs)

Before AC filter 6 100 34 44 51 56 82 53 16 −80

After AC filter 6 100 0.1 6.1 11 16 20 11 7.4

Before RO filter 5 100 28 35 39 46 48 39 8.0 −99

After RO filter 3 60 <LOQ 0.1 0.1 0.8 1.5 0.6 0.8

Total haloacetonitriles (HANs)

Before AC filter 6 100 3.2 3.3 3.5 3.7 4.7 3.6 0.6 −75

After AC filter 5 83 <LOQ 0.4 0.7 1.2 1.8 0.9 0.6

Before RO filter 5 100 2.2 2.7 3.9 4.0 4.2 3.4 0.9 −100

After RO filter 0 0 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ –

1,1,1-trichloropropanone (TCP)

Before AC filter 3 50 <0.01 0.8 1.1 1.1 1.2 0.9 0.4 −63

After AC filter 1 17 <0.01 0.3 0.3 0.3 0.3 0.3 0

Before RO filter 1 17 <0.01 1.3 1.3 1.3 1.3 1.3 0 −100

After RO filter 0 0 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 –

Chlorite

Before AC filter 5 83 <10 16.8 17.2 119 142 61.2 63.8 −60

After AC filter 3 50 <10 17.0 17.0 28.4 39.7 24.5 13.1

Before RO filter 2 40 <10 22.6 22.6 22.6 22.6 22.6 0 −100

After RO filter 0 0 <10 <10 <10 <10 <10 <10 –

Chlorate

Before AC filter 6 100 153 193 219 314 367 248 86.3 −27

After AC filter 6 100 116 144 178 185 296 181 62.9

Before RO filter 4 80 <10.0 167 183 232 341 217 84.4 −98

After RO filter 5 100 18.2 28.1 34.2 35.5 44.4 32.1 9.70

Number of samples (N, %) with DBPs above the limit of quantification (LOQ) and concentrations (µg/L) in tap water before and after activated carbon (AC, N = 6)
and reverse osmosis (RO, N = 5) filters.
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DISCUSSION
DBP occurrence in tap and bottled water
In the present study, a wide range of DBPs were analyzed in
drinking water (tap and bottled). Unfiltered tap water is the
primary source of human exposure to these chemicals. The
patterns of occurrence indicate that although both brominated

and chlorinated DBPs were present, brominated species were
found in a larger number of samples. Results are in line with
previous studies in the study area, that reported higher levels of
brominated compared to chlorinated THMs and HAAs in the tap
water of Barcelona [3, 29]. Moreover, our results of high
brominated DBPs and THM concentrations are consistent with
previous studies that found higher bromide concentrations in
water to cause the formation of mainly brominated THMs and
reduced formation of HAAs [30]. These results are of high
importance, because brominated DBPs are reportedly more
cytotoxic and genotoxic than chlorinated species and therefore
there is a need to minimize the formation of brominated DBPs [1].
The median THM (42 µg/L) and HAA (18 µg/L) levels in this

study compared to a study conducted in 2010 (median THM=
85 µg/L, median HAA∼35 µg/L, respectively) suggest that con-
centrations of these two DBP classes halved in Barcelona [29]. This
can be explained by the technological improvement of the
Llobregat drinking water treatment plants, which provides ~50%
of the drinking water supply for Barcelona [31, 32]. Our study
shows that current levels of total THMs and HAAs in the tap water
of Barcelona are below the new parametric values set by EU
Drinking Water Directive (DWD) (2020/2184) for total THMs
(100 µg/L) and 5 HAAs (60 µg/L). These parametric values will be
implemented by 2023 into national legislation of EU member
states and will be legally binding [6]. Similar regulatory limits were
set by the U.S. EPA for total maximum concentrations of 5 HAAs
(MCAA, DCAA, TCAA, MBAA, DBAA) < 60 µg/L and <80 µg/L for
total THM concentrations in drinking water [33].
Chlorite and chlorate will also be regulated under the new EU

directive with a maximum contaminant level of 250 µg/L (or
700 µg/L where a disinfection method that generates chlor-
ite or chlorate is used). Approximately 25% of the tap water
samples in our study contained chlorate levels exceeding 250 µg/L
(Table 2). Given that the treatment plants use chlorine dioxide,
concentrations are below the 700 µg/L legal threshold applying in
this case. Chlorate has been found to cause in vitro mutagenic

Table 5. Urinary concentrations of trichloroacetic acid (TCAA) and other haloacetic acids (HAAs) among the study population (n= 39).

Analyte Mean (SD) Min–Max Median (IQR)a N ≥ LOD (%)

a) Urinary TCAA (µg/L) 4.2 (7.1) <0.02 to 33.0 1.3 (0.5, 5.3) 27 (69.2%)

b) Creatinine-adjusted urinary TCAA (µg/g) 3.0 (3.5) <0.01 to 16.0 1.3 (0.7, 4.5) 27 (69.2%)

c) Other Creatinine-adjusted urinary DBPs

MCAA (µg/g creatinine) 117.2 <0.48 to 117.2 117.2 1 (2.6%)

DCAA (µg/g creatinine) 154.7 (263.3) <0.3 to 549.6 25.8 (22.5, 158.0) 4 (10.3%)

BDCAA (µg/g creatinine) 23.2 (6.2) <0.02 to 36.9 20.9 (19.2, 24.6) 8 (20.5%)

DBCAA (µg/g creatinine) 113.0 (52.5) <0.6 to 240.9 92.4 (91.0, 116.0) 9 (23.1%)

MBAA (µg/g creatinine) <LOD <LOD <LOD 0.0

DBAA (µg/g creatinine) <LOD <LOD <LOD 0.0

IAA (µg/g creatinine) <LOD <LOD <LOD 0.0

DIAA (µg/g creatinine) <LOD <LOD <LOD 0.0

d) Estimated TCAA concentration in drinking water consumed at home (µg/L)

Tap 15.8 (7.8) <0.5–23.9 18.2 (14.9, 21.8) 19 (48.7%)

Filtered tap 7.1 (1.1) <0.5–7.8 7.1 (6.7, 7.4) 2 (5.1%)

Bottled 0.0 0.0 0.0 0.0

e) Estimated ingested TCAA from drinking water at home (µg/day)b 4.9 (8.9) 0–30.2 0.2 (0.0, 3.7) 39 (100%)

N and % and descriptive statistics based on samples >LOD.
TCAA trichloroacetic acid, MCAA monochloroacetic acid, DCAA dichloroacetic acid, BDCAA bromodichloroacetic acid, DBCAA dibromochloroacetic acid, MBBA
monobromoacetic acid, MBAA monobromoacetic acid, DBAA dibromoacetic acid, IAA iodoacetic acid, DIAA diiodoacetic acid.
aInterquartile range is the 25th–75th percentiles.
bCalculated with reported individual tap water consumption (questionnaire): non-filtered, filtered or bottled respectively (L/day). TCAA drinking water
concentrations below <LOD were assigned LOD/2.

Fig. 1 Creatinine-adjusted urinary TCAA (µg/g creatinine) vs.
TCAA ingestion from home drinking water (µg/day). Ingested
TCAA from drinking water at home was calculated with reported
individual tap water consumption (non-filtered, filtered or bottled
respectively (L/day)). TCAA concentrations <LOD were assigned LOD/2.
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effects and to induce thyroid tumors in male rats [1, 34]. Although
adverse human health effects of chlorate have been scarcely
investigated, chlorate levels in drinking water have been
associated with a higher risk of obstructive urinary defects, cleft
palate and spina bifida in newborns [35]. Chlorate is very
persistent and previous studies highlight that only reverse
osmosis has been recognized to effectively remove it from
drinking water [36]. On the other hand, chlorate was detected in
three out of ten analyzed samples (mean= 18.9 µg/L) of popular
Spanish bottled water samples. Our results showed that chlorate
levels in bottled water were approximately one order of
magnitude lower than in tap water samples. Other studies
reported higher detection rates but lower concentrations of
chlorate in bottled water, for instance, in 71.4% (15/21) of samples
from the U.S. (min= 0.2 µg/L, max= 5.8 µg/L) [37] and in 90% (9/
10) of samples from Japan (mean= 14 µg/L) [38].
Finally, we assessed correlations between DBPs that were the

building blocks of the multivariate analysis. Although general
patterns were not identified, correlations tended to be stronger
and positive between compounds with a similar proportion of
equivalent halogenated (chlorine/bromine) substituents, which is
consistent with correlations observed in a previous study by
Villanueva et al. [3]. Chlorate was the DBP that correlated the
weakest with other DBPs, except with chlorite, showing an
independent behavior from THMs, HAAs, HANs, and TCP, difficult
to predict. Individual THMs were moderate to strongly correlated
with other individual DBPs. Specifically, at least one individual
THM showed significant positive correlations with individual DBPs
of other classes except for chlorate. These results are in line with
previous studies that reported strong correlations between THMs
and HAAs [39, 40] as well as between THMs and HANs [41, 42]. Our
results of correlation analyses went beyond previous studies
showing high correlations between specific THMs and other DBPs
(TCP, chlorite). Results suggested that total THM levels can be a
good indicator for levels of other DBPs depending on the right
combination of compounds. This finding was the basis for our
multivariate models that aimed to develop predictive models for
unregulated DBPs using individual or multiple THMs levels.
Moreover, statistically significant strong correlations between
DBPs and physicochemical parameters may suggest that con-
ductivity, hardness, TOC and pH are important determinants in the
formation of specific DBPs, and we can only speculate that these
correlations might as well explain differences in the formation of
DBPs among waters of different regions.

Multivariate predictive models
We developed linear regression and super learner models to
predict 14 individual unregulated DBPs based on the routinely
monitored THMs. Models for dichloro-, trichloro-, and bromodi-
chloroacetic acid, dichloroacetonitrile, bromochloroacetonitrile,
dibromoacetonitrile, trichloropropnanone, and chlorite showed
good predictive ability (R2= 0.8–0.9) as 80–90% of total variance
could be explained by THM concentrations. In contrast, models
had R2 < 0.7, LCI < 0.5 for the remainder DBPs suggesting that
these compounds cannot be reasonably predicted based on
routine monitoring data.
When comparing models (LM vs. SL), most target compounds

(9/18) had a better fit by linear models and 2/18 by super learner
models, while 7/18 showed low goodness of fit (R2 < 0.7; LCI < 0.5).
Our results suggest that SL models perform better when
predicting TCAA and DBAN. Notably, our study is restricted to
data of low dimensionality, but in high-dimensional data, it is
proved theoretically that SL will asymptotically outperform LM,
since the LM is included in the library of SL algorithms [27, 43].
For HAAs, 3/8 individual compounds (DCAA, TCAA, BDCAA)

were based on TCM as main explanatory variable, similarly to total
chlorinated HAAs, while total brominated HAAs and total HAAs
were better explained by multiple THMs. HANs were better

predicted by BDCM & DBCM, and other non-regulated DBPs were
predicted by various combinations of THMs. Previous studies
aimed to predict THMs and HAAs [44, 45], however less emphasis
was placed on individual compounds [16]. Our results go beyond
these studies demonstrating the potential to predict a number of
individual as well as group-wise concentrations of DBPs based on
THMs. Predictive models of DBPs based on routinely monitored
parameters are highly applicable in epidemiological research in
order to evaluate exposure to non-monitored DBPs using existing
records of THMs and other routinely monitored parameters.
Although some of the compounds that we considered unregu-
lated, they will be routinely monitored from 2023 onwards under
the new EU directive that has been recently adopted [6].
Predictive models can be useful in the future with regards to
newly emerging DBPs. This study was limited by the small sample
size when considering statistical modeling. Nevertheless, our
approach would need to be validated to see whether the
experimental data fits well with the predicted data in a larger
set of samples. Finally, further research is needed in other settings
to evaluate the site-specificity of the predictive models.

Effect of domestic filters on DBPs concentrations in tap water
Our findings showed that domestic activated carbon and reverse
osmosis filters, in real operating conditions in the general
population, removed DBPs from tap water to a variable extent.
Activated carbon filters reduced DBP concentrations in the range
of 27–80% depending on the class. Previous studies showed that
activated carbon filters were able to remove DBPs by ~97%
[46–48]. Our study was conducted in real operating conditions,
and the carbon filters were not likely in optimal state of
maintenance. Activated carbon has a limited useful life, and as
they filter the water they accumulate compounds until they
become saturated. It is very important that the manufacturer’s
instructions are followed and changed frequently. Reverse
osmosis filters reduced DBP concentrations in the range of
98–100%, which is consistent with previous studies showing
reverse osmosis to be the most efficient method in removing all
types of contaminants including DBPs from water sources up to
99% [36, 47, 48]. However, it is important to note that reverse
osmosis also remove minerals from drinking water, that may
counteract the health benefits of DBP removal considering certain
populations or geographical regions [48]. Confirmation of our
findings in a larger set of samples is warranted.

Urinary biomarkers of exposure
Our findings showed that TCAA was the most prevalent HAA in
urine (69.2% >LOD; non-adjusted >LOD: mean= 4.2 μg/L, med-
ian= 1.3 μg/L; creatinine adjusted >LOD: mean= 3.0 μg/g, med-
ian= 1.3 μg/g. Comparable levels of mean urinary unadjusted
TCAA concentrations were observed in the US general population
sample (3.3 µg/L) [49] and in a sample of Chinese pregnant
women (2.7 µg/L) [50]. However, higher concentrations have been
reported in a UK sample of pregnant women (unadjusted
mean= 6.1 µg/L) [13].
Although the use of biomarkers to estimate exposure for

etiologically relevant periods is hampered by the short half-life of
DBPs, urinary TCAA has been used as a proxy DBP biomarker
[12, 13, 51, 52] given that half-life (2.1–6.3 days) is longer than
consecutive exposure events. Due to its nonvolatile nature, urinary
TCAA can potentially inform about the ingested DBP exposure. In
this study, we evaluated the relationship between urinary TCAA
and ingested TCAA calculated by self-reported at-home drinking
water consumption questionnaire resulting in a statistically
significant moderate (r= 0.48) correlation. This finding is directly
in line with Smith et al. [13] that showed a significant moderate
correlation (r= 0.50, p value=0.002) between ingested TCAA from
home tap water and TCAA in urine as well as by Zhang et al. [12]
showing a significant strong correlation (r= 0.66, p value < 0.001).
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On the contrary, some other studies did not report statistically
significant correlations between urine and ingested TCAA from
drinking water [10, 11, 49, 53]. All previous studies highlighted
that the assessment of water consumption is the basis of
measuring TCAA exposure variability whereas individual volume
of tap water, source, behavioral differences and employment
status are key factors that explain this variability. It is important to
note that we collected drinking water samples at home, which
does not reflect the total personal exposure to TCAA from drinking
water. We acknowledge that it is a limitation as we estimated only
part of the total personal exposure levels. However, at the time of
sample collection the working practices shifted towards working
remotely due to the COVID-19 pandemic. It is possible that this
change may improve aspects of the exposure assessment
regarding a better characterization of drinking water consumption
for subjects working from home that may be reflected by the
significant positive correlation between urinary and ingested
TCAA tap water similar to the findings of Smith et al. [13]. Taken
together, these results suggest that TCAA ingestion from home
tap water can be a valid proxy for TCAA average exposure when
self-reported water intake is accurately characterized.
In addition to TCAA, we detected 4 other HAAs in urine

including DCAA (mean= 154.7 µg/g creatinine, min=0.3 µg/g
creatinine, max= 549.6 µg/g creatinine) and DBCAA (mean=
113.0 µg/g creatinine, min=0.6 µg/g creatinine, max= 240.9 µg/
g creatinine) that showed rather high mean concentrations in a
few (<25%) samples. As isotopic dilution is the most reliable and
robust method for mass spectrometric analysis, our quantification
analysis of all HAAs has been carried out based on this method,
but only the labeled 13C-TCAA standard was available. Two
previous studies assessed HAAs in urine, which already indicate
their great matrix effect when studying these compounds in urine
and that focused only on TCA analysis [22, 54].
To our knowledge, this is the first work to determine occurrence

of several HAAs in urine in a context of drinking water exposure.
On the other hand, the use of social networks to recruit
participants probably introduced selection bias and the study
population may not be representative of the general adult
population, although it would not affect internal validity. In
addition, self-collected data of water consumption may have
introduced measurement error to some extent in the estimation of
the amount of water consumed. Finally, the use of a spot urine
sample assessed cross sectionally with the water sample may
partly explain the moderate correlation since these samples do
not reflect the same exposure period.

CONCLUSION
This study provides a broad description of DBPs occurrence in
different types of drinking water and in urine specimens. DBP
levels were below the recently established parametric values of
the EU Drinking Water Directive (2020/2184) that will regulate a
wider range of DBPs from 2023 onwards. Findings suggest that
specific non-regulated DBPs can be predicted using linear
regression models and machine learning algorithms based on
routine monitoring data. Future investigations are needed to
validate these predictive models in different settings. DBPs in tap
water were partially to totally removed by domestic activated
carbon and reverse osmosis filters. TCAA ingestion from home tap
water explained ≈50% of urinary TCAA total variability, suggesting
that TCAA ingestion from tap water can only partly explain urinary
TCAA levels. Overall, these findings provide valuable insights for
exposure assessment purposes in epidemiological studies.

DATA AVAILABILITY
The data generated and analyzed during this study can be find within this published
article and supplementary files.

REFERENCES
1. Richardson SD, Plewa MJ, Wagner ED, Schoeny R, DeMarini DM. Occurrence,

genotoxicity, and carcinogenicity of regulated and emerging disinfection by-
products in drinking water: a review and roadmap for research. Mutat Res Rev
Mutat Res. 2007;636:178–242. https://doi.org/10.1016/j.mrrev.2007.09.001.

2. Nikolaou AD, Golfinopoulos SK, Themistokles D, Kostopoulou MN. DBP levels in
chlorinated drinking water: effect of humic substances. Environ Monit Assess.
2004;93:301–19. https://doi.org/10.1023/b:emas.0000016798.53163.43.

3. Villanueva CM, Castaño-Vinyals G, Moreno V, Carrasco-Turigas G, Aragonés N,
Boldo E, et al. Concentrations and correlations of disinfection by-products in
municipal drinking water from an exposure assessment perspective. Environ Res.
2012;114:1–11. https://doi.org/10.1016/j.envres.2012.02.002.

4. Villanueva CM, Cordier S, Font-Ribera L, Salas LA, Levallois P. Overview of disin-
fection by-products and associated health effects. Curr Environ Health Rep.
2015;2:107–15. https://doi.org/10.1007/s40572-014-0032-x.

5. Costet N, Villanueva CM, Jaakkola JJK, Kogevinas M, Cantor KP, King WD, et al.
Water disinfection by-products and bladder cancer: is there a European specifi-
city? A pooled and meta-analysis of European case-control studies. Occup
Environ Med. 2011;68. https://doi.org/10.1136/oem.2010.062703.

6. European Commission. Directive (EU) 2020/2184 of the European Parliament and
of the Council of 16 December 2020 on the quality of water intended for human
consumption. Off J Eur Commun. 2020;50:1–62.

7. Richardson SD, Thruston AD, Krasner SW, Weinberg HS, Miltner RJ, Schenck KM,
et al. Integrated disinfection by-products mixtures research: Comprehensive
characterization of water concentrates prepared from chlorinated and ozonated/
postchlorinated drinking water. J Toxicol Environ Health A. 2008;71. https://
doi.org/10.1080/15287390802182417.

8. Chuang YH, Szczuka A, Mitch WA. Comparison of toxicity-weighted disinfection
byproduct concentrations in potable reuse waters and conventional drinking
waters as a new approach to assessing the quality of advanced treatment train
waters. Environ Sci Technol. 2018;53. https://doi.org/10.1021/acs.est.8b06711.

9. Diana M, Felipe-Sotelo M, Bond T. Disinfection byproducts potentially responsible
for the association between chlorinated drinking water and bladder cancer: a
review. Water Res. 2019;162. https://doi.org/10.1016/j.watres.2019.07.014.

10. Kim H, Haltmeier P, Klotz JB, Weisel CP. Evaluation of biomarkers of environ-
mental exposures: Urinary haloacetic acids associated with ingestion of chlori-
nated drinking water. Environ Res. 1999. https://doi.org/10.1006/enrs.1998.3896.

11. Weisel CP, Kim H, Haltmeier P, Klotz JB. Exposure estimates to disinfection by-
products of chlorinated drinking water. Environ Health Perspect. 1999. https://
doi.org/10.1289/ehp.99107103.

12. Zhang W, Gabos S, Schopflocher D, Li XF, Gati WP, Hrudey SE. Validation of
urinary trichloroacetic acid as a biomarker of exposure to drinking water disin-
fection by-products. J Water Health. 2009;7:359–71. https://doi.org/10.2166/
wh.2009.009.

13. Smith RB, Nieuwenhuijsen MJ, Wright J, Raynor P, Cocker J, Jones K, et al. Vali-
dation of trichloroacetic acid exposure via drinking water during pregnancy
using a urinary TCAA biomarker. Environ Res. 2013. https://doi.org/10.1016/
j.envres.2013.05.004.

14. Li XF, Mitch WA. Drinking water disinfection byproducts (DBPs) and human
health effects: multidisciplinary challenges and opportunities. Environ Sci Tech-
nol. 2018;52. https://doi.org/10.1021/acs.est.7b05440.

15. Krasner SW, Cantor KP, Weyer PJ, Hildesheim M, Amy G. Case study approach to
modeling historical disinfection by-product exposure in Iowa drinking waters. J
Environ Sci. 2017;58. https://doi.org/10.1016/j.jes.2017.03.007.

16. Ged EC, Chadik PA, Boyer TH. Predictive capability of chlorination disinfection
byproducts models. J Environ Manag. 2015;149:253–62. https://doi.org/10.1016/
j.jenvman.2014.10.014.

17. Carnicero M, Torra A, Valero F. Influencia de los bromuros en la formacion de
trihalometanos durante la cloracion de aguas superficiales. Tecnol Del Agua.
1996;156:56–60.

18. Gómez-Gutierrez A, Navarro S, Masdeu J, Gracia J. La qualitat sanitària de l’aigua
de consum humà a Barcelona. Agència de Salut Pública de Barcelona. Unitat de
Qualitat i Intervenció Ambiental. 2012.

19. Rivera J, Ventura F, Guardiola J, Perramon J, Salvatella. N. Control of trihalo-
methanes in Barcelona’s water supply. Int J Water Supply Assoc AQUA.
1982;5:469–74.

20. Planas C, Palacios Ó, Ventura F, Boleda MR, Martín J, Caixach, J. Simultaneous
analysis of 11 haloacetic acids by direct injection-liquid chromatography-elec-
trospray ionization-triple quadrupole tandem mass spectrometry and high reso-
lution mass spectrometry: occurrence and evolution in chlorine-treated water.
Anal Bioanal Chem. 2019;411. https://doi.org/10.1007/s00216-019-01864-5.

21. Kuklenyik Z, Ashley DL, Calafat AM. Quantitative detection of trichloroacetic acid
in human urine using isotope dilution high-performance liquid chromatography -
electrospray ionization tandem mass spectrometry. Anal Chem. 2002;74. https://
doi.org/10.1021/ac011250g.

P.E. Redondo-Hasselerharm, D. Cserbik et al.

31

Journal of Exposure Science & Environmental Epidemiology (2024) 34:23 – 33

https://doi.org/10.1016/j.mrrev.2007.09.001
https://doi.org/10.1023/b:emas.0000016798.53163.43
https://doi.org/10.1016/j.envres.2012.02.002
https://doi.org/10.1007/s40572-014-0032-x
https://doi.org/10.1136/oem.2010.062703
https://doi.org/10.1080/15287390802182417
https://doi.org/10.1080/15287390802182417
https://doi.org/10.1021/acs.est.8b06711
https://doi.org/10.1016/j.watres.2019.07.014
https://doi.org/10.1006/enrs.1998.3896
https://doi.org/10.1289/ehp.99107103
https://doi.org/10.1289/ehp.99107103
https://doi.org/10.2166/wh.2009.009
https://doi.org/10.2166/wh.2009.009
https://doi.org/10.1016/j.envres.2013.05.004
https://doi.org/10.1016/j.envres.2013.05.004
https://doi.org/10.1021/acs.est.7b05440
https://doi.org/10.1016/j.jes.2017.03.007
https://doi.org/10.1016/j.jenvman.2014.10.014
https://doi.org/10.1016/j.jenvman.2014.10.014
https://doi.org/10.1007/s00216-019-01864-5
https://doi.org/10.1021/ac011250g
https://doi.org/10.1021/ac011250g


22. Salas LA, Gracia-Lavedan E, Goñi F, Moreno V, Villanueva CM. Use of urinary
trichloroacetic acid as an exposure biomarker of disinfection by-products in
cancer studies. Environ Res. 2014;135. https://doi.org/10.1016/j.envres.2014.
09.018.

23. Fabiny DL, Ertingshausen G. Automated reaction-rate method for determination
of serum creatinine with the CentrifiChem. Clin Chem. 1971;17. https://doi.org/
10.1093/clinchem/17.8.696.

24. European Commission. Comission decision of 12 August 2002 implementing
Council Directive 96/23/EC concerning the performance of analytical methods
and the interpretation of results (2002/657/EC). Off J Eur Commun. 2002;221:
8–36.

25. Font-Ribera L, Kogevinas M, Nieuwenhuijsen MJ, Grimalt JO, Villanueva CM.
Patterns of water use and exposure to trihalomethanes among children in Spain.
Environ Res. 2010;110:571–9. https://doi.org/10.1016/j.envres.2010.05.008.

26. Team RC. R: A language and environment for statistical computing. R Foundation
for Statistical Computing. 2013. http://www.R-project.org/.

27. Van Der Laan MJ, Polley EC, Hubbard AE. Super learner. Stat Appl Genet Mol Biol.
2007;6. https://doi.org/10.2202/1544-6115.1309.

28. Kuhn M, Wing J, Weston S, Williams A, Keefer C, Engelhardt A, et al. Caret:
Classification and Regression Training [Internet]. https://CRAN.R-project.org/
package=caret (cited 28.06.2022).

29. Goslan EH, Krasner SW, Villanueva CM, Turigas GC, Toledano MB, Kogevinas M,
et al. Disinfection by-product occurrence in selected European waters. J Water
Supply Res Technol AQUA. 2014;63:379–90. https://doi.org/10.2166/
aqua.2013.017.

30. Pourmoghaddas H, Stevens AA. Relationship between trihalomethanes and
haloacetic acids with total organic halogen during chlorination. Water Sci
Technol Water Supply. 2002;2:509–14. https://doi.org/10.2166/ws.2002.0211.

31. Flores C, Ventura F, Martin-Alonso J, Caixach J. Occurrence of perfluorooctane
sulfonate (PFOS) and perfluorooctanoate (PFOA) in N.E. Spanish surface waters
and their removal in a drinking water treatment plant that combines conven-
tional and advanced treatments in parallel lines. Sci Total Environ. 2013:461–2.
https://doi.org/10.1016/j.scitotenv.2013.05.026.

32. Godo-Pla L, Emiliano P, Poch M, Valero F, Monclús H. Benchmarking empirical
models for THMs formation in drinking water systems: An application for decision
support in Barcelona, Spain. Sci Total Environ. 2021;763. https://doi.org/10.1016/
j.scitotenv.2020.144197.

33. USEPA. National primary drinking water regulations: stage 2. Disinfectants and
disinfection byproducts rule in drinking water. 2006. https://www.epa.gov/
dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules.

34. NTP. Toxicology and carcinogenesis studies on sodium chlorate (CAS NO. 7775-
09-9) in F344/N rats and B6C3F1 mice (drinking water studies). Nat Toxicol Pro-
gram. 2005;25265.

35. Righi E, Bechtold P, Tortorici D, Lauriola P, Calzolari E, Astolfi G, et al. Trihalo-
methanes, chlorite, chlorate in drinking water and risk of congenital anomalies: a
population-based case-control study in Northern Italy. Environ Res.
2012;116:66–73. https://doi.org/10.1016/j.envres.2012.04.014.

36. Constantinou P, Louca-Christodoulou D, Agapiou A. LC-ESI-MS/MS determination of
oxyhalides (chlorate, perchlorate and bromate) in food and water samples, and
chlorate on household water treatment devices along with perchlorate in plants.
Chemosphere. 2019;235:757–66. https://doi.org/10.1016/j.chemosphere.2019.06.180.

37. Snyder SA, Vanderford BJ, Rexing DJ. Trace analysis of bromate, chlorate, iodate,
and perchlorate in natural and bottled waters. Environ Sci Technol.
2005;39:4586–93. https://doi.org/10.1021/es047935q.

38. Asami M, Kosaka K, Yoshida N. Occurrence of chlorate and perchlorate in bottled
beverages in Japan. J Health Sci. 2009;55:549–53. https://doi.org/10.1248/
jhs.55.549.

39. Nissinen TK, Miettinen IT, Martikainen PJ, Vartiainen T. Disinfection by-products in
Finnish drinking waters. Chemosphere. 2002;48. https://doi.org/10.1016/S0045-
6535(02)00034-6.

40. Santa Marina L, Ayerdi M, Lertxundi A, Basterretxea M, Goñi F, Iñaki Alvare J, et al.
Concentración de trihalometanos y de ácidos haloacéticos en el agua de con-
sumo y estimación de su ingesta durante el embarazo en la cohorte INMA-
Guipúzcoa (España). Gaceta Sanitaria. 2010;24. https://doi.org/10.1016/
j.gaceta.2010.03.003.

41. Krasner SW, Kostopoulou M, Toledano MB, Wright J, Patelarou E, Kogevinas M,
et al. Occurrence of DBPs in drinking water of European regions for epidemiology
studies. J Am Water Works Assoc. 2016;108. https://doi.org/10.5942/
jawwa.2016.108.0152.

42. Krasner SW, McGuire MJ, Jacangelo JG, Patania NL, Reagan KM, Marco Aieta E.
Occurrence of disinfection by-products in US drinking water. J Am Water Works
Assoc. 1989;81. https://doi.org/10.1002/j.1551-8833.1989.tb03258.x.

43. Polley EC, van der Laan MJ. Super learner in prediction. U.C. Berkeley Division of
Biostatistics Working Paper Series, Working Paper. 2010. https://
biostats.bepress.com/ucbbiostat/paper266.

44. Chen B, Westerhoff P. Predicting disinfection by-product formation potential in
water. Water Res. 2010;44:3755–62. https://doi.org/10.1016/j.watres.2010.04.009.

45. Cordero JA, He K, Janya K, Echigo S, Itoh, S (2021). Predicting formation of
haloacetic acids by chlorination of organic compounds using machine-learning-
assisted quantitative structure-activity relationships. J Hazard Mater. 2021;408.
https://doi.org/10.1016/j.jhazmat.2020.124466.

46. Gao J, Proulx F, Rodriguez MJ. Effects of domestic handling of drinking water on
halogenated acetaldehydes. Chemosphere. 2020;261. https://doi.org/10.1016/
j.chemosphere.2020.127531.

47. Carrasco-Turigas G, Villanueva CM, Goñi F, Rantakokko P, Nieuwenhuijsen MJ. The
effect of different boiling and filtering devices on the concentration of disin-
fection by-products in tap water. J Environ Public Health. 2013;2013:959480.
https://doi.org/10.1155/2013/959480.

48. Stalter D, O’Malley E, Von Gunten U, Escher BI. Point-of-use water filters can
effectively remove disinfection by-products and toxicity from chlorinated and
chloraminated tap water. Environmental Science: Water Research and Technol-
ogy. 2016;2. https://doi.org/10.1039/c6ew00068a.

49. Parvez S, Ashby JL, Kimura SY, Richardson SD. Exposure characterization of
haloacetic acids in humans for exposure and risk assessment applications: an
exploratory study. Int J Environ Res Public Health. 2019;16:6–9. https://doi.org/
10.3390/ijerph16030471.

50. Wang YX, Liu C, Chen YJ, Duan P, Wang Q, Chen C, et al. Profiles, variability and
predictors of concentrations of blood trihalomethanes and urinary haloacetic
acids along pregnancy among 1760 Chinese women. Environ Res.
2019;172:665–74. https://doi.org/10.1016/j.envres.2019.03.017.

51. Costet N, Garlantézec R, Monfort C, Rouget F, Gagnière B, Chevrier C, Cordier S.
Environmental and urinary markers of prenatal exposure to drinking water dis-
infection by-products, fetal growth, and duration of gestation in the PELAGIE
birth cohort (Brittany, France, 2002-6). Am J Epidemiol. 2012. https://doi.org/
10.1093/aje/kwr419.

52. Zhou WS, Xu L, Xie SH, Li YL, Li L, Zeng Q, et al. Decreased birth weight in relation
to maternal urinary trichloroacetic acid levels. Sci Total Environ. 2012. https://
doi.org/10.1016/j.scitotenv.2011.10.073.

53. Xu X, Weisel CP. Inhalation exposure to haloacetic acids and haloketones during
showering. Environ Sci Technol. 2003. https://doi.org/10.1021/es025747z.

54. Calafat AM, Kuklenyik Z, Caudill SP, Ashley DL. Urinary levels of trichloroacetic
acid, a disinfection by-product in chlorinated drinking water, in a human refer-
ence population. Environ Health Perspect. 2003;111:151–4. https://doi.org/
10.1289/ehp.5644.

ACKNOWLEDGEMENTS
This project has been funded by Ajuntament de Barcelona (Institut de Cultura, Pla
Barcelona Ciencia 2019. #19S01446-006), and partly funded by Instituto de Salud
Carlos III and co-funded by European Union (ERDF) “A way to make Europe” (PI20/
00829). We acknowledge support from the Spanish Ministry of Science and
Innovation and State Research Agency through the “Centro de Excelencia Severo
Ochoa 2019-2023” Program (CEX2018-000806-S and CEX2018-000794-S, for ISGlobal
and IDAEA-CSIC, respectively), and support from the Generalitat de Catalunya
through the CERCA Program. MJF acknowledges her Ramón y Cajal fellowship (RyC-
2015-17108), from the AEI-MICIU. We thank Alexandra Paraian, Eva Maria Herrera
(IDAEA-CSIC), Natalia Lopo, Lourdes Arjona and Antonia Valentín (ISGlobal) for their
technical assistance during the sampling, analytical measurements and data analysis.
The HAAs analyses in urine were carried out in the framework of the final master’s
thesis (Universitat de Barcelona) by Paula Villasante. We also thank Patricia González,
Anna Gómez, Sònia Navarro, and Laia Font-Ribera (Public Health Agency of
Barcelona) for providing valuable information on Barcelona’s drinking water supplies.
We finally would like to acknowledge all the volunteers that participated in the
project.

AUTHOR CONTRIBUTIONS
CMV, CF, MJF, CP, and JC conceptualized the study and designed the methodology.
PERH collected the drinking water samples. CF, CP, MJF, JS, and PERH conducted the
analytical measurements, and CF, MJF, and JS validated the data. PERH, DCS, JAA and
CV carried out the formal data analysis. PERH and DCS drafted the manuscript, which
was reviewed and edited by CMV, CF, MJF, JAA, CP, JC, and JS. CMV and CF
administered the project and acquired the financial support.

COMPETING INTERESTS
The authors declare no competing interests.

P.E. Redondo-Hasselerharm, D. Cserbik et al.

32

Journal of Exposure Science & Environmental Epidemiology (2024) 34:23 – 33

https://doi.org/10.1016/j.envres.2014.09.018
https://doi.org/10.1016/j.envres.2014.09.018
https://doi.org/10.1093/clinchem/17.8.696
https://doi.org/10.1093/clinchem/17.8.696
https://doi.org/10.1016/j.envres.2010.05.008
http://www.R-project.org/
https://doi.org/10.2202/1544-6115.1309
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=caret
https://doi.org/10.2166/aqua.2013.017
https://doi.org/10.2166/aqua.2013.017
https://doi.org/10.2166/ws.2002.0211
https://doi.org/10.1016/j.scitotenv.2013.05.026
https://doi.org/10.1016/j.scitotenv.2020.144197
https://doi.org/10.1016/j.scitotenv.2020.144197
https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules
https://www.epa.gov/dwreginfo/stage-1-and-stage-2-disinfectants-and-disinfection-byproducts-rules
https://doi.org/10.1016/j.envres.2012.04.014
https://doi.org/10.1016/j.chemosphere.2019.06.180
https://doi.org/10.1021/es047935q
https://doi.org/10.1248/jhs.55.549
https://doi.org/10.1248/jhs.55.549
https://doi.org/10.1016/S0045-6535(02)00034-6
https://doi.org/10.1016/S0045-6535(02)00034-6
https://doi.org/10.1016/j.gaceta.2010.03.003
https://doi.org/10.1016/j.gaceta.2010.03.003
https://doi.org/10.5942/jawwa.2016.108.0152
https://doi.org/10.5942/jawwa.2016.108.0152
https://doi.org/10.1002/j.1551-8833.1989.tb03258.x
https://biostats.bepress.com/ucbbiostat/paper266
https://biostats.bepress.com/ucbbiostat/paper266
https://doi.org/10.1016/j.watres.2010.04.009
https://doi.org/10.1016/j.jhazmat.2020.124466
https://doi.org/10.1016/j.chemosphere.2020.127531
https://doi.org/10.1016/j.chemosphere.2020.127531
https://doi.org/10.1155/2013/959480
https://doi.org/10.1039/c6ew00068a
https://doi.org/10.3390/ijerph16030471
https://doi.org/10.3390/ijerph16030471
https://doi.org/10.1016/j.envres.2019.03.017
https://doi.org/10.1093/aje/kwr419
https://doi.org/10.1093/aje/kwr419
https://doi.org/10.1016/j.scitotenv.2011.10.073
https://doi.org/10.1016/j.scitotenv.2011.10.073
https://doi.org/10.1021/es025747z
https://doi.org/10.1289/ehp.5644
https://doi.org/10.1289/ehp.5644


ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41370-022-00453-6.

Correspondence and requests for materials should be addressed to Cristina M.
Villanueva.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

P.E. Redondo-Hasselerharm, D. Cserbik et al.

33

Journal of Exposure Science & Environmental Epidemiology (2024) 34:23 – 33

https://doi.org/10.1038/s41370-022-00453-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Insights to estimate exposure to regulated and non-regulated disinfection by-products in drinking water
	Introduction
	Material and methods
	Study area
	Study participants and data
	Sample collection
	Tap water samples
	Bottled water samples
	Urine samples

	Laboratory analyses
	Statistical analysis
	Descriptive analyses
	Multivariate predictive models
	Effect of domestic filters on DBPs concentrations in tap water
	Estimated DBP ingestion


	Results
	DBP occurrence in tap and bottled water
	Multivariate predictive models
	Effect of domestic filters on DBPs concentrations in tap water
	Urinary biomarkers of exposure

	Discussion
	DBP occurrence in tap and bottled water
	Multivariate predictive models
	Effect of domestic filters on DBPs concentrations in tap water
	Urinary biomarkers of exposure

	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




