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Abstract 
 

BACKGROUND. Disinfection by-products (DBP) are complex 

mixtures of toxicants derived from drinking water treatment. DBP, 

and among them trihalomethanes (THM) have been associated with 

bladder cancer risk. However, mechanisms of action remain poorly 

understood. Epigenetic mechanisms, heritable reversible changes 

which alter gene expression without DNA sequence changes, may 

explain this association. Although experimental evidence suggests 

that this is a plausible mechanism of action, the relationship 

between DBP exposure and gene expression/epigenetic mechanisms 

has not been explored in human populations. In addition, 

uncertainties in the long-term exposure assessment of DBP are a 

limitation in cancer studies, and the use of biomarkers of exposure 

has not been explored in these settings. 

 

OBJECTIVES. 1) to evaluate the risk of cancer associated with 

disinfection by-products in water, 2) to explore biomarkers of 

exposure in cancer studies, and 3) to evaluate possible mechanisms 

of action (specifically DNA methylation and gene expression).  

 

METHODS. Data was derived from two case-control studies 

(including a cross-sectional control only subset) and one before-

after experimental study. Exposure assessment included estimated 

historical THM residential levels, selected biomarkers of exposure 

(urinary trichloroacetic acid -TCAA-, exhaled THM levels). DNA 

methylation levels were assessed using pyrosequencing (for LINE1 

transposon), and the Illumina Human Methylation450 Beadchip (for 

a DNA methylation genome wide study). Gene expression was 

evaluated using the Illumina HumanHT-12v3 Expression-

BeadChip. 

 

RESULTS. Bladder cancer risk was evaluated using mutually 

adjusted models by the four trihalomethanes, cytotoxicity weighted 

models and/or principal component regression. These strategies did 

not improve the estimates over the traditionally used total 

trihalomethanes. Urinary TCAA was not associated with historical 

THM estimates and was affected by several physiological and 

pathological variables. The LINE1 methylation levels were 

positively associated with long-term trihalomethane levels in 
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controls, and the methylation state of LINE1 modified the 

association between exposure to trihalomethane and bladder cancer 

risk. On the other hand, using a DNA methylation genome wide 

study, 29 CpG sites were associated with changes of methylation 

after chronic trihalomethane exposure including some CpGs located 

in genes associated with bladder and colorectal cancer pathways. 

Finally, exhaled bromoform levels and exercise intensity were 

associated in separate models with gene expression changes. In 22 

genes, it was observed that a fraction of the exercise effect was 

mediated by the exhaled bromoform levels. Globally, the 

differentially expressed genes were positively correlated to gene 

sets of inflammatory and immune response and several cancers. 

 

DISCUSSION. Physical, chemical and toxicokinetic properties of 

some compounds in the DBP mixture may decrease the ability to 

establish causal putative agents. Reverse causation and potential 

intermediate variables in the causal pathway may hamper improved 

estimates of the mechanisms and should be taken into account for 

future studies.  

 

CONCLUSIONS.  

- Due to the high collinearity between the four THM, trying to 

disentangle the effect of specific compounds on the bladder cancer 

risk was not possible and total THM remains as the most valid 

proxy for the mixture.  

- Use of urinary TCAA as a biomarker of DBP exposure in cancer 

studies is not recommended. This biomarker levels can be altered 

due to physiological and disease associated changes.  

- Both LINE1 and specific CpG sites seems to be altered due to 

THM chronic exposure.  

- Gene expression after swimming in a pool is affected by exercise 

and to some extent the effect is mediated through THM exposure 

(in particular bromoform).  

- Future confirmatory studies are required for the new epigenetic 

and gene expression mechanisms observed.  
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Resumen 

ANTECEDENTES. Los subproductos de la desinfección (DBP) 

son mezclas complejas de sustancias tóxicas derivadas de 

tratamiento de agua potable. Los DBP, y entre ellos los 

trihalometanos (THM) se han asociado con el riesgo de cáncer de 

vejiga. Sin embargo, los mecanismos de acción siguen siendo poco 

conocidos. Los mecanismos epigenéticos, cambios reversibles 

hereditarios que alteran la expresión de genes sin cambios en la 

secuencia del ADN, pueden explicar esta asociación. Aunque la 

evidencia experimental sugiere que éste es un mecanismo plausible 

de acción, la relación entre la exposición a DBP y la expresión 

genética/mecanismos epigenéticos no ha sido explorado en las 

poblaciones humanas. Además, la incertidumbre en la evaluación de 

la exposición a largo plazo a los DBP es una limitación en estudios 

de cáncer, y el uso de biomarcadores de exposición no se ha 

explorado en estos contextos. 

OBJETIVOS. 1) Evaluar el riesgo de cáncer asociado con los 

subproductos de la desinfección de agua, 2) explorar biomarcadores 

de exposición en estudios de cáncer, y 3) evaluar los posibles 

mecanismos de acción (específicamente metilación del ADN y la 

expresión genética). 

MÉTODOS. Los datos se derivan de dos estudios de casos y 

controles (incluyendo un estudio de corte transversal en un 

subconjunto de sólo controles) y un estudio experimental antes-

después. La valoración de la exposición incluyó los niveles 

estimados residenciales de THM históricos, biomarcadores 

seleccionados de la exposición (ácido tricloroacético -TCAA- 

urinario, niveles exhalados de THM). Los niveles de metilación del 

ADN se evaluaron mediante pirosecuenciación (para el transposón 

LINE-1), y el Illumina Human Methylation450 BeadChip (para un 

estudio de la metilación del ADN de todo el genoma). La expresión 

genética se evaluó mediante el Illumina HumanHT-12V3 

Expresión-BeadChip. 

 

RESULTADOS. El riesgo de cáncer de vejiga se evaluó utilizando 

modelos mutuamente ajustados por los cuatro trihalometanos, 

modelos ponderados de citotoxicidad o regresión de componentes 

principales. Estas estrategias no mejoraron las estimaciones sobre 

los trihalometanos totales utilizados tradicionalmente. El TCAA 



 x 

urinario no se asoció con las estimaciones históricas de THM y se 

vio afectado por diversas variables fisiológicas y patológicas. Los 

niveles de metilación del LINE1 se asociaron positivamente con los 

niveles a largo plazo de trihalometanos en los controles, y el estado 

de metilación de LINE1 modificó la asociación entre la exposición 

a trihalometanos y el riesgo de cáncer de vejiga. Por otro lado, 

mediante un estudio de la metilación del ADN de todo el genoma, 

29 sitios CpG se asociaron con cambios de metilación después de la 

exposición crónica a trihalometanos incluyendo algunos CpG 

localizadas en los genes asociados a vías de cáncer de vejiga y 

colorrectal. Por último, los niveles de bromoformo exhalado y la 

intensidad del ejercicio se asociaron en modelos separados con los 

cambios de expresión genética. En 22 genes se observó que una 

fracción del efecto del ejercicio estaba mediada por los niveles de 

bromoformo exhalado. Globalmente, los genes expresados 

diferencialmente se correlacionaron positivamente a conjuntos de 

genes de respuesta inflamatoria e inmune y a varios tipos de cáncer. 

 

DISCUSIÓN. Las propiedades físicas, químicas y toxicocinéticas 

de algunos compuestos en la mezcla DBP pueden disminuir la 

capacidad de establecer los supuestos agentes causales. La 

causalidad inversa y las posibles variables intermedias en la vía 

causal podrían obstaculizar mejores estimaciones de los 

mecanismos y deben tomarse en cuenta para futuros estudios. 

 

CONCLUSIONES. 

- Debido a la alta colinealidad entre los cuatro THM, tratar de 

separar el efecto de compuestos específicos sobre el riesgo de 

cáncer de vejiga no fue posible y los THM totales permanecen 

como la aproximación más válida para la mezcla. 

- No se recomienda el uso de TCAA urinario como biomarcador de 

exposición DBP en estudios de cáncer. Los niveles de este 

biomarcador pueden ser alterados debido a los cambios fisiológicos 

y enfermedades asociadas. 

- Tanto LINE1 como algunos sitios CpG específicos parecen estar 

alterados debido a la exposición crónica a THM. 

- La expresión de genes después de nadar en una piscina se ve 

afectada por el ejercicio y en cierta medida el efecto está mediado a 

través de la exposición THM (en particular el bromoformo). 

- Se requieren estudios confirmatorios en el futuro para los nuevos 

mecanismos de expresión genéticos y epigenéticos observados.  
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Resum 
 

ANTECEDENTS. Els subproductes de la desinfecció (DBP) són 

barreges complexes de substàncies tòxiques derivades del 

tractament de l'aigua potable. Els DBP, i entre ells els trihalometans 

(THM) s'han associat amb el risc de càncer de bufeta. No obstant 

això, els mecanismes d'acció segueixen sent poc coneguts. Els 

mecanismes epigenètics, canvis reversibles hereditàries que alteren 

l'expressió de gens sense canvis en la seqüència de l'ADN, poden 

explicar aquesta associació. Encara que l'evidència experimental 

suggereix que aquest és un mecanisme plausible d'acció, la relació 

entre l'exposició als DBP i els mecanismes de d'expressió 

genètica/epigenètics no ha estat explorat en les poblacions humanes. 

A més, la incertesa en l'avaluació de l'exposició a llarg termini dels 

DBP és una limitació en estudis de càncer, i la utilització de 

biomarcadors de l'exposició no ha estat explorat. 

 

OBJECTIUS. 1) Avaluar el risc de càncer associat amb 

subproductes de la desinfecció d'aigua, 2) explorar biomarcadors 

d'exposició en estudis de càncer, i 3) avaluar els possibles 

mecanismes d'acció (específicament metilació de l’ADN i 

l’expressió genètica). 

 

MÈTODES. Les dades es deriven de dos estudis de casos i controls 

(incloent un estudi transversal amb només un subconjunt de 

controls) i un estudi experimental abans-després. L’avaluació de 

l'exposició inclou els nivells estimats residencials històrics de THM, 

biomarcadors seleccionats de l'exposició (àcid tricloroacètic -

TCAA- urinari, els nivells exhalats de THM). Els nivells de 

metilació de l'ADN es van avaluar mitjançant piroseqüenciació (per 

al LINE1), i l’Illumina Human Methylation450 BeadChip (per a un 

estudi de la metilació de l'ADN de tot el genoma). L'expressió 

genètica es va avaluar mitjançant l’Illumina HumanHT-12V3 

Expressió-BeadChip. 

 

RESULTATS. El risc de càncer de bufeta es va avaluar utilitzant 

models mútuament ajustats pels quatre trihalometans, models 

ponderats de citotoxicitat i/o regressió de components principals. 

Aquestes estratègies no van millorar les estimacions sobre els 

trihalometans totals utilitzats tradicionalment. El TCAA urinari no 
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es va associar amb les estimacions històriques de THM i es va veure 

afectat per diverses variables fisiològiques i patològiques. Els 

nivells de metilació del LINE1 es van associar positivament amb els 

nivells a llarg termini de trihalometans en els controls, i l'estat de 

metilació del LINE1 va modificar l'associació entre l'exposició a 

trihalometans i el risc de càncer de bufeta. D'altra banda, mitjançant 

un estudi de tot el genoma de la metilació de l'ADN, 29 llocs CpG 

es van associar amb canvis de metilació després de l'exposició 

crònica a trihalometans incloent alguns CpG localitzats en els gens 

associats a les vies dels càncers de bufeta i colorectal. Finalment, 

els nivells de bromoform exhalat i la intensitat de l'exercici es van 

associar en models separats amb els canvis d'expressió genètica. En 

22 gens es va observar que una fracció de l'efecte de l'exercici 

estava mediada pels nivells de bromoform exhalat. Globalment, els 

gens expressats diferencialment es van correlacionar positivament a 

conjunts de gens de resposta inflamatòria i immune i a diversos 

tipus de càncer. 

 

DISCUSSIÓ. Les propietats físiques, químiques i toxicocinètiques 

d'alguns compostos en la barreja de DBP poden disminuir la 

capacitat d'establir els suposats agents causals. La causalitat inversa 

i les possibles variables intermèdies en la via causal podrien 

obstaculitzar millors estimacions dels mecanismes i s'han de 

prendre en compte per a futurs estudis. 

 

CONCLUSIONS. 

- A causa de l'alta colinealitat entre els quatre THM, tractar de 

establir l'efecte de compostos específics sobre el risc de càncer de 

bufeta no va ser possible i els THM total romanen com 

l’aproximació més vàlida per a la barreja. 

- No es recomana l'ús de TCAA urinari com a biomarcador 

d'exposició DBP en estudis de càncer. Els nivells de aquest 

biomarcador poden ser alterats a causa dels canvis fisiològics i 

malalties associades. 

- Tant LINE1 com els llocs específics CpG semblan estar alterats a 

causa de l'exposició crònica a THM. 

- L’expressió genètica després de nedar en una piscina es veu 

afectada per l'exercici i en certa mesura l'efecte està mediat a través 

de l'exposició THM (en particular bromoform). 

- Es requereixen estudis confirmatoris futur per als nous 

mecanismes d'expressió gènica i epigenètica observats. 
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Preface 
"Water will be more important than oil this century" 

Boutros Boutros Ghali 

Future and past world wars were and will be because of water. All 

the human civilizations have bloomed, flourished and fought around 

water. From Yangtze to the Euphrates, passing by the Nile, Ganges 

or the Amazonas Rivers, human populations concentrates around 

water sources. All those who have suffered water droughts are able 

to recognize the value of tap water when it is not available. 

Nonetheless, for the common western country citizen water scarcity 

seems a concern limited to those living on an African landscape. In 

the authors’ experience this is not the case. In Latin America some 

outskirts urban areas are water stressed. Furthermore, treated water 

is piped in some places through garden hoses making it prone to 

leaking and microbial contamination. Then highest amounts of 

residual chlorine are added to keep it microbial free. Nonetheless, 

adding large amounts of chlorine, under these extreme piping 

conditions, may release or generate toxicants which on the long 

term could have potential unknown adverse health effects.  

In the European context the situation paradoxically may resemble 

these water scarcity settings. Southern Europe (and specifically all 

the Mediterranean basin) suffers droughts and water is obtained 

from sources which may have some natural geological and in a 

lesser extent industrial and agricultural chemical contamination. 

Water is treated to reduce microbiological burden, but in contrast to 

Latin-America they are every day more concerned about long term 

safety too. European Union is making mandatory tighter water 

quality standards to reduce the amounts of disinfection-by products 

and other toxicants in drinking water.  

This thesis was developed in the CREAL Barcelona from 2011 to 

2015, under the supervision of Dr. Cristina Villanueva, and 

supported by a “Francisco José de Caldas” international PhD 

Colciencias grant 529/2011 from Colombia.  

The author introduces the disinfection-by products in drinking water 

and their importance to several health outcomes. Second a brief 

introduction to the challenges posed in the exposure assessment and 
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internal dose assessment of chronic exposure. Third the author 

explains the rationale and aims of this research. The body of the 

thesis includes five papers (three published and two under review) 

with data derived from the Spanish Bladder Cancer/EPICURO 

(SBC/EPICURO) Study, a Barcelona subset from the Multicase 

control Spain (MCC-Sp) Study and the PISCINA study. The first 

two papers are focused on disentangling the complex mixture 

exposure to trihalomethanes as proxy of disinfection-by products 

exposure, and the use of trichloroacetic acid in urine as a proxy of 

the cumulative internal dose. The third and fourth papers are 

focused on the DNA methylation mechanisms after chronic 

exposure to trihalomethanes. Finally, the fifth paper is focused on 

the acute effects of trihalomethanes on gene expression. A general 

discussion of the methodological aspects, public health implications 

and future research perspectives is provided.  

The author performed the bibliographic review, database cleaning, 

statistical analyses and paper drafting and submission of all the 

articles. He was also involved on the design of the fieldwork 

protocol, questionnaires validation and all the fieldwork of paper II. 

All the raw data preprocessing and bioinformatic analyses of papers 

IV and V were performed directly by the author. A brief 

involvement in the wet lab data quality control was also required for 

paper IV. The results of the different papers have been presented in 

several international conferences including the Gordon Research 

Conference in Disinfection by-products on 2012 in Mount 

Hollyoke, USA, the ISEE 2013 in Basel, Switzerland, the Young 

ISEE 2014 in Barcelona, Spain, and several seminars and 

symposiums (CREAL, CRG, ISGlobal PhD Symposium). A 

summary of all the activities performed during the PhD formation is 

provided in the Appendix. 
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1. INTRODUCTION 

Human beings require water to live. Inability to consume water 

leads to death by dehydration and multiple organic failure 

(Maughan 2012). Water is the source of life on Earth, but also a 

common vehicle for enteric infections (Ashbolt 2004a). For the year 

2010, about 7.7 million global Disability-Adjusted Lost Years 

(DALY) were attributed to unimproved water sources (Lim et al. 

2012). Chlorination of water has improved this indicator making it 

fell down from the 17
th

 cause of DALY in year 1990 to the 22
nd

 on 

2010. However, these DALY are only calculated based on intestinal 

infections morbidity, and most of the burden of disease is focused 

on children under five years of age. Other water related diseases 

such as dermal infections, some respiratory infections, and chemical 

natural –arsenic- or industrial pollution –pentavalent chromium- are 

not accounted on this calculation.  

As microbiological safety improves, public health stakeholders are 

now becoming more concerned about some potential and 

documented chronic effects of toxicants naturally present or added 

by human processes to the water (Ashbolt 2004b; Villanueva et al. 

2014). One of the best examples is arsenic in ground water which is 

related consistently to bladder cancer, skin cancer and other health 

outcomes (Smith and Steinmaus 2009). The other is the presence of 

disinfection by-products or DBP, undesired toxicants appearing 

during water treatment (Rook 1974), associated as potential causes 

of several cancers in humans (Cantor et al. 1978; Page et al. 1976). 

Because of that, current European Union legislation establishes a 

legal limit of 100 µg/L or lower for total trihalomethanes in 

drinking water (The Council of the European Union 1998). Due to 

raw water characteristics, several European waters may surpass 

these limits occasionally (Goslan et al. 2014). This thesis is focused 

on DBP molecular effects in human epidemiological studies. 

 

1.1 Disinfection by-products 
a) Formation 

During water treatment, the addition of chemicals (chlorine, ozone, 

chlorine dioxide, monochloramine, potassium permanganate, and/or 
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hydrogen peroxide) and/or the use of a physical disinfectant (UV 

light) are required to keep water microbial safety. The use of 

chlorine (as chlorine gas or hypochlorous acid/hypochlorite salt) 

predominates among several biocides because of its low cost, easy 

use and residual effect which allow microbial safety after leaving 

the water treatment plant (International Life Sciences Institute 

1993). 

Disinfection by-products (DBP) are a complex mixture of toxicants 

product of the reaction of the disinfectant with the dissolved organic 

matter present in the water. River and lake waters dissolved organic 

matter is constituted mainly by humic matter (humus) and this can 

be further fractioned onto humic and fulvic acids (50-90%) and 

other soluble organic compounds. Humic and fulvic acids (Figure 

1) are natural polymers derived from enzymatically degraded lignin 

and other related polyphenols from organic material entering the 

water (Buffle 1977; Stevenson 1994). The humic acid corresponds 

to the alkali-soluble fraction (soluble above pH 2.0), while fulvic  

 

 

 
Figure 1. Stevenson’s model structure of humic and Buffle’s 

model structure of fulvic acid 

Humic acid 

Fulvic acid 
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acid corresponds to the acid-soluble fraction at any pH. Other 

dissolved organic matter compounds are hydrophilic acids (up to 

30%) carbohydrates (10%), carboxylic acids (5%) and 

protein/amino acids (5%).  

Both chlorine gas and sodium hypochlorite salts release 

hypochlorite ion when added to water. Hypochorite ion may react in 

two different paths either generating oxyhalites and then more 

stable oxyhalates or, when with natural bromide is present, 

oxidating bromide ion to hypobromide ion (Figure 2). 

 

(1) Cl2 + H2O  HOCl + H
+
 + Cl

-
 Hypochlorous acid formation 

(2) HOCl  H
+
 + OCl

-
  Hypochlorite dissociation 

(3a) XO
-
 +XO2

-
 X

-
 + XO3

-
  Oxyhalate reaction 

(3b) HOCl + Br
-
 HOBr + Cl

-
 Hypobromous acid 

(4) 3OBr
-
 BrO3

-
 + 2 Br

-
  Bromate Formation 

(5) HOCl + DOC  DBP  General DBP reaction 

Figure 2. Chemical reactions occurring during water 

chlorination 
Abbreviations: DOC (dissolved organic matter) 

Natural dissolved organic matter components in soil and water vary 

according to the precursors (vegetable and other organic 

compounds) from which they are formed. In forest, the natural 

acidity of the colored soil increases the amount of fulvic acid over 

humic acid, in grasslands and other black soils, humic acids are the 

main components (Stevenson 1994). 

Due to the complex humic structures, several fractions may 

generate DBP. Particularly, in humic acids the resorcinol-like 

structures and those structures containing β-keto acid groups, 

structures similar to citric acid and other polycarboxylic acids, are 

precursors of DBP (Larson and Rockwell 1979). The 

polycarboxylic acids react with chlorine generating trihalomethanes 

(THM), and mainly chloroform, one of the most abundant 

compounds in chlorinated waters. para- and ortho- phenolic 

structures generates Haloacetic acids (HAA) and cyclic DBP 

compounds (Ge et al. 2014). These reactions are modified by the 

presence of other halides in the mixture (bromide and iodide) which 

may be more reactive and dislodge the chlorine of the compound. In 

addition, the reaction is affected by the total dissolved organic 
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matter content, the water temperature, the pH, the water residence 

time, pipeline state including water leaking, and presence of organic 

matter from biofilms (Chen and Weisel 1998; Rodriguez and 

Sérodes 2005; Rodriguez et al. 2004; Szabo and Minamyer 2014). 

For instance, dissolved organic matter hydrolysis and 

trihalomethane formation is enhanced with longer residence times, 

water pH from neutral to alkaline and warmer water temperature 

(Chen and Weisel 1998; Hua and Reckhow 2007). On the other 

hand, acid pH, and oxidative hydrolysis produces more haloacetic 

acids (Hua and Reckhow 2007). Figure 3 summarizes the 

hydrolysis and oxidative hydrolysis pathways leading to the 

formation of chloroform (and other trihalomethanes) and 

trichloroacetic acid (and other haloacetic acids).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Basic reaction pathways leading to chloroform and 

trichloroacetic acid formation 
Source: adapted from Hua and Reckhow 2007. 

Waters rich in nitrogenated compounds such as those of swimming 

pools or those with agroindustrial pollution may produce a different 

class of reactions leading to the formation of nitrogenated 

compounds, i.e. chloramines, nitrosamines and halonitrogenated 

compounds. 
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b) Chemical classes  

There are multiple chemical classes of DBP which may appear 

simultaneously during water treatment as a complex mixture 

(Figure 4). Different authors have tried to predict the reactions and 

amounts of the different chemicals present in the mixture (Feder et 

al. 2009; Sadiq and Rodriguez 2004a, 2004b). However, as in other 

environmental epidemiology areas, measuring all the compounds is 

unfeasible given the technical complexity and associated costs. 

Furthermore, specific data for historical exposure assessment is 

only available for a few, or sometimes none, of the mixture 

compounds (see Human exposure below). In Figure 4, the chemical 

structures of some of the major compounds of the mixture are 

described. 

 

Trihalomethanes (THM) 

In chlorinated water, THM (a class of haloalkanes), are usually the 

most abundant class of DBP (Hua and Reckhow 2007). In industry, 

chloroform is released during paper bleaching. They are simple 

structures of a carbon and a hydrogen with three halides attached to 

the central carbon. Because of their simple structure they are highly 

volatile (Batterman et al. 2002), with partition coefficients varying 

as function of their molecular weight (Table 1). In waters with low 

bromine to chlorine ratios most of the THM formed are chlorinated 

 

Table 1. Partition coefficients (K) of trihalomethanes for human 

blood and urine 

Trihalomethane Kwater/air Kblood/air Kurine/air 

Chloroform 3.66 10.7 3.14 

Bromodichloromethane 7.43 26.6 6.44 

Dibromochloromethane 11.83 49.2 11.20 

Bromoform 24.71 102.3 20.74 
Source: Modified from Batterman et al. 2002 
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Trihalomethanes 

    
Chloroform Bromodichloromethane Dibromochloromethane Bromoform 

Haloacetic acids 

    

Bromochloroacetic 

acid 

Dichloroacetic acid Dibromochloroacetic acid Bromodichloroacetic 

acid 

  
 

 

Dibromoacetic 

acid 

Tribromoacetic acid Monochloroacetic acid Trichloroacetic acid 

 Haloacetonitriles Haloacetoketones Halofuranones 

  
 

 
Monobromoacetic 

acid 

Dibromoacetonitrile Hexachloropropanone MX 

Other DBP 

 

 

  

Sodium chlorate NDMA 

(nitrosodimethylamine) 

Sodium bromate Trichloramine 

Figure 4. Chemical families of Disinfection by-products 
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and usually the most abundant is chloroform (trichloromethane, 

TCM). The other three regulated trihalomethanes are 

bromodichloromethane (BDCM), dibromochloromethane (DBCM), 

and bromoform (tribromomethane, TBM). The sum of these latter 

three compounds is usually referred as brominated THM. The sum 

of the four regulated THM is referred as total THM. 

Total THM are the most common proxy of the amount of DBP in 

chlorinated waters. In most of the epidemiological studies, total 

THM are used as surrogates of DBP exposure. 

 

Haloacetic acids (HAA) 

On the other extreme of spectrum, HAA are more polar non-volatile 

compounds, which are commonly found in the DBP mixture as the 

second most abundant class of DBP (or the first in water treatment 

using THM controlling measures). Some countries include the 

measurement of five to nine halocetic acids (monochloroacetic acid-

MCAA, dichloroacetic acid-DCAA, trichloroacetic acid-TCAA, 

monobromoacetic acid-MBAA, dibromoacetic acid-DBAA, 

bromochloroacetic acid-BCAA, bromodichloroacetic acid-BDCAA, 

dibromochloroacetic acid-DBCAA, and tribromoacetic acid-TBAA) 

as water quality markers. HAA occur in nature appearing in water, 

soils and vegetation (Scott et al. 2005). Natural HAA are produced 

from photolytic reactions of precursors which may be originated 

from natural and/or anthropogenic sources. In addition, 

trichloroacetic acid-TCAA has been found to be metabolized in 

vivo from several toxicants including trichloroethylene and 

perchloroethylene, (Chiu 2011; Covington et al. 2004; Fernández et 

al. 1977; Yoshida et al. 1996) and is also present in several paint 

removers, herbicides, and cleaning products (Zhang et al. 2009b).  

 

Other compounds 

There are more than 700 compounds which have been identified in 

different water treated sources (Richardson et al. 2007, 2010). 

Among others, non-THM haloalkanes, other non-HAA haloacids 
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and halodiacids, haloaldehydes, halonitriles, haloketones, 

halonitromethanes, haloamides, haloalcohols, haloaromatic 

compounds, non-halogenated organic compounds have been found 

in chlorinated and brominated swimming pools (Richardson et al. 

2010). In addition to those DBPs, bromate is a DBP commonly 

formed during ozonation, while chlorite and chlorate appear when 

chloride dioxide is used. Emerging DBP include iodo compounds 

(haloacids and haloalkanes). Less common compounds, but highly 

mutagenic, such as halofuranones (3-chloro-4-(dichloromethyl)-5-

hydroxy-2(5H)-furanone or MX, 3-Chloro-4-(bromochloromethyl)-

5-hydroxy-2(5H)- furanone or BMX-1, 3-Chloro-4-

(dibromomethyl)-5-hydroxy-2(5H)- furanone or BMX-2, 3-Bromo-

4-(dibromomethyl)-5-hydroxy-2(5H)- furanone or BMX-3), 

pyrroles and nitrosamines are now being considered as potential 

putative agents of the carcinogenicity mixture (Fristachi and Rice 

2007; Komulainen 2004; Kristiana et al. 2013; Meier et al. 1996; 

Wright et al. 2002). Nonetheless, nowadays the lack of historical 

concentrations for these compounds and their low concentrations in 

the mixture makes them unsuitable for most epidemiological 

studies. 

In swimming pools, chloramines are one of the most studied 

compounds. Monochloramine (NH2Cl) is formed from ammonia 

and urea from sweat and urine under acidic conditions (Figure 5). 

Increasing doses of chlorine and lower pH, may generate 

dichloramine and trichloramine (Diehl et al. 2000). Trichloramine is 

volatile and has a strong unpleasant smell even with very low 

concentrations on air (Wojtowicz 2004).  

 

(1) 3(HClO) + NH3  NH2Cl+ H2O + 2(HClO)  Monochloramine 

(2) NH2Cl+ H2O + 2(HClO) NHCl2+ 2(H2O) + HClO  Dichloramine 

(3) NHCl2+ 2(H2O) + HClO  NHCl3+ 3(H2O)   Trichloramine 

Figure 5. Chloramine formation  
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1.2 Human exposure 

Research concerning exposure to DBP is hindered by a number of 

methodological aspects. As explained above, DBP composition is 

highly variable due to different disinfection processes and to the 

raw water characteristics. In addition, humans are exposed through 

three different routes to DBP: ingestion, inhalation or dermal 

absorption. The uptake of specific compounds of the mixture is 

affected by several factors: a) physical characteristics (polarity) 

which alter absorption, b) personal behavior of water consumption 

and use, c) toxicokinetics of the compound. 

 

a) Route of exposure and compound polarity 

Every compound of the DBP mixture has specific volatility and 

polar charge making it more or less absorbable through a specific 

route. Most of the uptake of semivolatile compounds, e.g. THM, is 

achieved when inhaled or absorbed through the skin (showering, 

swimming in disinfected pools) (Leavens et al. 2007; Lourencetti et 

al. 2012; Weisel and Jo 1996; Xu and Weisel 2005b). Uptake of 

other non-polar compounds, e.g. haloketones, is mainly through 

dermal absorption (Xu and Weisel 2005a). Finally, the most polar, 

and heavier, compounds, e.g. HAA, are only bioavailable when 

ingested (Chiu 2011; Kim and Weisel 1998; Weisel et al. 1999). In 

addition, for those compounds dermally absorbed, bromine content 

increase absorption (Silva et al. 2012). 

 

b) Social and behavioral factors  

Residential trihalomethane levels are the simplest and most widely 

used proxy of DBP exposure. Some uncertainty exist given that 

even neighbor houses may have different tap water levels due to 

different resident times and biofilms persistence due to waterpipes 

conditions and materials (Szabo and Minamyer 2014). Older and 

poorly maintained waterpipes increases the risk of water leaking 

and organic matter/biofilm intrusion. Older dwellings may also 
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increase Berksonian bias risk when adjusting for socioeconomic 

data.  

On the other hand, even if subjects live on stable residences, some 

behavioral factors in conjunction with some physical properties of 

the compounds themselves may affect the total DBP exposure. For 

non-volatile DBP compounds, volume of ingested tap water is used 

as a proxy of the exposure. However, people consume water not 

only at home but at work and elsewhere (Mons et al. 2007). In 

particular, consumption of bottled water instead of tap water may 

distort exposure estimates. In other cases, tap water handling, before 

consumption, such as filtering or boiling increases the uncertainty 

of the exposure estimates. When considering volatile DBP 

compounds, other indirect exposures should be taken into account. 

Volatile DBP compounds can be also inhaled from boiling water, 

shower/bath water steam, hot water dishwashing, floor mopping or 

even toilet flushing increasing total DBP exposure (Nuckols et al. 

2005; Silva et al. 2012). On the contrary, water storage may slowly 

release volatile DBP compounds reducing the exposure. Non-polar 

compounds can be absorbed through skin, time and body surface 

exposed to the compound affect the total uptake (Xu and Weisel 

2005a). Longer exposures to the compound (shower, bathing, 

swimming duration), and bigger skin area exposed (total vs. partial 

skin immersion) increases the non-polar DBP exposure.  

 

c) Toxicokinetics 

Once the compounds are absorbed, DBP follow different metabolic 

routes. Most of the compounds ingested are detoxified in the liver 

through a phase I metabolic route (redox phase) involving 

cytochromes P450 and a phase II metabolic route (conjugation) 

involving glutathione transferases such as Glutathione S 

Transferase Theta-1 (GSTT-1) (DeMarini et al. 1997; Stevens and 

Anders 1981). According to experimental evidence, halomethanes 

at low doses are metabolized on phase I through the oxidative 

pathway generating carbon monoxide and carbon dioxide (Stevens 

and Anders 1981). However, this pathway is quickly saturated and 

the alternative phase I reductive pathway (Tomasi et al. 1985) may 

manage higher exposure loads generating formaldehyde and formic 
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acid (Gargas et al. 1986). Gargas et al. estimated that through the 

reductive pathway as much as 20 to 30% of the halomethanes may 

react with cellular nucleophiles. A summary of the THM 

metabolism is on Figure 6. 

For the brominated species phase II activation through the 

Glutathione S Transferase Theta-1 (GSTT-1) on the phase I 

reductive pathway may generate GC to AT transitions 

experimentally on Salmonella strains (DeMarini et al. 1997). 

 

 

 

Reductive pathway    Oxidative pathway 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Trihalomethanes metabolism  
Source: modified from DeMarini, 1997 and US EPA, 2005 
Note: in red halides (X=chloride, bromide and/or iodide), in blue enzymes 

required for the reaction (Cytochrome P450-CYP450, Nicotinamide adenine 

dinucleotide phosphate oxidase-NADPH, Nicotinamide adenine dinucleotide 

deshydrogenase- NADH). Adducts includes covalent binding to polar head 

phospholipids, proteins and nucleotides. Glutathione mediated reactions (GSH-

reduced to GSSG-oxidated states) are mediated through Glutathione S 

transferases. 
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Heavier and less lipophilic compounds, such as the trichloroacetic 

acid-TCAA, are only absorbed through ingestion. HAA are 

absorbed in the small intestine, they enter the liver through the 

portal system, where a portion of the free plasmatic fraction is 

metabolized in phase I to trichloroethanol. Trichloroethanol is then 

glucuronidazed (phase II conjugation) and re-circulated in the 

gallbladder salts in the intestine (Chiu 2011; Ni et al. 1996). Some 

of the HAA may reach the systemic circulation and from there the 

potential target organs. Due to their polarity, they can also bind 

plasmatic proteins. As the protein binding is reversible, TCAA can 

be released slowly to the circulation. In humans, TCAA plasma 

protein binding is approximately 50%, but some experiments 

account for binding as high as 87-100% at low doses (Lumpkin et 

al. 2003). The DCAA is quickly metabolized in the liver in less than 

two hours (Kim et al. 1999). From rat experiments we know that 

TBAA, BDCAA, have an intermediate half live higher than DCAA 

and other dihalogenated HAA, for all the compounds their turnover 

was dependent of phase II metabolism by the glutathione 

transferases (Saghir and Schultz 2005). In contrast, the 

monohalogenated acetic acids inhibit the glyceraldehyde-3-

phosphate dehydrogenase in a dose dependent manner. This 

inhibition leads to reduced glycolysis, to cytotoxicity and/or to 

release of reactive oxygen species (Pals et al. 2011). The only HAA 

with longer half-life, in the same rat experiment, was the TCAA. 

TCAA paradoxically was more rapidly metabolized when phase II 

glutathione was depleted (Saghir and Schultz 2005). In humans, 

urine TCAA has been considered a potential biomarker of exposure 

which has been used and validated in epidemiological reproductive 

studies (Bader et al. 2004; Froese et al. 2002; Smith et al. 2013; 

Wang et al. 2014; Zeng et al. 2014; Zhang et al. 2009b). 

 

1.3 Health outcomes 

Toxicological data support a DBPs-cancer association in 

experimental animals (DeAngelo et al. 2002; Geter et al. 2004, 

2005; Pals et al. 2011; Tao et al. 2004). Chloroform and 

trichloroacetic acid  are liver carcinogens in experimental animals 

(DeAngelo et al. 2008; Jorgenson et al. 1985; Pereira et al. 2001; 

Yamamoto et al. 2002). Chloroform metabolites are kidney 
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carcinogens in mice (Constan et al. 1999; Nagano et al. 2006; 

Pereira et al. 2001). Colorectal pre-neoplastic lesions have been 

related to brominated THM exposure in rats (DeAngelo et al. 2002; 

Geter et al. 2005; National Toxicology Program 1989). In humans, 

both bladder and colon have been considered as potential target 

organs for DBP carcinogenicity (see below). 

For the volatile compounds, acute airway toxicity has been 

documented in animals exposed to high doses of trihalomethanes 

(Constan et al. 1999; Meek et al. 2002; National Toxicology 

Program 1989) 

 

a) Bladder cancer 

Bladder cancer was the fourth most common form of cancer in 

males in Spain in 2012 (Ferlay et al. 2013). Globally, Spain is the 

7
th

 country with highest incidence for both sexes (Age-Standardized 

Incident Rate, World Population: 13.9 cases /100,000 inhabitants). 

Most of the cases in Spain were males (male to female ratio 7:1), 

Figure 7. The main risk factors for bladder cancer are: smoking, 

occupational exposure to polycyclic aromatic hydrocarbons, chronic 

exposure to inorganic arsenic in drinking water, and Schistosoma 

hematobium infection (the latter only for the squamous cell type) 

(Cantor 2010; Colt et al. 2011; de Martel and Franceschi 2009; 

Samanic et al. 2006; Smith and Steinmaus 2009). Of them, tobacco 

smoking accounts for almost 50% of the bladder cancer attributable 

risk (Samanic et al. 2006). Identified genetic variants in Genome 

Wide Association Studies, GWAS, explain 5-10% of the overall 

inherited risk (Golka et al. 2011). However, these factors still do not 

explain an important proportion of the cases (Silverman et al. 2006).  

Association between bladder cancer and water chlorination were 

studied since DBP discovery on the late 70s and research was 

developed in the following decades (Cantor et al. 1978, 1998; King 

and Marrett 1996; Koivusalo et al. 1998, 1997). The initial evidence 

was limited due to the DBP complex mixture characteristics, and 

the inconsistency among male/female risk (bladder cancer is more 

prevalent in males). Initial exposure assessment was mainly focused 

on water chlorination vs. no chlorination. Based on this, the IARC 

initially considered that the DBP evidence was insufficient to link 
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this exposure as potential carcinogen (International Agency for 

Research on Cancer 1999). However, as exposure to DBP is 

ubiquitous and the potential associated burden can be high more 

research was required to conclude if this association was consistent 

or not (Arbuckle et al. 2002). Beginning the XXI century, new 

meta-analyses and pooled analyses and new case-control studies 

with improved exposure assessment allowed to link consistently the 

DBP exposure, and in particular the chronic exposure to THM as a 

surrogate of the mixture, to an increased bladder cancer risk in 

males (Costet et al. 2011; Nieuwenhuijsen et al. 2010; Villanueva 

2003; Villanueva et al. 2004, 2006, 2007a). 

 

Figure 7. Bladder cancer Age-Standardized incidence and 

mortality rates, ASR (World Population) per 100,000 

inhabitants, by sex  
Source: Globocan 2012, IARC,(Ferlay, 2013). 
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b) Colorectal cancer 

Colorectal cancer is the third most incident cancer in Spain for both 

sexes in 2012, third and second cancer in incidence in males and 

females respectively (Ferlay et al. 2013). Globally, Spain is the 17
th

 

country with highest incidence for both sexes (Age-Standardized 

Incident Rate, World Population: 33.1 cases /100,000 inhabitants). 

Most of the cases in Spain were males (male to female ratio 1.8:1), 

Figure 8. The main risk factors for colorectal cancer are age over 

55 years, inflammatory bowel disease, alcohol consumption, 

smoking, obesity, high fat and meat consumption, and low ingestion 

of fibre, fruits and vegetables (Botteri et al. 2008; Calle et al. 2003; 

Cho et al. 2004; Rose et al. 1986). Familiar genetic variants include 

high penetrance genes such as APC (Adenomatous Polyposis Coli 

gene), and 14 GWAS identified low penetrance variants accounting 

for 8% of risk (Peters et al. 2012).  

Several ecological, case-control and cohort studies analyzed the 

association between colon and rectal cancer and DBP exposure. 

Ecological evidence seems to cluster cases around areas with higher 

brominated THM (Rahman et al. 2014). First meta-analysis of case-

control and cohort studies for colon cancer was hampered by the 

heterogeneity among studies (King and Marrett 1996; King 2001). 

An updated meta-analysis, integrating seven case-control and three 

cohort studies, showed an increased risk for the highest DBP 

exposure and colon cancer (Rahman et al. 2010). In the same study 

two cohort studies and eight case-control studies of rectal cancer 

provided inconsistent results by study design. Interestingly, one of 

the rectal cancer case control studies showed a pattern of 

association only for the bromoform and possibly also for the other 

brominated THM (Bove et al. 2007). Nowadays, the available 

evidence cannot confirm or discard this association and further 

studies are still required.  

 

c) Airway irritation 

Acute and sub-acute exposure to some volatile DBP (trichloramine) 

has been associated with airway irritation (Thickett et al. 2002).  
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Figure 8. Colorectal cancer Age-Standardized incidence and 

mortality rates, ASR (World Population) per 100,000 

inhabitants, by sex  
Source: Globocan 2012, IARC,(Ferlay, 2013). 

 

Most of the current evidence is limited to occupational settings and 

competitive athletes (Florentin et al. 2011; Lévesque et al. 2006).  

Nevertheless, in contrast to the high THM doses used in 

toxicological animal experiments, human exposure to THM during 

showering and from inhalation in swimming pools is relatively low 

according to body surface and weight. This fact makes unlikely that 

THM could be related to clinical symptoms of airway irritation.  
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d) Other outcomes 

DBP exposure has been associated in epidemiological studies with 

adverse reproductive outcomes (low birth weight and congenital 

anomalies) (Agopian et al. 2013; Bove et al. 2002; Nieuwenhuijsen 

et al. 2009b; Righi et al. 2012) and reduced male fertility (Fenster et 

al. 2003; Iszatt et al. 2013; Luben et al. 2007; Xie et al. 2011; Zeng 

et al. 2013, 2014). In addition, other cancers sites (pancreas, 

leukemia, stomach, among others) have been studied, but evidence 

is inconclusive (Cantor et al. 1978; Infante-Rivard 2004; Koivusalo 

et al. 1994; Vinceti et al. 2004). These later outcomes will not be 

included on this thesis analyses. 

 

1.4 Mechanisms of action 

Several mechanisms for DBPs toxicity have been proposed 

(Nieuwenhuijsen et al. 2009a). Most of the mechanisms rely on 

experimental evidence on transgenic bacteria, rodents and a few in 

mammal and human cell cultures. On the other hand, chemical 

reactivity depends on the halogen and nitrogen composition in the 

mixture. Heavier halogens are more chemically reactive and 

genotoxic: iodide > bromide > chloride (Plewa and Wagner 2009b). 

Those compounds which include nitrogen are in general more 

carcinogenic and mutagenic, but their metabolic processes have 

been less studied than those of haloalkanes (Muellner et al. 2007). 

Based on experimental models both compounds and water extracts 

have been classified as cytotoxic, genotoxic and/or mutagenic. In 

addition, in tissues with higher turnover, deficits in folic acid THM 

detoxification may reduce folate levels (which is mentioned by 

some authors as a “folate trap”) or some compounds may act as 

direct endocrine disruptors (Nieuwenhuijsen et al. 2009a). A new 

proposed mechanism is the potential epigenotoxicity of the 

compounds, which is close related to the “folate trap” theory and to 

the chronic cytotoxicity mechanisms. Below the evidence behind 

those mechanisms are briefly described. 
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a) Cytotoxicity 

Cytotoxicity can be defined as alteration of the cell integrity with or 

without direct DNA damage. Cytotoxicity is directly related to 

oxidative metabolites release (such as the electrophilic metabolite 

phosgene) or reductive free radicals metabolism, such as 

brominated dihalomethyls (Amy et al. 2000; Tomasi et al. 1985). 

Cytotoxicity then induces cycles of cellular necrosis and excessive 

cell proliferations. Finally, several factors involved in the 

inflammatory response to the cell injury may perpetuate the process 

(Begay and Gandolfi 2003; U.S. Environmental Protection Agency 

2001). Compounds which have been related to these mechanisms 

include chloroform and trichloroacetic acid-TCAA (Gemma et al. 

2003; Mahle et al. 1999). For chloroform, phosgene and 

dichloromethyl (a dihalomethyl) are intermediate products of 

chloroform after in vivo metabolism through cytochrome P4502E1 

(CYP2E1) (Testai et al. 1996). Phosgene reacts binding to proteins, 

phospholipids, and reducing glutathione cell content (Gemma et al. 

2003; Testai et al. 1996). In human populations, the presence of 

CYP2E1 rs2031920 CC versus CT polymorphism has been related 

linearly to an augmented bladder cancer risk with increasing THM 

levels (Cantor et al. 2010).  

The relative cytotoxicity has been summarized by Plewa and 

Wagner 2009a (Figure 9. Comparative trihalomethane 

cytotoxicity in Chinese Hamster Ovary (CHO) cellsFigure 9). 

Cytotoxicity is dependent of the specific halide reactivity, being the 

iodinated THM more reactive than the brominated THM and these 

more reactive than the chlorinated THM. 

Trichloroacetic acid-TCAA has a slightly different mechanism of 

cytotoxicity (Plewa et al. 2002). TCAA is either excreted 

unchanged due to polar binding with plasma proteins or may 

generate free radicals. If it is detoxified in phase I metabolism, 

reductive dechlorination of TCAA generates dichloroacetic acid-

DCAA. DCAA is a more potent lipoperoxidative compound than 

TCAA but have a shorter half life (Larson and Bull 1992). On the 

other hand, TCAA can be produced internally as a metabolite of 

other compounds (chloral hydrate or trichloroethanol).These 

compounds may follow a phase II glucuronidation process and 
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increase internal TCAA dose due to enterohepatic recirculation as 

commented in the Toxicokinetics section (Ni et al. 1996). 

 

 
Figure 9. Comparative trihalomethane cytotoxicity in Chinese 

Hamster Ovary (CHO) cells.  
Source: Plewa and Wagner. 2009. Mammalian Cell Cytotoxicity and 

Genotoxicity of Disinfection By-Products. Published by the AWWA Research 

Foundation. Reprinted with permission. 

Abbreviations BF(bromoform), BCIM (bromochloroiodomethane), BDCM 

(bromodichloromethane), CF (chloroform), CDBM (chlorodibromomethane), 

DBIM (dibromoiodomethane) and IF (iodoform). 

 

b) Genotoxicity 

Most of the haloalkanes, halonitromethanes and nitrosamines are 

genotoxic (capable of producing DNA damage) and mutagenic 

(capable to induce de novo changes in the DNA sequence). A 

comprehensive review of genotoxicity and mutagenicity data has 

been published by Richardson et al (Richardson et al. 2007). 

DeMarini et al described in transgenic Salmonella strains de novo 

mutations; transitions, deletions and transversions; at CpG areas 

(dinucleotides of Cytosines neighbors of Guanosines). Two 

mutations were documented: 1) dichloroacetic acid, brominated 

THM and dichloromethane generates deamination and transition of 

the GC dinucleotides to AT. On the opposite spectrum, MX and 

other halofuranones generate 50% of frameshift mistakes, 
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transversion of GC to TA, and 50% of segmental deletions 

(permanent loss of the dinucleotide) (DeMarini 1998). When using 

the whole DBP mixture, transversions predominates in presence of 

halofuranones. Adduct generation is dependant of chemical 

reactivity of the most lipophilic molecules generated in phase I 

metabolism which can enter the cytoplasm and be conjugated by 

Glutathione transferases, such as GSTT-1 to generate intermediate 

carbonyl reactive molecules targeting the DNA (DeMarini 1998). 

This phase II metabolism is required for bioactivation of 

brominated trihalomethanes. In bacteria lacking the GSTT-1 this 

process is absent and no genotoxicity appears (Pegram et al. 1997; 

Ross and Pegram 2003, 2004). In humans, experimental somatic 

(lymphocytes) and germ cells (sperm) genotoxicity has been 

documented after haloacetic acid exposure through different tests 

including the Comet assay, chromatid aberrations, and 

micronucleus blocking (Ali et al. 2014; Varshney et al. 2013a, 

2013b). In addition, some experimental and epidemiological data 

suggests that those individuals who are GSTT-1 positive seems to 

be more susceptible to DBP genotoxicity (Cantor et al. 2010; 

Kogevinas et al. 2010; Landi et al. 1999, 2003).  

 

c) Epigenetic changes 

In environmental epidemiology, initially carcinogenicity of a 

compound was only related to the compound ability to produce 

DNA damage (genotoxicity) and/or even DNA sequence changes 

(mutations). Environmental carcinogens may produce molecular 

changes beyond genotoxicity/DNA mutations. However, a fraction 

of the carcinogenicity shown by several environmental carcinogens, 

e.g. arsenic or the DBPs, cannot be directly related to 

genotoxicity/mutagenicity. For the DBPs this is an important 

consideration, as not all the subjects in a population have the 

enzymes required for phase II activation of DBPs to 

genotoxics/mutagens. Therefore, alternative biological pathways to 

DBP genotoxicity should be considered. Recently, more 

information about genetic control of the cell is available, and more 

subtle layers of gene control are being recognized. Epigenetics 

(meaning literally “above” the genes) is a biology discipline which 

may offer new clues to some of these subtle layers of genomic 
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control in response to environmental exposures (Moore et al. 2003; 

Waddington 2012). Epigenetic mechanisms are mitotic heritable 

and reversible changes in gene expression that occur without 

affecting the DNA sequence (Grewal and Moazed 2003). 

Nowadays, it is recognized that several molecular mechanisms 

previously attributed only to de novo mutations in cancer could be 

also related to epigenetic changes (silencing tumour suppressor 

genes, activation of oncogenes, and alterations in DNA repairing 

systems) (Herceg 2007). Furthermore, epigenetic hallmarks are not 

only affected by carcinogens but also by several lifestyle and 

environmental factors (Bollati and Baccarelli 2010). Several 

epigenetic mechanisms have been studied: DNA methylation, 

histone modifications and non-coding RNA. These mechanisms are 

complementary one to each other and usually redundant to include 

several genetic control points which avoids unregulated gene 

expression (Reamon-Buettner et al. 2008). Among them, changes in 

the DNA CpG methylation is one of the most extensively studied. 

DNA methylation/unmethylation occurs at the 5’ extreme of the 

cytosines, and it is most of the times limited to the CpG 

dinucleotides (Baccarelli and Bollati 2009; Lister et al. 2009; 

Verma 2010). Roughly, increased levels of 5-methyl-cytosine (5-

mC) inhibit gene transcription, while reduction of 5-mC levels 

increase gene transcription. More precisely, the presence of 5-mC 

have been suggested to act as a fifth nucleotide during DNA 

transcription. 5-mC (and other chemically changes of the four basic 

nucleotides) alters chromatin condensation, acting as a physical 

repressor of gene transcription through CpG-binding proteins, or 

through inhibition of RNA elongation (Klose and Bird 2006). 

Nonetheless, the mechanisms through which DNA methylation 

alters gene expression are not totally clear. Normal diverse DNA 

methylation patterns can be found among different cell populations 

in the same subject (Phokaew et al. 2008). In contrast, global DNA 

hypomethylation plus hypermethylation at normally unmethylated 

CpG islands are observed in several cancers (Cortessis et al. 2012; 

Ehrlich 2002; Esteller and Herman 2002). The regulation of these 

normal DNA methylation patterns relies in several enzymes known 

as DNMT (DNA N Methyl Transferases) and the availability of 

methyl donors such as S-Adenosyl Methionine-SAM (Figure 10) 

(Hitchler and Domann 2007).  
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Figure 10. Donation of methyl groups and 5-methylcytosine (5-

mC) formation.  
Source: Wikimedia Commons / Public Domain 

Abbreviations SAM (S-Adenosyl Methionine), SAH (S-Adenosyl Homocysteine). 

Ninety percent of normal 5-mC is located at transposable repetitive 

elements or transposons (a DNA sequence that can change its 

relative position, self-transpose, within the genome of a single cell). 

Regions containing transposons are highly methylated in order to 

avoid transposition and insertion in genes damaging them (Rodić 

and Burns 2013). One of the more common transposon families in 

humans is named Long Interspersed Nuclear Element-1 (LINE1) 

and it has been used as a surrogate of global genomic methylation 

(Kitkumthorn and Mutirangura 2011). Reduced levels of 5-mC in 

LINE-1 in lymphocytes has been linked to an increased risk of 

bladder cancer in both genders (Cash et al. 2012; Tajuddin et al. 

2014). On the other hand, CpG sites cluster together in CpG islands 

giving place to more complex epigenetic signatures beyond the 

transposons. In the genome, 5-mC can be found distributed in 

genomic regions, CpG islands including shores (north and south) 

and shelves (north and south), transcription starting sites and a few 

in the intergenomic areas (open sea). Microarrays and next 

generation sequencing methods are used for the exploration of these 

more complex patterns. Epigenome-Wide Association Studies 

(EWAS) are hypothesis free approaches used for exploring these 

features in epidemiology.  

In rodents, global hypomethylation of DNA and hypomethylation of 

several genes, including the c-myc protooncogene, after exposure to 

several THM and haloacetic acids has been described (Coffin et al. 

2000; Ge et al. 2001; Pereira et al. 2001; Tao et al. 2005). In 

humans, to the author’s knowledge, there were no available data 

before the developing of some of the evidences shown during this 

thesis. In those cases where no phase II bioactivation is present, this 
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is a plausible alternative related to the “folate-trap” theory (Geter et 

al. 2005). 

 

d) Other mechanisms 

Finally, some evidence points to potential endocrine disruption in 

males altering testosterone levels and spermatogenesis both in rats 

and humans (Linder et al. 1994; Wang et al. 2007). These 

mechanisms have been linked to congenital anomalies and male 

subfertility. Other antiestrogenic effects of DBPs have been 

depicted in chlorination of wastewater effluents (Wu et al. 2010). 

These latter mechanisms will not be studied on this thesis. 
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2. RATIONALE 

DBP epidemiologic research has been developed for more than four 

decades. Compared to the benefits of water disinfection, increased 

cancer risk are moderate. However, given the ubiquity of the 

exposure and the multiple exposure pathways involved, moderate 

relative risk may translate in large attributable risks, and the 

potential burden of disease may have important public health 

implications. Epidemiological studies have shown that exposure to 

these toxicants increases cancer risk through all the different 

exposure routes. In 2014, IARC considered DBP as high priority 

agents to be evaluated in the next years (Advisory Group to 

Recommend Priorities for IARC Monographs during 2015-2019 

2014). 

Although all these facts have been used to regulate DBP exposure, 

current knowledge about the mechanisms (genotoxicity limited to 

some compounds and conditions and cytotoxicity of some 

metabolites) do not explain the associations found in epidemiologic 

studies. Experimental evidence points out to changes in DNA 

methylation as an alternative mechanism of action, but, to the 

author knowledge, no studies have been conducted in human beings 

previously. In addition, several gaps in the exposure assessment of 

DBP in cancer remains including the use of potential exposure 

biomarkers and the analyses of individual compounds. 

This thesis aims to provide new clues to the mechanisms of DBP 

toxicity in humans from the epidemiological perspective. This 

thesis is divided in two main blocks: 1) improved exposure 

assessment applying statistical tools, biological knowledge, and 

validating a known biomarker of exposure in cancer 

epidemiological studies, 2) acute and chronic effects of THM 

exposure using an early effect biomarker and the microarray 

technologies on DNA methylation and gene expression. 

The first part deals with exposure assessment using the known 

potential mechanisms (including the use of a potential exposure 

biomarker) and some statistical tools to analyze the DBP complex 

mixture in alternative ways to those previously published. The 

second part is focused on providing new potential hypotheses to the 
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mechanisms in humans using specific biomarkers or the “omics” 

microarray technology and it is expected to provide a balanced 

evaluation of the pros and cons of applying these techniques on 

epidemiological studies. 



27 

3. OBJECTIVES 

The general aim of this PhD thesis is to evaluate the risk of cancer 

associated with disinfection by-products in water and to evaluate 

possible mechanisms of action.  

The specific objectives are: 

 To evaluate the bladder cancer risk related to specific 

disinfection by-products (DBPs) (Paper I). 

 To evaluate urine trichloroacetic acid as a marker of internal 

dose in cancer studies (Paper II). 

 To determine the association between DBP exposure and 

DNA methylation changes (Paper III and IV). 

 To evaluate the gene expression modification after a short-

term DBP exposure (Paper V). 
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4. METHODOLOGY 

This section summarizes the methodology used for the different 

papers.  

 

4.1 Study population 

Two case-control studies and one experimental before-after design 

were used in this thesis: the Spanish Bladder Cancer/EPICURO 

study (SBC/EPICURO), the Multicase control Study Spain (MCC-

Sp) and the PISCINA study. 

For all the studies a computer assisted personal interview was 

performed by trained personnel. Data collected included: residential 

histories, water consumption, socio-demographics, smoking, 

occupation, etc. A self-administered food frequency questionnaire 

ascertained dietary habits in both case-control studies. Specific self-

reported fluid record consumption was additionally requested for 

Paper II.  

A summary of the studies characteristics and the general aim of 

each paper (in the framework of this thesis) are shown in Table 2. 

 

a) The Spanish Bladder Cancer/EPICURO Study 

(SBC/EPICURO) 

This was a multicentric case control study developed on six 

geographic areas (Barcelona, Vallès/Bages –including Sabadell and 

Manresa-, Asturias, Tenerife, Alicante). 

Subjects were enrolled between June 1998 and June 2001. Cases 

were subjects recently diagnosed with urinary bladder cancer 

without treatment (n=1,457). Controls were hospitalized subjects 

matched by age, sex and geographic catchment area (n=1,465). 

Eighteen hospitals provided subjects for the study. 
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Two different subsets were used for the analyses of papers I and III, 

see Table 2. 

 

b) The Multicase control Study Spain (MCC-Sp) 

This was a multicentric study in 11 areas (Asturias, Barcelona, 

Cantabria, Gipuzkoa, Granada, Huelva, León, Madrid, Murcia, 

Navarra and Valencia) evaluating several neoplasm (breast, 

prostate, chronic lymphocytic leukemia, colorectal and gastric 

cancers). About 3000 population based controls were enrolled 

between 2008 and 2012. For the current analyses a subset of 

controls residents in Barcelona were included for the papers II 

(n=120) and IV (n=138) 

 

c) The PISCINA (“Projecte d'Investigació Sobre 

Compostos Irritants en Natació”) study 

This was a experimental study in Barcelona which included 58 

healthy non-smokers volunteers on 2007. The experiment consisted 

on a before-after measurement of exhaled breath THM levels and 

collection of blood and urine for performing several early effect 

biomarkers (lung inflammation, blood genotoxicity, and bladder 

genotoxicity) plus environmental THM measurements of the 

swimming pool water and air. Volunteers then were allowed to 

swim at their own pace during 40 minutes in a chlorinated pool. 

Afterwards, volunteers were allowed to dry off and all the personal 

and environmental measurements were repeated. A subset of 34 

subjects provided blood for transcriptomics analyses and 33 of them 

were included for paper V analyses. 

 

4.2 Exposure assessment 

Assessment of lifetime exposure to THM follows a similar 

methodology in the EPICURO/SBC study and MCC-Sp. A 

combination of current and historical data was used. Past levels of 

DBP were modeled back linking the available information: 1) 
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environmental data on current and historical water source, water 

disinfection treatment, year when chlorination started and THM 

levels when available; 2) individual data of lifetime residential 

history, and source of water consumed by residence (tap water, 

ground water, bottled water, other). For individual exposure amount 

of water ingested by source, showering/bathing habits, and 

swimming pool use were estimated. Lifetime THM exposure 

indices include: average lifetime THM residential levels (µg/L), 

average lifetime THM ingestion (µg/day), showering/bathing 

exposure (µg/L*min/day), and pool use (yes/no). Specific uptake 

measurements were not estimated for these studies).  

Environmental samples (tap water) were collected for a subset of 

MCC-Sp and EPICURO/SBC studies as part of the THM historical 

modeling. In addition, for paper II house tap water samples were 

collected measuring four THM and nine HAA. On the other hand, 

for paper V swimming pool water and swimming pool air samples 

were collected to measure the four THM. 

 

4.3 Biomarkers 

Biological matrices used for DNA methylation and gene expression 

analyses included blood (whole and purified granulocyte cell line). 

Internal dose measurement was assessed using urine (TCAA levels) 

for paper II and exhaled breath (the four THM) for paper V. 

Specific gas chromatography techniques were used to assess the 

amount of the compounds analyzed. Details of the specific 

laboratory techniques performed for quantification, limits of 

detection and limits of quantification can be found in the specific 

papers and their references. 

In paper III (EPICURO/SBC) DNA methylation was assessed using 

as a proxy the first four CpGs sites from a LINE-1 sequence in from 

blood granulocytes. Levels of 5-methylcytosine (5-mC) were 

quantified using pyrosequencing after bisulphite modification of 

DNA. Specific features of the primers and techniques used can be 

found in the original papers describing the techniques referenced on 

the paper. On the other hand, in paper IV (MCC-Sp), a DNA 

methylation Epigenome Wide Analysis Scan (EWAS) used 
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Illumina Infinium HumanMethylation450 BeadChip microarray 

technology. This microarray interrogates >486,000 methylation 

sites per sample at single-nucleotide resolution using two different 

probes using two-channels for quantifying the intensity of the 

signal. A detailed description of the technique is also depicted on 

the references of the paper. Finally, in paper V, gene expression in 

whole blood RNA was evaluated using Illumina HumanHT-12v3 

Expression-BeadChip (49,895 probes). 

 



 

 

3
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Table 2. Summary of the different outcomes assessed and general design and biomarkers used by paper 

  Paper I Paper II Paper III Paper IV Paper V 

Number of analyzed 
subjects 

686 bladder cancer 
cases /750 hospital 
controls 

120 population 
controls 

548 bladder 
cancer cases /559 
hospital controls 

138 population 
controls 

n= 33 subjects, 74 
measurements 

Study name (years of 
data collection) 

EPICURO/SBC 
(1998-2001) 

MCC-Sp (2008-
2012) 

EPICURO/SBC 
(1998-2001) 

MCC-Sp (2008-
2012) 

PISCINA (2007) 

THM exposure chronic chronic chronic chronic acute 

THM exposure 
assessment 

Historical Historical+ home 
measurements  
+ biomarkers 
(urine TCAA) 

Historical Historical Swimming pool 
measurement + 
biomarkers (exhaled 
breath THMd)  

Study design Case/control Cross sectional 
Internal dose 
biomarker 
validation  

Case/control + 
Biomarker (early 
effect)  

Cross sectional + 
Biomarker (early 
effect)  

Experimental 
before-after + 
Biomarker (early 
effect)  

Biological matrix 
assessed 

N/A urine Blood 
(granulocytes) 

Whole blood 
(white cells) 

Whole blood 

Biomarker measured N/A Trichloroacetic 
acid 

LINE-1 DNA 
methylation 

DNA methylation 
486,000 CpG sites 

Gene expression 
(49,895 probes 
~25,000 genes) 

General aim Improved exposure assessment Detection of early effects associated with exposure 
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4.4 Statistical analyses 

Potential model covariates were described using descriptive 

statistics. Binomial and multinomial outcomes against categorical 

covariates were assessed using χ
2
 or Fisher exact test when 

applicable. Binomial and multinomial outcomes against continuous 

covariates were assessed using t-test, or Wilcoxon test. Continuous 

outcomes against categorical covariates were assessed using 

ANOVA. Continuous outcomes against continuous covariates were 

assessed using ANCOVA. Correlations among continuous data 

were assessed using Pearson or Spearman test if applicable. 

Multivariable models were used to adjust for confounders. For 

papers I and III odds ratio of bladder cancer risk were estimated 

through logistic regression for binomial outcomes and ordered 

regression for multinomial ordinal outcomes. Specific use of 

conditional and unconditional logistic regression adjusted for 

matching covariates are described in every paper (Breslow et al. 

1980). Other techniques included principal component logistic 

regression, generalized additive models and stereotype logistic 

regression which are explained when applicable (Anderson 1984; 

Hastie and Tibshirani 1990; Marx and Smith 1990). For paper III 

the outcome was bounded between 0 and 1 and then beta regression 

was used as the most accurate model (Cribari-Neto and Zeileis 

2010). Paper IV used empirical Bayes linear modeling for 

adjustment for CpG sites and Gaussian kernel for regional CpG 

differences (Peters et al. 2015; Smyth 2004). For papers II and V 

the outcomes were continuous but highly skewed, then linear 

regression was used but outcome was log transformed (on the 

natural log and on base 2 respectively) previous to modeling 

(Dunning et al. 2007). In paper V, as the outcome was multivariate 

(a measure repeated before and after nested in a subject) linear 

mixed models with subject as random effect were used for the 

analyses. Linear p-trend was established as the p-value of model 

when the categorical variable was treated as continuous.  

Directed acyclic graphs were used for the analyses of hypothetical 

causal pathways, and were used to evaluate potential intermediate 

covariates (mediators) and effect modifiers (interactions, 

moderators) (VanderWeele and Robins 2007). Interactions on the 

multiplicative scale were assessed using stratified models and 

including the multiplicative term plus the linear combinations to 
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assess specific associations. Interaction-p-value was assessed using 

likelihood ratio test among nested models with and without the 

multiplicative term, or using the Wald test of the multiplicative term 

in robust adjusted models. Marginal (conditional) estimates were 

used for assessing interactions graphically on the continuous scale. 

To determine whether a covariate was a mediator in a causal 

pathway, the four steps of Baron and Kenny were used (Baron and 

Kenny 1986). Once established that the characteristics of the 

covariate applied to a mediation pathway, exploratory mediation 

analyses were modeled adjusting the relationship between the 

independent variable to the mediator variable, and then modeling 

the independent variable and the outcome adjusted for the mediator 

to estimate the controlled direct effect (Zhang et al. 2009c). 

Estimates of the average causal mediation effect and the average 

total effect in hierarchical mediation models were calculated 

according to predefined formulas (Tingley et al. 2014). 

Significance level was established as a p-value<0.05 for single 

comparisons (or the bootstrapped or Montecarlo simulations 

estimations for papers I and V), or as a Benjamini and Hochberg 

False Discovery Rate (q-value) <0.05 (Benjamini and Hochberg 

1995) for multiple comparisons in papers IV and V. All tests were 

two sided. 

Data analyses were performed either on Stata/SE/MP v.12.1 or R 

using the latest version available at the time of each analysis 

(v.2.15.0 to 3.2.0). Specific statistical user-written packages add-

ons are discussed on each paper. 
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5. RESULTS 
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5.1 Paper I 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Salas LA, Cantor KP, Tardon A, Serra C, Carrato A, 

Garcia-Closas R, et al. 2013. Biological and statistical 

approaches for modeling exposure to specific 

trihalomethanes and bladder cancer risk. Am J Epidemiol 

178 (4):652–60; doi:10.1093/aje/kwt009. 

 

http://dx.doi.org/10.1093/aje/kwt009
http://dx.doi.org/10.1093/aje/kwt009
http://dx.doi.org/10.1093/aje/kwt009
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5.2 Paper II 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Salas LA, Gracia-Lavedan E, Goñi F, Moreno V, 

Villanueva CM. 2014. Use of urinary trichloroacetic acid as 

an exposure biomarker of disinfection by-products in 

cancer studies. Environ Res 135 (Nov) :276–284; doi: 

10.1016/j.envres.2014.09.018. 

 

http://dx.doi.org/10.1016/j.envres.2014.09.018
http://dx.doi.org/10.1016/j.envres.2014.09.018
http://dx.doi.org/10.1016/j.envres.2014.09.018
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5.3 Paper III 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Salas LA, Villanueva CM, Tajuddin SM, Amaral AFS, 

Fernandez AF, Moore LE, et al. 2014. LINE-1 

methylation in granulocyte DNA and trihalomethane 

exposure is associated with bladder cancer risk. 

Epigenetics 9(11):1532–8; doi: 

10.4161/15592294.2014.983377. 

 

http://dx.doi.org/10.4161/15592294.2014.983377
http://dx.doi.org/10.4161/15592294.2014.983377
http://dx.doi.org/10.4161/15592294.2014.983377
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E, Moreno V, Kogevinas M, Villanueva CM. DNA 

methylation levels and long-term trihalomethane exposure 

in drinking water, an Epigenome Wide Association Study. 
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5.5 Paper V 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Salas LA, Font-Ribera L, Bustamante M, Sumoy L Grimalt 

JO, Bonnin S, et al. Gene expression changes in blood 

RNA after swimming in a pool. 
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6. DISCUSSION 
6.1 Main findings 

The first two papers of this thesis were focused on methodological 

issues around the disinfection by-products exposure assessment. 

Paper I showed the statistical and biological issues about the use of 

historical exposure assessment trying to disentangle the putative(s) 

agent(s), or at least the best proxies, behind the complex mixture. 

Use of mutually adjusted models, and separate THM models 

provided unstable estimates and inconsistent dose-response 

relationships. Cytotoxicity weighted models did not perform better 

than total trihalomethanes. The use of principal components 

regression summarized underlying distributions of the toxicants; 

however, its use did not improve the estimations of the models of 

bladder cancer risk. Total trihalomethanes provided a proxy 

measure of DBP that yielded the strongest and most stable dose-

response relationship with bladder cancer risk.  

The second paper of the thesis explored the use of an internal dose 

biomarker (urine TCAA) in an aged population over 60 years of 

age. A model using several physiological and pathological 

covariates only explained utmost 33.5% of the excreted urinary 

TCAA. Ingested TCAA only contributed to 1.4% of the excreted 

urinary TCAA. Our findings support that urine TCAA is not a valid 

biomarker in case-control studies of adult cancer. In addition, low 

TCAA concentrations in drinking water limit the validity of urine 

TCAA as an exposure biomarker. 

The third paper showed the association between LINE1 methylation 

levels and bladder cancer associated with THM exposures. Our 

results suggest a positive association between LINE1 %5-mC and 

THM levels in controls. The LINE1 change between percentiles 75
th

 

and 25
th

 of THM levels was 1.8% (95% CI): 0.1, 3.4%). THM 

levels above vs. below the median (26 µg/L) were associated with 

increased UBC risk, OR = 1.86 (95% CI: 1.25, 2.75), overall and 

among subjects with low levels of LINE-1%5mC (n = 975), OR = 

2.14 (95% CI: 1.39, 3.30), but not associated with UBC risk among 

subjects’ high levels of LINE-1%5mC (n = 162), interaction p-value 

= 0.03. Results suggest a positive association between LINE-
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1%5mC and THM levels among controls, and LINE-1%5mC status 

may modify the association between UBC risk and THM exposure. 

In paper IV, 140 CpG sites and 30 gene related regions had 

statistically significant differences in methylation between exposure 

groups, after false discovery rate-FDR correction and adjustment 

for age, sex, first principal component and blood cell proportion. 

Among the 140 CpG sites, 29 CpGs had methylation levels 

associated with THM levels (|Δβ|≥0.05) located in eleven genes 

associated with cancer in other studies. Results suggest that THM 

exposure may affect DNA methylation in genes related to tumors 

including colorectal and bladder cancers among others.  

In paper V, 83 probes were associated with bromoform, 297 probes 

with physical activity, as METs, and 77 probes overlapped between 

unadjusted models. METs were linearly associated with 

bromoform. In mutually adjusted models, 15 probes remained 

significant for MET after False Discovery Rate (FDR). In 23 

nominally significant probes, a mediation effect of exhaled 

bromoform for physical activity was explored. Individual genes in 

this subset and the GSEA of the mutually adjusted gene lists of 

bromoform and MET were associated with pathways related to 

inflammatory/immune response and to several cancers. 

6.2 Methodological issues 

This section summarizes and provides further details about the 

strengths and limitations of each paper, in the global context of the 

thesis. Furthermore, it will be provided some insights behind the 

decisions on the study designs and the rationale from an 

epidemiological perspective. The rationale and specific 

interpretation of the findings can be found in each paper and they 

will not be repeated on this section. 

a) Study design 

Papers I and III use a matched case-control study design. This 

strategy of individual (paired) or frequency matched case-control 

studies have been the gold standard for cancer epidemiological 

studies (Breslow et al. 1980). A few prospective and historical 

cancer cohorts have been successfully developed in very specific 
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wealthy settings. As cancer has a long latency between exposure 

and disease developing, and given the low cancer incidences of 

specific cancer subtypes in the general population, the assembly and 

follow up of cancer prospective cohorts are difficult and expensive 

(Breslow et al. 1987). Case control studies are tools to assess 

several exposures to one or a few specific outcomes (Miettinen 

1982). To reduce the bias due to reverse causality, incident cancer 

cases are collected instead of prevalent cases in which cancer 

treatment may have distorted the biological measurements.  

Biomarkers studies nested into cohort or case-control studies allow 

the cross-sectional evaluation of some specific biological features 

under specific contexts (Papers II to IV) (Rundle and Schwartz 

2003; Vineis and Perera 2007). As cancer may produce some 

physiological/pathological changes/distortions in biomarkers, when 

the outcome is not the cancer, nested biomarker evaluations are 

performed on the “healthy” controls to evaluate the exposure effect 

on the general non-diseased population. Under the most common 

matching conditions, case-control studies match cases to controls in 

terms of age, sex and others interest variables (i.e. genetic ancestry, 

area of residence). Controls are then correlated to the same case 

conditions with the exception of the outcome explored.  

Experimental cross-over and experimental before-after assessments 

allow a longitudinal assessment of acute exposures (paper V). These 

designs allow for complete personal characteristics control as the 

subject is paired with him/herself eliminating the personal 

characteristics as confounders. As the exposure characteristics are 

controlled in the experiment the causal chain relationships can be 

assessed for the variables tested. 

b) Population Size and Statistical Power 

For this thesis several study designs were used, and in consequence 

specific theoretical and practical considerations should be taken into 

account. For the case-control studies, study power relies on the 

magnitude of the expected differences for the exposures tested plus 

the matching ratio of case vs. controls (the closest to 1:1, the highest 

precision achieved) (Greenland 1993; Rose and Van Der Laan 

2008). In the longitudinal experimental studies, theoretically we 

should have an estimation of the difference magnitude expected 
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(mean differences) and the spread (standard deviation) of the 

outcome (in our case gene expression) plus the within subject 

correlation. In the cross sectional biomarker studies, the precision of 

the continuous estimates (differences in standard deviations) are the 

best proxy to obtain the power (Huang and Pepe 2009). However, in 

practice, we have to keep in mind that exploratory studies on 

biomarkers do not have any a priori information available, 

particularly when using agnostic exploratory designs, e.g. 

microarrays. Thus, even if some general guidelines have been 

established (Bacanu et al. 2002; Michels et al. 2013), generalization 

is not possible, and practical decisions on sample size depends on 

economic resources and population available to study the problem 

tested. Finally, beyond the sample size, incorrect model 

assumptions may hamper our ability to find differences in a 

biomarker. Specifically, if biomarker has a non-normal distribution 

mining the power of the sample because of incorrect linearity 

assumptions (Salinas-Rodríguez et al. 2006).  

In observational epidemiology, we do not plan to obtain statistically 

significant estimates, but to convey precise effect estimates (i.e. 

beta coefficients, odds ratios, etc). When testing binomial outcomes 

(i.e. bladder cancer), the effect estimate precision depends on 

sample size, and on the distribution of the ratio of the exposures 

between groups (the case-control ratio). In addition, for case-control 

studies, the matching optimizes the matrix to eliminate, or to 

control, the noise produced by other common covariates in the 

relationship between the exposure and the outcome. When the 

matching is overseen in the analyses of case-control studies, loss of 

power and invalid estimates can be obtained (Cram et al. 2009). 

When using categorical covariates (or dummies such as percentile 

categorizations) the case-control ratio per group limits the power 

and the precision of the results. This is the case of the quartile, 

tertile or median trihalomethanes categorizations. The spread of the 

distribution may generate flat areas or reduce the power of some 

categories (paper I and III) (Schulgen et al. 1994; Wartenberg and 

Northridge 1991). However, when the original continuous 

distribution is evaluated, skewed distributions may dilute the effect 

or produce larger confidence intervals. This is the case for the 

highest exposure subjects (which are the scarcest in the sample) to 

trihalomethanes (paper I and III). Although transformations of 

continuous data (e.g. squared root in paper III, or logarithmic in 
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papers II and V) may reduce the distances of the distribution 

extremes increasing precision of estimates; any transformation also 

assumes artificial functional distributions and it prevent direct 

interpretability of the coefficients (Figueiras 2001; Schulgen et al. 

1994).  

The continuous outcomes to continuous covariates (paper III and 

paper V) power evaluation depends on the signal to noise ratio, 

sample size, spread of the independent variable and the distribution 

of the covariate. As with the binomial outcomes if the covariate is 

skewed, the power will be reduced on those areas with scarcest 

data, and it can be also influenced by outliers. Use of robust 

standard error calculation techniques (paper II and III) provide 

precise estimates in the presence of some outliers in the model. 

However, robust standard error calculation could be insufficient to 

eliminate the influence of some severe influence outliers and 

models may convey imprecise estimates (Journal of Tropical 

Pediatrics). 

The power assessment of multiple covariates in one model implies 

that for the generalized linear models a high linear correlation 

between the covariates (collinearity) reduces the power to 

disentangle the independent effect of the covariates. Moreover the 

inclusion of severely collinear variables induces inverted sign 

coefficients and loss of confidence interval precision (papers I and 

V) (Lynam et al. 2006). Multicollinearity may appear during the 

assessment of complex mixtures in environmental epidemiology 

(Samet 1995). Multiple frequentist and Bayesian strategies have 

been proposed to control the multicollinearity issues without a 

simple solution (beyond increasing sample size) (Bull et al. 2009; 

Feder et al. 2009; MacLehose et al. 2007; Mauderly 1993; Rice et 

al. 2009). Among them the principal component regression was 

used for paper I. On the other hand, assessment of intermediate 

covariates (which are collinear to independent covariate) requires 

other statistical approaches (mediation analysis) to explore the 

contribution of the intermediate variable in the independent 

covariate effect, trying to fractionate the effect of the mediator 

variable in the independent covariate instead of only adjusting for 

the mediator as a confounder. 
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Multivariate analyses produce different power problems, i.e. 

microarrays (papers IV and V). The analysis of microarrays test one 

set of covariates against several thousands to millions of outcomes, 

increasing the chance of false positives, if multiple testing is not 

taken into account (Michels et al. 2013; Siegmund 2011). In paper 

IV, the sample design was based on two extreme exposed 

populations to maximize the differences. Nevertheless, this design 

avoids obtaining a continuous dose-response measurement as the 

exposure distribution becomes bimodal. In paper V, the 

experimental design is equivalent to a pre-post quasi-experimental 

design in which the allocation of the treatment is open and the 

subject is paired with him-herself. As discussed above, the sample 

size is not easily calculated a priori as the differences in the 

exposure are not fully controlled. The design in paper V took 

advantage of a sample calculated to measure lung inflammatory 

proteins (Font-Ribera et al. 2010). As the sample size was not 

calculated based on the expected differences for gene expression, it 

was not adjusted for multiple testing for the number of probes 

included in the microarray. In addition, as there are autocorrelation 

within subjects some of the results for paper V may be under-

powered (Bertrand et al. 2004). 

Assessment of interactions between exposures and dose-response 

relationships reduces strata estimates power. For the case-control 

studies a fixed paired-matching produces altered distributions 

increasing the uncertainty when assessing interactions (Greenland 

1993). On the other hand, when the proportion of cases versus 

controls are not fixed (as in some frequency matching studies, or as 

when the matching is broken, paper I and III) some interactions can 

only be assessed if the ratio of controls compensates the low 

number of cases in the stratum as discussed for the categorical 

outcomes above (Greenland 1993). 

Finally, some exposure estimates were based on Berkson error 

models (the exposure is assigned for a population instead of 

measuring individual levels, which reduces precision) 

(Nieuwenhuijsen et al. 2000). Berkson error models were used for 

THM levels assignment to a residence based on the THM levels of 

the water treatment plant during a specific timeframe (papers I, III, 

and IV). These models reduce globally the study power, even if 

they do not attenuate the model estimates (Berkson 1950). 
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c) Exposure Assessment 

Exposure assessment of complex mixtures is a major concern in 

environmental epidemiology (Samet 1995). Several problems 

appear when trying to characterize the exposure to DBP while 

reducing measurement error: 1) correlation between compounds 2) 

modifiers of exposure 2) confounding between compounds.  

The use of total THM (and occasionally HAA) historical estimates 

has been traditionally used as proxies of the DBP mixture exposure. 

As DBP mixture is composed of several hundred compounds, which 

are more or less correlated when analyzed in common chemical 

groups, but less correlated when analyzed between groups 

(Villanueva et al. 2012), from the exposure assessment perspective 

the use of total THM are not necessarily an accurate proxy of the 

other compounds present in the mixture. However, even if total 

THM levels cannot properly predict other compounds, the use of 

historical estimates of THM is a good proxy of chlorination levels 

and organic matter present in water. In consequence, for long 

latency outcomes, such as in some cancers, the use of historical 

estimates can provide accurate information for the purpose of 

exposure assessment as in papers I, III and IV (Villanueva et al. 

2014).  

The use of exposure biomarkers, as a proxy of internal dose, is the 

best way to account for exposure and the toxicant uptake. In DBP 

epidemiology, several internal dose biomarkers have been tested 

(exhaled, urine and blood levels of THM and urine TCAA). Of 

them, THM levels in blood and exhaled breath has been used for 

acute THM exposures because of its short half life ranging from 30 

to 150 min (Aggazzotti et al. 1998; Nieuwenhuijsen et al. 2000) In 

paper V, exhaled THM levels were used for exposure assessment. 

The technique used to measure the biomarker had been previously 

validated and reproducibility had been tested before the data 

analysis (Lourencetti et al. 2010).On the other hand, acute effects or 

chronic effects in a limited timeframe such as pregnancy outcomes, 

cannot be accurately captured using historical estimates as 

surrogates and specific internal dose biomarkers have been proved 

to be useful for exposure assessment (Costet et al. 2012; Font-

Ribera et al. 2010). Valid exposure biomarkers should provide 
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quantitative information of the exposure and should be both 

accurate and reliable (Kim et al. 1999; Zhang et al. 2009a). In paper 

II, validity for the urine TCAA measurements were compared 

against other exposure estimates with poor performance (ingested 

TCAA, tap water consumption, and THM/TCAA levels in tap 

water). On the other hand, even if it was not the main aim of paper 

II, a good reproducibility of the measurements was observed.  

In terms of exposure modifiers, there are several challenges in DBP 

epidemiology. As stated by Arbuckle et al: in most of the 

epidemiological studies of DBP, “average DBP levels measured at 

the treatment plant or within the distribution system are assigned to 

all residents served by that treatment plant, which can result in DBP 

exposure misclassification” (Arbuckle et al. 2002). However, water 

zone estimates, based on Berkson error modeling, are preferred for 

most but not all the epidemiological studies (Villanueva et al. 2006, 

2007b). The use of more complex spatial techniques to assign 

exposure such as individual o dwelling levels are not practical for 

most of the epidemiological studies (Keegan et al. 2001). House tap 

water measurements can only be used under very controlled 

conditions (such as those observed in paper II). These individual 

measurements are demanding for both the participants and 

researchers (requiring access to the home of the participants, 

refrigeration and expedite transportation and processing), making 

them impractical for big population surveys. Use of more complex 

exposure modeling such as dispersion models requires a good 

knowledge of the waterpipe infrastructure both at the distribution 

and dwellings (Andrianou et al. 2014; Chaib and Moschandreas 

2006; Legay et al. 2010; Summerhayes et al. 2011; Symanski et al. 

2004). Variables such as water leaking, residence time and pipe 

temperature increase the uncertainty of these estimates making them 

prone to classical error versus Berkson error (Berkson 1950). In the 

absence of internal dose biomarkers, for other short term outcomes 

(i.e. pregnancy outcomes) modeling of seasonal household 

variations are required to improve the estimates and reduce 

misclassification of the subjects (Symanski et al. 2004). 

Other personal exposure indices had been developed for a previous 

study for papers I and III, and the same exposure assessment was 

used for historical estimates for papers II and IV (Villanueva et al. 

2006, 2007a). Specific indices for ingestion, and showering/bathing 
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were calculated and compared against the residential levels as 

sensitivity analyses in papers I and III, and as one of the main 

analyses in paper II (in paper IV as the design was based on 

residential exposure we do not use these additional indices). As not 

all the sample had reliable anthropometric measurements, we did 

not calculate specific uptakes. In addition, as we were assessing 

long term exposure the use of specific indices for ingestion, 

showering/bathing and/or the use of uptake calculation would only 

increase the classical error in several orders of magnitude 

(Villanueva et al. 2006). 

 

d) Outcome assessment 

Outcomes assessed on this thesis can be split in two: 1) outcome as 

a disease (bladder cancer), 2) outcome as a biomarker (of 

exposure/internal dose or early effect). The evaluation of the two 

classes of outcomes is quite different. 

Cancer assessment in case-control studies is based on specific 

classification criteria. Bladder cancer cases, in the Spanish Bladder 

Cancer (SBC)/EPICURO study, were histologically confirmed 

primary bladder cancer based on the 1999 system of the WHO and 

the International Society of Urological Pathology (Epstein et al. 

1998). All the cases collected were incident (new diagnoses). 

Bladder cancer encapsulates several histological classes 

(urothelial/transitional, squamous cell, papillary, mixed) which are 

biologically different. For homogeneity the analysis included only 

urothelial bladder cancer (UBC), which is the most common 

histology in Europe and other western societies (International 

Agency for Research on Cancer 2013). Cancer invasiveness was 

also collected and analyzed in paper III as an ordinal vs. a 

multinomial outcome. The molecular pathways implied in bladder 

cancer invasiveness differ and then the rationale to test 

heterogeneity among the invasive versus non-invasive subtypes 

(Tajuddin et al. 2014). In this thesis there was no marked 

heterogeneity in the association with the THM exposure and the 

cases were tested as a unique outcome for the main analyses. 
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The biomarker of exposure as an outcome is a surrogate used to 

provide the approximate concentrations of the toxicant(s) in the 

target organ(s). In that way, the biomarker toxicokinetics 

(absorption, distribution and metabolism) affects the measured 

levels of the biomarker (Nieuwenhujsen and Droz 2004). A good 

biomarker of exposure should be able to explain a specific window 

of exposure. For this thesis, the use of urine TCAA was evaluated 

as a potential biomarker of exposure (paper II). Theoretically, in 

humans, the TCAA has a half life of approximately 50 to 120 h 

(Nieuwenhujsen and Droz 2004). In consequence, the cumulative 

ingestion of TCAA in water would produce a steady state that 

reflects the average ingestion of several months (autocorrelation 

effect). Assuming an approximate constant uptake and without 

other TCAA sources, the urine TCAA may reflect even longer 

windows of toxicant ingestion. However, water ingestion is not 

constant and TCAA in consumer products may increase the uptake. 

Under real world conditions, spot samples may reflect unintended 

peaks of TCAA sources different than ingested water. The 

technique for urine TCAA assessment was reliable and the 

sensitivity detected even small background levels (>3nmol/L) 

(Smith et al. 2013). 

Finally, when the outcome is an early effect biomarker (papers III, 

IV and V), it is assumed that the biomarker reflects the magnitude 

of a perturbation in the homeostasis in a physiopathological 

pathway. The biomarker then reflects a future event which has not 

been occurred or that will never occur if reversed (Silins and 

Högberg 2011). In the causality chain, those early effect biomarkers 

will either be mediators of the event or instrumental variables to the 

event (either because of reverse causation, omitted variables or 

measurement error). Several technical quality controls were 

performed for DNA pyrosequencing and the two microarrays used 

in the analyses. Limits of detection and unintended technical 

variations due to biological and sample quality variations (presence 

of SNPs, polymorphisms, cross-reactive probes) were controlled 

during the sample processing and data analyses were discussed in 

each paper. 
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e) Threats to validity: confounding 

Confounding refers to the presence of non-causal associations 

between the tested exposure and the outcome(s) due to other 

covariate(s) known as confounder(s). If the exposure is associated 

with the baseline risk condition, at the time of developing the 

outcome, then the association should be due to this baseline 

condition and not to the exposure (Greenland and Robins 2009). 

The confounder should also accomplish the three rules of causal 

association: 1) it should be causally associated with the outcome, 2) 

it should be associated with the exposure –causally or non-causally, 

3) but it is not and intermediate (mediator) variable between the 

exposure and the outcome (Szklo and Nieto 2007). When the 

confounder is known it can be measured and controlled in the 

model. If the confounders are not properly measured or they are not 

measured at all, they can lead to residual confounding (unexplained 

variation due to this (these) covariate(s)). According to Greenland 

confounding relies in the non-exchangeability of the exposure, or as 

stated by Szklo and Nieto confounding is present if controls 

exposure is not equivalent of an hypothetical case where the disease 

is absent (Szklo and Nieto 2007). This latter is equivalent to 

Neyman’s counterfactual model, which assumes that if an exposed 

subject with an outcome was observed in the absence of this 

exposure, then the outcome will have been different 

(counterfactual) (Splawa-Neyman et al. 1990). Confounding 

appears if this latter assumption is not correct (Greenland and 

Robins 2009).  

The following discussion is separated according to each study 

design. 

Confounding in the case-control study (papers I and III): 

For binomial outcomes (such as bladder cancer), exposure in 

controls should be counterfactual to the exposure of a hypothetical 

case without the disease. The crude associations between the 

exposure and the outcome “ignore” the effect of confounders. 

However, even after controlling in multivariate models for 

confounders, noncollapsability of the strata does not necessarily 

mean that there are no confounding. In the papers I and III of this 
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thesis, these priors used in experimental studies are extended to the 

observational studies either through matching or model adjustment 

for several covariates (sex, age, geographic residence area, tobacco 

smoking, high risk occupations, and/or fluid consumption). 

Matching was used for the EPICURO/SBC study (papers I and III). 

Matching pretends to pre-allocate known confounders in a 

proportional ratio between cases and controls to coerce the expected 

confounding estimates of these covariates to zero. As the original 

case-control design was paired matched, the most accurate analysis 

technique was conditional logistic analysis to account for the sparse 

strata in the model. However, not all the subjects originally 

participating in the SBC/EPICURO study finally were included in 

the DBP analyses. This specific issue did not allowed to use the 

individually matched subjects as almost 50% of the sample could 

have been lost if such analytical strategy was performed. The use of 

an alternative post hoc frequency matching (using the same criteria 

as in the original matching) was selected. This alternative strategy 

made feasible that either the conditional logistic regression using 

the frequency matched groups as fixed effects (as in paper I) or the 

ordinary logistic regression adjusting by matching covariates were 

adequate alternatives to multivariable adjusting for other 

confounders (paper III) (Breslow 1996; Breslow et al. 1980). The 

use of any of the strategies can affect the estimates and has its pros 

and cons. The use of a conditional logistic regression model in 

which the estimates are adjusted using the matching groups may 

increase the power to discriminate the exposure effect in paired 

design. In a frequency matched design, the ordinary logistic 

regression has a similar performance compared to the conditional 

logistic regression. Other alternatives, such as the use of GEE 

(Generalized Equation Estimation), using the pair as a random 

effect, have been used in literature to avoid losing incomplete pairs 

(Lin et al. 2007). In our sample, the latter results were the same as 

the ordinary logistic regression thus we opted for the simpler model. 

Three covariates were used in the original matching design: sex, age 

(5 years groups), and geographic area. Sex was selected, because 

bladder cancer incidence is different between males and females, 

being higher the risk in males (Puente et al. 2003). Incident bladder 

cancer cases increases with aging, nonetheless because of the broad 

age categories (5 years) residual confounding may persist and age 
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should be controlled if required (Armitage and Doll 1954; Puente et 

al. 2003). Finally, as some geographical areas concentrate the cases 

of bladder cancer (Lopez-Abente et al. 2006) accounting for a 

matched area distribution will control by this broad factor. 

Tobacco smoking was other potential confounder. The covariate 

was analyzed either as smoking status (never, former or current 

smokers), or as the amount of cigarette/tobacco smoking (never-no 

smoking, moderate smoking, and heavy smokers). Given that 

tobacco smoking is the main known risk factor for bladder cancer 

with and attributable risk close to 50% (Samanic et al. 2006), this 

covariate was included in all the adjusted models. Nevertheless, 

differential smoking consumption patterns appears between male 

and females (being higher in males), which may account for some 

of the differences observed. In addition, the covariate was self-

reported which is not always an accurate proxy of tobacco 

consumption (Patrick et al. 1994). In the EPICURO/SBC study the 

former smoker group was particularly problematic because it 

collapsed in one category a mixture of different smoking intensities 

(and cumulative doses). In paper I, the use of the “former smoker” 

category was not problematic as it controlled the variable smoking 

as a risk and there was a dose-dependent response in the outcome. 

However, in paper III where levels of DNA methylation 

theoretically might alter the risk of bladder cancer in terms of the 

smoking dose (Moore et al. 2008), the use of this category became 

troublesome, and it could lead to residual confounding. During the 

preliminary analyses, there was the suspicion of more complex 

interactions between levels of LINE1 DNA methylation, smoking 

and THM; nonetheless, the results were unstable due to power loss 

in finer strata. This particular event may question the opening of 

back-door paths using stratification, due to collider bias, which in 

this case cannot be further explored due to low power in the sample 

strata (Pearl 1995). 

Several additional covariates were tested as confounders: 1) high 

risk occupations (occupations linked to the production of aromatic 

amines, rubber manufacture, exposure to dyes and printing in the 

textile industry, paint, aluminum, tanning and curing of hides, and 

the driving of motor vehicles) (Lopez-Abente et al. 2006), 2) total 

fluid consumption (Bai et al. 2014; Michaud et al. 2007) and 3) 

socioeconomic status (Castaño-Vinyals et al. 2011). For most of the 
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models evaluated these covariates were non-significant and did not 

provide better non-confounded estimates of the dose-exposure 

relationship between trihalomethanes and bladder cancer. However, 

the absence of effect of these variables could be attributed to: 1) 

simultaneously adjusting for other covariates that interfere in the 

causal pathway and/or to other covariates which were originally 

ignored by the matching design (i.e. diet, occupation, or 

socioeconomic status if overmatching by the area of residence); or 

2) these covariates could also be partially collinear with the 

exposure tested (i.e. socioeconomic status). 

Biomarker of exposure validation study: 

In paper II, assuming that the environmental measures are 

correlated to the biomarker of exposure (the outcome tested), when 

the environmental measurements are corrected by the subject 

physiological/pathological/behavioral confounders we should be 

able to obtain a high amount of variance explained what is also 

known as damping (Rappaport and Spear 1988). Incorrect model 

assumptions and residual confounding are two important issues that 

should be taken into account. To the author’s knowledge most of 

the potential physiological and pathological covariates were 

included. However, some variables could have been omitted while 

others were not directly measured, but were estimated based on 

Berksonian error models (i.e. unknown levels of trichloroacetic 

acid-TCAA consumed in bottled water). As a result, while most of 

the individual variables were modeled under the classical error 

model, some Berksonian error may be present for the latter proxies 

reducing the power. On the other hand, TCAA levels in bottled 

water, TCAA/DBP levels in food, TCAA food interactions are 

difficult to measure individually (Al-shatri et al. 2014; Cardador 

and Gallego 2015; Gómez-López et al. 2013; Heaven et al. 2014; 

Huang and Batterman 2010). However, globally, the food/bottled 

water TCAA levels are lower than those observed on tap water and 

then the distortion if any would be minimal. Finally some residual 

confounding from other unmeasured sources of TCAA in consumer 

products, and differential metabolic rates between subjects might 

also be present. 

Biomarkers of early effect: 
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For the laboratory analyses, in addition to the individual variables 

measurement errors and batch effects should also be considered and 

corrected (papers III, IV and V) (Rundle et al. 2005). The use of 

surrogate variables to account for batch effects such as principal 

components, the use of instrumental covariates clustering by the 

principal components, or the removal of the batch noise using some 

normalization have been proposed for batch correction (Goldinger 

et al. 2013; Johnson et al. 2007; Sun et al. 2011). The batch 

correction may reduce false positives and false negatives associated 

with abnormal signals from the biomarkers. 

In paper III, the possible reverse causation of the methylation 

variable required the use of an instrumental variable in the bladder 

cancer model. In fact, instead of the original variable or a percentile 

categorization the use of a natural clustered variable allowed 

identifying two subpopulations with differential bladder cancer risk. 

This instrumental variable controlled the confounding effect of the 

continuous non-linear or categorized variable. However, as stated 

on the paper reverse causation cannot be completely ruled out given 

the study design. 

Finally, when assessing gene expression biomarkers on paper V 

several issues appeared during the analysis. First, we used an 

internal dose biomarker (exhaled THM levels) to assess a 

multiroute exposure that summarizes the actual uptake through all 

the exposure routes. Second, as THM are volatile compounds and 

the main route for absorption in swimming pools is inhalation, as 

the subjects increase their physical activity the biomarker should 

increase (increased breathing rates and breathing depth may 

increase the toxicant uptake) (Marco et al. 2015). This lead to assess 

a mediation effect of the biomarker as both physical activity and 

exposure may affect the gene expression. Assessing a mediation 

effect instead of only confounding is important to avoid a collider 

bias. However, as discussed in the power section some of the results 

were underpowered to obtain differences in the sample. 

f) Threats to validity: bias 

There are two classical biases in epidemiological studies: the 

selection bias and the information bias.  
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Selection biases refer to distortions derived from selecting 

improperly the participants. If the participation is conditional to 

some unmeasured risk/protecting factor for the disease(s) then the 

estimates are biased due to the mixture of participation proportion 

and the unmeasured effect. Selection bias can also be split into self-

selection bias and Berksonian bias (which should not be 

confounded with Berksonian error model discussed previously). All 

the papers of this thesis may have some unintended self-selection 

bias. From the original potential roster of participants in the case-

control studies some opted out from the study. Of the actual 

participants, only a fraction provided residential details to model the 

exposure to THM. Of them, several, but not all, provided blood for 

the analyses. Finally, from those who originally donated the sample 

some had no remainder blood for the analyses. In the MCC-Sp as 

they were general population controls from primary care centers 

self-selected individuals were those more willingly to participate. 

We cannot ascertain if those in the worst and the best general fitness 

were self-excluded (even if they were invited from the roster at 

random). General characteristics were in general similar between 

included and excluded subjects in both case-control studies. Finally, 

in paper V, the volunteers who participated were probably those 

who swam and probably most fitted. A healthy-cohort effect 

(similar to the healthy worker effect on occupational epidemiology), 

on the latter study, was probably not biasing but confounding the 

estimates as discussed by Rothman et al (Rothman et al. 2008). The 

other selection bias is the Berksonian bias. Berksonian bias is a 

class of collider bias in which the selected control population 

exposure is close related to the exposure in cases. As selection of 

controls implies a certain correlation to the cases characteristics this 

may generate a downward bias as the path is blocked when 

adjusting for other confounders (a collider path). As selection of 

controls in papers I and III was based mainly in avoiding tobacco 

related diseases, this bias may appear but it is unlikely affecting the 

estimates. 

Information bias refers to measurement errors in the information 

that deviate the true estimates. For the survey collected information, 

it was expected that the misclassification of the information, if any 

all, will be non-differential for the anthropometric and other 

variables such as smoking due to recall bias. For all the biomarkers 

the biggest challenge was the potential of batch effects (either at the 
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collection/storage, or at the processing batch in the wet lab). Several 

quality control steps were included to minimize any potential batch. 

However, some residual storage/collection effect was found in 

paper III, and microarray batches were controlled for the analyses of 

paper IV and V. The misclassification of the exposure and the 

covariates was discussed on previous sections (see Exposure 

Assessment, and Threats to validity: confounding). Some 

misclassification of the confounding covariates may be present in 

paper II. In particular, self-reporting of weight and height may over 

or underestimate the actual values of these covariates (Scribani et 

al. 2014). This may affect the plasma volume distribution variable 

based on the total surface area (Mosteller 1987). In addition, the 

measurement of tap water TCAA levels (and the four THM and 

other eight HAA) were all performed after the water record 

collection and we expect which could lead to an information bias. 

However, as all the samples were collected after the record we 

expect that if any misclassification was present, it was non-

differential. Finally, TCAA tap water levels may fluctuate over time 

and along different seasons due to raw water, pH and temperature 

conditions. Nevertheless, the biomarker was expected to capture 

information in the previous months due to the steady state reached 

according to the half life of the compound (see Outcome assessment 

for details). On the other hand, one important drawback is the 

presence of incomplete information, which could also be seen as an 

information bias. The missing data in some participants, due and 

incomplete/low quality data availability, was handled using only the 

subjects with complete/high quality survey information as in the 

original design (Villanueva et al. 2009). Nowadays, this approach 

can also be prone to critiques as it is possible to statistically impute 

the missing variables, and/or use the quality/completeness 

information to weight the models. In a post hoc analysis, these 

alternative approaches were tested for the subjects with some THM 

information available and the results are similar to those published 

(results unpublished). 

 

g) Threats to validity: generalizability 

As seen in the previous sections, a careful assessment was 

performed to ensure internal validity the first step required to 
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external validity (generalizability). The external validity of the case-

control study depends on the comparability of the sample against 

the general population. The biggest concern in a matched case 

control study is that controls are non representative of the general 

population (as they are correlated to the cases in matching 

variables). This is a threat that goes beyond the researcher control. 

As the internal validity was preserved it is expected that the results 

are also valid for a similar population. The results of paper I and III 

are not generalizable to all women with bladder cancer as the 

stratum was rather small. Results of Paper II are not necessarily 

extrapolable for younger or healthier populations either. Results of 

paper IV are not comparable to populations under 60 years of age or 

populations of current smokers. Paper V validity is limited to young 

non-asthmatic populations. In addition, most of the results are only 

extrapolable to populations exposed to relatively high levels of 

THM in drinking water and with some of the population exposed to 

high levels of brominated THM over chlorinated THM. 

 

6.3 Contribution to the current state of 
evidence 

Using the common criteria set of causality of Bradford-Hill the 

following contributions were established through this thesis: 

1. Experimental evidence: paper V contributed with new evidence 

showing that probably some of the gene expression effect of 

exercise is mediated by the exposure to THM (and in this paper 

using bromoform as the strongest proxy). 

2. Temporality: paper V also contributed to establish a temporal 

sequence between exposure to the THM in the pools and gene 

expression including a potential mediator effect. 

3. Strength of the association: as in terms of general epidemiology 

the associations with bladder cancer are stronger for the highest 

exposed categories (papers I and III). In both papers, they were also 

consistent with the next criterion. 
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4. Biological gradient (dose response): the association of higher 5-

mC levels in controls to increased exposure levels of THM (paper 

III). Different cytotoxicity weights or mutually adjusting by several 

components of the mixture did not improve the dose response 

observed using total THM (paper I). Higher doses of exhaled 

bromoform change the gene expression related to exercise intensity 

(paper V). Higher TCAA intake in drinking water only changed 

slightly the levels of urine TCAA (paper II).  

5. Biological plausibility: in experimental animals increased 

methylation levels may prevent the development of 

retrotranspositions of LINE1. This is consistent with the trend in 

controls and they also prevent from the injury of external exposures 

(as seen in paper III). When exposed to THM, other areas of the 

genome may adapt differently to the exposure to THM (as seen in 

paper IV). In animals and humans, gene expression is modified by 

exercise intensity. In rodents, the exposure to disinfected water 

modified the expression of several genes. As exercise intensity 

increases the exposure to THM in chlorinated swimming pools then 

a mediation effect is also biologically plausible (paper V) 

6. Consistency: the current mechanistic results are still not 

replicated (see FUTURE RESEARCH).  

7. Coherence: the difference between this criterion and the 

biological plausibility is subtle. Global changes on levels of 5-mC 

(paper III) compared to other bladder cancer case-control studies 

was conflicting. New evidence suggests that the pattern of 

methylation may differ and further evidence in humans is still 

required. 

8. Specificity of the association: this criterion refers to a single 

causal link between one exposure and the outcome. As we are 

aware of several common molecular pathways evaluated for the 

acute and chronic effects of DBPs, we can relate these premorbid 

states to common molecular pathways. These new results may 

explain specific “unspecific” molecular pathways connecting 

multiple unrelated outcomes in epidemiology research.  

9. Analogy: this last criterion is quite subjective and is foreseen as 

naïve for most of the epidemiologists. There are common analogies 
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in the findings between human and animal mechanisms, and also 

related to other toxicants mechanisms. 

 

6.4 Implications for Public Health 

As discussed on the rationale of this thesis, disinfection risks and 

benefits should always been balanced. This is particularly important 

as this year ended the Millennium Development Goals (MDGs) 

deadline. The Water and sanitation program requires evaluation and 

continuity from now on (WHO and Unicef 2014). Beyond this 

thesis findings, a balanced risk assessment of DBP risk is required 

(Grellier et al. 2015). How much of the population have access to 

safe drinking water? How much work is still lacking? Are the 

disinfection risks worth the disinfection benefits? What have we 

learned from the infectious disease outbreaks due to lack of 

disinfection during the past century?  

As recommended by the IARC Advisory Group, further research is 

needed on the DBP area (Advisory Group to Recommend Priorities 

for IARC Monographs during 2015-2019 2014). This thesis 

provided some mechanistic clues to the relationship between 

chronic and acute exposure to DBPs and intermediate biomarkers 

(DNA methylation and gene expression). Epigenetic pathways and 

gene expression modifications are potentially modified by chronic 

and acute exposure to THM. However, further research is required 

to validate causally these molecular pathways in humans. This 

knowledge can not only apply to DBPs but to other environmental 

mixture exposures. Integrative approaches such as the Exposome 

are now being advocated as a potential solution to disentangle 

simultaneous multiple exposures and multiple outcomes (Buck 

Louis and Sundaram 2012; Slama and Vrijheid 2015; Vineis and 

Perera 2007; Vineis et al. 2009). Furthermore, if these results are 

replicated, the biomarkers of early effect found (DNA methylation 

and gene expression) may help to disentangle more complex 

mechanistic hypotheses to work in common disease pathways in the 

future.  

It is important to mention that the author is never advocating against 

water disinfection. On the contrary, it is necessary to emphasize that 
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DBP controlling measures should not only prevent chronic harm in 

population but also should collaborate preventing the risk of 

infectious diseases outbreaks. Advising against water disinfection 

may produce serious harms to population health (Anonymous 

1992). On the other hand, cost of THM/DBP saving techniques 

should also be balanced in terms of infrastructure investment 

(extending waterpipe coverage/improved waterpipe maintenance vs. 

investment in alternative water treatments) and unknown emerging 

risks of new DBPs (i.e. bromate, chlorite, chlorate, nitrosamines, 

etc) (Goslan et al. 2014; Munakata and Kuo 2014). 

Some first steps were performed trying to evaluate the mixture as a 

whole (use of cytotoxicity models, PCA models, multipollutant 

models), and some biomarkers of exposure were intended to be 

validated (urine TCAA). The failures of an improved exposure 

assessment in cancer are valuable lessons for future research. The 

negative results obtained are important to understand and plan 

future research steps. Using the nomenclature of Mauderly et al. we 

have used integrative (total THM), dissective (each pollutant, or 

group of pollutants), and the synthetic approaches (principal 

components, unsupervised clustering) (Mauderly 1993; Rice et al. 

2009). Evaluation of other mixed approaches are foreseen in the 

near future.  
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7. CONCLUSIONS 
 

On the modeling of trihalomethanes (THM) in cancer studies 

1) The estimation of cancer risks for specific THM is 

hampered by the varying composition of the mixture, 

correlation between THM species, and imprecision of THM 

historical estimates.  

2) Although total THM may convey bias due to varying 

composition in time and space, in the absence of better 

information, total THM were a better proxy of DBP 

exposure than separated THM to estimate bladder cancer 

risk in the EPICURO/SBC study data.  

3) The predominance of one component in the mixture (usually 

chloroform) in many areas gives results similar to those of 

total THM.  

On the use of urine trichloroacetic acic (TCAA) as a exposure 

biomarker in cancer studies  

4) Low trichloroacetic acic (TCAA) concentrations in drinking 

water of the studied area (Barcelona metropolitan area) limit 

the validity of urine TCAA as an exposure biomarker. 

5) Urine TCAA is not a valid biomarker in case-control studies 

of adult cancer given that advanced age, comorbidites and 

medication use are prevalent and are determinants of urine 

TCAA levels, apart from ingested TCAA levels.  

On long-term trihalomethane exposure and DNA methylation 

(LINE1 and DNA methylation wide epigenetic study) 

6) We found a positive association between LINE1 %5-mC 

and THM levels among controls of the EPICURO/SBC 

study, and an effect modification of LINE1 %5-mC status 

on the association between bladder cancer risk and THM 

exposure. However, as blood samples were collected post-

diagnosis and the small group in the highest methylation 

levels, reverse causality and chance cannot be ruled out and 

future studies are warranted to confirm these results. 
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7) Long-term THM exposure, in the controls of the MCC-Sp 

study in Barcelona affect DNA methylation in 29 CpGs. 

Some of these CpGs are associated with genes related to 

bladder and colorectal cancer.  

 

On gene expression and short-term trihalomethanes exposure after 

swimming in pools 

8) Physical activity, as METs, was linearly associated with 

bromoform uptake. 

9) In a subset of samples related to exhaled bromoform levels 

and physical activity, a fraction of swimming physical 

activity inflammatory/DNA damage effects might be 

mediated by bromoform exposure.  
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8. FUTURE RESEARCH 

We are still struggling to link experimental evidence with 

epidemiological data. The DBP complex mixture limits single 

compound findings to the population level information. Several 

statistical attempts to separate effects by toxicant have not been 

very successful. Furthermore, the use of biological cytotoxicity 

indexes from experimental research applied to epidemiological data 

has not improved the estimates either. Other deterministic statistical 

approaches to deal with multicollinearity of the compounds might 

be helpful to deal with complex correlated mixtures, i.e. lasso, ridge 

or elastic network regressions. Other approaches such as machine 

learning (i.e. support vector machines) require also further 

exploration in the DBP area (Zheng et al. 2013). Future causal 

mechanistic research is still a developing area. 

Improved exposure assessment approaches are needed. Spatial 

variation of DBPs in the distribution systems and DBP dispersion 

models should also be revisited in the future to observe if additional 

information about exposure is possible (Evans et al. 2013). Better 

long term exposure biomarkers are required, and longitudinal 

validation of the damping effect measured by urine TCAA levels in 

real life conditions. Evaluation of the urine TCAA levels changes 

due to food interactions (particularly with milk/animal proteins) is a 

research area that should also be further explored. 

Nowadays there is enough evidence of the role of DBPs on bladder 

carcinogenicity. However, their roles on the developing of other 

cancers remain unclear. We are reaching a plateau of knowledge 

using the information from case control studies. As in other lifestyle 

and environmental exposures, the next step is looking at the 

prospective changes in early effect biomarkers. The use of cohort 

studies, nested case-control or nested case-cohort studies is the 

natural next step to increase the knowledge in the area. The 

advantages of using these designs are that a better controlled 

exposure assessment can be performed and that several 

simultaneous exposures can be followed up in time. In fact, as the 

exposure is changing due to improved water treatments, the use of 

nested approaches will allow detecting more subtle changes in 

shorter periods of time. In addition, as the exposure assessment is 



 

 188 

prospective it will be possible to better assess the DBP mixture and 

potentially disentangle the putative agents in the mixture. The use 

of current children and adult cohorts measuring multiple exposures 

at the same time is the best available alternative. 

On the other hand, integration of several molecular and exposure 

data may provide a better general view of the complex problems 

both at the environment and the subjects. Projects such as HELIX 

and Exposomics (among others) will open the door to this and other 

questions and answers in the environmental epidemiology area 

(Patel et al. 2010; Slama and Vrijheid 2015; Vineis et al. 2009). 

Validation of the molecular findings of this thesis in other settings 

is a task still to do.  

 



 

189 

APPENDIX 

About the author 

Lucas A Salas is a medical doctor and an environmental 

epidemiologist and public health specialist in water pollution and 

cancer risk. His work is focused on acute and chronic molecular 

mechanisms and health risks associated with exposure to 

disinfection by-products (DBP). He has worked in the analysis and 

interpretation of data derived from: statistical modeling of complex 

mixtures, data of DNA methylation biomarkers, DNA methylation 

microarrays (Illumina HumanMethylation 450k), gene expression 

microarrays, and internal dose biomarkers of DBP. 

During his career as researcher he has worked in a wide range 

projects including: cancer registry surveillance, chronic disease 

surveillance (Global Young Tobacco Survey-GYTS), cluster 

randomized controlled community trials, hand hygiene in 

community and clinical settings, nutritional epidemiology, 

systematic reviews, consumer oriented preventive measures.  

Other recent publications 

Villanueva CM, Cordier S, Font-Ribera L, Salas LA, Levallois P 

(2015) Overview of Disinfection By-products and Associated 

Health Effects. Curr Environ Heal Reports. 2 (1): 107-115 doi: 

10.1007/s40572-014-0032-x 

Vilahur N, Bustamante M, Morales E, Fernandez M, Escaramis G, 

Salas LA, Ballester F, Murcia M, Tardon A, Riaño I, Santa-Marina 

L, Ibarluzea J, Arrebola JP, Sunyer J, Olea N. Placental genome-

wide DNA methylation in relation to the combined exposure to 

xenoestrogens. In preparation. 

Sayols-Baixeras S, Lluis-Ganella C, Subirana I, Salas LA, Vilahur 

N, Corella D, Muñoz D, Segura A, Jimenez-Conde J, Moran S, 

Soriano-Tarrega C, Roquer J, Lopez-Farre A, Marrugat J, Fito M, 

Elosua R. An epigenome wide association study identifies three 

new loci showing a differential methylation pattern associated with 

smoking. The REGICOR study. Submitted. 

https://www.researchgate.net/profile/Lucas_A_Salas
https://dx.doi.org/10.1007/s40572-014-0032-x


 

 190 

 

Summary of PhD Training and Teaching 
Activities 
First year activities summary: 

According to the initial planning, the following activities were 

performed during the first year of doctorate: 

 

Thesis proposal: 

 Thesis proposal was submitted, discussed and approved by the 

thesis Committee. 

 

First author manuscript: 

 Submission of Paper I of the thesis. 

 

Research activities: 

 First draft of paper III of the thesis. 

 Analysis of data of paper IV. 

 Protocol of field work for paper II. 

 Field work of paper II September 3
rd

, 2012 to November 28
th

, 

2012. 

 

Training: 

 Science in Action Seminars (compulsory). 

 Advanced statistical regression methods: "Regression Models as 

a Tool in Medical Research"(8 ECTS), February 23
rd

 - June 28
th

, 

2012, University of Freiburg, Germany (Online Course). 

 Intervals courses (PRBB continuous training): “Metodología de 

las publicaciones biomédicas” (basic scientific writing course) 

on January, 20
th

 2012, and “Write it clearly: fundamental of good 

scientific writing” (intermediate writing course) February 23
rd

 – 

April 12
th

 2012, Barcelona. 

 

Meetings: 

 Gordon Research Conference: “Drinking Water Disinfection By-

Products”. Dates: August 5
th

 - 10
th

, 2012. Mount Holyoke 

College in South Hadley (MA), USA. Poster presenter and “Hot 

topic” presenter: “DNA methylation, lifetime trihalomethane 

exposure and bladder cancer risk”. August 9
th

 2012. Poster 
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presenter: “Biological and statistical approaches for modeling 

exposure to specific trihalomethanes and bladder cancer risk”. 

 

Second year activities summary: 

 

First author manuscript: 

- Publication of paper I 

- Paper III under discussion with co-authors. 

 

Current research activities: 

- Draft of paper II. 

- New analysis of data from paper IV. Given the advances in the 

preprocessing (quality and probe control, new normalization 

tools), and given the current controversies in the best analytical 

tools for these kinds of data, the analytical process has been 

delayed.  

 

Training: 

- “Molecular Epidemiology of Chronic Diseases” (M2E2) course 

April 15
th

-19
th

, 2013. Maastricht, Netherlands. 

- “Epigenetic Control of Gene Expression” (Coursera online) 

University of Melbourne. 

- Interval courses: “Writing for the reader - Advanced” September 

25
th

 – October 30
th,

 2012, Barcelona, and “Unlocking your 

professional potential – for science and beyond” on July 4
th

, 

2013. 

 

Meetings: 

 2013 Joint Conference of ISEE, ISEES, and ISIAQ on 

“Environment and Health – Bridging South, North, East and 

West” Basel, Switzerland. August 19
th

 – 23
rd

, 2013. Poster 

presenter: “LINE-1 methylation, lifetime trihalomethane water 

and bladder cancer risk”.  

 Presenter of “LINE-1 methylation, lifetime trihalomethane 

exposure and bladder cancer risk” CREAL retreat November 

29
th

, 2012, CREAL sessions April 12
th

, 2013, and at CRG 

session July 18
th

, 2013. 

 

Teaching: 
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-He participated as teacher in the first edition of the elective subject 

"Medicina Comunitaria" at the Universitat Pompeu Fabra. The 

module was "Drinking water and cancer risk". May 27
th

-31
st
, 2013 

 

Peer reviewer: 

Open paper peer review: Environmental Health Journal: Zuckart 

PZ, et al. A case-control study to evaluate exposure to contaminated 

drinking water and specific birth defects and childhood cancers at 
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and Universidad Tecnológica de Pereira. 

 

Other research activities: 

- Participation on the design of the project: “Epigenetics of 

circadian rhythm disruption and breast cancer risk” PI: Professor. 

Manolis Kogevinas. 

- External collaborator in the INMA epigenomic analyses. 
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First author manuscript: 

- Submission of Paper II of the thesis. 

- Submission of Paper III of the thesis. 

 

Current research activities: 

- Draft of paper IV 

- Draft of paper V 
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- He completed the Interval course: “Writing - a summer school for 

publishing scientists” June 16th -19th, 2014 by Iain Patten. 

 

Teaching: 
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sessions during 2014 (65 academic events during 2014). 
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Fourth year activities summary: 
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- Submission of Paper IV of the thesis. 

- Submission of Paper V of the thesis. 

-Publication of Papers II and III of the thesis. 

 

Training: 

- He completed the intervals courses: "Effective team playing to 

achieve your goals - from bummer to booster" 16
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- 17
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2014, "Illustrate your science talk with imagination" 25
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 ISEE Young Researcher. Oral communication 

(Molecular/Biomarkers session): “DNA methylation levels and 
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Acronyms 
 

In alphabetical order 

 

5-mC 5-methylcytosine 

95% CI 95% confidence interval 

AIC Akaike Information Criteria 

BCAA bromochloroacetic acid 

BDCAA bromodichloroacetic acid 

BDCM Bromodichloromethane 

CLR Conditional logistic regression 

CpG Cytosine neighbor to a Guanosine 

CYP2E1 Cytochrome P2E1 

DALY  Disability-Adjusted Lost Years 

DBAA Dibromoacetic acid 

DBCAA Dibromochloroacetic acid 

DBCM Dibromochloromethane 

DBP  Disinfection by-products 

DCAA Dichloroacetic acid 

DNMT DNA N Methyl Transferases 

DOC Dissolved organic matter 

EWAS  Epigenome Wide Association Study 

FC Fold Change 

FDR False Discovery Rate 

GPCR G-Protein coupled Receptor 

GSEA Gene Set Enrichment Analysis 

GSTT1 Gluthatione S transferase theta-1 

HAA Haloacetic acids 

IQR Interquartile range 

LINE1 Long Interspersed Element 1 

Log2FC Log2 Fold Change 

MBAA Monobromoacetic acid 

MCAA Monochloroacetic acid 

MCC-Sp Multi Case Control Spain  

METs  Metabolic equivalents 

OR Odds ratio 

PCA Principal Component Analysis 

PISCINA “Projecte d'Investigació Sobre Compostos 

Irritants en Natació” 

SAM S-Adenosyl methionine 

SAH S-Adenosyl homocysteine 
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SBC/EPICURO Spanish Bladder Cancer/EPICURO Study 

TBAA Tribromoacetic acid 

TBM Tribromomethane/bromoform 

TCA Tricarboxilic acid 

TCAA Trichloroacetic acid 

TCM Trichloromethane /chloroform 

THM Trihalomethanes 

UBC Urothelial bladder cancer 

Δβ Delta beta 
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