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ABSTRACT 
 

All drinking water sources contain natural organic matter (NOM) and addition 
of chlorine to drinking water results in the formation of various chlorinated 
disinfection by-products (DBPs). Some of these DBPs are carcinogenic and are 
regulated in most developed countries. This paper is a review of the current levels of 
understanding about DBP toxicity and the magnitude of risk due to exposure to 
DBPs. Various routes of exposure have now been examined and the latest findings 
prove that ingestion of chlorinated drinking water is no longer the major route of 
exposure. THM levels in blood were far higher after exposure to chlorinated 
drinking water via dermal absorption and inhalation during showering, bathing or 
swimming. Evidence of DBP toxicity comes mainly from animal toxicity studies 
and to a smaller extent from epidemiological studies. Two common methods of 
studying toxicity are by feeding the chemical of concern to animals (generally 
rodents) via drinking water or gavage (force-feeding). More gavage studies were 
found to show carcinogenic effects in comparison to oral toxicity studies. However, 
the effect of route of exposure, i.e., oral versus gavage, has not been examined 
systematically in any animal toxicity study and is likely to be a confounding factor. 
The site of tumor formation in most animal toxicity studies were liver, kidneys, 
intestines and thyroid. Most epidemiological studies found in the literature were 
conducted in developed countries and excess risk was found for bladder, rectal and 
colon cancer. Also, exposure to chlorinated surface waters was found to result in 
greater risk of cancer compared to chlorinated groundwater. This may be attributed 
to higher levels of DBP formation in surface waters and other sources of 
contamination in surface waters. Reproductive effects were also examined in both 
types of studies; no or little association was found between exposure to chlorinated 
water and increased risk of miscarriages, low birth weight, or preterm delivery. All 
three outcomes were found to decrease with increase in amount of water ingested. 

Key Words : Disinfection by products, Carcinogenic effects, Organic matter, 
Microbial pathogens. 
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INTRODUCTION 
Chlorination has been the most popular 

disinfection method for providing potable 
and safe drinking water since the beginning 
of the 20th century. Chlorine has been 
extremely effective as a disinfectant against 
some of the most common waterborne 
microbial pathogens, especially bacteria. It 
has been widely credited for reducing the 
incidence of water-borne infectious diseases 
around the world. All drinking water sources 
contain natural organic matter (NOM) and 
addition of chlorine to drinking water results 
in the formation of various chlorinated 
disinfection by-products (DBPs). 
Chloroform, a well-known anaesthetic, was 
discovered in chlorinated water by Rook in 
1974 and is a known carcinogen. This 
discovery and subsequent identification of 
other carcinogenic DBPs led to concerns 
about the potential risks to human health due 
to chlorination. A number of alternatives to 
chlorine as a disinfectant are being used in 
different parts of the world, but elevated 
risks associated with their by-products are 
less well established than for chlorine. This 
paper is a review of some of the adverse 
health effects associated with the use of 
chlorine as a disinfectant for drinking water. 
A. Formation of Disinfection By-products 
(DBPs) 

Various groups of DBPs have been 
identified in drinking waters and are now 
regulated in many countries. Examples of 
DBPs that are currently regulated include 
trihalomethanes (THMs) like chloroform, 
bromoform, bromodichloromethane and 
chlorodibromomethane, haloacetic acids 
(HAAs) like monochloroacetic acid, 
dichloroacetic acid and trichloroacetic acid 
and haloacetonitriles (HANs) like 
dichloroacetonitriles and 
dibromoacetonitriles. Some inorganic 
compounds that are also regulated as DBPs 
include chlorite, chlorate, bromate, and 
cyanogen chloride. Table 1 summarizes the 
standards or guideline values applied in some 
countries to various groups of DBPs or 
individual DBPs.  

The two major groups of DBPs generally 
found in drinking water systems are THMs 
(20%) and HAAs (10%), with most of the 
total organic halogen (TOX) remaining 
unaccounted for1,2. Most published articles 
on DBPs tend to report Total 
Trihalomethanes (TTHMs) levels mainly 
because other DBPs were discovered only 
recently, and water treatment plants in 
developed countries have been monitoring 
TTHMs or individual THMs for the last one 
or two decades. More recent reports in the 
literature include haloacetic acids (HAAs) 
along with THMs as the predominant groups 
of DBPs found in drinking water samples3-6. 
The concentrations of THMs and HAAs are 
specific to the source water and while it may 
be possible to find a correlation between the 
concentrations of THMs and HAAs for one 
source water, the same correlations may not 
be applicable to other waters7.  

DBP formation is proportionate to its 
precursor concentrations. Precursors for 
currently known DBPs include NOM 
(measured as TOC), chlorine, bromine, and 
iodine. Surface waters tend to have higher 
concentrations of NOM than ground water 
sources resulting in much higher 
concentrations of DBPs in chlorinated 
surface waters rather than in ground 
waters1,8. Many of the THMs and HAAs that 
are regulated contain bromine, and 
brominated DBPs tend to occur in high 
concentrations when waters with high levels 
of bromide are disinfected with chlorine or 
ozone9. Brominated DBPs also form at a 
much faster rate than non-brominated DBPs3 
and are generally more toxic than chlorinated 
DBPs2,10. Also, groundwaters tend to have 
higher bromine concentrations and this can 
lead to higher concentrations of brominated 
DBPs in groundwater supply systems. 
Coastal areas impacted by saltwater intrusion 
tend to have high bromine and iodine 
concentrations in their surface and ground 
waters and therefore, are likely to have 
higher brominated and iodinated DBP 
concentrations2.  
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Table 1 : List of DBPs and their standards or guideline values as regulated in different countries 

 

 
DWQ Guidelines, 

Australiaa 

DWQ 
Standards, 

Japanb 

DWQ 
Guidelines, 

NZc 

DWQ 
Guidelines, 

UKd 

DWQ 
Guidelines, 

SAe 

DWQ 
Guidelines, 

Canadaf 

DWQ 
Guidelines, 

Chinag 

DWQ 
Guidelines, 
Republic of 

Koreah 

DBPs Guideline Values*, 
ppm ppm ppm ppm ppm ppm ppm ppm 

  Health Aesthetic               

Trihalomethanes 
(THMs) (Total) 0.25   0.1   0.1 0.0-0.1 0.1   0.1 
Chloroform     0.06 0.2       0.06 0.08 
Dibromochloromethane     0.1 0.15           
Bromodichloromehtane     0.03 0.06     0.016     
Bromoform     0.09 0.1       0.1   
Haloacetic acids (HAAs)             0.08   0.1 
Chloroacetic acid 0.15   0.02 0.02           
Dichloroacetic acid 0.1   0.04 0.05       0.05   
Trichloroacetic acid 0.1   0.2 0.2       0.1   
Oxyhalides                    
Bromate 0.02   0.01 0.01 0.01   0.01 0.01   
Chlorate     0.6 0.8     1 0.7   
Chlorite 0.3   0.6 0.8     1 0.7   
Haloacetonitriles 
(HANs)                   
Dichloroacetonitrile     0.04 0.02         0.09 
Dibromoacetonitrile       0.08         0.1 
Trichloroacetonitrile                 0.004 
Chlorophenols (CPs)                   

2-chlorophenol 0.3 0.0001   

0.0001 (taste 
thresold) 0.01 
(odor thresold) 
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2,4-dichlorophenol 

0.2 0.0003   

0.0003 (taste 
thresold) 0.04 
(odor thresold)     0.9     

2,4,6-trichlorophenol 0.02 0.002   

0.002 (taste 
thresold) 0.3 

(odor thresold)   
0.2 (MAVs)     0.005 0.2   

Trichloroacetaldehyde 
(chloral hydrate) 0.02     0.01       0.01 0.03 
Formaldehyde 0.5   0.08 1       0.9   
Cyanogen chloride (as 
cyanide) 0.08     0.08       0.07   
Cyanide ion and 
Cyanogen chloride (as 
Cyanide)     0.01             
Cyanide         0.05   0.2 0.05   
                    
References                   

a) Australian Drinking Water Guidelines 6, Australian Government, NHMRC, Natural Resource Management Ministrial Council, 2004. 
[http://www.nhmrc.gov.au/publications/synopses/_files/adwg_11_06.pdf] 

b) Revision of Drinking Water Quality Standards in Japan, Hiroshi Wakayama, MHLW, Japan. 
[http://www.nilim.go.jp/lab/bcg/siryou/tnn/tnn0264pdf/ks0264011.pdf] 

c) Ministry of Health. 2005. Draft Guidelines for Drinking-water Quality Management for New Zealand 2005. Second edition. Wellington: Ministry of 
Health.[http://www.moh.govt.nz/moh.nsf/0/5A25BF765B400911CC25708F0002B5A8/$File/appendix1-mavs.pdf]; Ministry of Health. Drinking-water 
Standards for New Zealand 2005, Wellington: Ministry of Health, New Zealand. 
[http://www.moh.govt.nz/moh.nsf/0/12F2D7FFADC900A4CC256FAF0007E8A0/$File/drinkingwaterstandardsnz-2005.pdf] 

d) United Kingdom (England; Wales): Water Supply (Water Quality) Regulations 2000 (S.I. No. 3184 of 2000). 
[http://www.opsi.gov.uk/SI/si2000/20003184.htm] 

e) Department of Water Affairs and Forestry, 1996. South African Water Quality Guidelines (second edition). Volume 1: Domestic Use. 
[http://www.cameroncross.co.za/downloads/legislation/guides/WQG_dom.PDF] 
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f) FPT Committee on Drinking Water, May 2008, Guidelines for Canadian Drinking Water Quality—Summary Table. [http://www.hc-sc.gc.ca/ewh-
semt/alt_formats/hecs-sesc/pdf/pubs/water-eau/sum_guide-res_recom/summary-sommaire-eng.pdf] 

g) Standards for Drinking Water Quality,People's Republic of China national standards, GB 5749-2006 [www.cooking.net.cn/Upfile/ UploadFile/20079211 
65537345.doc]  

h) Drinking water Quality Standards, Republic of Korea.[http://www.wepa-db.net/policies/law/southkorea/dwq_std.htm] 

European Communities (Quality of Water Intended for Human Consumption) Regulations, 1988. [http://www.irishstatutebook.ie/1988/en/si/0081.html] 
Public Health Act 1997, Drinking Water Quality Guidelines, Tasmania, Department of Health and Human 
Services.[http://www.dhhs.tas.gov.au/agency/pro/publichealthlegislation/documents/drinking_water_quality_guidelines_17_nov_05.pdf] 
Proposed National Water Quality standards for Malaysia.[http://www.sabah.gov.my/jpas/Assessment/eia/sp-eias/Benta/eia/AnnexB/AnnexB_1.pdf] 
Quality Drinking Water: Guidelines and Standards for Pakistan, Finalized Under Collaborative Sponsorship of World Health Organization (WHO) and Government 
of Pakistan,Ministry of Health, Health Services Academy, Islamabad, 2005.[http://www.hsa.edu.pk/aboutus/events/2006/qdwreport.pdf] 
Drinking Water Quality Standard in Thailand.[http://www.wepa-db.net/policies/law/thailand/std_drinking.htm] 
                    
Note : Some countries do not have any norms or target values for DBPs in drinking water. These countries are Ireland, Tasmania, Malaysia, Pakistan, India 
and Thailand. 
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Table 2 : Summary of epidemological studies of cancers due to exposure to chlorinated drinking water 

 

Reference 
Yr 
of 

publ. 

Location 
of study 

Cancer 
site 

Basis of odds 
ratio 

Odds ratio with 95% 
confidence intervals 

Nature of 
Study Sample size 

Period of 
study 
data 

THM or DBP 
concentrations 

     Men Women     
Cantor et al. 1999 Iowa, US Brain Chlorinated 

surface water 
(SW): 

nonchlorinated 
SW 

>40 y of 
exposure: 
2.5 [1.2 - 

5] 

>40 y of 
exposure: 0.7 

[0.3 - 1.6] 

Population 
based case-

control 
study 

Brain 
Cancer 

Cases: 375. 
Controls: 

2434. 

January 
1984 to 

December 
1987 

Geometric mean 
value of total 

estimated THM for 
post chlorination 
was 38.1 micro-

grma/L, while for 
pre and post 

chlorination, the 
values was 73.9 
micro-gram/L 

THM levels 1.4 [0.7 - 
2.9] 

0.9 [0.4 - 1.8] 

Do et al. 2005 Ottawa, 
Canada 

Pancreas THM levels 0.93 
[0.56 - 
1.55] 

0.53 [0.25 - 
1.12] 

Population 
based case-

control 
study 

Cases = 
486; control 

= 3596 

1994 - 
1997 

17 to 74 microg/L 
depending on 

province 

Ijsselmuiden 
et al. 

1992 Washington 
Co., 

Maryland, 
US 

Pancreas Municipal 
chlorinated 
water: Non 
chlorinated 

water 

2.23 [1.24 - 4.10] Population 
based case-

control 
study 

Pancreatic 
cancer 

cases: 101, 
Control : 

206 

July 1975 
through 

December 
1989. 

107 micro-gram/L 
[Wilkins JR III: 

DrPH thesis, John 
Hopkins University] 

Gottlieb et 
al. 

1981 South 
Louisiana, 

US 

Rectum Chlorinated 
surface water 

(SW): 
chlorinated or 
nonchlorinated 
ground water 

2.07 [1.49 - 2.88] Population-
based 

case:control 
mortality 

study 

Rectal 
cancer 

cases: 689 
and 

controls:686 

1969 - 
1975 

No THM levels are 
reported. Chlorine 
levels range from 0 
to average of 1.09 

mg/L 
Colon 0.96 [0.75 - 1.24] Colon 

cancer 
cases: 1161 

and 
controls: 

1152 
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Gottlieb et 
al. 

1982 South 
Louisiana, 

US 

Brain Chlorine 
doses: no, low 

and high 

4.65 [1.34 - 16.89] for low 
chlorine vs. no chlorine; 

1.97 [0.68 - 5.72] for high 
chlorine doses 

Population-
based 

case:control 
mortality 

study 

Brain 
cancer 

cases: 136 
and 

controls: 96 

1960 - 
1975 

Breast  1.58 [1.09 - 
2.29] 

Breast 
cancer 

cases: 862 
and 

controls: 
847 

Rectum 1.68 [1.17 - 2.42] Rectum 
cancer 

cases: 546 
and 

controls: 
534 

Rectum Chlorinated 
surface water 

(SW): 
chlorinated 

ground water 

1.53 [1.15 - 2.04] Rectum 
cancer 

cases: 684 
and 

controls: 
682 Rectum Chlorinated 

surface water 
(SW): non-
chlorinated 

ground water 

1.04 [0.72 - 1.5] 

Kanarek et 
al. 

1982 Wisconsin, 
USA 

Colon Chlorinated 
surface water 

(SW): 
chlorinated or 
nonchlorinated 
ground water 

 2.81 Population-
based 

case:control 
mortality 

study 

Colon 
cancer 

cases: 3184 
and 

controls: 
3184 

 Study restricted to 
women only; cases 

were paired to 
controls by birth 

date, and county of 
residence. THM 

levels were 
generally <20 

micro-g/L, though 
some water supplies 
exceeded 100 micro-

Brain  4.71 (not 
significant) 

Brain 
cancer 

cases: 428 
and 
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controls: 
428 

g/L 

Kasim et al. 2006 Canada - all 
provinces 

Adult 
leukemia 

Dose-response 
assessment 

1.76 [1.01 - 3.10] Population-
based 

case:control 
study 

Adult 
leukemia 

cases: 1068 
and 

controls: 
5039 

1994-
1997; 

considered 
only those 
with >=40 

y 
exposure 

TTHM = >40 
microg/L 

King et al. 2000 Southern 
Ontario, 
Canada 

Colon exposure 
duration <10 
yr: 35-40 yrs 

1.53 
[1.13 to 

2.09] 

0.74 [0.52 - 
1.05] 

Population-
based 

case:control 
study 

767 colon 
cancers, 661 

rectal 
cancers, 

1545 
controls 

1992 - 
1994 

TTHM = 0 to >75 
microg/L 

Rectal 0.97 [ 
0.72 - 
1.32] 

1.04 [0.71 - 
1.53] 

Colon THM levels -
years 

(quartiles) 

1.74 
[1.25 to 

2.43] 

0.65 [0.44 - 
0.97] 

Rectal 1.03 
[0.73 - 
1.44] 

0.69 [0.82 - 
1.08] 

Koivusalo et 
al. 

1997 Finland Bladder  RR = 
1.03 [ 
0.82 - 
1.82] 

RR=1.48 
[1.01 - 2.18] 

Historical 
cohort 
study 

621431 
persons 

1955-1970 Mutagenicity was 
measured in terms of 

revertants/L. 

   Rectum  RR = 
0.85 

[0.66 - 
1.09] 

RR=1.38 
[1.03 - 1.85] 

   Only statistically 
significant results 

are noted here. 

   Lung  RR = 
1.21 

[1.07 - 
1.36] 

RR = 0.95 
[0.75 - 1.22 

    

   Breast  - RR = 1.11 
[1.01 - 1.22] 
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  Esophagus  RR = 
0.92 

[0.51 - 
1.66] 

RR=1.90 
[1.02 - 3.52] 

    

McGeehin 
et al. 

1993 Colorado, 
US 

Bladder Chlorinated: 
nonchlorinated 

1.8 [1.1 - 
2.9] 

 Population-
based 

case:control 
study 

Bladder 
cancer 

cases: 327. 
Other 
cancer 

controls: 
261 

1988 - 
1989 

Mean values of total 
trihalomethanes, 

nitrates and residual 
chlorine measured 
during 1989 were 
used to represent 

historical exposure 
to these chemicals. 

Values are not 
reported! 

Villanueva 
et al. 

2003 Europe and 
N. America 

Bladder Chlorinated: 
nonchlorinated 

1.4 [1.1 - 
1.9] 

1.2 [0.7 - 1.8] Meta 
Analysis 
based on 
six case-
control 

studies and 
2 cohort 
studies 

Bladder 
cancer 

cases: 6084. 
Controls: 
10816. 

Additional 
124 bladder 
cancer cases 

from two 
cohort 
studies 

  

Young et al. 1987 Wisconsin, 
US 

Colon Chlorinated: 
Non 

chlorinated 
{Odds ratio is 
between colon 
cancer groups 

and other 
cancer 

groups} 

0.93 [0.55 - 1.57] Population-
based 

case:control 
study 

Colon 
Cases: 366, 
control with 

cancer of 
other sites: 

785, general 
population: 

654 

 THM models were 
generated using 
present data and 

water quality 
parameters of last 30 
years. Some water 
supplies had THM 
levels >100 micro-

gram/L, but majority 
of water supplies 

Journal of E
nvironm

ental R
esearch A

nd D
evelopm

ent 
              V

ol. 3 N
o. 3, January-M

arch 2009 

901 



Journal of Environmental Research And Development Vol. 3 No. 3, January-March 2009 

902 
 

Chlorinated: 
Non 

chlorinated 
{Odds ratio is 
between colon 
cancer groups 
and general 
population 
controls} 

0.73 [0.44 - 1.21] had <20 micro-
gram/L. 

    THM levels 1.01 [0.36 - 2.84]    TTHMs = 0 - 113 
microg/L 

           
Doyle et al. 1997 Iowa, US Colon Chlorinated 

surface water 
(SW): 

chlorinated or 
nonchlorinated 
ground water 

 RR for Colon 
cancer:        

1.00 to 1.67 
for four 

classes of 
THM 

concentrations        
1.67 [1.07 - 

2.63] 

Population-
based 
Cohort 
study 

Women: 
28237 

[Selection 
done in 

1986]; total 
cancer cases 

= 1167 

1986 - 
1993 

Geometric mean: 
56.164 micro-

gram/L  Interquartile 
range:97.5 micro-

gram/L   Maximum 
value: 315 micro-

gram/L [Water 
quality records from 
previous survey in 

1979, 1986 and 
1987]. 

   All 
cancers 

  RR for Total 
combined 

cancer: 1.24 
to 1.25 [1.02 - 

1.52] 

    

Wilkins et 
al. 

1981 Washington 
County, 

Maryland, 
US 

Liver Chlorinated 
surface water 

(SW): 
nonchlorinated 
Ground Water 

0.98  
[0.21 to 

4.53] 

2.99 [0.71 to 
12.49] 

Population 
based 

cohort non-
concurrent 
prospective 

study 

31000: 
14553 white 
males and 

16227 white 
females, 

total cancer 
cases=156 

July 16, 
1963 - 

July 15, 
1975 

Estimated THM 
levels are 107 
micro-gram/L 

[Wilkins JR III: 
DrPH thesis, John 

Hopkins University] 

   Kidney  1.09 
[0.32 to 

3.76] 

1.06 [0.23 to 
4.78] 
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  Bladder  2.01 [0.8 
to 5.05] 

2.6 [0.62 to 
10.94] 

    

Yang et al. 1998 Taiwan All 
cancers 

(11 
organs) 

chlorinated: 
non-

chlorinated 

1.32 
[1.18-
1.46] 

1.05 [0.95 - 
1.18] 

Ecologic 
mortality 

study 

  No THM values are 
reported; basis of 

OR values are 
annual age-adjusted 
mortality rates for 
different cancers 

   Rectum  1.42 
[1.23 - 
2.25] 

1.42 [ 1.13 - 
1.98] 

   

   Liver  1.24 
[1.01 - 
1.52] 

1.21 [0.9 - 
1.64] 

   

   Lung  1.6 [1.39 
- 1.85] 

1.95 [1.45 - 
2.59] 

   

   Bladder  1.86 
[1.54 - 

3.5] 

3.92 [ 1.08 - 
4.28] 

   

   Kidney  2.51 
[1.27 - 
4.94] 

2.2 [ 1.84 - 
5.78] 

   

   Breast   1.26 [ 0.89 - 
1.77] 

   

Sharma and 
Goel 

2008 Gangtok, 
India 

All 
cancers 

Chlorinated: 
non-

chlorinated; 
>30 yr: <30 y: 
no exposure 

1.05 [0.42 - 2.74] Population-
based 
cross-

sectional 
study 

1810; 23 
cancers 

with 14 in 
the exposed 
population 
and 5 in the 
unexposed 
population 

2006 Total THMs were 
found to be 16 to 63 

micro-g/L 

Goel 2008 Kanpur, 
Kharagpur, 

India 

All 
cancers 

Chlorinated: 
non-

chlorinated 

0.56 [0.18 - 1.81] Population-
based 
cross-

sectional 
study 

1189 
exposed: 
230 not 
exposed 

2003 < 100 ppb of 
bromoform and 

DBCM, chloroform 
was never detected. 
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Table 3 : Potency factors and reference doses for various DBPs 

 
   RfDo  CSFo  RfDi  CSFi   

Chemical USEPA 
class 

CAS mg/kg/d  1/mg/kg/d  mg/kg/d  1/mg/kg/d  VOC 

            
Chlorine  7782505 1.00E-01 I   5.7E-05 E   y 

            
Chlorate            

Chlorite D 7758-19-2 3.00E-02 I        

Bromate B2 15541-45-4 4.00E-03 I        
            
Trihalomethanes (THMs)            

Bromodichloromethane B2 75274 2.00E-02 I 6.20E-02 I     y 
Bromoform B2 75252 2.00E-02 I 7.90E-03 I   3.90E-03 I  

Chloroform B2 67663 1.00E-02 I   1.4E-02 E 8.10E-02 I y 

Dibromochloromethane C 124481 2.00E-02 I 8.40E-02 I     y 

            
Haloacetic acids (HAAs)            

Chloroacetic acid  79118 2.00E-03 H        

Dichloroacetic acid B2 79436 4.00E-03 I        

Trichloroacetic acid C 76039          

Chloral hydrate  55285148 1.00E-02 I        

            
Haloacetonitriles (HANs)            

Dichloroacetonitrile            

Trichloroacetonitrile            
Dibromoacetonitrile           
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Cyanogen chloride  506683 I I        

Formaldehyde  944229 2.00E-03 I        

2,4,6-trichlorophenol  95954   0.00E+00 I      

A = Sufficient epidemiological evidence 
B1 = Limited epidemiological data 
B2 =  Inadequate epidemiological data, positive carcinogenicity and mutagenicity in limited animal assays 
C =  Inadequate or no human (epidemiological) data, and inadequate animal data 
D =  Inadequate or no human (epidemiological) data, limited animal data 
E =  No human data and no proof in animal data 

Sources : I = IRIS  H = HEAST  A = HEAST Alternate  W = Withdrawn from IRIS or HEAST E = EPA-NCEA provisional value  O = other 
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B. Exposure routes for Disinfectant 
byproducts 

Possible routes of exposure to DBPs can 
include ingestion of water and food cooked 
or washed in tap water, inhalation of indoor 
air and dermal contact with chlorinated water 
during water use activities like cleaning, 
washing, showering or bathing. Water-based 
activities like swimming are also another 
major route of DBP exposure. 
Ingestion 

While DBPs are found in significant 
amounts in all chlorinated water samples, 
THMs, which are a volatile group of DBPs, 
have been found in low concentrations in 
drinks prepared even with boiled water but 
were not detectable in most foods6. Non-
volatile and semivolatile DBPs especially 
dichloroacetic acid (DCAA) can persist in 
boiled water and foods11,12. The effect of 
boiling on DBP concentrations was measured 
in an extensive study with chlorinated and 
chloraminated waters13. THM concentrations 
were reduced to the greatest extent in 
comparison to other DBPs in both, 
chlorinated waters [64-98%] and 
chloraminated waters [74-98%]. Chloroform 
removal was greater in chloraminated water 
[75%] while in chlorinated water it was only 
34%. HAAs in chloraminated water like 
dihalogenated haloacetic acids were not 
significantly affected while trihalogenated 
HAAs decreased with time due to boiling.  

In ingestion exposure studies with 
chlorinated drinking water, urinary HAAs 
excretion rates were not correlated with 
water concentrations. However, urinary 
trichloroacetic acid excretion rates were 
correlated to ingestion exposure14. HAAs, 
which are non-volatile DBPs are mainly 
taken up by the ingestion route. Uptake of 
chloroform, a predominant and volatile 
THM, was found to result in equivalent 
internal doses through ingestion of 2 L of 
drinking water, or a 10 min shower or a half 

hour bath. Swimming for 1 hour resulted in 
65 µg/kg/d, a dose that was 141 times higher 
than the dose from a 10 min shower15. 
Inhalation 

Inhalation is an important pathway of 
exposure to DBPs as these compounds can 
accumulate in indoor air during showering, 
bathing, swimming and other activities 
related to the use of chlorinated water6,16-19. 
THM concentrations in tap water were 
compared to those in blood, before and after 
showering, in two different communities16. 
Results of this study show that THM 
concentrations in blood increased 
significantly after showering and that their 
distribution also shifted toward that in tap 
water. THM concentrations in this study in 
tap water were of the order of µg/L while 
blood concentrations were in ng/L. In 
another study, THM concentrations in blood 
were measured after showering for 10 min, 
bathing for 10 min and after drinking 1 L of 
chlorinated drinking water in 10 min17. The 
highest blood THM levels were found after 
10 min showers while the lowest blood THM 
levels were found after ingesting 1 L of tap 
water. 
Dermal contact 

Dermal absorption during showering/ 
bathing is another major route of exposure to 
DBPs14,15,20. However, polar molecules of 
haloacetic acids (HAAs), haloacetonitriles 
(HANs), and hydroxyfuranone (MX) do not 
readily penetrate the skin21.  

Within the exposed population, 
individual dermal and inhalation exposures 
depend on showering or bathing frequency 
and duration, and other parameters such as 
water temperature, which strongly affect 
dermal absorption of THMs, water flow, type 
of showerhead, and air exchange rate in the 
bathroom. Thus, individual exposures to 
these compounds can be determined by total 
ingestion of tap water (non-boiled and 
boiled), hot drinks and tap water-containing 
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foods. For infants, exposure pathways may 
differ due to the potential significance of 
lactational transfer from mother to infant22,23. 
A major recent finding from pharmacokinetic 
studies with bromodichloromethane (BDCM) 
in humans is that BDCM concentrations in 
blood were 25 to 130 times higher due to 
dermal exposure compared to oral exposure. 
It is now believed that risks from chlorinated 
drinking water are greater due to showering, 
bathing and swimming, i.e., dermal and 
inhalation routes, rather than the ingestion 
route.  

C. Toxicity assessment 
Toxicity assessment of DBPs is usually 

done using lab-controlled bioassays with 
Salmonella and animal toxicity studies, and 
epidemiological studies.  
Animal Toxicity studies: cancers and 
adverse reproductive outcomes 

Most regulated DBPs have been tested 
for their mutagenicity, genotoxicity and 
carcinogenicity. Of the four THMs, only 
chloroform is non-genotoxic but 
carcinogenic. Chloroform carcinogenicity is 
due to its cytotoxicity and regenerative cell 
proliferation10. The other three THMs are 
genotoxic, and carcinogenic. Similarly, of 
the five HAAs only trichloroacetic acid is 
non-genotoxic, but carcinogenic. The other 
HAAs: chloroacetic acid (non-carcinogenic), 
bromoacetic acid (no data), dichloroacetic 
acid (carcinogenic), dibromoacetic acid 
(carcinogenic) are all genotoxic. 
Genotoxicity includes mutagenicity as well 
as DNA damage. Bromate was found to be 
genotoxic and carcinogenic while chlorite 
was found to be non-carcinogenic and its 
genotoxicity is not known. 

THMs as individual compounds have 
been a cause of increase in tumours in 
laboratory animals24. In two year dosing 
studies with rodents (mice and rats), all four 
THMs were found to be carcinogenic. 
However, route of exposure resulted in major 

differences in study results. In a literature 
review of animal toxicity assays, forty result 
sets were reported; 23 sets were for drinking 
water as the route or exposure while 15 sets 
were through gavage (force-feeding). Studies 
with drinking water resulted in no evidence 
of carcinogenicity in 9 of these studies, while 
only 4 of the gavage studies were negative 
demonstrating the importance of route of 
exposure in determining the study outcome10.  

Graves et al.25 has listed 148 data sets for 
animal toxicity studies and exposure to 
individual DBPs. Of these 148 data sets, the 
animals were fed by the oral/drinking water 
route in 32 data sets, 15 by inhalation and the 
rest by gavage. An update to this review by 
Tardiff et al. 26 lists 24 additional data sets for 
animal toxicological data of which only one 
is by gavage, and 22 by the oral/drinking 
water route of exposure. Despite the large 
number of studies, it is unfortunate that there 
is no study that systematically compares the 
effect of route of exposure (method of 
introducing chemical into the body) on 
toxicity results.  
Epidemiological studies 

The toxicity of chloroform is well 
understood because of its long history of use 
as an anesthetic. Inhalation of 10,000 ppm of 
chloroform vapor produces clinical 
anesthesia. Inhalation of higher doses causes 
cardiovascular depression, with death 
resulting from ventricular fibrillation. 
Delayed death is associated with liver 
necrosis27. Chronic inhalation of chloroform 
may cause psychiatric and neurological 
symptoms, including depression, 
hallucinations, and moodiness28. In studies 
with human volunteers, exposure to 4,100 
ppm causes serious disorientation, and 1,000 
ppm caused dizziness, nausea, and after-
effects of fatigue and headache. Exposures of 
20 to 70 ppm for undefined lengths of time 
causes less extreme but still evident effects 
on the central nervous system29. Liver 
enlargement was demonstrated in 17 of 68 
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workers exposed to chloroform at 
concentrations of 10 to 200 ppm for 1 to 4 
years. Among other factors that increase the 
toxic effects of chloroform is ethanol. As a 
result, alcoholics react more severely to 
exposure30. Exposure to high concentrations 
of chloroform vapor causes redness and 
twitching of the eyes. Liquid chloroform 
splashed into the eye causes immediate 
burning, pain, and possible injury to the 
cornea. The eye returns to normal in 1 to 3 
days31. Application of chloroform to the skin 
causes burning, pain, redness, and 
vesiculation32.  
Cancer 

It is important to note that chlorine (in 
water) was found to result in non-
carcinogenic adverse effects only in animal 
studies at high doses, and no evidence of 
carcinogenicity due to chlorine has been 
included in the USEPA’s review33. All 
toxicological studies are based on individual 
DBPs while epidemiological studies are 
based on the premise that exposure to 
chlorinated drinking water results in 
exposure to various potentially carcinogenic 
DBPs. Epidemiological studies on the 
incidence of cancers in populations exposed 
to chlorinated drinking water were reviewed 
and a summary of the results is provided in 
Table 2. 

Sixteen studies were found of which 11 
were population-based case-control studies, 2 
were population-based cohort studies, 1 was 
an ecologic mortality study and 2 cross-
sectional studies. The first fourteen studies in 
this summary were conducted in developed 
countries that include the USA (different 
states), Canada, Europe and Taiwan. Long-
term exposure to chlorine through drinking 
water showed an increased incidence of 
brain, pancreas, colon, rectum, and bladder 
cancer in all these studies with OR values 
ranging from 1.24 [1.02 to 1.52] to 2.5 [1.2 
to 5]. Odds ratios are statistically significant 
only when their values are greater than 1 and 

the lower bounds of their respective 
confidence intervals are also greater than 1. 
The last two cross-sectional studies were 
conducted in India (no other published 
reports from any developing country could 
be found) and no evidence of excess cancer 
risk was found due to exposure to chlorinated 
drinking water. All studies are discussed in 
some detail in the remaining part of this 
section.  

Cohort studies are based on selecting a 
group of individuals that have been exposed 
and a group of individuals who have never 
been exposed and comparing the incidence 
of disease (morbidity or mortality rates) in 
the two groups34. In case-control studies, 
individuals with the disease (cases) are 
compared for exposure to those without the 
disease (controls). Cases and controls are 
matched so that the backgrounds of these 
individuals do not differ significantly. Case-
control studies are generally based on 
mortality records8. A cross-sectional study is 
one in which exposure and disease are 
determined simultaneously for each 
individual; it represents a snapshot of the 
population at a given point in time34. 
Ecologic studies are large-scale studies done 
to determine if an association exists between 
exposure and risk of disease. For example, if 
breast cancer incidence rates for different 
countries or states within a country were 
correlated to average per capita fat 
consumption, that would constitute an 
ecologic study. 

The earliest studies found in the 
literature were by Wilkins and Comstock,35 
which was a population-based cohort study 
and36,37 which were case-control studies35, 
conducted a non-concurrent prospective 
study of 31,000 persons - 14553 white males 
and 16227 white females of Washington 
County, Maryland, US. In this study, 3 
cohorts were chosen to represent differences 
in exposure to chlorinated drinking water. 
One cohort used surface water – chlorinated, 
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second cohort used groundwater without 
chlorination while a third cohort used a mix 
of surface and groundwater with 
chlorination. An incident case of cancer was 
defined as any Washington County resident 
whose date of first cancer diagnosis occurred 
during the 12 year post-censal period - July 
16, 1963 to July 15, 1975. Cancer cases were 
collected from death certificate records, 
county's cancer registry and medical records 
of Washington County Hospital. Cancer risk 
was evaluated on the basis of exposure to 
chlorinated surface water versus those 
exposed to non-chlorinated ground water. 
The average trihalomethanes level of 107 
µg/L was used as baseline data to create past 
exposure profiles of individuals in the study. 
The authors found an association between 
three primary sites of cancer - bladder, liver 
and kidney to chlorinated water exposure. 
Incidence rates for cancer of the bladder 
among men and cancer of the liver among 
women were two-fold higher in the 
chlorinated drinking water cohort than in the 
controls. A complimentary mortality analysis 
also suggested an association of chlorinated 
water with cancer of the liver and urinary 
tract. The limitations of the study were urban 
- rural lifestyle differences, exposure profiles 
prior to 1975, and a very small number of 
kidney cancer cases (31 cases). They found 
high odds ratios (OR) of 2.0 for cancers in 
men and women due to exposure to 
chlorinated water, but it is important to note 
that these were not statistically significant. 
The Gottlieb et al. studies found statistically 
significant associations between rectal, brain, 
and breast cancer for people exposed to 
chlorinated surface water versus non-
chlorinated ground water. The authors are 
confident that there is a real association 
between the higher incidence of rectal cancer 
amongst people with long-term exposure to 
chlorinated surface water but suggest that the 
other two cancer sites: brain and breast, may 
be due to confounding factors. It is also 
important to note that chlorinated versus 

non-chlorinated groundwater (same source) 
showed no significant association even for 
rectal cancer. Chlorinated surface water 
versus chlorinated ground water showed a 
strong association between exposure to 
chlorinated surface water and the incidence 
of rectal cancers. Possible confounding 
factors in these studies are surface water 
contamination and low chlorine doses 
applied to ground waters in comparison to 
surface waters.  

Two case-control studies were conducted 
in Wisconsin, USA to determine associations 
between drinking water treatment practices 
and female cancer mortality rates38 and 
ingestion of THMs and the risk of colon 
cancers39. The first study was based on a 
dose-response assessment where crude 
indicators of THM levels, i.e., organics 
contamination and chlorination, were found 
to be associated with colon cancer deaths. 
The risk from chlorinated surface water was 
almost double the risk from chlorinated 
ground water. The second study showed that 
cumulative exposure to THMs over a 10 to 
30 year period did not result in an excess risk 
of colon cancer.  

Ijsselmuiden et al.40 carried out a case-
control study to assess any potential 
association between drinking water and 
pancreatic cancer in Washington County, 
Maryland, US. Cases of pancreatic cancers 
occurring from 1975 through 1989 were 
identified from the Washington County 
Cancer Registry. They were restricted to 
persons who had been enumerated in the 
1975 private census of 89,457 persons. 
Information on pancreatic cancer was 
obtained from hospital records and death 
certificate. Controls were selected from the 
same census. The controls were of the same 
racial group and above 35 years. For 
analysis, the number of bladder cancers and 
controls selected were 101 cases and 206 
persons, respectively. Chlorinated municipal 
water was used as a source of drinking water 
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by 79% of the cases and 63% of the controls. 
The study yielded an odds ratio of 2.2 
[95%CI= 1.24 – 4.10] which is statistically 
significant. The association between 
increasing years of exposure and cancer of 
the pancreas was found to be strong but 
smoking had almost no effect on risk41

. also 
conducted a case-control study for pancreatic 
cancers and concluded that there is no major 
risk of pancreatic cancer due to uptake of 
chlorinated drinking water. A major 
difference between the two studies is the 
estimated THM levels. THM levels in the 
Maryland study were estimated to be 107 
µg/L, while those in the Ottawa study are 
estimated to range between 17 and 74 µg/L. 
The higher THM levels in the Maryland 
study may have contributed to the positive 
findings of risk while the negative findings 
of risk in the Ottawa study can be attributed 
to the lower THM levels. 

McGheehin et al,.42 carried out a 
population-based case-control study of the 
incidence of bladder cancer in Colorado, US 
during 1990 – 1991. Bladder cancer cases 
selected were 327 while 261 cases were 
controls of other cancers. Control cancer 
cases included neoplasms of oral cavity, 
digestive system, respiratory system, bone, 
skin, breast, female genital system, prostrate, 
other male genital system, nervous system 
myeloma, leukemia and lymphoma and other 
cases. All histologically confirmed cases 
between 1988 and 1989 aged between 21-84 
years and those who were living were 
included in the study. Cases and controls 
were identified through the Colorado Central 
Cancer Registry. Water quality information 
from 1926 till 1989 for each Colorado 
community was gathered from Colorado 
Department of Health, Division of Water 
Quality records and from water utility 
records. Subjects were interviewed by 
telephone about residential and water source 
histories. This information was linked to data 
from water utility and Colorado department 

of Health records to create an individual 
drinking water exposure profile. After 
adjustment for age, sex, cigarette smoking, 
tap water, coffee consumption, and medical 
history factors by logistic regression, years of 
exposure to chlorinated surface water were 
found to be significantly associated with risk 
for bladder cancer. The odds ratio for bladder 
cancer was 1.8 [95%CI= 1.10 - 2.90] for 
long-term exposure of 30 years to 
chlorinated surface water when compared 
with no exposure and is statistically 
significant. The increased bladder cancer risk 
was similar for males and females and for 
non-smokers and smokers. Concentration 
levels of total trihalomethanes, nitrates and 
residual chlorine were not associated with 
bladder cancer risk after controlling for years 
of exposure to chlorinated water. This study 
was limited by water habits for some 
respondents, lifetime profile of use of 
beverages, and lack of historical data on 
water contaminants.   

Koivusalo et al.,43 conducted a 
population-based cohort study in Finland 
with 621,431 subjects in 56 towns. 
Mutagenicity of drinking water was 
estimated on the basis of raw water quality, 
chlorine dose and water treatment practices. 
Relative risks (RR) for different cancers 
were determined after adjustment for 
confounding factors and calculated for a 
mutagenicity level of 3000 net revertants/L; 
assuming further that most of the 
mutagenicity is from chlorinated drinking 
water. Statistically significant RR values 
were found for women and bladder cancer: 
1.48 [1.01 – 2.18], rectum: 1.38 [1.03 – 
1.85], esophagus: 1.9 [1.02 – 3.52] and 
breast: 1.11 [1.01 – 1.22] cancers. All these 
excess cancer risks were observed in women 
only, not in men; the authors therefore 
suggest caution in interpreting these results. 
In another study published in the same year, 
a cohort study on 28,237 women in Iowa was 
conducted to find possible associations 
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between various cancers and their exposure 
to chlorinated drinking water sources44. 
Relative risks were significant only for colon 
cancer and increased with increase in 
chloroform levels. There was no consistent 
association with other cancer sites and 
chloroform concentrations.  

King et al.,45 carried out a population-
based case-control study of the incidence of 
colon and rectal cancers in southern Ontario, 
Canada. Cases were taken as 30–74 year old 
residents with primary cancer of the colon or 
rectum. The Ontario Cancer Registry 
identified 1722 colon and 1530 rectal cancer 
cases diagnosed between September 1, 1992, 
and May 1, 1994 for the study. To identify 
control subjects, households were randomly 
selected from a database of residential 
telephone listings and contacted and a 
consensus of residents was taken. Final 
selections were: colon cases = 767, rectal 
cases = 661, and 1545 controls with 
exposure. A questionnaire was mailed to the 
participants, and responses were recorded by 
subsequent telephone interviews. Water plant 
information was obtained for an average day 
in August in 5-year intervals. A model, based 
on water quality was developed to predict 
THM levels in treated water. This was based 
on a survey of treatment plants that collected 
information on water source and 
characteristics, and treatment practices for 
the years of operation between 1950 and 
1990. Cancer risk was evaluated based on 
exposure durations of less than 10 yr and for 
35-40 yrs. Among males, colon cancer risk 
was associated with cumulative exposure to 
THMs, duration of exposure to chlorinated 
surface water, and duration of exposure to 
THM levels of 50 µg/liter and 75 µg/L. 
Males exposed to chlorinated surface water 
for 35–40 years had an increased risk of 
colon cancer compared with those exposed 
for <10 years with an odds ratio of 1.53 
[95% CI= 1.13–2.09]. Males exposed to an 
estimated THM level of 75 µg/liter for 35 

years had double the risk of those exposed 
for <10 years and the odds ratio was 2.10 
[95% CI= 1.21–3.66]. In contrast, these 
relationships were not observed among 
females. No relationship was observed 
between rectal cancer risk and any of the 
measures of exposure to chlorination by-
products. Limitations of this study were that 
only 43 percent of total colon and rectal 
cancer cases (3252) were eligible for analysis 
due either to deaths, illness or lack of consent 
from physician; no exposure profile of 
THMs were available and THMs were used 
as surrogates for all DBPs. 

Villanueva et al.,46 analysed data from 
eight epidemiological studies (only one of 
these studies is not included in Table 2). The 
authors found that OR values for the 
combined data were statistically significant 
for long-term exposure to DBPs and bladder 
cancer in men. The observed risk is moderate 
and increases with increase in length of 
exposure. Another recent case-control study 
conducted in Canada examined the 
association between exposure to chlorinated 
drinking water and risk of adult leukemia47. 
The study included 686 cases and 3420 
controls for whom water quality information 
was available for the last 30 years. Incidence 
of only one type of leukemia: chronic 
myeloid leukemia was found to increase with 
increase in years of exposure at a TTHM 
level of >40 µg/L. Risk of other leukemia 
subtypes was found to decrease with increase 
in exposure.  

In two population-based cross-sectional 
studies conducted recently in different 
locations in India, no significant associations 
were found between cancers and long-term 
exposure to chlorinated drinking water. In 
Gangtok, 23 cancer cases were found 
amongst 1810 subjects interviewed. 14 
cancer cases were found in the group 
exposed to chlorinated drinking water for 
more than 30 years and cancers of the 
stomach, urinary bladder and liver were 
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dominant with 3 cases of each. The 
unexposed control group also had 2 cases of 
stomach cancer, while neither control group 
(unexposed or <30 y exposure) had any 
bladder or liver cancer cases48,49. No cancer 
cases were eliminated for possible 
confounding factors that can contribute to a 
higher incidence of cancers like smoking, 
drinking, occupational exposure to 
pollutants, tobacco use, etc.  

In the second study, the incidences of 
cancers in two communities in two different 
locations were compared. IIT Kanpur, a 
community that has never been exposed to 
chlorinated drinking water, had 475 adult 
subjects (>20 y age) and only 4 cancer cases 
were reported. 2767 adult subjects were 
included in the data for IIT Kharagpur, 
which has had chlorinated drinking water for 
more than 30 years. Only 19 cancer cases 
were reported of which 9 were eliminated for 
possible confounding factors like smoking, 
swimming, chullah (wood-burning stove) in 
home, etc. In this study, too, no positive 
association for cancers and long-term 
exposure to chlorinated drinking water was 
found. The odds ratio in this study was found 
to be 0.56 [0.18 to 1.81] and is not 
statistically significant50. Possible reasons for 
why these studies showed no positive 
association between cancers and exposure to 
chlorinated water are that chlorine doses may 
be too low for there to be significant levels of 
DBP exposure, or the number of cancer cases 
observed are too small to be statistically 
significant.  

Yang et al.,51 conducted an ecologic 
mortality study in Taiwan to determine the 
impact of chlorinated drinking water on 
cancer mortality. Taiwanese municipalities 
(361) were characterized as chlorinating 
(90% of the population drank chlorinated 
water) or non-chlorinating (more than 95% 
of the population drank unchlorinated water) 
for this study. The municipalities were 
further characterized for their degree of 

urbanization and then matched for the same 
urbanization level and therefore, similar 
sociodemographic levels. Therefore, the 
study matched 14 chlorinating municipalities 
with 14 non-chlorinating municipalities 
covering a total population of 861,245 
people. The results strongly suggest that 
chlorinated drinking water is associated with 
cancers of the rectum, lung, bladder and 
kidney. Given the fact that this is an ecologic 
study and represents aggregate cancer 
mortality rates rather than individual cases 
and exposure levels, the results are to be 
treated with caution.  
Adverse Reproductive Outcomes 

Recent reports in the literature suggest 
that exposure to chlorinated water (not 
merely drinking, but showering, bathing, 
swimming, etc.) can lead to adverse 
reproductive effects like miscarriages52,53, 
birth defects, premature births, and low birth 
weight15,16,54,55. 

Graves et al.25 and Tardiff et al.26 
reviewed the weight of evidence for 
exposure to chlorinated drinking water and 
the incidence of adverse reproductive and 
developmental effects. A recent cohort study 
that examined the impact of THMs on the 
incidence of miscarriages found no evidence 
that even THM concentrations >75 µg/L lead 
to an increase in miscarriages56. Further, 
other studies also showed no evidence that 
DBP exposure is related to low and very low 
birth weight, preterm delivery, and neonatal 
death. Inconsistent or weak results were 
found for birth defects, central nervous 
system anomalies, neural tube defects and 
miscarriages. There is some evidence of 
positive association between DBP exposure 
and intrauterine growth retardation, small for 
gestational age, term low birth weight, and 
small body length. 

Nieuwenhuijsen et al.15 reviewed animal 
toxicity studies and epidemiological studies 
to determine associations between THMs and 
adverse reproductive effects. Major 
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outcomes that have been examined in these 
studies include low birth weight, preterm 
delivery, spontaneous abortions, stillbirth 
and birth defects like central nervous system 
and cardiac defects, oral cleft, and 
respiratory, and neural tube defects. No 
evidence was found that preterm delivery is 
related to THM exposure.  

Bove et al.55 carried out a large 
retrospective cohort study in New Jersey, US 
studying the relation between adverse 
reproductive outcomes and monthly 
estimates of TTHM exposure concentrations 
provided by the Bureau of Safe Drinking 
Water. Exposures were divided in five 
categories - less than or equal to 20, 20-40, 
40-60, 60-80, 80-100, and greater than 100 
µg/L of TTHMs. The reference group was 
mothers exposed to TTHM concentrations of 
less than or equal to 20  µg/L. Birth outcomes 
were categorized as low birth weight (<2500 

g), preterm birth (<37 weeks), small for 
gestation age, and birth defects (all recorded 

malformations, central nervous system, 
neural tube, oral cleft, and major cardiac 
defects). Outcome data were obtained from 
birth certificates and the New Jersey Birth 
Defects Registry. The authors found that the 
mean birth weight among term births was 
70.4 g lower among those exposed to 
concentrations >100 µg/L in comparison to 
the reference. Excess risks for "all 
surveillance birth defects", small for 
gestational age, central nervous system 
defects, neural tube defects, and all cardiac 

defects were associated with an increase in 
TTHM concentrations. Although monotonic 
trends were not apparent, the test for trend, 
and the use of TTHM categories provided 
support for trends for all these outcomes. 
There was no evidence, however, to support 
a trend for major cardiac defects (possibly 
due to the few cases in the exposure 

categories) and oral cleft defects, despite the 
finding of a threefold increase in risk (OR 
3.17) for oral cleft defects at TTHM 

concentrations >100 µg/L compared with the 
reference group. No association was found 
between TTHM concentrations and preterm 
birth, very low birth weight, or foetal death. 
The main limitations of the study were the 
many exposure categories resulting in few 
cases for some outcomes in certain exposure 
categories, and other aspects of the 
assessment of exposure, for example, the 
availability of TTHM concentrations only 
and not individual THMs.  

Dodds et al.57 carried out a very large 
retrospective cohort study in the Canadian 
province of Nova Scotia for various birth 
defects due to THM exposure. TTHM 
concentrations from public water sources, 
were modeled by year, month and source to 
obtain four exposure categories (0-49, 50-74, 
75-99, greater than or equal to 100  µg/L). 

Birth defects were analyzed as small for 
gestation age (bottom 10% of the  birth 
weight distribution), low birth weight (<2500 
g), very low birth weight (<1500 g), preterm 
delivery (<37 weeks), neural tube, cleft, and 
major cardiac defects, stillbirth, and 
chromosomal abnormalities obtained from 
perinatal and fetal anomaly databases. The 
authors did not find excess risk for very low 
and low birth weights, preterm delivery, 
cleft, or major cardiac defects, but did find 
high risks associated with  neural tube 
defects, small for gestational age, 
chromosomal abnormalities, and stillbirths. 
This was significant only for stillbirth and it 

showed a trend with increased exposure. The 
main advantage of the study was the large 
number of subjects. However, relatively few 
people (2.7%) were exposed to concen-
trations <25 µg/L, reducing the contrast in 
exposure across the study region.  

Wright et al.54 carried out a cross-
sectional study of fetal development in 
Massachusetts, US on the population 
exposed to chlorinated drinking water. Birth 
data for 56,513 infants born in the year 1990 
were collected from Massachusetts 
Department of Public Health records of birth 
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and hospital worksheets. Singleton infants 
born between 37 and 45 gestational weeks 
and weighing more than 2000 g were 
included in the analysis. THM data were 
abstracted from Massachusetts Department 
of Environmental Protection records for year 
1987 - 1993. Association was sought for the 
group exposed to TTHM levels below 60 
µg/L versus those with TTHM levels greater 
than 80 µg/L. The odds ratio for pregnancy 
average was 1.14 [95% CI= 1.02 - 1.26] and 
for second trimester was 1.13 [95% CI= 1.03 
- 1.24]. Maternal exposure to THMs may be 
associated with fetal growth retardation. It 
was found that there were smaller effects of 
TTHMs on low birth weight and intrauterine 
retardation compared to less than or equal to 
60 µg/L, pregnancy average of TTHM 
exposure over 80  µg/L was associated with a 
32 g reduction in birth weight. There was a 
23 g reduction in birth weight on average in 
infants born to mothers exposed to greater 
than 80 µg/L TTHMs during the second 
trimester. For each 20 µg/L increase in 
average TTHM, the estimated reduction in 
birth was 2.8 g for exposure during 
pregnancy and 2.6 g for second trimester 
exposure. A limitation of this study is the 
chance of exposure misclassification as 
exposure analyses is based on the address of 
residence at birth. An additional limitation 
could be exclusion of spatial variation and 
lack of data on exposure route of THMs. 

Savitz et al.56 conducted a case-control 
study to evaluate risks of miscarriages, 
preterm delivery, and low birth weight in 
North Carolina due to exposure to THMs. An 
increasing amount of ingested water was 
found to decrease the risk of all three 
outcomes. The only exception was a higher 
risk of miscarriages at high THM levels (the 
concentrations are not reported). In the cross-
sectional study done in the two Indian 
communities of IIT Kanpur and IIT 
Kharagpur, the odds ratio for miscarriages 
was found to be 0.33 [95% CI= 0.19 to 

0.56]50. The low odds ratio or the reciprocal 
OR values for miscarriages are 3.07 (95% CI 
= 1.78 to 5.29) suggesting that chlorination 
actually decreases the risk of miscarriages. 
Dose-response assessment 

The USEPA has defined toxicity classes 
for all chemicals based on the weight of 
evidence from all available studies. The 
following classes are defined: 

Group A; Human carcinogen : A 
substance is put in this category only when 
there is sufficient epidemiologic evidence to 
support a causal association between 
exposure to the substance and cancer.  

Group B; Probable human carcinogen 
: This group is actually made up of two 
subgroups. A chemical is categorized as B1 
if there is limited epidemiologic evidence; 
and as B2 if there is inadequate human data 
but sufficient evidence of carcinogenicity in 
animals.  

Group C; Possible human carcinogen : 
This group is used for chemicals with limited 
evidence of carcinogenicity in animals and 
an absence of human data.  

Group D; Not classified : This group is 
for chemicals with inadequate human and 
animal evidence or for which no data are 
available.  

Group E; Evidence of non 
carcinogenicity : This group is used for 
chemicals that show no evidence of 
carcinogenicity in at least two adequate 
animal tests in different species or in both, 
adequate epidemiologic and animal studies.  

A summary of the most important DBPs 
and their toxicity factors is provided in  
Table 3. RfDs are reference doses for non-
carcinogenic effects and imply that there is 
an exposure threshold below which no 
adverse effects are likely to occur. RfDo is 
the reference dose for oral exposure while 
RfDi is the reference dose for inhalation 
exposure. For chemicals that have 
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carcinogenic effects, potency slope factors or 
carcinogenic slope factors (CSF) are defined 
based on various toxicity studies, and for the 
oral or inhalation routes of exposure.  
Uncertainty analyses 

A large number of studies of all types: 
mutagenicity, animal toxicity and 
epidemiological studies, have been 
conducted to determine possible associations 
between exposure to DBPs from chlorinated 
drinking water and the risk of adverse health 
effects. Any quantification of risk due to 
DBP exposure requires the weight of 
evidence to be conclusive. However, 
uncertainty is inherent and unavoidable in all 
of these studies and in general, most authors 
have acknowledged the limitations of their 
studies. Major sources of uncertainty are 
elaborated upon here.  
Animal toxicity studies 

1. Dose-response assessments : 
Animal toxicity studies are 
performed at high doses and are not 
sufficient to prove or quantify risk at 
the low doses to which human 
populations are likely to be exposed. 
Epidemiological studies can be used 
to characterize risk at low levels of 
exposure but the multiplicity of 
factors that may be responsible for 
the observed risk can lead to 
erroneous conclusions.  

2. Feeding protocol : Animal toxicity 
studies are based on feeding the 
chemical of concern to animals via 
food, water or gavage. Often, corn 
oil is used as a vehicle to feed the 
chemical in these studies and has 
been shown to overestimate toxicity 
and carcinogenicity58. Studies have 
revealed that drinking water as a 
medium does not show the same 
results59. Similarly, estimates of risk 
due to exposure through ingesting 
drinking water or food are often 

based on gavage studies instead of 
normal feeding procedures. As 
mentioned in Section 4.1, more 
studies with drinking water were 
negative for carcinogenicity than 
those through gavage10.  

3. Models of exposure and risk : 
Mathematical models are often used 
to estimate carcinogenic risks 
following exposure through various 
routes. There is significant doubt 
about how appropriate the use of 
these models is since they assume 
linearity at low doses.  

Epidemiological studies 
1. Lack of exposure data : THM 

concentration data are either missing, 
or insufficient in all studies reviewed 
here. In all epidemiological studies 
reviewed here, THM levels were 
estimated based on current water 
quality data. Since DBP 
measurements are relatively recent 
inclusions in water quality 
monitoring protocols, historical 
exposures can only be estimated for 
such long-term epidemiological 
studies. Further, due to widespread 
concern and fears of adverse health 
effects, especially in developed 
countries where most of these studies 
were undertaken, chlorine doses 
have been decreasing over the years. 
Exposure estimates in these studies 
are based on assumptions about 
historical practices and are a major 
source of uncertainty.  

2. Confounding factors : Confounding 
factors are the bane of 
epidemiological studies and studies 
with different water sources suffer 
from this problem to a greater extent 
than other studies. For example, the 
results of most of the 
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epidemiological studies reviewed 
here are based on deriving OR 
values by comparing a chlorinated 
surface water with a non-chlorinated 
groundwater source. The water 
compositions of these sources are 
different and therefore, chlorination 
is not the only factor that can be 
implicated for a higher incidence of 
cancer or other adverse health 
effects. Other contaminants in the 
water may be responsible and this 
issue is generally neglected in these 
studies. It is also important to 
remember that by definition, 
epidemiological studies with positive 
results only suggest a high 
probability of cause and effect, but 
do not prove cause and effect. 
Further, the site of tumor formation 
in animals was not the same as that 
found in epidemiological studies, 
and demonstrates the uncertainty and 
therefore, skepticism that results 
from these studies10. 

3. Reporting bias : Public health 
concerns about exposure to 
chlorinated drinking water have lead 
to a large number of studies being 
conducted and reported. However, 
peer-reviewed academic journals 
have a propensity for publishing 
positive results and are more likely 
to reject negative results, despite 
their importance60. Some of the 
factors responsible for this bias are 
fear of loss of profits in case of 
clinical drug trials by pharmaceutical 
companies, and loss of funding for 
projects in case of academic/ 
scientific research. The fields of 
biological and medical sciences have 
had a longer history of dealing with 
this problem than other fields. 
Today, reporting bias in the literature 
is an acknowledged fact and several 

fields have journals specifically for 
publishing negative results61. It 
therefore becomes important that all 
involved in scientific research be 
aware of the bias in published 
literature, and reviewers and editors 
also realize this problem and stem 
the waste of time, effort and money 
that comes from publishing positive 
results only. 

CONCLUSION 
The objective of this paper was to review 

major findings regarding exposure to DBPs 
from chlorinated drinking water and their 
adverse health effects. Major conclusions 
from this review include: 

1. THMs and HAAs are the 
predominant groups of DBPs formed 
after chlorination of drinking water 
and are regulated in many developed 
countries. 

2. Brominated DBPs are likely to be 
the dominant forms in groundwater 
rather than surface water. They are 
formed faster and are more toxic 
than chlorinated DBPs. 

3. Semi- and non-volatile DBPs can be 
detected in food and water even after 
cooking or boiling. THMs can be 
detected in blood after ingestion of 
chlorinated water, showering, 
bathing or swimming. Recent 
evidence suggests that inhalation and 
dermal exposure are likely to result 
in higher DBPs levels in the blood 
than ingestion. 

4. Animal toxicity studies with 
individual DBPs are a major source 
of data for classifying compounds 
for their toxicity. More gavage 
studies were found to show 
carcinogenic effects in comparison 
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to oral toxicity studies. However, the 
effect of route of exposure, i.e., oral 
versus gavage has not been 
examined systematically in any 
animal toxicity study and is likely to 
be a confounding factor. The site of 
tumor formation in most animal 
toxicity studies were liver, kidneys, 
intestines and thyroid.  

5. Many epidemiological studies found 
exposure to chlorinated drinking 
water resulted in a higher incidence 
of rectal, colon and bladder cancer. 
The lack of correlation between 
cancer sites in animal studies and 
epidemiological studies remains 
unexplained.  

6. Epidemiological studies were 
reviewed for this paper and most 
studies were based on determining 
OR or RR values by comparing 
exposure to chlorinated surface 
water versus chlorinated or non-
chlorinated ground water. As 
expected, there are more studies with 
findings of significant risk due to 
chlorinated surface water. It is 
important to note that surface water 
is likely to have higher THM levels 
as well as higher concentrations of 
other contaminants that may be 
equally likely to have contributed to 
the higher incidences of cancers. 

7. A review of epidemiological studies 
regarding reproductive and 
developmental effects showed that 
some studies did find positive risk 
associated with exposure to high 
TTHM levels > 80 to 100 µg/L. 
However, no or weak associations 
were found for preterm delivery, 
neonatal deaths, miscarriages and 
low birth weight. Two separate 
studies found no evidence of risk due 
to DBP exposure for miscarriages, 
preterm delivery, and low birth 

weight. All three outcomes were 
found to decrease with increase in 
amount of ingested water. A higher 
risk of miscarriages was found only 
at high THM levels. In a cross-
sectional study in India, the risk of 
miscarriages was found to decrease 
with exposure to chlorinated 
drinking water.  
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