Chlorinated Drinking Water and Bladder Cancer:

Connection or Chimera?

Abstract


Over the past 20 years, the scientific and public health communities have debated whether or not certain by-products formed upon treating water supplies with chlorine for the purpose of disinfection are carcinogenic.  Based upon numerous epidemiological studies suggesting an association between disinfection by-products ("DBPs") (most importantly, trihalomethanes and haloacetic acids) and various forms of bladder, colon and rectal cancer, the EPA has elected to strictly regulate these contaminants, setting maximum contaminant levels which may force hundreds of municipal water suppliers, at great cost, to treat their water.  In this piece, the author examines the meta-analysis upon which EPA originally based its decision to impose its stringent DBP rule, a peer-review of that meta analysis, five subsequent population based case-control studies, and one prospective cohort study, all of which examine the relationship between DBPs and bladder or rectal cancer.  The author suggests that a cautionary regulatory approach be taken which does not impose arguably premature costs upon municipal water suppliers.   

I. Introduction


Arguably, no single endeavor this century has done more to improve and protect public health than the reliable provision of safe drinking water to the vast majority of Americans through community water supplies.
   Today, in cities large and small, the majority of Americans unthinkingly enjoy clean, abundant water.  This seemingly miraculous largess can be attributed at least in part to intensive federal and state regulatory control.  


Responding to a growing pollution threat, in 1974 Congress passed the Safe Drinking Water Act,
 ("SDWA") aimed at safeguarding the public water supplies which serve over 200 million Americans.  Today, the SDWA regulates key contaminants, requires extensive monitoring, establishes benchmarks for water treatment technologies, bolsters environmental enforcement, and promotes protection. Accompanying this extensive regulatory oversight has been an at times heated scientific debate regarding the most effective, cost-conscious, and reliable manner in which to treat drinking water supplies to remove dangerous pathogens, harmful bacteria, potential carcinogens or simply unpalatable characteristics such as color and odor. Perhaps the most caustic of these debates, and one with tremendously costly regulatory ramifications, is the debate over the possible carcinogenic characteristics of the byproducts formed upon disinfection of water supplies through chlorination, known as disinfectant byproducts ("DBPs"), including trihalomethanes and haloacetic acids.  


Chlorine disinfection of water supplies has proven to be one of the most successful and important techniques in preventing waterborne illness. Chlorination, the least-expensive microbial disinfectant process, is in widespread use.  Approximately 75% of American community water supplies use chlorine as a disinfectant to render harmless the raft of bacteria, protozoa and viruses that may contaminate public water supplies. Unfortunately, this otherwise extraordinarily useful chemical poses its own significant public health threat.  Upon treatment, chlorine combines with organic and inorganic compounds in the water to form potentially harmful DBPs. 

Concern about the potential carcinogenic characteristics of certain DBPs first arose in the 1970s.
  Chronic ingestion of trihalomethanes in rodent-feeding toxicology studies resulted in liver, kidney and intestinal tumorigenesis.
  More recent epidemiological studies have suggested a possible connection between ingestion of DBPs in drinking water and certain forms of bladder and colon cancer in humans.  In 1992, using a technique known as meta-analysis, Morris et al pooled the results of numerous epidemiological studies and calculated an upper bound of approximately 10,000 cases of rectal and bladder cancer cases per year possibly associated with DBPs in the United States. 

In response to these studies, and after lengthy negotiations with the affected municipal suppliers, commercial water purveyors, and other interested parties including environmental organizations, in 1994 the EPA issued its proposed Stage 1 Disinfectant Byproduct Rule, which sets maximum contaminant levels ("MCLs") for DBPs including total trihalomethanes (which includes chloroform, bromodichloromethane, chlorodibromomethane, and bromoform).
   The DBP rule addressed a number of complex and interrelated drinking water issues in an attempt to balance the need to control human health risks posed by microbial organisms such as cryptosporidum and Giardia lamblia, with the presumed carcinogenic effect of DBPs.  These MCLs mandated by the EPA will require hundreds of water suppliers, large and small, to construct expensive treatment facilities to remove DBPs, among other contaminants.  


Some scientists have questioned the utility of the epidemiological studies upon which EPA relied for the purposes of rulemaking.  The uncertainty inherent in these studies, critics argue, militates against relying upon them in setting firm regulatory guideposts.  As the EPA itself notes in its 1997 Notice of Data Availability regarding proposed revisions to the DBP rule, 

..the assessment of public health risks from chlorination of drinking water currently relies on inherently difficult and incomplete empirical analysis.  On one hand epidemiological studies of the general population are hampered by difficulties of design, scope, and sensitivity.  On the other hand, uncertainty is involved in using the results of high dose animal toxicological studies of a few of the numerous by-products that occur in disinfected drinking water to estimate the risk to humans from chronic exposure to low doses of these and other byproducts.
 

Nevertheless, believing that the weight of evidence counseled a hazard concern and a protective public health approach to regulation, the EPA chose to impose tight constraints on DBPs.
 

This paper will outline and discuss the major summary epidemiological study which formed the basis of the EPA rulemaking on DBPs, the 1992 Morris et al, meta-analysis, and studies which have been released subsequent to the Morris analysis, some of which support the Morris conclusion that a connection exists between DBPs and Colon and Bladder cancer and others which question the utility of the Morris analysis for regulatory purposes. 

II. 
Morris et al.

In 1992, prior to the negotiated rulemaking which resulted in the EPA's DBP rule, Morris et al. released their pivotal analysis entitled, "Chlorination, Chlorination By-products, and Cancer: A Meta-analysis" (Morris et. al. 1992).  The study used meta-analysis, a method by which the results of numerous epidemiological studies may be combined to come up with one "aggregate" odds ratio for cancer (or any other disease) risk.  A popular tool in epidemiological research, meta-analysis uses statistical analysis to combine the results of two or more studies.  Morris asserts that meta-analysis "in addition to improving our ability to identify small but significant relative risks in the context of apparently contradictory research findings, enhances our capacity to interpret truly negative results."


First, Morris assembled all the medical, public health and biological literature touching upon the relationship between chlorination of drinking water and cancer.  This search uncovered 10 case-control studies and two cohort studies that investigated the relationship between some measure of exposure to DBPs and cancer.  These studies were then scored, using a blind ranking system, on the basis of selection of subjects, confounding variables, exposure assessment, and statistical analysis.  Morris paid particularly close attention to the assessment each study made of the cases and controls' exposure levels.  On the basis of this review, Morris identified 10 studies reliable enough for inclusion in its meta-analysis.   


Morris then calculated summary point estimates of odds ratios for 12 different cancer sites.  The authors reported two cancers as statistically significant, bladder and rectal cancer.  For bladder cancer, according to Morris, exposure to disinfectant byproducts carries an overall relative risk estimate of 1.21.
  Rectal cancer has an overall relative risk estimate of 1.38.  Using somewhat crude data on population exposure to chlorinated surface water, the authors estimated an attributable risk suggesting that about 4,200 cases (9 percent) of bladder cancer per year and 6,500 cases (18 percent ) of rectal cancer cases per year might be associated with DBPs and chlorinated surface water. 


Furthermore, Morris stressed that the bladder cancer studies with quality scores above the average for the group of studies analyzed had a pooled relative risk estimate of 1.25 while those with below-average quality scores had a pooled relative risk of 1.16.  For rectal cancer studies, those with above-average quality scores had a pooled relative risk of 1.91 and those with below-average quality scores had a relative risk of 1.07.  Thus, it would appear that the better the study, the more certain the established relationship between cancer and DBPs.  As Morris stated, "the association of chlorination byproducts with bladder and colon cancer increases with improved exposure assessment and higher overall study quality."  


Morris concluded that the data support a significant association between rectal and bladder cancer and exposure to chlorination by-products in drinking water.  That association, according to Morris, follows a dose-response relationship.  Morris concludes, "the present study has identified a clear and significant association between neoplastic disease and the consumption of water containing chlorination by-products."
 

III. EPA's Reassessment: The Poole Report


 Based upon the recommendations of its expert panel convened in 1994, the EPA conducted a thorough assessment of the Morris et al. study and released three reports: (1) the Poole et al. review of the Morris meta-analysis, (2) EPA's assessment of the Poole report; and (3) a peer review of the Poole report and EPA's assessment of the peer-review.  


1.
The Poole Report

In September of 1997, Dr. Charles Poole of the Department of Epidemiology and Biostatitstics at Boston University School of Public Health released his critique of the Morris meta-analysis.  Dr. Poole's report was prepared for the National Center for Environmental Assessment in response to a request from the EPA.   Dr. Poole's aim was to evaluate the conclusion of Dr. Morris that "the weight of the evidence suggests that chlorination by-products pose substantial cancer risks that should be reduced."  Dr. Poole, came to "a different, but not opposite set of conclusions" from those of Dr. Morris.

Rejecting Dr. Morris' sweeping conclusions regarding an association between DBPs and cancer, Dr. Poole states, 

The hypothesis of a causal relationship between consumption 

of chlorination byproducts and the risk of cancer, including 

bladder and rectal cancer, is still an open question.  The reasonable 

range of attributable risk estimates for any cancer must include 

zero.  The epidemiological literature contains indications of 

increased risk for bladder cancer and rectal cancer, and possibly 

for other cancers as well.  However, these indications fall far 

short of forming a basis for conclusions of causality as firm as 

those that Dr. Morris has drawn.

Dr. Poole opined that it is not "advisable" to base causality conclusions upon literature-wide tests of statistical significance, precisely what Dr. Morris did in his meta-analysis.  Furthermore, Poole asserted that interpretation based upon statistical significance is falling out of favor with epidemiologists, especially in the area of cancer research.  This is because causality may be present even though statistical significance is not; or, conversely, causality may be absent, though statistical significance is present.  


Dr. Poole identified numerous errors in the Morris analysis, including errors in the selection of the studies, the selection of the cancers and the extraction of results.  Dr. Poole stressed that the studies Morris evaluated were highly inconsistent, undermining the utility of meta-analysis for the purpose of developing a single estimate of risk.  Furthermore, Dr. Poole's analysis uncovered the suggestion of a publication bias in the literature utilized - meaning that more positive results may have been reported than negative.


In an attempt to correct some of these errors, Poole recalculated the relative risk estimates using the hypothetically least-biased studies.  Poole estimates an odds-ratio of 1.08 for bladder cancer and 1.56 for rectal cancer.  Poole states, "despite not being statistically significant, these results do give indications of possible causal effects."
  However, Poole cautioned that due to the small number of studies that were analyzed, the results are "highly unstable."  Poole characterized epidemiological research examining a causal relationship between chlorinated drinking water as "primitive" and recommended further research on the topic.   


The EPA reviewed the conclusions of the Poole report and "generally concurred with Poole's recommendations."
 EPA concluded that Poole "presented reasonable and supportable evidence" that the Morris et al study should not be used for risk analysis purposes.  Concurring with Poole, the EPA determined that the studies relied upon by Morris were in fact highly heterogeneous, undermining the utility of meta-analysis.  


The Poole report was then subjected to peer-review by five epidemiological experts from private industry, government and academia.  These reviewers generally concurred with the EPA and with Poole in that the data used by Morris should not have been combined into one single summary estimate of risk.  They concluded that the Poole analysis was of high quality and that it was correct in its assessment of the Morris study.
 


2.
The EPA's Regulatory Response


Based on these assessments, the EPA concluded that it "does not believe it is appropriate to use the Morris et al study as the basis for estimating the potential cancer cases that could be attributed to exposure to DBPs in chlorinated surface water."
 The EPA further stated that it believed the association between exposure to chlorinated surface water and cancer cannot be determined based upon the limited and selective existing research.  Nonetheless, though they are presently considering doing so, the EPA has not yet relaxed the proposed stage 1 DBP rule established in 1994.
  Instead, in March of 1998, the EPA published a "more traditional approach" for estimating the potential carcinogenic effects of DBPs in support of its proposed rulemaking.  This new analysis does not rely upon pooling or aggregate analysis.  Instead, based upon a narrower set of higher-quality studies, the EPA put together a new study, using the population attributable risk (PAR) concept.  Epidemiologists use PAR to quantify the fraction of the disease burden in a population that could be eliminated if exposure to the carcinogen was absent.  


In utilizing this method, the EPA again cautioned that "a causal relationship between chlorinated surface water and bladder cancer has not yet been demonstrated by epidemiological studies."
  The EPA focused its PAR analysis solely on the relationship between DBPs and bladder cancer, because quality studies that are available for other cancer sites such as colon and rectal cancers are limited.  




The EPA selected five bladder-cancer studies deemed acceptable based upon the quality of the research and design of the studies:  Cantor et al. (1985); McGeehin et al. (1993); King and Marrett (1996); Freedman et al. (1997) and Cantor et al (1997).  The PARs from the five studies ranged from 2% to 17%, meaning between two and seventeen percent of the total bladder cancer cases in the United States can be attributed to DBPs.   Based upon the 54,500 expected new bladder cancer cases in the U.S. for 1997, then, the EPA estimated that the number of bladder cancer cases per year potentially  attributable to DBPs in chlorinated surface water was 1100-9300.
  On the basis of this analysis, the EPA stated that the data "continues to support a hazard concern, and thus, a prudent public health protective approach for regulation."
 

3. 
The New Studies 

A. Vena and McGeehan


Two studies, one of which was utilized by EPA in its PAR analysis, were published in 1993 and demonstrated a weak connection between exposure to DBPs in drinking water and bladder cancer.  In the first, Vena et. al studied 351 bladder cancer cases from western New York during the time period from 1979 to 1985 and found a "clear dose-response relationship."
 


Vena conducted a case-control study of the occurrence of bladder cancer in white males by comparing the dietary histories of incident cases of bladder cancer with those of controls drawn from the same communities in the western New York counties of Erie, Niagara and Monroe.  Extensive interviews were conducted with bladder cancer patients to gather information about diet and fluid intake, as well as a variety of other possible risk factors including tobacco and alcohol use.  The researchers found a strong dose response relationship between daily intake of total liquids and risk of bladder cancer.  


The researchers in the Vena study then separated tap water and non-tap water beverages and similarly found a clear dose-response relationship between tap water intake and bladder cancer.   However, the researchers cautioned that "many nonbiological explanations" exist for their findings.   Potential confounders were numerous, the authors admit, but they assert that their report was consistent with other studies.


Also in 1993, McGeehin et al. released a similar case-control study that sought a connection between bladder cancer and DBPs in Colorado.  Again, the researchers interviewed cases (bladder cancer victims) and controls (healthy subjects) concerning their consumption habits and their sources of drinking water.  Data from water utilities in the relevant communities was analyzed to determine the possible level of DBP contamination.  The mean levels of total trihalomethanes, nitrates and residual chlorine was measured for each water utility in 1989, then used to extrapolate historic levels.  The residences of each respondent since the age of 20 were then linked to water utility information to create each individual's exposure profile. 

In a feature unique to the McGeehin study, the researchers were able to compare the risk associated with consuming drinking water purified through two different drinking water disinfection methods - chlorination and chloramination.  Chloramination, significantly, is a disinfection process that results in much lower concentrations of DBPs.  


McGeehin et al. similarly determined that exposure to DBPs in tap water increased the risk of bladder cancer.  The risk, according to McGeehin, increased as the duration of exposure increased.  McGeehin found an association between bladder cancer and chlorinated drinking water only for individuals who had consumed chlorinated water for more than 35 years.  McGeehin calculated both an odds ratio and an attributable risk level.  The odds ratio for individuals exposed to chlorinated drinking water for more than 35 years was found to be 2.9 among nonsmokers and 2.1 among smokers.  The attributable risk for bladder cancer from exposure to chlorinated surface water was 14.9 percent.
  On the other hand, odds ratios for chloramination were below 1.0, representing no significant risk. 


B. King and Marrett


In 1996, King & Marrett conducted a population-based case-control study of residents in Ontario, Canada.  They identified 1,694 eligible cases of bladder cancer by surveying the Ontario Cancer Registry at the Ontario Cancer Treatment and Research Foundation.  Of these, consent was received to contact 1,262 patients.


Using a mailed questionnaire and computer-assisted telephone interviews, the researchers then collected information from the cases and controls to determine the levels of exposure to DBPs by examining water consumption patterns and information on confounding variables such as age, sex, tobacco use, diet and occupation.  This individual information was then augmented with water treatment data collected through a mailed survey of historical treatment practices at plants serving the study area.  In this manner, the survey ascertained the area served, water source and characteristics, and treatment practices for each treatment plant serving both cases and controls.  Ultimately, King & Marrett were able to include 696 cases and 1,595 controls for whom water source characteristics were available for at least 30 of the 40 years prior to interview.


Using the above information, King and Marrett were able to calculate the number of years cases and controls were exposed to varying levels of DBPs.  They calculated the risk of exposure for 0-19 years, 20-34 years and greater than 35 years and for THM levels of 50-74 ug/L and 75 or more ug/L.  


King and Marrett found a pattern of increasing risk with years exposed to chlorinated surface-water.  Relative risk rose, generally speaking, with the increasing duration of exposure.  However, only where exposure exceeded 35 years did the risk level rise to a level statistical significance.  "Statistically significant risk estimates representing more than a doubling of risk are observed for those with 35 or more years of exposure who consume between 1.54 and 2.08 liters of tap water per day."  King and Marrett concluded that their results "suggest that control of chlorination by-products in water supplies could lead to meaningful reduction in bladder cancer incidence in Ontario."

C. 
Freedman Et. Al.


Freedman et al also conducted a population-based case-control study of bladder cancer incidence.  This time the subject area was Washington County, Maryland and the study period was 1975-1992.  The Freedman study specifically considered tobacco use and urbanicity in their study.  


Freedman used a July, 1975 census of Washington County to obtain information on demographics, smoking history, source of drinking water and other personal factors.  Cases were strictly white residents who reported first-time bladder cancer to the registry between 1975 and the end of 1992.  Non-whites were excluded "because race is a known risk factor for bladder cancer and only a small percentage of county residents were non-white."
 The final study was comprised of 294 cases and 2,326 controls.  


The census data was also used as a cross-sectional survey of household drinking water sources.  In general, municipal supplies were chlorinated, while private wells were not.  Thus, duration of exposure to DBPs was derived from census information relating to the length of residence in a household served with municipal water.  Exposure duration was categorized by ten-year intervals (1-10 years, 11-20 years, 21-30 years, 31-40 years and more than 40 years).  


The researchers found that only men showed higher risks with increasing duration of exposure to municipal water.  Male smokers with over 40 years of exposure to chlorinated drinking water had 3.2 times the risk of male smokers with other sources of drinking water.  Interestingly, never-smokers showed no increased likelihood of developing bladder cancer despite exposure to DBPs in chlorinated drinking water.  Freedman summarizes their results as follows:

This study found a  weak association between 

duration of exposure to chlorinated water and 

bladder cancer, consistent with other studies.  

In this study, the association was observed only 

in male cigarette smokers.  Among those with 

no history of smoking, exposure to chlorinated 

surface drinking water was unrelated to bladder 

cancer.

A significant weakness of this study is its reliance upon the 1975 census data.  It is entirely possible that numerous "cases" had since migrated from the Washington County area subsequent to this survey.  Also, the study in no way compiled the actual composition of chlorination byproducts in the drinking water of the subjects. This concentration was inferred based on household consumption and limited water quality data. 



D. Cantor et al.


Cantor and his colleagues also conducted a population-based case-control study of bladder cancer in the state of Iowa over a three-year period from 1986-1989.  The Iowa statewide tumor registry  was used to identify 1,716 eligible bladder cancer cases, of whom 1,309 participated by mailing in their questionnaires.  The researchers surveyed water purveyors by collecting historical information from 280 utilities.  They also directly sampled water from the suppliers and tested for THMs using gas chromatography-mass spectrometry.  Combining all this information, and including  tap-water intake for cases and controls, Cantor created an exposure indices for each study respondent. 


Similar to the Freedman study, Cantor found an association of bladder cancer risk with duration of chlorinated surface water use was present only among smokers.  There was no evidence of elevated risk among never-smokers.  The study found an elevated risk of developing bladder cancer for smokers which generally rose with the duration of exposure.  Notably, like the Freedman study, Cantor found no evidence of increased risk among women regardless of smoking status. 


In an interesting twist, Cantor detected an unexpected increase in bladder cancer risk with duration of chlorinated groundwater  use similar to that for surface waters.  This is a surprising result because the levels of DBPs found in chlorinated groundwaters are typically much lower than for surface waters due to lower levels of organic precursors in the source water.  As a possible explanation for this result, Cantor concluded that THMs, though the most readily measurable DBP, may in fact be poor surrogates for other, as yet undiscovered carcinogenic factor(s) or that bladder cancer rates correlate with levels of residual chlorine itself in the water supply.  

E. 
Doyle et. al. Cohort Study


In 1997, Timothy Doyle published the results of a cohort study aimed at assessing the association of drinking water source and chlorination by-product exposure with cancer incidence.  First, Doyle used a 1986 survey of 41,836 women aged 55 to 69 years that included information on medical history, diet and other risk factors for cancer.  These individuals were then followed for cancer incidence through computer databases created by the State Health Registry of Iowa.  By December 31, 1993, 3,567 "cohort members" -individuals who responded to the survey and remained in Iowa - had developed at least one new primary cancer.  


Second, Doyle determined study participants' water supply through a second follow-up mail survey conducted in 1989.  The researchers then matched individuals to historical water treatment data from the state of Iowa to ascertain exposure levels to chlorination by-products.  


Doyle found that among women served by 100% surface water sources, treated with chlorine for disinfection, the colon cancer relative risk was 1.25 and the relative risk of bladder cancer was 2.27.  Doyle then also analyzed the relationship between specific concentrations of trihalomethanes in the cohort members' drinking water supplies and incidence of cancer.  Even after adjustment for possible confounding factors, Doyle found a "clear dose-response relation" between trihalomethane concentration and cancer of the colon.  As exposure increased, so did the relative risk for colon cancer.  

III. 
Conclusion


The weight of evidence clearly supports the EPA's cautionary approach to the regulation of DBPs in municipal drinking water supplies.   However, while a causal relationship may exist between DBPs in chlorinated drinking water and bladder cancer, to conclusively state that such a link is present would be premature.  More importantly, to base regulatory decisions on the limited and sometimes inconsistent epidemiological studies reviewed in this paper, though perhaps the safest approach to regulating DBPs in drinking water, may not be in the public's best interests from an overall public health perspective.  Filtration is extraordinarily costly and often ineffective at fully removing contaminants.  The dollars spent eliminating the possible carcinogenic risk associated with DBPs may well be better spent addressing some other, more certain public health risk.   
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