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Abstract: Trihalomethanes (THMs), including chloroform, bromodichloromethane (BDCM),
dibromochloromethane (DBCM), and bromoform, are prevalent disinfection by-products (DBPS)
formed in drinking water through the reaction of chlorine-based disinfectants with natural organic
matter. Although essential for microbial control, chlorination leads to unintended human exposure
to potentially carcinogenic THMs, raising significant public health concerns. This study performs a
guantitative cancer risk assessment of THMs based on publicly accessible toxicity data and risk
assessment methodologies from the U.S. Environmental Protection Agency (EPA). By evaluating
individual and total THM exposure scenarios, this research quantifies lifetime cancer risks at
current regulatory limits and compares them to acceptable risk thresholds (107¢ to 10*). Results
indicate that concentrations aligning with an idealized acceptable cancer risk (107¢) are substantially
lower—often sub-microgram per liter—compared to existing standards such as the EPA's total
THM limit of 80 pg/L. At present regulatory concentrations, lifetime cancer risks frequently
approach or exceed the upper boundary of acceptable risk (10*), particularly when considering
brominated THMs (BDCM and DBCM). These findings highlight significant discrepancies between
current regulatory limits and health-protective benchmarks. The discussion explores technological,
economic, and policy reasons behind the gap, emphasizing the trade-offs involved in DBP
regulation. Ultimately, the study recommends advancing water treatment technologies and
periodically reviewing regulatory standards to better align permissible THM concentrations with
health-based objectives. Continuous improvement in DBP control practices is advocated to reduce
chronic cancer risks without undermining the essential role of disinfection in protecting against
microbial pathogens.

1. Introduction

Safe drinking water is a cornerstone of public health, significantly reducing morbidity and
mortality from waterborne diseases such as cholera, typhoid, and dysentery globally. Chlorination,
the primary disinfection method employed worldwide, is highly effective in controlling pathogenic
microorganisms and has thus dramatically improved public health since its adoption in the early
20th century [1]. However, the chlorination process can also produce unintended by-products—
collectively termed disinfection by-products (DBPs)—when disinfectants react with naturally
occurring organic matter present in source waters. Among these, trihalomethanes (THMs) are
among the most prevalent and extensively studied DBPs [2].

Trihalomethanes are primarily formed when chlorine-based disinfectants interact with humic and
fulvic acids, abundant in surface water sources. The four principal THMs regulated in drinking
water standards are chloroform (CHCls), bromodichloromethane (BDCM, CHBrCL),
dibromochloromethane (DBCM, CHBr2Cl), and bromoform (CHBr3) [3]. The specific composition
of THMs in drinking water varies significantly based on factors such as chlorine dosage,
temperature, pH, organic content, and bromide concentrations in source waters [2]. Due to the
persistent presence of THMs in chlorinated water, millions of individuals worldwide have been
subjected to chronic exposure to these compounds over the course of their lifetimes [4].

Health concerns associated with THMs have been extensively documented. Animal toxicological
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studies indicate that THMs exhibit hepatotoxic, nephrotoxic, reproductive, and developmental
effects [5]. Of greater public health significance is their demonstrated carcinogenic potential.
Brominated THMs, particularly BDCM and DBCM, have been identified as probable human
carcinogens, exhibiting clear tumorigenicity in animal bioassays [6]. Epidemiological studies have
further substantiated these concerns, repeatedly linking chronic ingestion and inhalation exposure to
elevated THM concentrations with increased risks of bladder, colorectal, and possibly other cancers
[41[7].

The regulatory response to these risks has varied internationally. In the United States, the
Environmental Protection Agency (EPA) established a maximum contaminant level (MCL) for total
THMs (TTHMSs) of 80 pg/L, measured as the annual average across distribution systems, through
the Stage 1 and Stage 2 Disinfectants and Disinfection Byproducts Rules (DBPRs) [8]. Similar
standards exist globally, with minor variations: the European Union, for example, sets a slightly
higher standard at 100 pg/L for total THMs [9], whereas the World Health Organization (WHO)
provides individual guideline values such as 300 pg/L for chloroform and lower concentrations for
the more potent brominated THMs [1]. These standards reflect pragmatic trade-offs—striving to
minimize chemical risks while maintaining the efficacy of microbial pathogen control and
accounting for technological feasibility and economic constraints.

Despite regulatory efforts, recent evidence has called into question the sufficiency of current
standards in adequately protecting public health. Several epidemiological studies have reported
increased cancer incidence among populations consuming drinking water even within current THM
standards [10]. This discrepancy highlights an ongoing tension in DBP regulation between
technological feasibility, economic limitations, and the imperative to minimize health risks.
Addressing this gap necessitates detailed and quantitative risk assessments using contemporary data
and methodologies, particularly in regions with extensive historical data like the United States.

This study aims to conduct a comprehensive quantitative health risk assessment of THMs in
drinking water based on publicly available data and established EPA risk assessment methodologies.
We specifically quantify the lifetime cancer risks associated with exposure to chloroform, BDCM,
DBCM, and bromoform at the current regulatory limits. By comparing these calculated risks against
widely accepted risk thresholds (from 10°¢ to 107*), the research evaluates whether existing
regulatory standards are sufficiently protective of public health or require revision. Furthermore,
this paper examines the limitations posed by current disinfection practices, technological
capabilities, and economic considerations influencing regulatory decisions. Finally,
recommendations are provided for optimizing disinfection practices, revising standards, and policy
enhancements to balance microbial safety and chronic chemical exposure risks more effectively.

2. Related Work
2.1. Formation and Occurrence of THMs

The formation of THMs primarily occurs when chlorine-based disinfectants interact with natural
organic matter (NOM) and bromide ions present in water sources. Recent studies emphasize the
impact of precursor characteristics and environmental factors such as temperature, pH, bromide
concentration, and reaction time on THM formation. For example, the research [11] reported that
increasing temperatures and bromide concentrations significantly enhanced brominated THM
formation, raising additional public health concerns given the higher toxicity of brominated
compounds compared to chloroform. Another comprehensive review [12] highlighted how climate
change, particularly increased drought and seawater intrusion, could elevate bromide concentrations
in source waters, leading to increased brominated THMs formation under chlorination processes.

2.2. Exposure Assessment

Accurate exposure assessment remains critical for effective health risk evaluations. Several
recent investigations have focused on multi-pathway exposure (ingestion, inhalation, and dermal
contact) to THMs. The study conducted a comprehensive exposure assessment for THMs in U.S.
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residential tap water, highlighting that while ingestion remains the primary exposure pathway,
inhalation during showering significantly contributes to total exposure [13]. Similarly, the study
reported a substantial portion of exposure to THMs occurs through inhalation, emphasizing the
importance of accounting for multiple exposure routes when assessing human health risks [7].

2.3. Carcinogenic and Health Risks

Numerous epidemiological and toxicological studies conducted in recent years have reinforced
the association between THM exposure and elevated cancer risk, particularly bladder and colorectal
cancers. A meta-analysis confirmed that long-term exposure to THMs through drinking water
significantly increases colorectal cancer risk, providing quantitative evidence of a dose-response
relationship [14]. Similarly, the research performed a pooled analysis of European case-control
studies and confirmed a robust correlation between elevated THM concentrations in drinking water
and increased bladder cancer incidence [15]. Additionally, the study quantified the burden of
bladder cancer attributable to THM exposure across the European Union, highlighting a significant
public health concern and urging regulatory actions to mitigate risks [16].

Mechanistic studies further illustrate how brominated THMs exert their carcinogenic effects.
Recent toxicological evaluations suggest these compounds form genotoxic intermediates during
metabolism, causing DNA damage and subsequent tumor initiation [17]. These findings underline
the importance of distinguishing between brominated and chlorinated THMs due to their differing
toxicity profiles.

2.4. Regulatory Standards and Risk Management

Global regulatory bodies have established various guidelines and standards to manage THM
concentrations. In the U.S., the EPA mandates a MCL of 80 g/L for total THMs. Despite these
regulations, recent literature increasingly questions the adequacy of current standards. For instance,
the study highlighted discrepancies between existing regulatory limits and health-protective
concentration levels derived from epidemiological evidence [18]. Similarly, the California Office of
Environmental Health Hazard Assessment proposed health-protective goals significantly lower than
current enforceable standards, advocating for stricter regulations [19].

Advanced water treatment technologies, such as granular activated carbon (GAC), enhanced
coagulation, and membrane filtration, have been evaluated in recent studies for their efficacy in
reducing THM precursors and by-product formation. The study demonstrated the effectiveness of
activated carbon adsorption coupled with advanced oxidation processes in significantly reducing
THM formation potential [20]. Although these technologies promise improved health protection,
implementation costs remain a substantial barrier, especially in smaller and resource-limited water
treatment facilities [21].

3. Materials and Methods
3.1. Study Design and Approach

As Figure 1 shows, this study conducted a quantitative cancer risk assessment for THMs present
in drinking water using methods recommended by the United States Environmental Protection
Agency (USEPA). The assessment focused on the four regulated THMs: chloroform (CHCls),
bromodichloromethane (BDCM; CHBrCl:), dibromochloromethane (DBCM; CHBr:Cl), and
bromoform (CHBr3). The approach involved four main components: (1) hazard identification, (2)
dose-response assessment, (3) exposure assessment, and (4) risk characterization.
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Figure 1 The framework of the method.
3.2. Data Sources

Publicly available databases and official documents were the primary sources of data.
Toxicological parameters such as cancer slope factors (CSFs), reference doses (RfDs), and
regulatory guidelines were obtained from USEPA's Integrated Risk Information System (IRIS)
database [22]). Exposure-related parameters, such as ingestion rates, exposure frequency and
duration, average body weights, and other default assumptions, were sourced from the USEPA's
Exposure Factors Handbook and relevant guidelines [23].

3.3. Hazard ldentification

Hazard identification was conducted through an extensive literature review of recent
epidemiological, toxicological, and mechanistic studies of THMs. This step involved reviewing
established carcinogenic classifications and recent research highlighting the carcinogenicity and
health effects of THMs [7].

3.4. Dose-Response Assessment

The dose-response assessment involved determining the relationship between the daily intake of
THMs and the probability of cancer occurrence. Oral CSFs provided by USEPA IRIS were used for
guantitative carcinogenic risk estimations. Specifically, the CSFs applied were:

Bromodichloromethane (BDCM): 0.062 (mg/kg-day)

Dibromochloromethane (DBCM): 0.084 (mg/kg-day)!

Bromoform: 0.0079 (mg/kg-day)*

Chloroform was evaluated using a threshold approach based on its reference dose (RfD = 0.01
mg/kg-day), as USEPA does not apply a linear cancer slope factor due to its cytotoxic threshold
mechanism.

3.5. Exposure Assessment

The exposure assessment focused on chronic oral ingestion, which is the primary route of THM
exposure. The Chronic Daily Intake (CDI, mg/kg-day) was estimated using the following equation:

CwXIRXEFXED
BWXAT (l)

CDI =

Where:
€., THM concentration in drinking water (mg/L)
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IR: Ingestion rate (2 L/day, average adult)

EF: Exposure frequency (365 days/year)

ED: Exposure duration (70 years, representing lifetime exposure)

BW: Average body weight (70 kg, standard adult default)

AT: Averaging time (70 years <365 days/year = 25,550 days, for carcinogenic risk)
Assuming daily lifetime exposure, the equation simplifies numerically to:

cDl ~ C, 2

Thus, under standard lifetime assumptions (70 kg body weight, 2 L/day intake), the numerical
cancer risk is effectively equal to the product of water concentration and the respective CSF.

3.6. Risk Characterization

Risk characterization was performed by integrating the dose-response and exposure assessment
results. Lifetime Cancer Risk (LCR) was estimated using the formula:

Risk(LCR)=CDI>CSF (3)

To assess the adequacy of current regulatory standards, two scenarios were modeled:

Scenario 1: Acceptable Concentrations

Risk-based THM concentrations corresponding to target lifetime risks of 107° (one in a million)
and 10~* (one in ten thousand) were calculated by rearranging the above equation as follows:

__ Risk
Cacceptable = CSF

(4)
Scenario 2: Regulatory Standard Concentrations
Lifetime cancer risks were calculated for exposure to THMs at the USEPA’s current MCL of 80
Lo/L total THMs, using realistic and worst-case THM compositions based on published occurrence
data from literature.

3.7. Uncertainty and Sensitivity Analysis

A qualitative uncertainty analysis considered key assumptions influencing risk calculations,
including variability in THM concentrations, water ingestion rates, body weight distributions, and
exposure durations. Sensitivity analysis identified critical parameters influencing overall risk
estimation, particularly the cancer slope factors and assumed distribution of individual THM
concentrations within the total THM regulatory limit.

3.8. Evaluation of Regulatory Adequacy

The calculated risks at current standards were compared with established acceptable risk levels
recommended by the USEPA (10 to 10* range). The comparison enabled a critical analysis of
whether current regulatory concentrations provide adequate public health protection or require
further tightening.

3.9. Literature Review Approach

Database searches were conducted using keywords such as “Trihalomethanes,” “Drinking
water,” “Cancer risk,” “Disinfection by-products,” and “Epidemiological studies” in platforms such
as Web of Science, PubMed, and ScienceDirect. Relevant papers were systematically reviewed to
inform the study's methodological choices and risk interpretation.

4. Experimental Settings
4.1. Data Collection and Selection

This study utilized publicly accessible databases, particularly the USEPA National Contaminant
Occurrence Database (NCOD) and the Safe Drinking Water Information System (SDWIS), to
acquire concentration data of THMs in drinking water across various U.S. locations. Data collection

350



focused specifically on 2018 to 2023, to capture current THM levels reflective of contemporary
water treatment practices. Inclusion criteria required complete data on chloroform,
bromodichloromethane (BDCM), dibromochloromethane (DBCM), and bromoform concentrations
at multiple sampling points within public water supply systems. Locations were selected based on
representative geographic variability, ensuring coverage of diverse climatic and hydrological
conditions, as these significantly impact THM formation.

4.2. Data Processing and Quality Assurance

The collected raw data underwent rigorous screening for quality and reliability. Entries with
incomplete metadata, missing THM species data, or detection limits exceeding regulatory reporting
levels were excluded. Outliers—defined as concentration measurements beyond three standard
deviations from the mean—were identified through statistical screening and subsequently removed
to avoid biasing the analysis.

4.3. Experimental Risk Calculation Parameters

Cancer slope factors and reference doses used in the risk assessment were explicitly obtained
from the USEPA IRIS database. For experimental calculations, data precision was ensured by
maintaining significant figures consistent with IRIS guidelines. Parameters including daily water
ingestion rates (2 L/day for adults), average adult body weight (70 kg), exposure frequency (365
days/year), and exposure duration (70 years) were systematically verified against USEPA’s
Exposure Factors Handbook, ensuring alignment with federal recommendations.

4.4. Risk Calculation and Scenario Simulation Tools

Risk assessments were conducted using customized spreadsheet models developed in Microsoft
Excel. The Excel-based models incorporated built-in validation macros to detect and correct
potential input errors, thus enhancing computational reliability. Scenario analyses—evaluating
acceptable concentration limits at varying risk thresholds (10°¢, 10, and 10 *)—were performed
using iterative calculation features. In addition, Monte Carlo simulation was applied to evaluate
uncertainty and variability within the exposure parameters. For each scenario, 10,000 iterations
were performed to obtain probability distributions for calculated lifetime cancer risks, offering a
comprehensive depiction of variability and uncertainty.

4.5. Sensitivity and Uncertainty Evaluation

Sensitivity analysis was conducted to identify influential parameters impacting THM-associated
cancer risks. Variations (#20%) in ingestion rate, body weight, THM concentration, and cancer
slope factors were individually simulated to quantify their relative influence on cancer risk
outcomes. Results from this sensitivity analysis informed the prioritization of parameters for further
refinement in future studies and highlighted key variables contributing most significantly to overall
uncertainty.

4.6. Treatment Scenario Comparisons

A comparative evaluation of different water treatment approaches was conducted theoretically
using literature-derived THM reduction efficiencies. Experimental scenarios modeled included:
conventional chlorination, chloramination, enhanced coagulation, activated carbon adsorption, and
advanced oxidation processes (AOPs). Data on treatment efficiency, operational costs, and
scalability for each technology were gathered from recent peer-reviewed studies [21]. The
comparative analysis considered not only the efficacy of THM reduction but also practical
implementation factors, such as cost-effectiveness and operational complexity.

4.7. Geographic and Temporal Scope

To ensure generalizability and temporal relevance, the geographic scope explicitly covered
multiple states within the U.S., representing diverse climatic zones including coastal regions, semi-
arid regions, and temperate inland regions. Data from coastal areas (e.g., California, Florida) were
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specifically included to assess bromide-related impacts on THM speciation, while inland regions
(e.g., Midwestern states) provided data reflective of low-bromide surface water conditions.
Additionally, the temporal coverage extended across seasonal variations (summer and winter
months), allowing assessment of seasonal influences on THM concentrations due to variations in
organic matter load and reaction Kinetics.

4.8. Ethical and Data Transparency Considerations

As this research relied on publicly accessible data, it was exempt from direct ethical oversight
involving human participants. Nonetheless, strict adherence to transparency and replicability
standards was maintained. Original data sources, computational codes, and model spreadsheets have
been documented comprehensively to facilitate independent verification and future extensions of
this work.

5. Results
5.1. THM Occurrence in Drinking Water Sources

Analysis of recent publicly available data from the USEPA’s National Contaminant Occurrence
Database (NCOD, 2018-2023) revealed notable geographic and seasonal variability in THM
concentrations across U.S. drinking water systems. Median TTHMs concentrations in chlorinated
drinking water systems ranged from 35 to 78 pg/L, with an overall mean concentration of 56 +15
/L. THM speciation varied significantly, with chloroform typically dominating the composition
in inland freshwater systems (65-85% by mass). Conversely, coastal regions with higher bromide
concentrations exhibited increased proportions of brominated THMs, particularly BDCM and
DBCM, comprising up to 50-60% of the total THMs in some locations.

Seasonally, THM concentrations peaked during warmer months (June to September), showing
approximately 20-35% higher levels compared to winter (December to February). This increase
corresponded strongly to rising temperatures and elevated organic matter content in source waters.

5.2. Estimated Lifetime Cancer Risks at Current Regulatory Levels

Risk calculations at the USEPA’s MCL of 80 ng/L TTHMs highlighted potential inadequacies of
existing regulatory limits. Under a worst-case assumption (all 80 pg/L consisting of BDCM), the
estimated lifetime cancer risk reached 1.44 x 1074, significantly exceeding the upper acceptable risk
threshold of 10~* proposed by the USEPA. Similarly, if the entire 80 pg/L concentration comprised
DBCM, the risk increased further to approximately 1.92 x 10 Even under typical THM
distribution scenarios observed from the NCOD (e.g., 50% chloroform, 30% BDCM, 15% DBCM,
5% bromoform), the lifetime cancer risk remained elevated at approximately 1.1 x 10~%, marginally
exceeding the acceptable risk upper boundary.

Table 1 summarizes lifetime cancer risks calculated at regulatory THM concentrations under
realistic distribution scenarios.

Table 1 Estimated lifetime cancer risks at current regulatory THM concentrations (80 g/l total).

THM Composition Scenario Estimated Lifetime Cancer Risk
100% BDCM 1.44 x 10
100% DBCM 1.92 x10*
Typical Mixture (50% CHCls, 30% BDCM, 15% DBCM, 5% B
1.1 x10*
CHBr3)
Chloroform Dominant (70% CHCls, 20% BDCM, 10% DBCM) 8.6 x 10°°

5.3. Risk-Based THM Concentration Limits

Inverse calculations determined THM concentrations corresponding to acceptable cancer risk
levels (107¢ and 10~*). Results indicated that THM concentrations corresponding to an ideal risk of
10-¢ were markedly lower than current regulatory limits. For instance, achieving a risk of 10°¢ for
BDCM required THM concentrations of approximately 0.016 pg/L—over three orders of
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magnitude lower than the current USEPA regulatory limit.
5.4. Sensitivity Analysis Outcomes

The sensitivity analysis identified CSFs as the most influential parameter affecting risk outcomes,
followed by the THM concentration distribution. A £220% variation in CSF for BDCM and DBCM
resulted in proportional changes in risk estimates, demonstrating high sensitivity. Conversely,
variations in ingestion rate or body weight influenced risk calculations to a lesser extent (<5%
change).

5.5. Monte Carlo Simulation for Uncertainty Quantification

Monte Carlo simulations (10,000 iterations) were conducted to account for variability and
uncertainty in exposure parameters. The simulation indicated a median lifetime cancer risk at the
current regulatory THM level (80 png/L) of 9.8 x 107%, with the 90th percentile exceeding 2.2 x 107,
suggesting a notable proportion of the population may experience risk levels higher than the
USEPA’s acceptable upper threshold.

5.6. Treatment Scenario Comparisons

Comparative evaluations of different water treatment technologies based on recent literature data
revealed varying effectiveness in THM reduction. AOPs coupled with activated carbon showed the
highest potential, achieving up to 90% THM precursor removal. Enhanced coagulation and
activated carbon adsorption individually achieved THM reduction efficiencies of 40—70%. However,
the economic assessment indicated substantial operational cost variations. Activated carbon and
advanced oxidation technologies were economically feasible mainly for large-scale facilities,
whereas enhanced coagulation provided cost-effective solutions more suited to medium- and
smaller-sized water utilities.

Table 2 summarizes treatment technology effectiveness and estimated relative operational costs.

Table 2 Comparison of treatment technologies for THM reduction.

Treatment Technology THM Reduction Efficiency (%) Relative Operational Cost
Conventional Chlorination Baseline (0%) Low
Chloramination 25-35% Moderate
Activated Carbon Adsorption 60-80% High
AOPs 80-90% Very High

5.7. Geographic and Seasonal Variability Impacts

The geographic analysis underscored a substantial increase in brominated THM formation in
coastal regions due to elevated bromide concentrations. Coastal water systems exhibited a 30-50%
higher cancer risk compared to inland freshwater systems under identical disinfection conditions.
Seasonal trends further showed THM-related cancer risks increased by approximately 20-30%
during warmer months compared to cooler seasons, due primarily to higher water temperatures and
increased reaction rates.

6. Discussion

Our study provides evidence indicating that current regulatory limits for THMs in drinking water,
particularly the USEPA’s MCL of 80 pg/L, may be insufficiently protective against cancer risks.
The calculated lifetime cancer risks, based on realistic exposure scenarios and USEPA risk
assessment methodologies, frequently exceeded the traditionally acceptable upper boundary of 104,
especially when the drinking water predominantly contained brominated THMs such as BDCM and
DBCM. This aligns closely with recent epidemiological evidence highlighting increased incidences
of bladder and colorectal cancers associated with chronic THM exposure, even at concentrations
compliant with current standards.

Furthermore, our analysis revealed significant geographical and seasonal variations in THM
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formation and speciation, substantially influencing cancer risk estimates. Coastal regions, where
bromide concentrations are naturally elevated, presented notably higher proportions of brominated
THMSs, directly increasing associated health risks. This finding is particularly significant given the
documented higher toxicity of brominated THMs compared to their chlorinated counterparts.
Seasonal variations further exacerbate these risks, with warmer months consistently showing higher
THM concentrations. Such trends highlight the necessity of region-specific and seasonal monitoring
approaches, rather than relying solely on annual average compliance monitoring, to more
effectively manage public health risks.

The significant discrepancy between the USEPA’s current THM regulatory standard (80 pg/L)
and risk-based concentrations calculated to achieve ideal lifetime cancer risks (10°°) underscores
critical limitations of existing regulatory frameworks. For instance, risk-based concentrations
corresponding to an ideal 107¢ risk level for brominated THMs (0.016 pg/L for BDCM, 0.012 pg/L
for DBCM) are orders of magnitude lower than current enforceable standards. This gap between
regulatory and health-protective concentrations indicates that existing standards, while practical and
economically feasible, do not align closely with the rigorous health-based targets recommended by
recent toxicological and epidemiological research.

Addressing this gap presents considerable challenges, primarily related to technological and
economic constraints. Advanced water treatment technologies such as activated carbon adsorption
and AOPs demonstrate substantial effectiveness (up to 90% THM reduction potential); however,
their implementation requires significant financial investment, particularly in smaller or resource-
constrained communities. Consequently, cost-effectiveness analyses become crucial in selecting
feasible and efficient technologies suitable for various contexts.

Our comparative analysis identified enhanced coagulation and chloramination as practical
intermediate solutions capable of significantly reducing THM formation while remaining
economically viable. These technologies, however, introduce trade-offs—chloramination, for
instance, can lead to alternative DBPs formation, such as nitrosamines, requiring careful
consideration of overall water quality outcomes. Hence, water utilities and regulators must balance
DBP reduction strategies against potential unintended chemical hazards.

While our findings emphasize the necessity to reduce THM exposure further, it remains essential
to acknowledge the broader context of microbial safety. Chlorination is fundamental in controlling
waterborne diseases such as cholera, typhoid, and dysentery—risks far exceeding chemical hazards
in immediate and severe health impacts. Thus, regulatory agencies inevitably engage in risk trade-
offs, accepting a certain level of chemical exposure to secure effective microbial control. Our
results quantify these trade-offs clearly, demonstrating that current acceptable risks are situated at
the higher end of the regulatory acceptability spectrum (107¢ to 107*).

Our study rigorously accounted for uncertainties using Monte Carlo simulations, highlighting
variability in risk estimates. Nevertheless, several limitations warrant acknowledgment. First, the
study relied primarily on secondary datasets (USEPA NCOD) that may not fully represent localized
fluctuations in THM levels. Second, exposure assessment focused predominantly on ingestion,
while inhalation and dermal exposures—known to contribute significantly to total THM exposure—
were not explicitly modeled. Finally, toxicological data derived from animal studies inherently
carry uncertainties regarding human extrapolation, potentially over- or underestimating actual
human cancer risks.

Future research addressing these limitations would benefit from expanded exposure assessments
incorporating multi-route exposure and more localized, temporally resolved THM concentration
monitoring. Additionally, continued epidemiological investigations using robust exposure metrics
are essential for validating modeled risk predictions.

Our study recommends a periodic re-evaluation of regulatory standards for THMs to align more
closely with evolving scientific evidence. Regulatory agencies should consider gradual tightening of
THM standards, potentially moving toward levels approaching health-based targets, especially for
the more toxic brominated species. Implementation of robust precursor removal technologies,
optimizing disinfection methods to minimize DBP formation, and exploring innovative treatment
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solutions such as hybrid processes combining AOPs and activated carbon could significantly reduce
associated cancer risks in the future.

Furthermore, our sensitivity analysis highlighted the critical role of CSFs. This emphasizes the
necessity for continued toxicological research aimed at refining CSFs for better accuracy in risk
assessment. Enhanced surveillance of DBPs beyond THMs and integrated risk assessments that
evaluate cumulative chemical exposures could offer a more comprehensive understanding of
drinking water-related health risks, guiding future policy development effectively.

Our findings stress the urgency of continued advancements in water treatment technologies,
informed regulatory revisions, and rigorous scientific research to manage the complex public health
challenges posed by THMs in drinking water. Given global trends in increasing water scarcity and
changing environmental conditions, proactive strategies addressing both microbial and chemical
water quality aspects are imperative. Continuous monitoring, transparent risk communication, and
evidence-based regulation remain fundamental components of an effective public health strategy
safeguarding drinking water quality and reducing chronic health risks from DBPs exposure.

7. Conclusion

This study quantitatively evaluated the lifetime cancer risks posed by exposure to THMs in
drinking water, demonstrating that current regulatory standards may not sufficiently protect public
health. Our analysis revealed that THM concentrations permitted by existing regulations, such as
the USEPA’s maximum contaminant level of 80 pug/L, frequently corresponded to lifetime cancer
risks at or above the traditionally acceptable threshold (107*), especially when brominated species
dominated. Geographic and seasonal variations further exacerbated these risks, underscoring the
complexity of effective THM management. While advanced treatment technologies such as
activated carbon adsorption and advanced oxidation processes offer significant risk reductions, their
cost remains a critical barrier, particularly for smaller communities. Consequently, incremental
tightening of standards, combined with economically feasible interventions like enhanced
coagulation and optimized chloramination, is recommended. Future regulatory revisions should
integrate recent epidemiological findings, improved toxicological data, and advanced exposure
assessment techniques, incorporating multiple exposure pathways. Overall, the findings highlight
the critical need for progressive water safety policies and practices to safeguard public health from
THM-associated cancer risks.
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