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1.  Introduction and Overview

The US Environmental Protection Agency (EPA) is in the process of updating its official cancer risk assessment for inorganic arsenic (iAs). This change associates much higher cancer risk levels to arsenic exposures than the risk factors used previously by EPA (i.e., it implies nearly twice the anticipated number of bladder and lung cancer cases for a given concentration of arsenic in drinking water).  This revision to the iAs cancer risk assessment is likely to create pressure on EPA (from outside and within the Agency) to revise the current arsenic MCL, possibly making it considerably more stringent than the current standard of 10 ug/L.

In this short paper, we provide an overview of the analyses and review processes that are leading EPA to its likely revision of the cancer risk assessment for arsenic. We then discuss the implications of the anticipated change in terms of how it might impact the MCL, and how this in turn may impact small rural community water systems (CWS).  We also offer a critique of EPA’s re-evaluation of the iAs cancer risk assessment, and of the Science Advisory Board’s  limited perspectives in its review of the EPA risk evaluation. This critique includes an independent risk analysis by Douglas Crawford-Brown (see Appendix) which presents strong evidence for a non-linear dose response for Arsenic at low levels and shows that in some small system situations, net negative health effects could result from overly conservative iAs regulation.


2.  Activities Leading to the Revised Cancer Risk Assessment for Arsenic

When EPA revised the MCL for iAs, in 2001, the Agency relied on a risk assessment developed by the National Research Council (NRC), as developed in two reports (NRC 1999, and NRC 2001). The NRC risk assessment applied a linear no-threshold dose response function to extrapolate risk levels from epidemiological data compiled for the Taiwanese population. The linear extrapolation spans roughly one order of magnitude from the high arsenic levels in the Taiwanese data (e.g., levels of  400 to 700+ ug/L) down to the levels of exposure associated in the U.S. population at the original MCL (i.e., 50 ug/L) and below.

Following promulgation of the arsenic MCL, EPA revisited the data and models used by NRC, as part of its evaluation of the risk posed by iAs in pesticide products. This re-evaluation led EPA to a draft revision of the risk assessment that implies internal cancer risks (for bladder and lung cancer) from iAs ingestion may be significantly greater than implied by the NRC 2001 risk assessment  (US EPA, 2005). The 2005 EPA re-evaluation retained a reliance on the Taiwanese epidemiological data and a linear extrapolation to US-relevant exposure levels, but expanded the list of studies it considered that rely on those data.

EPA’s 2005 reassessment was submitted to the Agency’s Science Advisory Board (SAB) for review, and the SAB formed the “Inorganic Arsenic Cancer Review Work Group” which provided a generally favorable review (SAB, 2007). The SAB work group also suggested that EPA conduct sensitivity analyses to reveal the impact of several of the key risk modeling assumptions it used (SAB, 2007). 

Based on these developments and the follow-up analyses conducted by the Agency in response to the 2007 SAB review, EPA’s Office of Research and Development (ORD) proposed an update to the official Agency risk assessment for iAs in the Integrated Risk Information System (IRIS) database (US EPA, 2010).
  IRIS serves as EPA’s official repository for the best available risk information, such that the risk data in IRIS are intended to serve as the basis for risk assessments developed for Agency regulatory actions. Therefore, any official changes in the iAs risk assessment in IRIS could well have implications for how arsenic is regulated in drinking water.

Because of the significance of updating IRIS, and to obtain a review of its recent analyses in response to the 2007 SAB comments, EPA requested that SAB reconvene its expert work group to further review the revised risk assessment. The EPA’s review charges to SAB focused on EPA’s efforts to address comments raised in the SAB 2007 review, and the suitability of placing the new cancer risk assessment in IRIS.  In its draft report (April 2010), the SAB work group generally accepted EPA’s analyses and supported the revision of the risk assessment in IRIS.  This suggests that EPA is likely to proceed with the IRIS update. However, as discussed below, there are important limitations to EPA’s re-evaluation of the arsenic risk data, and in the SAB review of that work. 


3.   Implications of the Revised Risk Assessment            

The revised risk assessment implies that cancer risks at the current MCL of 10 ug/L are roughly twice as great as estimated at the time the 2001 MCL was promulgated. The estimated number of  excess cancer cases from a lifetime exposure to 10 ug/L of iAs in drinking water from the new risk assessment is 129 per 10,000 persons exposed over a lifetime, whereas the NRC 2001 risk assessment used to set the current standard suggests 67 cancer cases over 10,000 persons exposed over a lifetime. Most of the added cases (over 77%) are attributable to higher estimated bladder and lung cancer slope factors for women.

This doubling of the estimated cancer cases may induce EPA to revisit the arsenic MCL. This may occur either as part of the next “6-year review” cycle or, perhaps more likely, sooner.  More immediate action is likely to arise if the new risk assessment generates pressures from within or outside the Agency to take more immediate action rather than wait for the next 6-year review cycle. 

If the new risk assessment is applied, the implied risk levels would create pressure to lower the MCL appreciably, perhaps to levels as low as the technically feasible removal level and limit of analytic quantitation (e.g., 3 ug/L). Under the Safe Drinking Water Act, a benefit-cost analysis may be the only mechanism for enabling the Agency to retain the current MCL or limit how much more stringent a future MCL becomes.

Therefore, it may be highly advantageous for interested parties to initiate evaluations of:

1. whether the revised risk estimates are indeed as credible and applicable to the US population as might be inferred from the EPA re-evaluation of the risk (and the SAB review of that EPA reassessment), 

2. what the costs of compliance are likely to be – especially for small CWS -- for any possible revision of the MCL to more stringent levels, 

3. what the realistic benefit-cost tradeoffs would be when credible risk reduction and compliance cost information are developed and suitably compared to each other, and

4. how affordability considerations, and associated risk-risk tradeoffs, need to be factored into any evaluation of potential changes to the MCL. 

These points are addressed briefly below.  


4.   Issues With the New Risk Assessment and SAB Review 

The arsenic risk assessment has been controversial, including the original NRC (2001) work that EPA relied upon to develop the current MCL. The key issues of scientific concern revolve around (1) the sole use of the Taiwanese epidemiological data, and (2) the default reliance on a linear no-threshold dose-response relationship to extrapolate from those Taiwanese data.

Critical issues associated with these two subjects are evaluated in considerable depth in an accompanying paper developed by Dr. Douglas Crawford-Brown (2010).  In brief, significant concerns with the revised risk assessment are as follows:

} While the epidemiological data from Taiwan might be considered (by some, but not all) to be the “best” data set available, there are important reasons to (at a minimum) concurrently rely upon several other datasets.  Other data to consider should especially include those well designed and quality-controlled studies of the U.S. and other populations where socio-economic conditions, background cancer rates and levels of exposure are much more relevant to the US regulatory setting than the Taiwanese data.  

ú The key issue is not so much which single database is the “best” but, rather, the scientific importance and merit of including other highly relevant data that are of high quality and that are especially relevant to assessing risk in the US population at exposure levels applicable to the US setting.  

ú High quality data from the US and elsewhere indicate much lower risks from iAs ingestion at the levels of exposure relevant for the past and current MCL, yet these studies are not used at all in the Agency’s new quantitative risk assessment because EPA focuses exclusively on the Taiwanese data.  

} It is a standard practice in risk assessment to apply a default assumption of a linear no-threshold dose response function unless the scientific community has sufficient evidence to definitively describe a mode of action (MOA) that indicates an alternative (e.g., nonlinear) dose-response relationship would apply. 

ú As a practical matter, it is nearly impossible to prove definitively that the linear dose-response model should be ruled out. Thus, the linear model is used by EPA even though the preponderance of scientific evidence points toward the applicability of nonlinear models. 

ú There is considerable scientific evidence to suggest that the MOA for arsenic and internal cancers is NOT the type that corresponds to linear (or other forms of linearized multi-stage) cancer models EPA has examined. 

ú The most likely MOAs for arsenic correspond to sublinear dose-response models, which when fitted to the available data, suggest much lower cancer risks (by a factor of up to 200) at exposure levels at or below the MCL when contrasted to the EPA’s estimates from the linear model.

} EPA conducted some sensitivity analyses of the linear model as contrasted to a nonlinear model, and SAB agreed that the implied impacts on risks were relatively modest. However, the sensitivity analyses developed by EPA were extremely limited, in that the Agency only applied a multi-stage model that is not biologically based and retains a linear term at low exposures. Thus, EPA’s sensitivity analyses do not address the critical issues relevant to considering the plausibility and impact of applying a nonlinear and biologically-based dose-response relationship for the arsenic risk assessment.

ú EPA relied exclusively on versions of the multi-stage dose-response function, with some versions adding a nonlinear (i.e., quadratic) term as well as the linear term. The multi-stage model is not biologically based for arsenic.

ú When biologically plausible models are applied (including decline in repair efficiency, or stimulated proliferation of initiated cells), the associated nonlinear dose response calculations produce dramatically smaller estimates of lifetime excess risk from ingestion of arsenic.  


5.  Benefit-Cost, Affordability, and Risk Tradeoff Considerations  
If EPA considers a more stringent MCL for arsenic, it will be important to raise a series of issues that are relevant to standard setting (i.e., for risk management) as contrasted to risk assessment alone.

} Compliance costs for arsenic MCLs have been a contentious issue for many years.  Evidence on the actual compliance costs in small systems for the current MCL may need to be compiled to document the degree to which EPA estimates of cost may be unrealistic and  too low.  

ú There is some evidence indicating the actually incurred small system compliance costs have been higher than projected by EPA in 2001, including a peer reviewed study likely to be published of field experience documented in small systems in California (the study was conducted by Darby and colleagues at the University of California, Davis).  

ú In some locations, some cost-effective compliance has been used where blending of arsenic-treated water with raw waters has been feasible. A more stringent MCL may eliminate the feasibility of such blending as an effective compliance strategy for many of these systems. 

} Adding high compliance costs to small systems already struggling to meet the current MCL is likely to impose economic hardships on low- and fixed-income households served by these small CWS. NRWA-supported research indicates that high compliance costs can themselves impose health risks on lower income households in small systems.

ú The cost-associated risks create a health-health tradeoff in small systems where high compliance costs are borne by households, especially for those families at the lower end of the economic strata. These cost-associated risks need to be deducted from the estimated health benefit of reducing arsenic exposure via the MCL, in order to derive the net risk reduction expected. 

ú As shown in the accompanying paper by Crawford-Brown (2010) (provided as an Appendix), the net improvement in health from an arsenic MCL is reduced significantly when the health-health trade-off is included. The net risk reductions may even reverse sign at the lower ends of the confidence interval for the cancer slope factor for arsenic, becoming strongly negative for some of the biologically plausible arsenic risk assessment results. This means that it is possible that the risk reduction from reducing arsenic exposure via the MCL may be outweighed by the added risk associated with the impact of the cost of compliance on small system households. 
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Appendix

Regulatory Risk Assessment for Arsenic in Drinking Water by the USEPA, and Implications for Regulatory Limits on Exposure

Douglas Crawford-Brown

Professor Emeritus, University of North Carolina at Chapel Hill

Executive Director, Cambridge Centre for Climate Change Mitigation Research, University of Cambridge

1. Introduction

In 2010, the EPA released a new Toxicological Review of Inorganic Arsenic [1], drafted as a replacement to the existing document on the Integrated Risk Information System (IRIS). The document presents a review of new epidemiological, clinical and animal data developed since the previous regulatory risk assessment (produced in the vicinity of 2001, with different parts attributed to slightly different years), and also following the review by the National Academy of Science’s National Research Council in 1999 [2]. In 2001, the NRC also released its independent review of risks from arsenic in drinking water [3].

These three previous reviews (by the EPA and NRC) produced unit risk factors of 5E-5 per (g/L for males and 8E-5 per (g/L for females (lung and bladder combined) [4]; 3E-4 per (g/L for males and 9E-4 per (g/L for females (bladder cancer only) [2]; and 4E-4 per (g/L for males and 3E-4 per (g/L for females (lung and bladder combined) [3]. In addition, the EPA released an assessment in 2005 [5] indicating a revised unit risk factor of 1.6E-4 for females (lung and bladder combined). All of these results are driven largely by analysis of the Taiwanese populations, with liver cancer excluded due to very large differences in the background incidence of this disease between Taiwan and the U.S.

By contrast, the 2010 assessment by the EPA [1] uses an expansion of the Taiwanese studies made available during the past 10 years. A comparison between the 2010 results and the most recent NRC results [3] is shown in Figure 1 below (the reference to Table 5.6 in that figure is due to this having been copied from the EPA report [1].  
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Figure 1. Comparison of NRC and recent EPA risk factors at 10 (g/L.

Note from Figure 1 that the unit risk factors have increased in the new analysis relative to the NRC values, from 4E-4 per (g/L for males and 3E-4 per (g/L for females, up to 5E-4 per (g/L for males and 8E-4 per (g/L for females. The difference is due entirely to the re-analysis of the Taiwanese data. The EPA 2005 [5] estimates are essentially identical to those of the NRC in Figure 1. The Agency report also indicates that non-cancer effects are likely to be significant only at concentrations well above those considered here, so cancer risk is likely to be the driving effect in regulatory decisions.

In addition, the 2010 EPA assessment reviews data assembled in the past 10 years in regards to mode of action (MOA) for inorganic arsenic. These data continue to support the claim that inorganic arsenic is responsible for a variety of metabolic reactions, including methylation, and hence there may be multiple modes of action. While it remains unlikely that inorganic arsenic is directly genotoxic, the finding of such diverse metabolic pathways suggest arsenic may contribute to more than one indirect mode of action in cancer. Since the MOA could not be established, the EPA is continuing in its application of the linearized, non-threshold model of dose-response, despite a lack of evidence of increased cancer incidence at typical environmental levels of exposure in the U.S. Hence the development of the unit risk factors mentioned above.

The present report examines the new assessment by the EPA, placing it in the context of the previous assessments and considering the role of uncertainty in placing confidence bounds on risk estimates of environmental levels of exposure. These data are to be part of a larger risk-cost-benefit analysis for arsenic regulation. 

2. The EPA Sensitivity Analysis

The new assessment by the EPA performs a simplified sensitivity analysis to understand how the risk estimates, and benefits, might change under different sets of assumptions (see Section 5.3.8 in that report). Their results indicate that the sensitivity of the results to most parameters is modest (leading to changes in unit risk factors on the order of less than 30%), with the exception being selection of the baseline population. In the latter case, the selection of baseline population leads to changes in unit risk factors on the order of a factor of 2 for females. Results are summarized in Figure 2.
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Figure 2. The sensitivity of the EPA assessment to different model parameter assumptions. These results do not include impacts of model form.

The authors of the report then examine the sensitivity of the results to selection of model form. They conclude that model form plays a less significant role than parameter selection. However, their selection of models is quite constrained to the set of multistage models. This is in strong contrast to results obtained in developing the current paper, in which the Taiwanese results, summarized by Morales et al [6], were fit by a variety of models that reflect different modes of action, and not simply different forms of the multi-stage model (Morales et al consider 10 different models). The underlying data are shown in Figure 3.

Two features of the data are evident. The first is that there is no specific and single dose-response relationship visually apparent. This contributes to the current finding, also obtained by Morales et al [6], of roughly equal measures of fit for all of the models tested. The other feature is that there is no evident threshold in the data, although it must be noted that the data do not extend down to concentrations found typically in the U.S., and are all at concentrations almost a factor of 10 above the value of 10 (g/L established as the regulatory limit.

[image: image1.emf]
Figure 3. The data of Morales et al [6] for bladder cancer in a Taiwanese population. The arsenic concentration is in (g/L, and the y-axis is lifetime probability of bladder cancer. The solid line is the best-fitting linear model.

In contrast to the EPA sensitivity analysis, consider the impact of model form on the risks estimated at concentrations of approximately 10 μg/L. The complex MOA for arsenic discussed in Section 4.4.1 and in Appendix C is consistent with action through either decrease of repair processes for DNA damage, or alterations in the mitotic rate in cells (a form of proliferation leading to promotion). As mentioned in Section 1 of the current paper, the available information on MOA point more towards a non-genotoxic mechanism, which generally is indicative of non linearity of exposure-response at lower levels of exposure, or even a reversal of the slope of the exposure-response curve due to adaptive response. Gentry et al [7] summarise their study of several hundred papers on arsenic MOA as follows: “…available in vitro gene expression data, together with information on the metabolism and protein binding of arsenic compounds, provide evidence of a mode of action for inorganic arsenic carcinogenicity involving interactions with critical proteins, such as those involved in DNA repair, overlaid against a background of chemical stress, including proteo-toxicity and depletion of nonprotein sulfhydryls. The inhibition of DNA repair under conditions of toxicity and proliferative pressure may compromise the ability of cells to maintain the integrity of their DNA”. These findings suggest that effects on repair processes, as well as proliferative response, are the more likely modes of action for inorganic arsenic at low levels of exposure. As a result, the sensitivity analysis performed for the current paper considers these two additional modes of action in developing confidence intervals on risk estimates.

Using the state-vector model of Crawford-Brown and Hofmann [8,9] to simulate these two modes of action, the results in Figure 4 are obtained. In this analysis, model form produces risk estimates at 10 μg/L that are a factor of 4 (repair model) and 350 (mitotic model) below that of the linearized model. This is a much larger degree of sensitivity than suggested in the EPA report, either in regards to parameter sensitivity or sensitivity to model form. The implications are that the confidence intervals on the unit risk factors should be on the order of [6E-4 per (g/L; 5E-4 per (g/L; 2E-6 per (g/L] for males and [2E-3 per (g/L; 7E-4 per (g/L; 3E-6 per (g/L] for females. In these results, the first figure is the upper confidence limit; the middle value is the EPA’s 2010 central estimate; and the third figure is the lower confidence limit based on the mitotic model. If only the repair model is used as it provides a better fit to the data in Figure 3 than does the mitotic model, these confidence intervals become [6E-4 per (g/L; 5E-4 per (g/L; 1E-4 per (g/L] for males and [2E-3 per (g/L; 7E-4 per (g/L; 2E-4 per (g/L] for females. Note that these confidence intervals encompass the values reported in previous assessments by the EPA and NRC shown in the Introduction, and are significantly wider (especially at the lower end) than the current EPA assessment would suggest.  
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Figure 4. The data for bladder cancer in the Taiwanese population fit with a repair (solid line) and Mitosis (dashed line) exposure-response relationship. The arsenic concentration is in (g/L, and the y-axis is lifetime probability of bladder cancer.

It is of interest to also compare these confidence intervals to those obtained in a recent meta-analysis of the arsenic studies [10]. In that meta-analysis, the 95% confidence intervals on the unit risk factor, based on a uniform weighting of alternative dose-response models, was [3E-3; 9E-4; 4E-6] for the combined male and female population when the mitotic model is included, again in units of probability of effect per µg/L of arsenic in water. The 95% confidence intervals on the unit risk factor, based on a uniform weighting of alternative dose-response models, was [3E-3; 9E-4; 2E-4] for the combined male and female population when the mitotic model is not included, again in units of probability of effect per µg/L of arsenic in water. Note that these confidence intervals are similar to those in the previous paragraph.
3. Regulatory Implications Based Solely on Cancer Risk

The sensitivity analysis of Section 2 forms the basis of the following assessment of the implications of the unit risk factors for regulatory limits established by the EPA. The first result presented here is the concentration of arsenic in drinking water in the U.S. that would correspond to different potential levels of acceptable risk, using the 2010 EPA assessment as the baseline. These results are summarized in Table 1.
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Table 1. The concentrations of arsenic in drinking water (contained in the cells of the table, with units of (g/L) at different target levels of maximally acceptable risk (left-most column). Results are provided for males and females separately, and using the confidence intervals with the mitotic model (upper half of table) and with the repair model (lower half of table). In each row of the table, the first figure uses the upper bound of the confidence interval; the middle figure uses the EPA central estimate; and the third figure uses the alternative model based on non-genotoxic modes of action described in the Appendix.

Figure 4 shows the reduction in the lifetime number of cancers in a population of 1 million people in the U.S, using the upper, central and lower bound risk coefficients provided in Table 1 assuming the mitotic model is included. In this figure, the left-hand column contains the starting concentration of As in the water supply, and the MCL values indicate the level to which the water would be treated under regulations. Blank cells indicate the starting concentration is below the potential MCL.

Figure 5 shows the reduction in the lifetime number of cancers in a population of 1 million people in the U.S. In this figure, the left-hand column contains the starting concentration of As in the water supply, and the MCL values indicate the level to which the water would be treated under regulations. Blank cells indicate the starting concentration is below the potential MCL. Only the lower bound estimates are provided, as the upper and central tendency estimates are unchanged.
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Figure 4a. Estimated number of cancers saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the upper value from the confidence interval developed for this report, with the mitotic model included.
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Figure 4b. Estimated number of cancers saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the central tendency value from the confidence interval developed for this report, with the mitotic model included.
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 Figure 4c. Estimated number of cancers saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the lower value from the confidence interval developed for this report, with the mitotic model included.
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Figure 5. Estimated number of cancers saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the lower value from the confidence interval developed for this report, with the mitotic model excluded. Results for the upper and central values are identical to those in Figures 4a and 4b. 

4. Regulatory Implications if both Cancer Risk and Health Risk due to Rising Water Costs are Included.

In a recent study, Rubin et al [11] examined the relationship between rising costs of water provision and health effects caused by increases in the number of people experiencing financial distress. The regressions of the panel study indicated a combined increased risk of asthma, high blood pressure, angina, mycardial infarction, stroke, diabetes and high cholesterol of 5.5E-6 per $1 increase in annual water cost. 

Figure 6 shows the cost estimates for water treatment in supplies serving between 25 and 100 individuals (meant to represent small rural supplies) used in the Rubin et al study [11]. 
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Figure 6. Estimated annual increase in cost of water provision ($) if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row.
Multiplying the cost estimates of Figure 6 times the increased risk per unit cost increase (5.5E-6 per $) yields the increased risk from rising water prices. When this increased risk due to rising water prices is subtracted from Figures 4 and 5, the result is the net improvement in health from water regulations that cause starting concentrations to be reduced to any of the potential MCLs. These results are shown in Figure 7 for the case of including the mitotic model (hence, they correspond to Figures 4a, 4b and 4c) and in Figure 8 for the case of excluding the mitotic model (corresponding to Figure 5).
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Figure 7a. Estimated net number of health effects saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the upper value from the confidence interval developed for this report, with the mitotic model included.
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Figure 7b. Estimated net number of health effects saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the central tendency value from the confidence interval developed for this report, with the mitotic model included.
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Figure 7c. Estimated net number of health effects saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the lower value from the confidence interval developed for this report, with the mitotic model included.
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Figure 8. Estimated net number of health effects saved in 1 million people if water at a starting concentration indicated in the left-most column is remediated down to the MCL indicated at the top row. This figure uses the lower value from the confidence interval developed for this report, with the mitotic model excluded. Results for the upper and central values are identical to those in Figures 7a and 7b.

From the figures above, note that the net improvement in health is reduced significantly when the health-health trade-off is included, and even reverses sign at the lower ends of the confidence interval for the cancer slope factor for arsenic, becoming strongly negative for all values in Figure 7c.

This analysis provides additional support for a nonlinear mode of action and has informed ongoing in vivo studies on genomic alterations in mouse bladder that will inform efforts to extrapolate to human bladder carcinogenicity (Clewell et al. 2007, Clewell 2010, Kenyon et al. 2008a, 2008b).
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Appendix A. Fitting of the primary data to alternative forms of the dose-response model for arsenic.
The Agency report [1] indicates that available scientific evidence suggests that arsenic does not act as a direct carcinogen through interaction with DNA. The limited evidence available points towards a mode of action in which arsenic either is toxic, inducing some form of proliferative response, or (as seems more likely from the evidence) that arsenic interferes with repair of background DNA damage. In light of this evidence, the data of Morales et al [6] were fit with an alternative set of models based on multistage theories of carcinogenesis. In particular, the multistage models of Crawford-Brown and Hofmann [8,9], which are expansions on those of Moolgavkar [10], were used. A conceptual diagram is shown in Figure A1.
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Figure A1. The multistage model of carcinogenesis employed in the present study. The boxes indicate the three assumed states of cells, and the arrows indicate transitions between states (forward horizontal arrows), repair (back arrow) or net rate of mitosis/cell death (vertical arrow).

The differential equations for the model were as follows:

(A1)


      dNn(t)/dt  =  -kniNn(t) + krNi(t)

(A2)


dNi(t)/dt  =  kniNn(t) - krNi(t) + MNi(t)

(A3)



dNt(t)/dt  =  kitNi(t) 

where kni is the transition rate constant from normal to initiated cells (probability per unit time); kit is the transition rate constant from initiated to cancer cells (probability per unit time); kr is the repair rate constant from initiated to normal cells cells (probability per unit time); M is the net growth rate for the pool of initiated cells (probability per unit time); Nn(t) is the number of normal cells; Ni(t) is the number of initiated cells; Nt(t) is the number of tumor cells. It is assumed that the probability of cancer is proportional to the number of tumor cells generated over a lifetime of 73 years. For arsenic exposure, either the repair rate constant or the net mitotic rate was assumed a function of arsenic concentration in water. For the repair model, this function was linear in concentration (i.e. the repair rate constant declined linearly with concentration). For the mitotic model, this function was quadratic in concentration. 

The model was solved through numerical integration of the underlying differential equations, with the initial values in the normal, initiated and tumor states being 1, 0 and 0, respectively. The best-fitting value of kit was 6E-7 per day. The best fitting ratio of values of kni/kr at background was 0.075. The value of M was 0.002 at background. For the repair model, the best-fitting equation for the relationship between kr and arsenic concentration was:

(A4)



kr  =  0.01 - (1.3E-6 x C)

where C is the concentration of arsenic in units of (g/L and kr is in units of probability of repair per day. (Note: in this model, it is the ratio of kni/kr and not their absolute values that is significant; as result, the numerical values generated Equation A4 should be interpreted in light of this ratio).

For the mitotic model, the best-fitting equation for the relationship between M and arsenic concentration was:

(A5)



M  =  0.002 + (1.8E-10 x C2)

where C is the concentration of arsenic in units of (g/L and M is in units of net probability of mitosis per day (i.e. the difference between the mitotic and apoptotic/cell death rates). 

� The current IRIS assessment for iAs was posted in 1988, and was not updated to reflect the NRC findings in 1999 and 2001.
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