[image: image1.wmf]0.2

1

10

100

200

Dose

0

10

20

30

40

50

60

70

80

90

100

Percent responding

Insensitive subpopulation

Senstivity of entire population

Sensitive subpopulation

[image: image5.jpg]Rural Water

¥White Pape

2915 8. 13th Street, Duncan, OK 73533 580-252-0629 WWW.NIrwa.org





Thresholds in Toxic Responses to Chemicals and Radiation and Their Use in Risk Assessment and Regulation

Prepared By:

Richard J. Bull, Ph.D.

MoBull Consulting

8382 W. Gage Blvd.

Suite 0, Box 511

Kennewick, WA  99336

509-737-8371, FAX 509-374-4041

e-mail:  rjrdbull2@bossig.com

June 21, 2001


   National
   Rural Water 
   Association

 Executive Summary
Regulatory agencies treat most toxic chemicals as if there is a threshold dose.  The exceptions are chemicals that produce cancer.  A threshold dose is a dose that is just sufficient to induce an adverse effect.  By definition, lower doses are without effect.  The use of no-threshold models for carcinogenic chemicals arose from the somatic mutation theory of chemical carcinogenesis where cancer is initiated by a mutation in a stem cell.  Since mutation has been viewed as an irreversible process, there remains a finite probability that a mutagenic carcinogen carries a risk for cancer at any non-zero dose.  Modern research has demonstrated that chemicals cause cancer by a variety of mechanisms.  While mutation is important in carcinogenesis, there is no need for a chemical to cause mutation to be carcinogenic, as mutations do arise spontaneously in many organs.  In such cases, carcinogens act by other mechanisms, sometimes by multiple mechanisms.  Many of the non-mutagenic mechanisms are the same as those producing other toxicological effects.  Generally, these mechanisms create an environment in a tissue that provides a growth advantage for the precursor cells for cancer relative to normal cells.  For this reason, it is inconsistent to treat these effects as if they have no threshold.  The U.S. Environmental Protection Agency has acknowledged the importance of considering different mechanisms or modes of action in their proposed cancer risk assessment guidelines.  

Both experimental and epidemiological data demonstrate that not all individuals who are exposed to established carcinogens get cancer.  By definition, their exposures are below the threshold dose for those individuals.  By utilizing information about the diverse mechanisms that can cause cancer, very reasonable low dose-response models can be constructed that generate thresholds.  These models even explain the protective effects that low doses of some recognized carcinogens have in preventing the development of some cancers.  Therefore, it is not unreasonable to assume that the effects of most carcinogens do have individual thresholds.

However, the susceptibility of individuals to carcinogens or other toxic chemicals can vary widely.  This variation comes about as a result of different lifestyles, varying diets, or other exposures that may contribute to the effect.  But the most important variable is probably the individual's genetic makeup.  Epidemiological studies have associated the probability of developing certain cancers with a number of genetic markers.  Studies in mice have shown that the tumor burden produced by a dominant cancer-causing gene mutation in humans can be modified as much as 100-fold when introduced into the diverse genetic background of different mouse strains.  Because of the broad set of genes that may contribute to individual susceptibility to a particular carcinogen, it is unlikely that a threshold can be established for a large diverse population even though thresholds may be identified for individuals.  For this reason debates on the existence of thresholds are generally not profitable.  To improve risk assessment, the scientific community must find ways of characterizing the distribution of sensitivities to chemicals acting by particular mechanisms in a population.  In the long-term this will result in less arbitrary public health policies. 

There are reasons to be concerned about some of the impractical consequences that have arisen as dogma from no-threshold hypothesis.  In the regulation of drinking water contaminants, this dogma is reflected in the promulgation of MCLs = 0 for carcinogens.  This convention guarantees that standards remain open for continuing consideration.  It also creates the likelihood that substantial decreases will be promulgated not because of increased concern over risk, but simply because of improvements in analytical methods or in technologies that make treatment feasible.  As long as the goal is zero concentration, it is difficult to use cost/benefit analyses to set priorities for a system to improve the safety of its drinking water.  Consequently, the use of an MCL = 0 is not a benign outcome.  Setting a range of risks that are acceptable to the public makes decision making by local communities more efficient.  A low level of risk can serve as the public health goal.  If that goal is difficult to meet for reasons of feasibility or cost, this should be considered in the context of other problems facing the water system.  Those problems that pose the greatest threat to health and which can be managed with available resources should be addressed first.

The problem is that MCLG = 0 is used in an arbitrary way.  For example, there are essential nutrients, such as copper and iron that cause cancer when body stores are increased.  There are established segments of the population that have been shown to be very sensitive to even normal intakes of these essential elements.  In the case of iron, these individuals may comprise a large segment of the population.  Thus, it is probable that sensitivity to these essential elements will have the same broad span of thresholds in the population identified for other carcinogens.  However, it simply does not make sense to set an MCL = 0 for these essential nutrients.  It is suggested that this inconsistency be addressed by dropping the policy of listing MCL = 0 for carcinogens as an anachronism that has outlived its time.  Such policies have been dropped by other regulatory agencies.


Introduction

Regulatory processes that make use of toxicological and epidemiological data to establish regulations and standards are frequently confusing and obscure to the lay public.  This perception extends to members of the drinking water industry who have difficulty understanding why practices that have been utilized in the past to protect public health are no longer adequate.  This issue is more problematic with the implementation of new provisions of the Safe Drinking Water Act (SDWA) (EPA, 1996a) than with any other area of public health.  Not only has the number of drinking water contaminants being regulated increased substantially in the last decade, but regulations are also now enforced on public water systems that have as few as 15 connections.

Terminology commonly employed by technical experts such as toxicologists, statisticians, and other disciplines that contribute to risk assessment frequently appears mysterious and even contradictory.  One area of particular confusion is the question of thresholds for the adverse effects of chemical contaminants.  While experts recognize the technical disagreements that exist with respect to the concept of thresholds in risk assessment, these controversies are rarely dealt with explicitly and with sufficient explanation in the documentation supporting regulation.  In fact in some regulatory agencies the use of the word “threshold” is avoided by tacit agreement, even though some policies are implicitly based on the concept.  Instead the concept that certain responses do not have thresholds is addressed under the provisions of the SDWA as a maximum contaminant level goal (MCLG) of zero.  Generally chemicals that have been found to cause cancer in humans or animals are treated in this way.  All other effects of chemicals are treated as if thresholds exist.  

The present paper takes the position that thresholds are likely to exist for individuals for both cancer and non-cancer endpoints.  Second, it is suggested that improved technology leading to the identification of characteristics of sensitive individuals will allow the concept of thresholds to be developed more broadly.  This is judged to be a more accurate and meaningful way of dealing with low dose extrapolation than the extrapolation models assuming no thresholds that are currently employed by the EPA.  Without information on the distribution of susceptibilities in the population it is difficult to argue effectively for a population threshold.  Examples are provided to illustrate this problem.   Last, with the developing capability for defining factors affecting susceptibility, questions surface with respect to the utility and meaning of the practice of establishing a maximum contaminant level goal (MCLG) equal to zero.  

Since thresholds are recognized for chemicals that produce adverse effects other than cancer (Ohanian, 1995), the present paper will focus on processes involving chemical or physical agents that may cause cancer and necessitate the consideration of thresholds.  The proposed cancer risk assessment guidelines of the U.S. EPA (EPA, 1996b) acknowledge that some modes of action of carcinogenesis are probably not appropriately addressed with linear extrapolation to zero dose (which assumes no threshold) and do allow MCLGs greater than zero to be established.  Nevertheless, linear extrapolation will remain the default for chemicals that are mutagenic or for which alternative modes of action have not been established for the foreseeable future.  

What is a threshold?

In toxicology, the simple definition of a threshold is the dose of a chemical that is just sufficient to produce an adverse health effect in an organism and below which there is no adverse effect.  It is important to understand what is meant by the term, adverse health effect.  An adverse health effect is a clinically diagnosable alteration in the normal function of the body.  In simple terms these alterations in function result in disease in a particular organ, which in turn leads to systemic illness.  Such a definition focuses on the effect observed at the whole animal level rather than being confined to effects observed only at the molecular level.  This distinction is critical to the concept of thresholds.    

Chemicals naturally behave as chemicals in the body.  The results of any chemical reactions that occur will produce biochemical effects in the body.  Not all of the ensuing reactions will be associated with adverse effects.  It is important to distinguish biochemical effects involved in producing adverse effects from those that do not.   However, some of the biochemical effects will be involved in the development of adverse health effects and may be observable at lower doses or exposures.  The biochemical changes that are required to produce an adverse health effect are identified as key events in the proposed carcinogen assessment guidelines (EPA, 1996b).  These are part of the causal chain between exposure to a chemical and the expression of the adverse event.  Once these effects are known they can be taken into account as key events in the process and dose-response curves can be developed to characterize risks at low doses.  

Use of the concept of thresholds in regulation

Conventions in standard setting

The establishment of maximum contaminant levels (MCLs) in drinking water for chemicals that have reversible effects implicitly makes use of the concept of thresholds.  It is only those that have an early irreversible component to their effects that are treated as having no thresholds.  Virtually all of the compounds in this latter category are carcinogens.  Chemicals that have been treated as if they have thresholds are easily recognized in drinking water regulations in that they have a non-zero MCLG.  Carcinogens are assigned an MCLG of zero except in those cases where research data are sufficiently sophisticated to indicate that linear extrapolation to low dose is not appropriate.  Some examples of this are discussed in (Bull, R. J., In Preparation).

Establishing NOAELs or benchmark doses.  The fundamental difference in the regulation of chemicals with acknowledged thresholds is that a no-observed-adverse-effect level (NOAEL) or a surrogate for a NOAEL (i.e. a benchmark dose) is identified and a series of uncertainty factors are applied to arrive at a safe dose.  Uncertainty factors are mathematical adjustments to a NOAEL to compensate for the lack of knowledge about the effects of a given chemical in humans.

Application of uncertainty factors.  The size of uncertainty factors applied to a NOAEL are determined by a policy that is intended to adjust for variables not captured in most data sets used in the development of regulations.  To insure reproducible responses, most safety testing is done in inbred strains of animals (most generally rats or mice).  Inbred strains are used because their identical genetic background insures a more uniform response than would be found in outbred or wild mice.  Humans are obviously outbred and as a consequence, their responses vary more widely than those of test animals.   Human volunteer studies also tend to be conducted on more uniform sets of subjects, for example, normal healthy males.  Some humans are expected to be more susceptible than others.  Therefore, in arriving at a safe dose an uncertainty factor is applied to either human or animal data to address uncertainties in extrapolation from a selected population to the entire population at risk from exposure to a chemical.  

Basis for using uncertainty factors.  It is unlikely that outbred strains of animals would ever be used in safety testing, as it would greatly increase the costs.  Strains are selected that are known from previous studies to be sensitive to the health endpoint of interest.  Even so, the dose response in these animals is more uniform than that expected in humans.  This results in a steeper dose-response relationship (Figure 1).  Logically, the selection of a sensitive strain might be expected to result in a lower threshold.  The possibility that humans are more or less sensitive than the test animal cannot usually be determined from existing data.  Therefore, a second uncertainty factor is applied to adjust for these unknown differences in sensitivity of the animal in which the test has been conducted and humans.  For example, a recent evaluation of the animal and human toxicological data on 150 pharmaceutical agents found that animal studies significantly under predicted human toxicity to the liver and hypersensitivity reactions produced by drugs (Olson et al., 2000).

Magnitude of uncertainty factors.  Most generally factors of 10 are used for each of the above uncertainties, referred to as within and between species variation (Ohanian, 1995).  The selection of 10 is primarily one of convention and precedence established by the National Research Council  (NRC, 1983).  Data can be construed to support this value (Dourson and Stara, 1983; Lu, 1985), but in reality the adjustments are made largely because of the recognized insensitivity of both experimental and epidemiological data to detect effects that occur at low incidence.  If uncertainty of the applicability of the data to humans is greater than the usual case, higher uncertainty factors may be applied.  Conversely, if a lot is known about how an effect is expressed in humans relative to the test animal a smaller uncertainty factor may be applied.  In a few cases uncertainty factors approaching 1.0 have been utilized because studies have been conducted directly in susceptible populations and the health condition produced is mild or rapidly reversible (e.g. traces of methemoglobinemia produced by exposure to nitrite in drinking water).  The net result of these adjustments is an estimated daily dose for a chemical for which adverse health effects are not anticipated.  Thus, the conclusion is limited to that data which are available and necessarily excludes statements about endpoints that have not been tested.

Other adjustments can be added based on the completeness of the available database. Frequently, this is done because certain studies have not been conducted (e.g. to detect effects on development).   An example is the recent EPA policy to apply an additional factor of 10 if there are no data to address the potential sensitivities of children (EPA-SAP, 1999; also see minority opinion on SAB arsenic review, EPA-SAB, 2000b).  Since uncertainty factors are generally applied in a multiplicative fashion some extreme examples of uncertainty factors of more than 10,000 have been noted.  

The safe dose that comes out of these calculations is referred to the reference dose (RfD) (Ohanian, 1995).  In turn, this is translated into a drinking water MCLG by making assumptions about the amount of drinking water that is consumed per day.  Usually an estimated adult intake of 2 L per day has been used.  It is becoming more common to take into account the higher amounts of water consumed per unit body weight in children (EPA, 2000).

Benchmark doses.  Over the years resistance has built to the simple use of the NOAEL as a point of departure for calculating the MCLG.  There are concerns that this puts a lot of weight on a single group of animals that contains as few as 6 to 20 animals.  In addition, when all the doses produce an effect that is statistically different from the control, the NOAEL cannot be identified and the point of departure becomes a lowest-observed-adverse-effect level (LOAEL), introducing additional uncertainty factors.  To address this difficulty, a concept called the benchmark dose has been gaining popularity in regulatory agencies (Gaylor et al., 1999).  A benchmark dose is calculated from dose-response data that provides a standard response rate within a population.  The advantage of the benchmark dose is that it makes use of all the data from all doses tested to construct a dose-response curve from which a standard response is estimated statistically.  

The benchmark dose that usually selected is the one that is estimated to affect 10% of the animals (called an ED10 for effective dose 10%).  A second advantage of the benchmark approach is it compensates for the size of the study.  In general, the group sizes in toxicological tests are such that effects in less than 10% of the population are rarely measurable.  To account for some of the uncertainties the lower 95% confidence limit on this dose is more frequently used as the point of departure (called the LED10).  Then the uncertainty factors described earlier are applied to the LED10 to calculate the RfD and MCLG.

Carcinogens are treated differently.  In contrast, carcinogens are treated as if there is no threshold dose unless there is a substantial database on the chemical under consideration indicating that it produces cancer by a reversible or “non-linear” mechanism. (see Bull, R. J., In Preparation).  The irreversible steps in carcinogenesis are mutations in the DNA of stem cells (i.e. cells that have the capacity to divide).  The belief is that single modification in a DNA base has a finite and non-zero probability of giving rise to a mutation that could lead to cancer.  Therefore, any dose of a carcinogen is said to have some probability of producing cancer.  Additional doses are simply thought to add to this probability in the low dose range (Crump et al., 1976).  For this reason, carcinogens have been treated as if they have no threshold since the 1970s and it is assumed that there is a linear response as low doses increase in magnitude.  In such cases the MCLG is set at zero dose and extrapolation is done by fitting a straight line from the range where the experimental data are gathered all the way down to zero dose and zero response.  However, the legally enforceable MCL is established within a set range of estimated risks.  The Office of Ground Water and Drinking Water has a stated policy that the upper 95% confidence limit of risks allowed in drinking water will be kept within a range of one additional cancer case in populations of between 10,000 and 1,000,000.  The selection of values within this range depends upon how achievable the MCL is in terms of analytical methods, costs, and other potential trade-offs in the delivery of a safe drinking water.

Linear extrapolation is clearly not appropriate for some carcinogens (discussed at more length in (Bull, R. J., In Preparation)) and there are serious reasons to doubt the accuracy of extrapolations that extend to 1/1000 to 1/1,000,000 of the doses that produce effects that can actually be measured.  Where exceptions can be proven, EPA’s new cancer guidelines allow carcinogens to be treated as if thresholds exist.  However, there is a sizeable burden of proof.  As a consequence generating the chemical-specific data necessary to replace the default assumption is quite expensive.  It is important to realize that data drawn from epidemiological studies and the toxicological data ordinarily available for the majority of chemicals fall far short of the data needed to depart from the linear regulatory default.

Science vs. policy

It is important to recognize that extrapolation to such low risk levels is not done for scientific reasons.  The risk levels chosen are policy decisions based upon some formal or informal recognition of how much risk the public will tolerate.  The use of a benchmark of 1 additional case in 100,000 or 1,000,000 per lifetime was selected because these appeared to scientists to be so low as to cause no concern.  Such a policy may be defensible if the purpose is to err on the side of safety in the case of chemicals and products introduced into commerce under laws designed to permit marketing of new chemicals.  However, it has frequently been unrealistic when attempting to deal with contaminants in drinking water arising from natural sources, chemicals that are recognized to be essential dietary constituents, or that are by-products of water treatment processes designed to limit the spread of waterborne infectious disease.  This is particularly relevant when the large background of cancer in the human population is considered.  It is not possible to show definitively that environmental regulations have reduced cancer risks from a chemical to the levels projected by linear extrapolation.  The risks are simply too small to be detected.  

A social-ethical issue that must be addressed is that while individuals discount risks that imposed on others, these same individuals greatly resent the imposition of even small risks upon themselves.  While science develops the data and the methodology to enable and support environmental decisions, it is the sociopolitical structure of the nation that actually establishes the parameters of how these data are applied within society.

Concepts of Dose Response

It is important to recognize that some words have both an “operational definition” and an “absolute definition”.  Threshold is one of those words that can be used in both contexts.  The operational definition of a threshold is very much conditioned by the design of the toxicological experiment.  However, thresholds can be discussed in very concise terms if one is not bothered by the practical question of measuring the threshold.

Operationally, it is important to know that dose-response information exists in two very different forms, even though the curves that result can superficially resemble one another.  Several statistical terms are applied to these two forms, but only two will be used in this report.  One is a dose-response curve based on the intensity of the response and is called a “continuous dose response” (also known as non-stochastic responses).  The second curve is based upon the fraction of a population of individuals that respond to a given dose and can be called an “all-or-nothing” response.  In the latter case, the responses are essentially all or nothing to an individual (usually called stochastic responses) and the curve simply reflects the fact that more people will respond as the dose (or exposure) is increased.  

Continuous dose-response curves.  A physician employs a continuous dose response when he or she determines the dose of medication for a patient.  If a mild effect is required to meet the therapeutic goal a small dose is given; conversely a high dose is used if a very intense effect is made necessary by the condition being treated.  Thus, a continuous dose response is essentially a matter of how much effect is produced in an individual.  The most familiar dose response of this type is the difference in effects that are produced by one vs. several drinks of an alcoholic beverage in an evening.

Stochastic dose-response curves.  In health risk assessment the focus is generally on how many people are affected rather than how severe the effect is.  This is not to say that the severity of the effect is ignored. Effects that permanently impair an individual, like birth defects or cancer, are certainly considered differently from reversible effects such as upset stomachs.  However, judgment about what is the most serious concern also depends on circumstances.  Pilots of military jets cannot afford to have chemicals present that impair their senses as this could be an immediate cause of death.  Longer term concerns about chemicals that may cause cancer are of less consideration, at least while he/she is flying.  In this case, the pilot is concerned about her/his own continuous dose-response curve.  Risk assessments aimed at populations normally address the severity of the effect at a stage that is separate from the actual evaluation of the dose response.  The severity of the effect can impact the magnitude of the uncertainty factor that is selected for the potential health effect.  

The stochastic dose-response curve is most often used in public health (Figure 2).  It simply shows that the number of people who will respond within a population will increase as the average dose that population receives increases.  The midpoint in the curve corresponds to the median or average response if the sensitivities of individuals within the population follow a normal distribution.  This is not always the case, but is the assumption that is applied unless there are data to the contrary.  The lower flat portion of the curve converges to the level at which the disease is seen in untreated animals or non-exposed humans.  For example, 25-30% of humans will die of one form of cancer or another.  Chemicals and radiation account for a very small amount of this cancer, if the use of tobacco is ignored (Marquardt, 1999).  Consequently, the effect of any given chemical to the incidence of any particular cancer may be compared to a background or spontaneous rate that is very high compared to the size of the response being regulated.  This factor has major impacts on the estimate of cancer risk (Chen, 2000).

Statisticians describe the type of relationship seen in stochastic dose-response curves in terms of distributions (Hattis, 1997).  Most people remember a distribution called “the curve” from their school days.  This curve was simply the arrangement of the test scores of the members of a class in rank order.  In general, the largest part of the class would find itself in the middle of the curve, so if the test was well designed and there were not an unusual number of individuals that were exceedingly good test takers or an unusual number that were bad test takers, “the curve” would have a bell shape.  This is called a normal distribution.  

Normal distributions, as depicted in bell-shaped curves, are useful statistical concepts for evaluating dose-response relationships.  However, such distributions do not allow for thresholds.  Based on statistical theory one cannot exclude the possibility that some very sensitive individual may respond to a very small dose of the chemical (Hattis, 1997; Lutz, 1999).  As a consequence, the question of whether a threshold exists below which no one would respond has to be based upon a different conceptual framework.  This framework has to be built on what is known about how chemicals produce their effects (mechanisms or modes of action) and how the processes that are modified by chemicals vary between individuals in a way that makes them more or less sensitive.  Establishing all the factors that are important in determining sensitivity to a single chemical is a very time consuming and expensive task.  Consequently, toxicologists must generalize what is known from a limited set of data to articulate the basis for thinking there are threshold doses below which a chemical would affect no one.

Illustration of the derivation of a benchmark dose.  In the previous section the terms ED10 and LED10 were introduced.  This level of response was chosen because it approximates the limits of detection in most toxicological and epidemiological studies.  Since the ED10 and LED10 are now considered possible points of departure in arriving at safe doses as well as for cancer risk estimates using the benchmark dose approach, their derivation is illustrated in Figure 3.  The ED10 is simply that dose on the dose-response curve that is estimated to produce a 10% response above the background level.  The LED10 is derived in a very similar fashion from the curve that describes the lower 95% confidence limit for the best fit dose-response curve.  If the data involve relatively small numbers of animals (e.g. 10 per experimental group), it has been found that the LED10 leads to a dose that is less than NOAELs derived from the same experiment.  This would not apply if data were available in a large population of humans for which there is a well-defined dose-response relationship.  Such data are extremely rare.

Protective mechanisms

In individuals, one would expect thresholds due to protective mechanisms that exist to overcome or correct damage induced by chemicals.  The body has a variety of ways of protecting itself from the environment.  In general, animals have the means to detect danger (e.g. sight, sound, smell, pain) and a means of responding (e.g. muscles).  There are analogous mechanisms that operate at the cellular level to protect against the effects of carcinogenic chemicals.

It has long been known that there are mechanisms for repairing damage to DNA.  However, the complex processes that are used to detect and repair that damage are just now being identified and studied.  Figure 4 provides a high level overview of how these effects work.  Repair enzymes exist to repair most types of DNA damage.  As long as the repair rate exceeds the damage rate, the fixation of this damage as a mutation is prevented.  This critical step prevents the development of cancer and other types of adverse health effects.  It is now recognized that a number of proteins are involved in detecting damage to DNA.  The transcription factor, p53 (now called TP53) is one such protein (Meek, 1998).  This protein, in association with others, determines whether to delay cell division to allow time for DNA repair to be completed or whether the cell is to kill itself by a process called apoptosis.  Both of these mechanisms add additional insurance against the production of a cell containing a cancer causing mutation.

These cellular mechanisms are integrated with sets of signals generated by neighboring cells and by the immune system to add further layers of protection against the development of cancer.  Individuals defective in these processes can be sensitive to chemical and physical agents that cause cancer.  Some additional details of protective mechanisms are provided in (Bull, R. J., In Preparation).

Evidence of thresholds

Despite the fact that it is difficult to demonstrate thresholds with routine toxicological testing in experimental animals, examples can be cited where dose-response data have been gathered providing confidence that such thresholds exist.  Other examples illustrate how mode of action data have been used to support the likelihood of “effective” thresholds for carcinogens when it has not been possible to demonstrate these in experiments.  The examples are chosen in order of increasing controversy.

1. Sulfate

Sulfate is a common contaminant of ground water.  It has the dubious distinction of being one cause of traveler’s diarrhea.  Sulfate is an anion that is accompanied by equivalent amounts of a cation such as magnesium or calcium to form a salt.  High concentrations of salts cause diarrhea by causing water to flow from the body into the intestine by osmosis.    All salts will draw water into the intestine at the same rate but other anions, such as chloride, are rapidly absorbed.  When chloride is absorbed, the water is reabsorbed.  The only difference between sulfate and chloride in this regard is that there are substantially different thresholds for these two chemicals to produce this particular effect.

While it is easy to establish a threshold for an individual for sulfate by having one consume increasing doses of sulfate until the appropriate symptoms occur, it is not as easy to establish a population threshold for several reasons.  One of the main problems has been that residents of a community with high sulfate probably adapt to the sulfate, so the effect is most commonly found in travelers or visitors to the community.  However, it is also probable that an individual's threshold may vary significantly depending upon other exposures and activities in which he/she may have engaged.  Moreover, it is probable that the individual's dose of sulfate could vary significantly from day to day for a variety of reasons such as drinking soft drinks instead of water.  Finally, loose stools have many causes, so a precise association is difficult to establish.  Nevertheless, based upon a thorough knowledge of how it produces this effect, it is concluded to have a threshold dose.

2. Organophosphorus pesticides

The development of acute neurological symptoms associated with the inhibition of cholinesterase by organophosphorus pesticides has been explored many times over the years.  The most dramatic effect that these chemicals produce is on the nervous system and is the result of the inhibition of the enzyme, acetylcholinesterase.  Acetylcholine is a chemical that carries signals from one nerve to another, or from a nerve to a muscle.  Transmission of information requires not only that a signal be turned on, but that it can be turned off.  This is the function of an enzyme called acetylcholinesterase.  Acetylcholinesterase breaks down the acetylcholine in the gap between the nerves or between the nerve and the muscle.  Otherwise, the signal would continue, and in the case of the muscle it would not relax or at least relax more slowly.  Normally, the amount of the enzyme that is present within the gap is in excess of that needed to terminate the signal.  Consequently, the enzyme must be inhibited to a significant extent (in some individuals as much as 90%) before overt signs of stimulation become apparent as uncontrolled muscle twitches and other symptoms of poisoning (Gallo and Lawryk, 1991).

Acetylcholinesterase inhibition is an example of a biochemical effect that has no threshold, while its toxic effects do.  Once the organophosphate binds to the enzyme, it is inhibited irreversibly.  Therefore, one molecule of organophosphorus pesticide does have a probability of affecting one molecule of the enzyme.  The natural excess of this enzyme, however, insures that there are thresholds below which there is no measurable effect on the transmission of nerve impulses even though there is no threshold for enzyme inhibition.    

In the case of this example, it must be remembered that one is talking about a specific and critical effect seen in the whole animal.  Organophosphorous pesticides inhibit a lot of enzymes that have similar structure to acetylcholinesterase (e.g. chymotrypsin, an enzyme that breaks down protein in the stomach).  Inhibition of most of these other enzymes has no discernable impact on health.  It is simply that the most dramatic effects of toxic doses of these chemicals are those produced in the nervous system.  As knowledge about the neurotoxicology of organophosphorus pesticides has grown, more subtle effects of these chemicals have been identified.  These more subtle effects are not the result of simply inhibiting acetylcholinesterase (Gallo and Lawryk, 1991). 

3. Chloroform

Chloroform is widely recognized as a by-product of the chlorination of drinking water.  Shortly after it was identified in chlorinated water, the National Cancer Institute (NCI) published the results of its bioassay as a carcinogen (NCI, 1976).  The tumors considered most significant were liver tumors in both male and female mice and kidney tumors in male rats.  These observations came out at a time when the U.S. was just beginning to develop cancer risk assessment policies that would apply across agencies (EPA, 1986).   The NCI study administered chloroform dissolved in corn oil by stomach tube.  Subsequent to this initial study, substantial resources were devoted to additional studies to determine whether these effects could be duplicated with drinking water exposures.  First, it was found that chloroform administered at the same daily doses in drinking water did not increase liver tumors in mice, while the greater numbers of kidney tumors in male rats were still observed (Jorgenson et al., 1985).  A large number of studies were initiated which examined the mode of action of chloroform in inducing these tumors.  It was found that in those conditions where tumors occurred there was always an accompanying increase in cell death and replication in the affected organ.  The weight of evidence from studies of chloroform’s ability indicated that it was not a mutagenic.  Based upon this large amount of data, the Office of Ground Water and Drinking Water determined that chloroform caused cancer only by causing cell death and cell division to replace the dead cells.  This means that given doses below those that kill cells in the liver or kidney, chloroform posed no risk for cancer.  Based on this finding EPA concluded that risk was not appropriately estimated by linear extrapolation and a non-zero MCLG of 300 (g/L was proposed (EPA, 1998a).  The Agency reversed this original determination (EPA, 1998b), but was overruled by the District Court of Washington DC.  The EPA Science Advisory Board (EPA-SAB, 2000a) also endorsed the original determination that chloroform was not appropriately addressed by the default application of the linearized multistage model.  As with reversible effects, this determination implicitly suggests that there is a dose of chloroform that has negligible risk, i.e. there is a threshold below which we have no concern. 

4. Arsenic

The recent promulgation of an MCL of 10 (g/L for arsenic in drinking water was more controversial and its promulgation has been postponed as of this writing (Whitman, 2001).  Data from Taiwan demonstrated that exposure to arsenic was associated with cancer in several organs.  Linear extrapolation of these data indicated that the predicted risk at the MCL of 50 (g/L was in excess of 1 additional cancer per thousand population (NRC, 1999).  The previous drinking water standard had been established at the practical quantitation limit (PQL) of arsenic in drinking water.  Analytical methods had improved to the point that 3-5 (g/L were measurable, levels that would approximate the more usual range of “acceptable risks” for the Office of Ground Water and Drinking Water of the U.S. Environmental Protection Agency.

There were several problems in assuming that linear extrapolation was appropriate for arsenic because virtually all of the mechanistic data that were available suggested that it produces cancer by a mechanism that is sublinear (NRC, 1999).  Moreover, the Taiwanese population in which arsenic-related cancer was found was of low socioeconomic status and the control population used in the study (the remaining provinces of Taiwan) was probably not appropriate for this reason.  A most convincing issue was that this population was found to have a number of dietary deficiencies that could contribute to cancer.  In particular, deficiencies in selenium intake have been shown to increase bladder and lung cancer in other populations (Helzlsouer, et al., 1989; van den Brendt et al., 1993; EPA-SAB, 2000b).

Incomplete data on key events.  The mechanisms involved in arsenic’s effects in biological systems strongly suggest that the dose-response relationship would be sublinear.  However, research has not clearly established which metabolite of arsenic was responsible for the cancer.  It is also not clear which molecular effects (i.e. key events) lead to the development of cancer.  This did not allow refined dose-response information to be developed.  Therefore, a case can not be made to depart from linear models based on EPA’s proposed carcinogen risk assessment guidelines (EPA, 1996).  If a threshold for the key event were to be established it could be used as the point of departure for calculating an RfD.     

In its review of the proposed regulation, EPA’s Science Advisory Board also pointed out that while arsenic was clearly carcinogenic, the application of the data from Taiwan to a U.S. population was probably not appropriate (EPA-SAB, 2000b).  Selenium deficiency, and perhaps other dietary and socioeconomic factors, put the population in this part of Taiwan at greater risk for bladder and lung cancers.  The ‘mean threshold’ for these effects would be expected to be lower in this population than it would be in the U.S.

Arsenic may eventually be treated in the same way as chloroform.  The only difference is that a key event was identified with chloroform (i.e. cell death and replacement) and shown to be necessary for the carcinogenic responses under a variety of experimental circumstances.  Animal models for arsenic carcinogenesis in the lung and bladder have been developed (Arnold et al., 1999; Wei, et al., 1999; Ng et al., 1999).  This means that key events can be identified and the dose-response relationships in these responses compared to carcinogenic responses.  However, accumulation of such experimental data will take several years and require substantial resources (see NRC, 1999: EPA-SAB, 2000b). 

Further research is unlikely to justify a higher MCL.  It is important to recognize that the hope that the MCL for arsenic will increase by this improved data is not well founded.  Using linear extrapolation from currently available data indicates a cancer risk approaching 1/1000.  Even if this is an overestimate, it is clear that there is not a large margin of exposure between levels in which cancer and other effects are seen and the old 50 (g/L MCL.  Therefore, utilizing the concept of a threshold is unlikely to result in substantive increases in the MCL from the 10 (g/L proposed without changing EPA policy on acceptable levels of risk.

5.  Radiation

Following the nuclear events of World War II, there is widespread recognition that exposure to excessive radiation is a carcinogen.  Radiation has been treated by regulatory agencies as an agent with no threshold.  In part this is because it is known to damage DNA, producing point mutations as well as chromosomal damage (Schwartz et al., 2000).  The implications of this mechanism of action are discussed more generally below.  

Some carcinogenic effects of ionizing radiation appear to be sublinear at low doses.  The estimates of risk for various forms of radiation are largely based on estimated doses to atomic bomb survivors (based on distance from ground zero and the extent to which a person was shielded from the blast).  These data are useful for two reasons, one is that they gauge effects directly in humans and the second that there were relatively large numbers of people exposed.  Two factors make these data less useful.  The first is that radiation was received at a single point in time and hence does not represent the effect of the same dose spread over longer periods of time.  The second is that past estimates have not taken into account the doses of different types of particles.  Nevertheless, the raw incidence data provide some indications of the problem of thresholds.  Figure 5 shows the incidence of solid tumors relative to dose received by the colon using Sieverts (Sv) as the unit of measure.  There are several important things about this data set.  The first is that there is a high incidence of solid tumors in individuals that received no more than background radiation exposure (13.6%).  Second, there was no discernable increase in incidence until the dose exceeded 0.2 Sv, or about 40 times the background radiation.  Caution must be exercised in going too far with this interpretation because a linear dose-response curve cannot be ruled out with high statistical confidence (Pierce and Preston, 2000).  Nevertheless, the form of the data suggests that a threshold is a possibility.

Low doses of ionizing radiation appear to protect against some cancers.  The example of radiation can be taken one step further in that the dose response for leukemia data takes a surprising form as shown in Figure 6.  The incidence of acute myelogenous leukemia (AML) in atomic bomb survivors actually appears to decrease at the lower dose range.  In this figure, the population being studied apparently has a higher incidence of this form of cancer than the comparison or control population.  It is interesting that the lower doses [here expressed in terms of Gray (Gy)] of radiation decrease the incidence of AML in this population to below that seen in the comparison population.  The process by which exposure to low doses of a toxic agent reduces disease or otherwise benefits health is referred to as hormesis (Belle, 1999).  Hormesis is not invoked in environmental regulation for a variety of reasons.  In part its observation depends upon the end-point being evaluated.  In the atomic bomb survivors such evidence is seen with AML, but not with solid tumors.  However, such effects are frequently seen in tests of carcinogenic effects in animals where tumors are increased in one organ, but decreased in one or more of the other organs.

Research on low doses of radiation is changing views on how carcinogenesis occurs.  Modern research on radiation is providing some conceptual difficulties for the concept that the effects of carcinogens are simply mediated through interaction with DNA and subsequent mutation.  A most interesting study demonstrated that radiation increases the frequency of mammary tumors without cells being directly hit by radiation (Barcellos-Hoff and Ravani, 2000).  Animals from which the normal stem cells for the mammary gland were first removed were subsequently irradiated.  Then a mammary cell line was transplanted into these animals and animals that received no radiation.  Increased numbers of mammary tumors were seen in the irradiated animals vs. the non-irradiated animals.  The cells that gave rise to the mammary cancer were not even exposed to the radiation, but the tissue surrounding them had been.  Therefore, the tumors could not have originated from mutations directly induced in those cells by radiation.  These data strongly suggest that focus on individual cells as targets, that is inherent in the linearized multistage model used by EPA, may not be appropriate, at least in some cases.  Rather it focuses attention on the microenvironment in which the cell exists as a very important variable (Park et al., 2000).

 (Bull, R. J., In Preparation) describes additional details of some of the molecular effects of gamma rays that have no apparent threshold and relates these effects to effects at the cellular level that do appear to have thresholds.  Certain types of experimental manipulation are possible with gamma radiation that are not possible in experiments with chemicals that allow interactions between cells hit with radiation and neighboring cells that have not been hit.  Ongoing research with gamma radiation may provide some very significant insights into the question of thresholds for a carcinogenic agent that clearly can cause mutation.   

Differences in susceptibility

The discussion of thresholds developed to this point has focused on questions related to how chemicals cause health effects.  A fundamental issue in risk assessment is that the susceptibility of individuals to environmental agents is known to vary widely.

Individual differences in responses to drugs.  The existence of people that are “more sensitive” to certain things in their environment is well known.  Some people need to take much less of a drug like a sleeping pill to achieve results than others.  The dose required for each individual to begin to feel sleepy after taking a sleeping pill could be considered the “individual threshold”.  A few people may be very, very sensitive and feel the effects after taking extremely low doses while others may require heroic doses to feel sleepy.  A lot of factors determine whether a person is sensitive to sleeping pills or not.  Some people suffer from a condition called narcolepsy and find it hard to stay awake even without sleeping pills.  Others are simply not as active as the average individual.  There are psychiatric disorders that do not allow people to sleep well.  Superimposed on this are events in our environment.  Sleeping pills work poorly when people are in groups, or if there is something that is distracting the individual such as worry about persons or events extraneous to the situation.  Alcohol generally acts somewhat like a sleeping pill.  On the other hand people can be quite animated in a bar.  Different amounts of alcohol are required to relax an individual when that person is alone or in a small group as opposed to the amount required in a large boisterous group.  The point is that everyone has different thresholds to the effects of chemicals.  Moreover, the environment in which we exist can modify individual thresholds.

Distributions of sensitivity across the population.  Those who have taken a statistics class know that only 0 and 100% bound the normal curve that was discussed earlier.  This means that the possibility cannot be excluded that someone would score a very low score, even a zero on a test.  The same concept would apply to a normal distribution of sensitivities to a chemical.  On a theoretical basis, the possibility that a rare individual might respond to a dose very close to zero cannot be excluded even though the mean or average dose to produce the effect is very large.  Consequently, if an estimate of the distribution of sensitivities to the carcinogenic effects of a chemical can be determined for a population, a probability that any non-zero dose would produce a cancer in a population could be calculated within certain confidence limits.

Each individual within a population has his/her own threshold to the effects of a chemical.  Collectively, these thresholds will distribute over a range of doses yielding a rise of the distribution of sensitivities in the population.  This concept takes us back to the original description of dose-response curves, the cumulative number of affected people as the average dose in a population increases.  The concept of individual thresholds paves the way to explicit consideration of the distribution of sensitivities in a population.  No-threshold extrapolation models are simply probabilistic models that do not explicitly address the issues of thresholds.  Sensitivity is inherently taken into account for the populations that have been studied epidemiologically.  However, the population studied may not be representative of all the elements of the U.S. population.

Carcinogens do have thresholds.  It is clear that individuals do have thresholds to carcinogens like chemicals that produce other adverse health effects.  In other words, at any given dose not all people in a population will develop cancer.  Using new knowledge about how chemicals produce cancer, individual thresholds can be rationalized in dose-response models (Lutz, 1998; Lutz and Kopp-Schneider, 1999).  As indicated in the example above, however, a distribution of thresholds may not have a formal threshold from a statistical point of view (Lutz, 1999).  To develop rational approaches to regulation of chemicals that can cause cancer requires a much better estimate of how sensitivity to individual chemical agents distributes in a population.  Unfortunately, the factors that determine sensitivity to one chemical may not affect the sensitivity of another chemical, or could even affect it in an opposite direction.  This is a complex problem, but it is becoming more manageable  as a result of investments in the human genome project.  The National Institute of Environmental Health Sciences (NIEHS) and the NCI have both instituted research programs related to this issue.

Regulatory defaults and burdens of proof

Although it is not always apparent to the lay person, the burden of proof with respect to whether a threshold exists or not relies entirely on assumptions that are made about the type of mechanism that is thought to underlie particular health effects of chemicals.  The most protective assumption that damage from mutations are cumulative may have a place when looking at the introduction of products and chemicals into commerce or curtailment of pollution.  Laws that govern the introduction of new chemicals include the Federal Insectide, Fungicide and Rodenticide Act (FIFRA), the Toxic Substances Control Act (TSCA) are examples of the former and the permitting environmental releases of chemicals under the Clean Water Act is an example of the latter.  The utility of this concept in setting drinking water regulations under the SDWA is much less apparent.  Essentially drinking water systems are faced with a water source that is contaminated.  If alternative sources are available, the supplier generally pursues them.  If there are no alternatives, the water utility must treat the water that is available.  Such systems have a need for standards, but these standards must be developed based upon an accurate understanding of the hazards that can result from chemical contamination.  It is appropriate that these standards be protective of public health.  It must be recognized that there are an unlimited number of chemicals that can found in drinking water even from pristine sources.  Some of these chemicals create special problems in drinking water – for example, disinfection by-products.  It is difficult to rationalize treatments that may have high costs to gain benefits that are abstract and usually not measurable.  The issue comes down to the management of complexity without getting lost in the analysis and regulation of hazards that represent only a small part of the problem of supplying safe drinking water for a community.  A set of illogical outcomes can arise from assuming effects without thresholds to individual chemicals and interferes with the formation of a broader picture of what constitutes safe drinking water.

Practical fallacies and inconsistencies arising from no-threshold dogma.  Perhaps the best illustration of this problem is the treatment of carcinogens with the routine designation of an MCLG = 0.  What is the utility of an MCLG = 0?  The policy of setting MCLG = 0 has no direct impact on the enforceable standard, the MCL.  It is a policy that derived from the Delaney clause for food additives and which has been abandoned by the Food and Drug Administration.  It is predicated on the hypothesis that there is no safe dose for carcinogens.  The difficulty is that it creates the false impression with the lay public that dose does not matter.  The Office of Ground Water and Drinking Water has made clear statements that carcinogens that are deemed to act without a threshold will be regulated within a range of 10-6 to 10-4 lifetime risks.  Precisely where within that range the MCL will fall depends, appropriately, on consideration of practical issues of measurement, enforcement, effective treatments, and the assumption that treatments do not inadvertently increase risks.  

If concentrations of a carcinogen routinely fall below 10-6 lifetime risk, it is essentially negligible compared to other causes of cancer.  There is absolutely no way to verify such small risks, now or in the future, and the risks may in fact be zero.  There are more important problems to be addressed in the delivery of a safe drinking water to consumers.  Actively attempting to specifically reduce concentrations of chemicals in this range is not a good use of resources.  If new treatment processes are installed for other chemicals and results in simultaneous reductions of these lesser concerns to lower levels, that is to the good.  However, this same benefit accrues just as surely with those compounds that have a non-zero MCLG.  The range articulated by the Office of Ground Water and Drinking Water represents a pragmatic approach that pushes regulation to a level where risks are negligible and in all probability not real.  The focus is then more properly on the issue of what is an acceptable risk, a problem to which all citizens should be able to speak as authoritatively as any scientist.

There are serious problems that arise from not considering thresholds.  Examples are easily identified in situations where the normal metabolism of essential elements is modified by genetic factors.  Clearly, there are doses that are required for normal health.  But high doses, or defects in one’s ability to control the absorption of these chemicals into the body, to distribute them through the body in a way that is not harmful, and to eliminate excessive amounts from the body can create many adverse health effects, including cancer.  To treat these chemicals as if they have no threshold is obviously not credible.  

Two examples come immediately to mind, iron and copper.  Both of these essential metals are tightly bound in tissues at normal body levels.  If present in tissues at higher amounts than can be complexed, they produce extensive damage to tissues and the development of disease will result.  Some individuals have mutations in the proteins responsible for eliminating these metals from the body when they are in excess.  This results in accumulation in various tissues.  In the case of the mutation affecting the elimination of iron, iron accumulates in certain organs to produce diabetes and cancer in liver and colon (Nelson et al., 1995).  Similarly, there are individuals who cannot eliminate copper from the body and accumulate copper to toxic levels, resulting in extensive liver damage, cancer, and effects on the nervous system (NRC, 2000).  Neither of these two chemicals have adverse effects in people not having these defects at normal dietary intakes of these metals.  

Although it can be effectively argued that there is not a threshold for the adverse effects of these essential elements in these susceptible populations, it would be silly to say the doses of these chemicals should be reduced to zero for the entire population.  It makes far more sense to determine how frequent the mutations that produce these effects occur and to determine the levels at which the effects might be expected in the sensitive populations.  If they are frequent enough in the population, national regulations can be set to protect affected individuals.  If not, it is likely to be much more cost effective to find other ways to make sure these individuals limit their exposure to these metals.  Clearly, the concept of no-threshold is not a useful one in these cases.

An MCLG = 0 establishes an impossible goal and causes significant difficulties in appropriately ranking hazards that are encountered in drinking water.  Public and private resources have the potential of being focused on an issue that has already been addressed.  This diverts resources from the more important effort of actively seeking new threats to drinking water that come from loss of habitat, the continued loss of water resources that can serve as drinking water sources, and a lack of attention to verifying the nature and remediation of new hazards.  Historically, interest has focused on chemicals arising from point sources such as industrial outfalls, whereas most hazards to drinking water now arise from non-point sources of pollution.  Non-point sources include runoff from agricultural lands and streets.  These continue to increase in severity as the density of human activities increases on watersheds.  The MCLG = 0 insures that resources needed to address these much more complex and pervasive problems will continue to be dissipated on much less useful activities.
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Figure 1.  Effect of genetics on susceptibility to a chemical.  The three dashed lines represent the adverse response of three inbred strains of experimental animals with respect to dose.  The solid line represents a curve that might be expected from an outbred animal or wild animal where differences in genetic background result in a less consistent response.  The shallowness of the latter dose-response curve shows that animals with a more diverse genetic makeup will respond over a much larger range of exposure.  Humans are outbred.
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Figure 2.  Examples of dose-response curves for different portions of the population.  The steep curve on the left represents the dose-response curve for a sensitive group in the population and the steep curve on the right for an insensitive group.  These curves are steep because the response to the chemical is much more consistent in these populations.  The curve in the center reflects what would be expected in the entire, much more genetically diverse, human population.
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Figure 3.  Illustration of the ED10 and LED10 of a dose-response curve.  The ED10 is estimated by simply dropping a vertical line from the point equivalent to a 10% response on the best fit of the dose-response curve to the data that is available.  The LED10 is determined by calculation of the lower 95% confidence limit of the dose response curve, based on dose (illustrated by the dashed line), for the best-fit curve for the data, and drawing a vertical line corresponding to the lower confidence interval for the 10% response.  The actual shape of these curves and the difference between the LED10 and the ED10 depend upon the actual data.





Figure 4.  Cellular responses to DNA damage.  It has generally been held that DNA repair is the cell's major defense against damage to its DNA.  If repair capability is inadequate or done incorrectly, mutation and cancer may result.  Additional protective mechanisms have been identified at the cell and tissue level that 1) delay cell division until repair can be effected, 2) simply arrest the damaged cells so they cannot divide, or 3) damaged cells are actively killed by a process called apoptosis.  This greatly reduces the number of damaged cells that might accumulate in a tissue that have the capability of developing into cancers.
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Figure 5.  The incidence of solid tumors in survivors of the Hiroshima and Nagasaki Bombs between 1958 and 1994 grouped by the dose received.  These doses were reconstructed based on calculations of the distance of individuals from the epicenter of the blast, corrected for the extent the children would have been shielded in his or her specific environment.  Note that the response is fat up to a dose of 0.1 Sv.  However, from a statistical point of view, these data cannot establish a threshold.  The upper confidence limit on any possible threshold has been calculated to be 0.06 Sv (Pierce and Preston, 2000).
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Figure 6.  The incidence of acute myelogenous leukemia (AML) in people exposed to the atom bomb blasts in Hiroshima and Nagasaki (1950-1987).  These data show that high doses of radiation, there is a clearly increased risk for developing AML.  However, in the low dose range of 0.2 Gy and below, the radiation was protective.  The form of radiation was largely gamma, somewhat complicated by neutron exposures with the Hiroshima bomb. 
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