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From: Edward <edwardc@schoolph.umass.edu>

Sent: Wednesday, June 24, 2015 7:41 AM

To: RulemakingComments Resource

Subject: [External_Sender] Linear No-Threshold Model and Standards for Protection Against
Radiation; Notice of Docketing and Request for Comment

Attachments: taapmargintomainstream.pdf; Horrmetic Mechanisms-1.pdf; SETAC-1.pdf; SETAC-

ETC-2011-1.pdf

Dear NRC:

I am writing in support of the proposed change to an hormetic dose
response model by the NRC for carcinogen regulation. | am currently
attaching

four published papers that provide a scientific basis for this proposal.

Sincerely,
Ed Calabrese, Ph.D.

Umass/Amherst
Professor of Toxicology
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Sent: Wednesday, June 24, 2015 8:09 AM

To: RulemakingComments Resource

Subject: [External_Sender] Linear No-Threshold Model and Standards for Protection Against
Radiation; Notice of Docketing and Request for Comment

Attachments: Hormesis and LNT-1.pdf; Hormesis Data Base-2011.pdf; Hormesis and Medicine-BJCP-

pdf.pdf; HET-Hormesis-15 years.pdf

Dear NRC:

I am writing in support of the proposed change to an
hormetic dose response model by the NRC for
carcinogen regulation. I am currently attaching
four published papers that provide a scientific basis
for this proposal.

Sincerely,

Ed Calabrese, Ph.D.
Umass/Amherst
Professor of Toxicology



RulemakingComments Resource

From: Edward <edwardc@schoolph.umass.edu>

Sent: Wednesday, June 24, 2015 10:49 AM

To: RulemakingComments Resource

Subject: Re: Question on rulemaking comment(s) submitted to the NRC
Dear Herald:

| sent two emails because | did not think that there was enough memory on my end to attach all eight. There are eight
different supportive articles.
| hope this is clarifying.

Sincerely,

Ed Calabrese
On 6/24/2015 10:40 AM, RulemakingComments Resource wrote:

Dr. Calabrese,

Attached are copies of the 2 emails we received from you last night. The language in the body
of the email is the same but the 4 attachments have different titles. Do you consider them
separate comments because the attachments are different, or are they duplicates with retitled
attachments? If duplicates, we would process only one of the comments, likely the one that
came in later, under the assumption you made some correction to it.

Would you please clarify your intention at your earliest opportunity so that we can add your
comment(s) to the docket?

Thank you.

Herald Speiser

Herald M. Speiser
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Abstract

The paper provides an account of how the hormetic dose response has emerged in recent years as a serious dose-response model in
toxicology and risk assessment after decades of extreme marginalization. In addition to providing the toxicological basis of this dose-
response revival, the paper reexamines the concept of a default dose model in toxicology and risk assessment and makes the argument that
the hormetic model satisfies criteria (e.g., generalizability, frequency, application to risk assessment endpoints, false positive/negative
potential, requirements for hazard assessment, reliability of estimating risks, capacity for validation of risk estimates, public health
implications of risk estimates) for such a default model better than its chief competitors, the threshold and linear at low dose models. The
selection of the hormetic model as the default model in risk assessment for noncarcinogens and specifically for carcinogens would have a

profound impact on the practice of risk assessment and its societal implications.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Within the past 2 years, there has been a considerable
interest in the topic of hormesis, a dose-response phe-
nomenon characterized by a low-dose stimulation and a
high-dose inhibition (Calabrese and Baldwin, 2002). This
phenomenon is typically seen as an inverted U-shaped or a J-
shaped dose—response relationship depending on the end-
point measured (Fig. 1). This interest has become manifest
not only in the popular media (e.g., Discover—December,
2002; Fortune—June, 2003; Scientific American—QOctober,
2003, London Times—October, 2003; Forbes—December
2003; Boston Globe—December, 2003; Wall Street Jour-
nal—December 2003), but also in the highly visible scien-
tific publications such as Nature (February 13, 2003) and
Science (October 17, 2003), and the more focused publica-
tions within the fields of toxicology and pharmacology (e.g.,
Toxicological Sciences, Human and Experimental Toxicolo-
gy, Toxicology Letters, Annual Reviews of Pharmacology and
Toxicology, European Journal of Molecular Biology, etc.).
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The question of why the topic of hormesis has achieved
such widespread attention quite recently is of interest be-
cause the concept of biphasic dose—response relationships
emerged well over a century ago in the 1880s (Schulz, 1887)
although the term hormesis was coined about 60 years ago
by researchers at the University of Idaho (Southam and
Ehrlich, 1943) (see reviews by Calabrese and Baldwin,
2000a, 2000b, 2000c, 2000d, 2000e on the history of the
dose response in chemical toxicology and radiation biology).
In fact, ever since its initial discovery by Schulz in the mid-
1880s, the concept of hormesis has had a difficult time
getting established within the legitimate scientific hierarchy
in large part as a result of its early and close association with
the medical practice of homeopathy (Bellavite et al., 1997,
1997a), as well as the long-standing interest of the toxicol-
ogy community and regulatory agencies in high-dose effects
and the modest nature of the low-dose stimulatory hormetic
response, thereby making it more difficult to establish and
replicate than high-dose toxicity effects.

The current principal motivation that provided the incen-
tive to reassess the hormetic hypothesis has been the conser-
vative approach for regulating exposure to carcinogens by
agencies such as EPA. The adoption of a “linear at low dose”
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Fig. 1. (A) The most common form of the hormetic dose—response curve
depicting low-dose stimulatory and high-dose inhibitory responses, the p-
or inverted U-shaped curve. Endpoints displaying this curve include
growth, fecundity, and longevity. (B) The hormetic dose—response curve
depicting low-dose reduction and high-dose enhancement of adverse
effects. Endpoints displaying this curve include carcinogenesis, mutagen-
esis, and disease incidence.

assumption, that is, the linear no threshold (LNT) model, to
estimate cancer risks has had such a large impact on the field
of risk assessment and the costs to implement exposure
standards and clean up actions that U.S. industry began to
explore the hormetic hypothesis in the mid-1980s in an
inquisitive but not a fully engaged serious manner. The
critical early elements motivating this reevaluation can be
more or less traced to the influence ofa 1981 book on lonizing
Radiation and Hormesis by Thomas Luckey and a confer-
ence inspired by the Luckey book on Radiation Hormesis in
1985 held in Oakland, CA, under the leadership of the late Dr.
Leonard Sagan of the Electric Power Research Institute
(EPRI). Spin-off activities from this conference eventually
lead to a systematic and detailed evaluation of the hormesis
hypothesis via activities of BELLE (Biological Effects of
Low Level Exposures—http://www.belleonline.com).

Over the course of this literature assessment activity,
nearly 6000 dose—response relationships consistent with the
hormesis hypothesis have been obtained from the peer-
reviewed literature which satisfied a priori evaluative crite-
ria (i.e., strength of study design, magnitude of stimulation,
statistical significance, and reproducibility of findings) to
varying degrees. As a result of this activity, a relational
retrieval database was created; several articles describing
quantitative features of the hormetic response and its poten-
tial for generalizability were also published (Calabrese and
Baldwin, 1997, 1997a, 1998; Calabrese et al., 1999).

Quantitative features of the hormetic dose response

An assessment of the hormesis database has revealed
important information concerning the nature of the dose

response in the low-dose zone, that is, at doses below the
traditional No Observed Adverse Effects Level (NOAEL)
that has been often regarded as a quasi-toxicological thresh-
old. The assessment of the quantitative features of the dose
response revealed that the hormetic stimulation is generally
quite modest. About 80% of the maximum stimulatory
responses have been less than twice the control value with
the maximum stimulation being approximately 30—-60%
greater than the control response in most cases. We have
come to hypothesize that large stimulatory responses that
exceed something on the order of 4- to 5-fold most likely
represent phenomena that may be different than hormesis.

The hormetic response is contiguous with the traditional
dose—response relationship in the toxicological literature,
becoming manifested immediately below the toxicological
NOAEL. The stimulatory range of hormesis effects appears
to be more variable than the amplitude of the hormetic
response. This stimulatory response typically extends over
a dose range of 20-fold or less immediately below the
NOAEL. In fact, the majority of stimulatory responses
(approximately 60%) have been less than 10-fold. However,
about 8% of the stimulatory ranges have exceeded a dose
range of 100, although nearly half of these (4%) are greater
than 1000-fold. Among the endpoints (i.e., growth, metabolic
endpoints, reproduction, and survival) with at least 250 dose
responses in the database, immune responses stood out as
displaying by far the greatest proportion (23%) of stimulatory
responses exceeding 1000-fold, whereas others were < 4%.

The modest stimulatory responses present significant
challenges in studying hormesis because it is difficult to
differentiate hormetic responses from those of background
variability. As a result, it has been common to reject the
hormesis hypothesis due to concerns of background vari-
ability along with a modest response assessed within the
context of inadequate study designs (e.g., inadequate num-
ber of doses, improper dose spacing below the NOAEL,
lack of statistical power, and no consideration for multiple
temporal samplings) and lack of replication of the experi-
mental findings. It is precisely for these reasons why our
criteria for judging the likelihood of hormetic responses
impose rigorous requirements for study design, statistical
significance, and replication of findings.

The continuity of the hormetic dose response with the
traditional toxicological dose response is perhaps its critical
feature, providing a predictable component of the dose—
response relationship, starting immediately below the
NOAEL. The predictability of the qualitative and quantita-
tive features of the dose response has important theoretical
and practical implications for the field of risk assessment
that may consider both beneficial and harmful effects as
well as for clinical medicine as physicians consider placing
a patient either in or out of the hormetic zone. The
variability in range of the hormesis zone has implications
for study design, including the total number of doses and
dose spacing employed. The modest stimulatory response
also suggests some measure of biological significance for
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numerous applications. That is, a 30—60% increase may be
important in some areas but not necessarily others.

The use of the above evaluative criteria has been impor-
tant in establishing the scientific foundations of the hormetic
dose response. The net result has transformed the hormesis
hypothesis from its past uncertain, and, at times, shunned
status, to one of considerably enhanced credibility. That is,
hormetic dose responses satisfying a priori objective criteria
are now recognized as having been published by hundreds
of independent research groups over the past century and in
a broad variety of journals in the toxicological and biomed-
ical subdisciplines passing hundreds of peer review pro-
cesses. Based on an assessment of these findings, it is no
longer reasonable or credible to deny the biological reality
of the hormesis phenomenon.

The hormesis database has also established that the
hormetic response occurs in a broad variety of plant and
animal models, with no apparent restriction to endpoint
measured as well as chemical class and physical agent
tested. This perspective is viewed as especially significant
because it establishes a broad-based biological and chemical
agent generalizibility of the hormesis concept.

Frequency of hormesis in the toxicological literature

Despite the growing recognition of the hormetic phenom-
enon, the issue of the significance of hormesis is a different
and more sophisticated question. Although there are numer-
ous examples of hormesis in the toxicological and pharma-
cological literature and that this phenomenon is broadly seen
within a wide range of biological models, endpoints, and
agents, the question of the frequency of hormesis in the
literature is not answered by these observations. That is,
although it was possible to conclude that hormesis existed
and generalizable, the present data did not reveal whether it
occurred in 1%, 50%, or 80% of possible cases, an issue of
concern, especially for regulatory agencies, such as EPA. If
hormesis occurs in less than 1% of properly designed studies,
then it could be recognized as real but dealt with as an
exception to the rule. If, however, it occurred, for example, in
greater than 20% of properly designed studies, then it may be
considered as part of the rule.

The frequency question was addressed with the creation
of an entirely new (i.e., Hormesis Database [I—Frequency)
database which included a priori entry criteria as well as a
priori evaluative criteria. With both numerator and denom-
inator, the frequency of hormesis in the toxicological
literature could be estimated. Based on this second hormesis
database, the frequency of hormesis in the toxicological
literature was estimated at approximately 40% (Calabrese
and Baldwin, 2001). This represented a significant advance
because it provided a legitimate estimate of the frequency of
hormesis within the toxicological literature. Because the
criteria are rigorous, the actual frequency was probably
higher than this value.

This “frequency” hormesis database was further ex-
ploited to assess which dose-response model is more fre-
quent in the toxicological literature, that is, the traditional
threshold model, which has been nearly universally accept-
ed, or the hormesis model. The threshold model assumes
that responses of doses below the NOAEL should not be
significantly affected by treatment doses. That is, below
NOAEL doses are generally accepted as being below the
effect “threshold.” If this were the case, then the responses
to such doses should randomly vary on either side of the
control value. However, when the nearly 1800 responses to
below NOAEL doses from nearly 700 dose—response
relationships in the Hormesis Database I1-Frequency were
evaluated, the majority displayed values greater than the
controls, a collective response highly consistent with the
hormetic hypothesis (Calabrese and Baldwin, 2003). Thus,
not only was an estimate of the frequency of hormesis in the
toxicological literature obtained but that under head-to-head
comparison conditions the hormetic model clearly out-
performed the threshold model. This observation leads to
the conclusion that the hormetic dose-response model is
more frequent than the long-accepted universal standard, the
threshold model, in appropriately designed toxicological
studies.

This surprising finding leads to the question of how
could the toxicological community have missed the basic
reality of the hormetic dose response in favor of the
threshold model because the dose—response relationship is
so0 basic to toxicology. Although there are numerous possi-
ble factors affecting the historical rejection of the hormetic
model (Calabrese and Baldwin, 2000a, 2000b, 2000c,
2000d, 2000e), the principal scientific factors affecting its
rejection by the toxicological community lie in the fact that
the scientific discipline of toxicology has long been focused
on assessing high doses, with the goal of trying to define the
NOAEL and LOAEL in traditional hazard assessment pro-
tocols. This high-dose toxicological world was also embed-
ded into experimental protocols that used very few doses,
that is, most studies had a control group and only two or
three doses. With such a limited number of doses and with
the focus on generating NOAELs and LOAELs, it is not
unexpected that 98% of the nearly 21000 toxicological
studies assessed in the creation of the second hormesis
database were unable to satisfy the study’s data entry criteria
due to inadequate study designs (Calabrese and Baldwin,
2001). Another reason why the toxicological community
failed to adequately recognize the hormesis hypothesis is
that the NOAEL often displays a low level of toxicity
although the response is not statistically significantly dif-
ferent than the control. This is also the case for some doses
immediately below the NOAEL dose (Calabrese and Bald-
win, 2003).

This combination of factors (e.g., focus on high doses,
inadequate study designs, residual toxicity in the NOAEL
and adjacent lower dosages, etc.) has contributed to the
major error of the toxicological community over the past
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century that the most basic dose-response model is the
threshold model and not the hormetic model. This continu-
ing ‘mistake’ has been truly of historic proportions affecting
the most basic toxicological concepts, teaching curricula
from elementary to graduate school, and risk assessment
methods that have provided the scientific basis of regulatory
actions and societal risk communication.

Mechanistic foundations

The next challenge that the hormetic dose-response
model hypothesis had to confront was the issue of mecha-
nism. In modern toxicology, there has been a strong ten-
dency to worship at the altar of mechanism. This strong
focus on mechanism, indeed, has critical advantages includ-
ing the capacity to generate better biologically based hy-
potheses, which are much more likely to yield greater
explanatory and predictive insights. Based on discussions
with leading toxicologists, it became evident that in order
for hormesis to achieve a central status, it was necessary to
adequately address the issue of mechanism. Although the
current primary focus concerned toxicologically based hor-
metic responses, very little toxicological mechanism re-
search dealt specifically with accounting for changes or
switches in the dose—response relationship. In contrast,
there has been considerable research in the pharmacological
literature on dose—concentration response relationships in
which switches in the dose response had been explicitly
assessed and with considerable success. Our research has
revealed several dozen receptor systems (e.g., adenosine,
adrenergic, bradykinin, cholecystokinin, corticosterone, do-
pamine, endothelin, epidermal growth factor, estrogen, 5-
HT, human chorionic gonadotropin, nitric oxide, prolactin,
numerous opioids, prostaglandin, somatostatin, testosterone,
etc.) in which hormetic-like dose—response relationships
had been reliably reported and where mechanisms have
been determined to at least the level of the receptor and
often to considerably greater levels of biological complexity
(Calabrese and Baldwin, 2001a, 2003a, 2003b). In such
research, it was common for investigators to deconstruct and
reconstruct their dose responses via the use of various
synthetic agonists and antagonists specific to the above
receptor systems that confirmed the underlying mechanistic
basis of the hormetic dose—response relationship.

Hormetic-like biphasic dose—response relationships act-
ing via receptor-based mechanisms were typically explained
from having two receptor subtypes with markedly different
agonist affinities which lead to either a stimulatory or
inhibitory pathway. At low concentrations, the receptor
subtype with the greatest aftinity would display its response.
The receptor subtype with the lower affinity for the agonist
would also have the higher capacity, that is, more receptors.
At higher concentrations, the receptor subtype with the
lower affinity and higher capacity would become more
dominant. As a result of the combined presence of both

receptor subtypes, it is possible to both demonstrate and
explain in mechanistic terms hormetic-like biphasic dose—
response relationships. Although the above explanation
describes a common and general form by which biphasic
dose—response relationships take place, there are a variety
of permutations with different levels of complexity and
interactions by which such responses occur.

One of the basic findings that has emerged from the
mechanism-based research is that there is no single hor-
metic mechanism. In fact, there are numerous ways in
which biological systems can manifest hormetic-like bi-
phasic dose—response relationships. What is seen among
the array of hormetic mechanisms is a general commonal-
ity in the quantitative features of the hormetic dose
response. This modest amplitude of the stimulatory re-
sponse suggests that hormetic responses operate within a
mechanism framework that is designed to conserve resour-
ces. Such a limited, yet efficient, use of resources is also
consistent with the hypothesis that hormesis often appears
as modest overcompensation to a disruption in homeostasis
and may represent a broad biological strategy although
specific mechanisms unique for each system are simply
biological tactics. The overcompensation hypothesis has a
long history, being first reported as early as 1897 by
Townsend and then later supported by Branham (1929),
Hoektoen-Spelling (1920), Smith (1935), Taliaferro and
Taliaferro (1951), and Warren (1945). More recently,
Calabrese (2001) greatly expanded the list of examples
of dose-response studies supportive of the overcompensa-
tion hormesis hypothesis. An assessment of these experi-
ments indicates the need for a large number of doses and
also a possible repeat measure or temporal component to
assess the overcompensation dose-response phenomenon.
Multiple dose/temporal experiments which provide the best
theoretical understanding of hormesis as an overcompen-
sation to a disruption on homeostasis have been assessed
in only a small proportion (i.e., approximately 500) of the
overall database.

The cause of variability in the width (e.g., approximately
5 to >1000-fold) of the stimulatory response of hormetic
dose—response relationships is not well studied. However,
preliminary assessment of our data suggests that the width
of the stimulatory response may be accounted for, at least in
part, by heterogeneity of the study population and the
relative proportions of various subgroups that comprise
the study subpopulations.

Because the hormetic dose-response model is highly
generalizable according to biological model, endpoint mea-
sured and agent tested and to be far more common than the
threshold dose response in head-to-head comparisons using
a priori entry and evaluative criteria, and can be validated in
experimental settings, a critical feature lacking in LNT
model, the issue may be raised as to whether the hormetic
model could replace the threshold and linear models as
defaults for estimating acceptable exposures of noncarcino-
gens and carcinogens, respectively.
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What is a default dose-response model

A default model is typically viewed as a dose-response
model selected by various regulatory agencies for routine use
in deriving acceptable exposures to toxic substances either of
a noncarcinogenic or carcinogenic nature in the absence of
convincing evidence to the contrary. In the United States, the
EPA, which has broad-based regulatory authority for expo-
sure to toxic substances, utilizes the threshold dose-response
model for the assessment of exposures to noncarcinogenic
agents and the linear at low doses multistage model to
estimate risk from exposure to carcinogenic agents. There
is a social value component in the decision-making process
with a tendency of default models to estimate higher risks at
lower doses, thereby leading to more conservative exposure
standards than competitive models, that is, an erring on the
side of safety. Nonetheless, acceptance of default models
assumes that they would display some combination of
superior overall theoretical foundation and experimental or
empirical data to support its selection. The next section
assesses the basis of the selection of current default dose-
response models, that is, the threshold and linear at low dose
model approaches for noncarcinogens and carcinogens,
respectively.

Acceptance of the threshold dose-response model

The underpinnings of the threshold dose-response
model are historically derived from the concept of the
tolerance dose (see Kathren, 1996, for a review of this
issue). In the initial decades following the discovery of
radiation, it became generally accepted that a certain
specific dosage of radiation can be sustained by various
tissues without an adverse effect. This perspective lead to
the concept of the tolerance dose, the level of radiation to
which a person could be continuously exposed without
demonstrable harm. The tolerance dose idea provided the
basis for the first statement of a dose limit in the field of
radiation. More specifically, the tolerance dose was based
on a fraction of the erythema dose, that is, the dose
required to produce a perceptible reddening of the skin
(Mutscheller, 1925). According to Kathren (1996), the
tolerance dose was clearly a threshold which was consis-
tent with “the idea of recovery (or repair) from any
subclinical acute effects with denial of the possibility of
long term low level effects”. Various international groups,
such as the International X-Ray and Radium Protection
Committee (1928), the forerunner of the International
Commission of Radiological Protection (ICRP), and the
U.S. Advisory Committee on X-Ray and Radium Protec-
tion (1929), the predecessor of the National Council on
Radiation Protection and Measurements (NCRP), utilized
the tolerance dose (i.e., threshold dose-response model
concept) as the underlying basis of their exposure stand-
ards from the mid-1920s to the mid-1940s (Kathren,

1996). The tolerance dose, which was built upon the
threshold dose-response model, was, therefore, a well-
established concept that was fully integrated into interna-
tional health decision-making actions. Of particular im-
portance to the acceptance of the tolerance concept/
threshold dose-response model was that it satisfied the
requirement to protect workers, patients, and the general
public from harm and that such conclusions were consis-
tent with their observational experiences.

The threshold dose response in chemical toxicology
has its origin in both community health standards such as
with drinking water standards for agents such as lead that
can be traced to at least as early as 1849 in England
(Gueneau de Mussy, 1849, as cited in Wanklyn and
Chapman, 1884), but principally with early attempts to
protect worker health to a growing number of agents
during the early and middle decades of the 20th century
(Calabrese, 1978; Cook, 1945). Pharmacology and drug
safety were also supportive of the threshold model, with it
being endorsed within leading texts of the 1930s such as
the highly influential Handbook of Pharmacology by A.J.
Clark. Regardless of their different histories, the radiation
health, chemical toxicology, and drug pharmacology
domains relatively independently honed in on the thresh-
old dose-response model to guide governmental and
national/international advisory groups to protect human
health.

The issue of carcinogen risk assessment did not emerge
until later in both the chemical and radiation domains. The
principal conceptual impetus that lead to the development
of the linear dose-response model was the striking findings
of Muller in 1927 which indicated that mutation rate in
irradiated fruit flies appeared to proceed without a threshold
and that the mutagenic effect of radiation is cumulative
over a lifetime. These findings earned Muller the Nobel
Prize nearly 20 years later (1946). These earlier intellectual
seeds planted by the Muller research generated interest in
the application of the linear non-threshold model for
somatic genetic effects. The shift from the tolerance dose
model to the linear non-threshold model was more of a
revolution in thinking than gradual evolution once the
thought galvanized interest. In fact, in 1954, the NCRP
published its recommendations of permissible dose from
external sources of radiation (NCRP, 1954) with the British
following suit in 1955. These reports replaced the tolerance
concept/threshold model with the idea of a maximum
permissible dose (MPD) which suggested the notion of
acceptable, rather than no risk. Thus, the linear model,
which almost 30 years before had been born in the fruit fly
research of Muller dealing with mutagenicity, was trans-
formed into practical reality. By 1958, the UN incorporated
such thinking into its radiation health framework along
with the U.S. Federal Radiation Council in 1959 (see
Kathren, 1996). These views were further reinforced in
U.S. congressional hearings in 1959. Thus, within a 5-year
period, a dose-response revolution leading to acceptance of
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the linear no-threshold (LNT) model had been achieved at
highly influential levels.

By the early 1970s, the U.S. National Academy of
Sciences (BEIR 1) offered cancer risk assessment estimates
for radiation based on linear extrapolation, implying that
there was no threshold in the low-dose zone. Paralleling
these efforts with radioactivity, the NAS (1977) Safe Drink-
ing Water Committee (SDWC), under a charge from the
1974 Safe Drinking Water Act, recommended the use of
linear at low dose modeling for chemical carcinogens, a
practice that has been employed ever since. The NAS
(1977) essentially adopted the views of NAS BEIR I
Committee (1972) against the existence of thresholds. They
then made the extension from radiation to chemical carci-
nogenesis by stating that because “many carcinogenic
agents act like radiation in producing mutations, chromo-
somal aberrations, and cell killing, we see this as an
additional argument against the likelihood of thresholds in
the dose—response curve of these agents”. These conclu-
sions were viewed as consistent with studies in mammals
where the induction of various genetic alterations and
tumors appeared linear with low-LET radiation up to about
50-100 rad (Barendsen, 1975; Brown, 1976). These per-
spectives were then integrated into a population-based
framework in which the assumed biological reality of
human heterogeneity in response to toxic substances pre-
sided, leading to difficulty in establishing a single threshold
for a large and biologically diverse population. These views
became easily reconciled and merged with theoretical quan-
titative theories of carcinogenesis in the early 1950s such as
those from Iversen and Arley (1950) in which single normal
cells were proposed to have some probability of being
transformed to cancer cells with the rate of transformation
being a linear function of the amount of carcinogen. This
conceptual framework became the basis of the one-hit
model of carcinogenesis. Later refinements in such model-
ing were offered by Armitage and Doll (1954, 1961) and
later by Crump et al. (1976) and would lead to the linear at
low dose default model of estimating cancer risks.

In contrast to the threshold dose-response model in
which the responses seemed to coincide with human expe-
rience and therefore readily believable, the LNT model for
carcinogens inevitably requires extensive extrapolation from
high to low dose. That is, the findings are typically
extrapolated from an observable response of 10—-50% as
seen in animal model bioassays to risks of one in a million
or so in the human population. In such activities, it is not
uncommon to require extrapolation over four to six orders
of magnitude of dose.

In contrast to the generally accepted threshold dose-
response model, there is no convincing evidence that the
LNT model accurately predicts cancer risks at low doses
and that even its theoretical foundation is not convincing
especially in light of current molecular understandings of
adaptive mechanisms even in subgroups at increased risk at
low dosages. Furthermore, the LNT model is not able to be

adequately tested in chronic bioassays even below the very
high risk of <1/100 due to the limitations in resources.
Moreover, the use of over 24000 mice in the famous EDO1
study could not resolve risks below 1 in 100, hence the
name EDO1 (Staffa and Mehlman, 1980). Consequently,
even if risks were to be observed as linear down to a risk of
1/100 or somewhat less, it may not remain so if the dosage
were further decreased. This leads to the logical conclusion
that it would not be possible to prove which model was
more likely correct by experimental studies. Given this
situation, we are left with the current status, that is,
historical strengths of the threshold model govern how
noncarcinogens are assessed, although a conservative pro-
tectionist public health philosophy as seen via use of a linear
at low dose model governs the cancer risk assessment
domain.

Criteria in the selection of a default dose-response model

Although prior articulation of what should constitute the
criteria of a default dose-response model in risk assessment
is generally quite limited (see Calabrese and Baldwin,
1998), the above historical recapitulation suggests that the
threshold and linear default models have been selected
without systematic evaluation. Nonetheless, it would appear
that selection of a default risk assessment model should
address the following eight concerns.

Generalizability according to biological model, endpoints
measured and range of chemical classes and physical
agents

The capacity for generalizability is probably the most
significant consideration for a default model because it
provides the broadest and most reliable framework to base
predictions on. The findings for hormesis have been eval-
uated in detail and are based on thousands of dose—response
relationships that have satisfied evaluation criteria as noted
above.

Frequency of model responses in the toxicological literature

The frequency issue has been difficult to resolve be-
cause individual experiments in toxicology have such few
doses that it is generally not possible to differentiate
threshold from linear models especially in the area of
carcinogenicity where low-dose extrapolation modeling
predominates. The data from the same experiments are
often consistent with both linear and threshold models. In
contrast, research findings on the frequency of hormetic
dose responses in the toxicological literature (Calabrese
and Baldwin, 2001, 2003) provide a significant challenge
to the threshold and linear models because such data
indicate that hormetic models are indeed more frequent
than even the common threshold model, that such hormetic
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findings conform to rigorous statistical criteria and are
visually confirmed.

As noted above, to estimate the frequency of hormetic
dose response within the toxicological literature, a specific
database was created (i.e., Hormesis Database 11-Frequen-
cy). Three journals (i.e., Bulletin of Environmental Con-
tamination and Toxicology, Environmental Pollution, and
Life Sciences) were evaluated which published many
articles addressing ecologically and human oriented toxi-
cology, thereby likely assuring the capacity for broad
generalization. On the other hand, such findings are limited
in their capacity to address specific endpoint hormetic
frequencies such as those dealing with immune function,
mutagenicity, teratogenicity, tumorigenicity, and others,
although numerous examples of these endpoints are includ-
ed in both hormesis databases (Calabrese and Baldwin,
2001a). Forty percent of the dose responses that satisfied
the entry criteria also satisfied the evaluative criteria (Cal-
abrese and Baldwin, 2001a). This 40% estimate could
possibly change to as low as 25% or to as high as 75%
depending on the degree of rigor built into the evaluation
criteria.

The principal point is that hormetic findings are common
in the peer-reviewed literature, independent of the journal
published, the decade of the research, or the model, end-
point, or chemical class assessed. These findings suggested
that the hormetic dose response model is a general phe-
nomenon in the toxicological literature. Hormetic dose
responses, therefore, should not be considered as exceptions
to the rule or “paradoxical” phenomena. The principal
reason for not observing hormetic dose—response relation-
ships more often is usually due to many possible factors
including the nature of the study design (e.g., the number of
doses, dose spacing, and the lack of a temporal component),
the background incidence of the endpoint selected for
measurement as well as statistical power issues.

When this initial investigation by Calabrese and Baldwin
(2001) estimated the frequency of hormetic dose response, it
did not address other toxicological dose-response model
frequencies. However, as noted above, a follow-up investi-
gation assessed the occurrence of the hormetic vs. threshold
model in the toxicological literature using the ‘“hormesis
frequency” database (Calabrese and Baldwin, 2003). The
distribution of the responses of doses less than the NOAEL
were not randomly distributed above and below control
values as predicted by threshold model, but were non-
randomly distributed in a manner highly consistent with
the hormetic model. These two types of evaluation provide
complementary perspectives on the occurrence of the hor-
metic and threshold models in the toxicological literature
with the hormetic model clearly outperforming the thresh-
old. These findings are very relevant to the issue of the
selection of a default dose-response model for regulatory
agencies such as EPA because the data were taken directly
from three toxicologically oriented journals and the agents
studied would be those generally viewed as environmental

contaminants, many of which are currently regulated by
EPA.

Application of dose-response model for endpoints of
relevance to risk assessment

Endpoints used in risk assessment have often related to
organ specific toxicities, tumor formation, behavioral alter-
ations, respiratory irritation, and decrements in respiratory
performance, and others. If the control disease incidences
were low, it would not be possible to discern hormetic
effects and the threshold model would likely predominate.
This would be the case in chronic bioassays where the
control disease incidence may be historically quite low for
numerous tissues. Choice of animal model, therefore, can be
a critical factor affecting the selection of the default model
depending on their background disease incidence. The
limitation in the capacity to demonstrate hormesis in a
biological model with low background disease incidence
does not have to be a barrier for accepting the hormetic
model as generally applicable if hormesis could be reliably
demonstrated for that same endpoint in other biological
models with a high background incidence for that endpoint.

Capacity for false positive and negative estimates of
dose-response model

In 2001, Calabrese and Baldwin reported estimates of
absolute and relative false positive and negative values with
respect to hormesis dose-response frequency. The estimates
of false negatives and positives had low absolute values but
were nearly 3-fold greater for false negatives than the false
positives (9.7% vs. 3.5%). These findings suggest a rela-
tively low net preference for false negative responses,
thereby slightly underestimating the hormetic frequency
rate. Given the low absolute false negative and positive
rates, estimates of hormetic frequency appear stable.

How dose-response models impact hazard assessment study
requirements

The traditional hazard assessment method (i.e., animal
model, study design features such as sample size, number of
doses, dose spacing, duration, and endpoints measured, etc.)
is designed to provide information using a limited number
of doses to estimate LOAELs and NOAELSs to obtain RfDs
for noncarcinogens or to model carcinogen responses at low
doses. This hazard assessment information could be used by
the hormetic default as with the other competitive models to
provide risk estimates. Thus, it is not necessary to alter
current hazard assessment practices to accommodate the
hormetic default. This would only be necessary if it were
desired to validate the hormetic model estimates in the sub-
NOAEL region of the dose response.

The hormetic dose-response model is based on a large
quantity of data that defines the quantitative nature of the
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hormetic stimulatory response. These data provide the
foundation to make toxicologically based predictions in
the hormetic zone. Most “government mandated” hazard
assessment study designs are not adequate to assess horm-
esis due to insufficient numbers of dosages and a general
lack of a temporal component to the study. It is also not
generally cost and time efficient to require major changes in
the current hazard assessment protocol to attempt to answer
the question of whether hormesis occurs in every assay.
Based on the quantity and high quality of the data on
hormetic dose responses, their quantitative dose-response
features, and broad generalizability, acceptable predictions
of biological responses below the NOAEL within the
context of a default model framework can be made, and,
if necessary, experimentally validated as noted above. Based
on the data available, these predictions are expected to be
superior to those offered by other competitive models (e.g.,
linear, threshold).

Reliability of estimating risk with the proposed
dose-response model

No significant technical challenges exist in the applica-
tion of methods of estimating possible risks and acceptable
exposures based on the hormetic dose-response model for
noncarcinogens and carcinogens. Several papers (Calabrese,
1996; Gaylor, 1998) have addressed how the hormesis
concept could be applied to the derivation of reference dose
values for noncarcinogens utilizing the traditional UF meth-
odology by federal agencies such as EPA. Calabrese and
Baldwin (1998) also explored how the concept of hormesis
has the potential to affect NOAEL derivation especially in
the benchmark dose (BMD) method. Sielken and Stevenson
(1998) have provided guidance concerning how adoption of
the hormesis concept could alter biostatistical modeling of
low-dose cancer risks (Table 1).

Table 1
Implications of hormesis for quantitative risk assessment

Dose—response models need greater flexibility to fit the observed
shape of the dose—response data; such models should not be
constructed to be forced to always be linearly decreasing at low doses.

Hazard assessment evaluations need to incorporate greater opportunity
to identify the hormetic portion of the dose—response relationship.

New dose metrics should be used that incorporate age or time
dependence on the dose level rather than a lifetime average daily
dose or its analog for a shorter time period.

Low-dose risk characterization should include the likelihood of beneficial
effects and the likelihood that a dose level has reasonable certainty of
no appreciable adverse health effects.

Exposure assessments should fully characterize the distribution of actual
doses from exposure rather than just upper bounds.

Uncertainty characterizations should include both upper and lower bounds.

Risk should be characterized in terms of the net effect of a dose on health
instead of a single dose’s effect on a single disease endpoint
(i.e., total mortality rather than a specific type of fatal disease).

Note. Adapted from Sielken and Stevenson (1998).

Capacity to validate estimates of risk

The hormetic dose-response model provides data in the
observable range without reliance on the need for extrapo-
lation procedures. This is a very important feature of the
hormetic dose response because the hormetic curve has been
demonstrable within the context of routine experimental
studies.

Public health implications of risk assessment estimates

The hormetic model was more common than the
threshold model in our assessment, suggesting that the
hormetic model may occur 2.5 times more frequently than
the threshold model. This raises the question of what are
the implications of acceptance of the hormetic model over
the threshold model when dealing with noncarcinogens.
The first question one would have to resolve is whether the
response below the NOAEL (i.e., hormetic stimulation) was
considered beneficial, neutral effect, or adverse. If the
response were considered potentially adverse, then there
may be a need to derive a new “NOAEL” at the start of the
hormetic zone. There are many situations in which the
below NOAEL hormetic response could conceivably be
harmful. These may include but not be limited to organ
proliferation such as an increase in the prostate size result-
ing in reduced urine flow rate, immune alterations such as
synthesis of auto-antibodies, endocrine alterations, and
tumor cell or infectious agent proliferation. If such possi-
bilities existed, the hormetic model could offer a distinct
advantage over the under-predictive threshold model in
protecting public health. With respect to possible neutral
responses, the interpretation of the significance of the
hormetic response could be made from the nature of the
endpoint and a magnitude of the change. In such a case, it is
possible that the traditional NOAEL would still be retained.
If the sub-NOAEL response were likely to be beneficial,
then the risk manager could be presented with a set of more
complicated options that could consider balancing benefits
vs. risks for various population subgroups (see Calabrese,
1996, and Gaylor, 1998, for a discussion of this issue).
Regardless of the final disposition in these three hypothet-
ical situations, the hormetic model offers considerably more
insight and options than the traditional threshold model
while starting from a considerably stronger toxicological
foundation.

The hormesis dose-response model default concept, at
least superficially, may appear to be more challenging for
carcinogens than noncarcinogens. This is likely to be the
case because of the heightened concern that society and
regulatory agencies have with the cancer endpoint. Sug-
gesting modifications in how carcinogens are assessed and
regulated may not only be a data-driven process but also
affected by less objective criteria that relate to societal
customs and complex belief systems. In addition, data
supporting the hormesis hypothesis that directly relates to
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the process of carcinogenesis is much more limited than
that available for noncarcinogenic endpoints. In fact, only
3—-4% of the dose—response relationships satisfying the a
priori criteria permitting entry into the Hormesis Data-
base—I reflect mutational and cancer endpoints. In abso-
lute terms, the number of such dose—response relationships
is about approximately 250, a sizeable number although it
is a very small percentage of the total entries into the
database.

There has been a substantial research effort by Japanese
investigators over the past decade that has specifically
incorporated the concept of hormesis in the assessment of
chemically induced liver cancer in the male F344 rat, a
standard rodent model used by the U.S. National Toxicol-
ogy Program in their chronic bioassay program. This
activity has included evaluation of many tumor promoters
such as phenobarbital and complete carcinogens such as
DDT and has established the hormesis phenomenon in that
model. In addition, these investigators have also undertaken
substantial mechanism-related research to account for the
U-shaped/hormetic findings of their investigations. This
work is particularly noteworthy because it has demonstrat-
ed that the hormetic phenomenon could be reliably repli-
cated, mechanistically explained, and then predictively
applied to other agents and experimental settings which
likewise demonstrate the hormetic dose response for end-
points which are part of the process of carcinogenesis
including foci and tumor formation (Kinoshita et al.,
2003; Kitano et al., 1998; Masuda et al., 2001; Sukata et
al., 2002; Tsuda et al., 2003).

Of particular interest is that well-conducted chronic
bioassays also demonstrate hormetic response for cancers
in multiple organs including the lung (Nesnow et al., 1994;
O’Gara et al., 1965; Prahalad et al., 1997), mammary gland
(Broerse et al., 1987; Kociba et al., 1978), ovary (Ito et al.,
1992), bone (White et al., 1993, 1994), pancreas (Hajri and
Damge, 1998), thyroid (NTP, 1982), bladder (Downs and
Frankowski, 1982), testes (Waalkes et al., 1988), and
hematological (Maisin et al., 1988) system including leu-
kemias. In the case of lung tumors, hormetic dose
responses have been demonstrated for well-known carci-
nogens including some of the PAHs (Nesnow et al., 1994;
Prahalad et al.,, 1997) and radiation (Ullrich and Storer,
1979). In particular, radiation studies have stood out
because of the many animals employed in the various
individual treatment groups, which at times exceeded
several thousand (Ullrich and Storer, 1979). That is, the
statistical power in such studies far exceeds what is
typically seen in the normally viewed as substantial NTP
chronic bioassays. However, hormetic responses to my
knowledge have yet to be demonstrated for many organs/
organ systems including the brain, colon, and skin, areas of
key human interest. This lack of evidence of an hormetic
response does not mean that hormetic responses do not
occur with such tissues. Hormetic responses have been
reported in these tissues although they have yet to show

the hormetic response for endpoints that are essential
components of the process of carcinogenesis.

A review of cancer-related studies with evidence of
hormesis indicates that in the majority of cases, the inves-
tigators did not consider the possibility of an hormetic
response in the design of the study. In fact, this is also case
with investigations of noncarcinogenic endpoints demon-
strating hormesis as well. This general lack of consideration
in the design of the experiments has important implications
for the capacity to assess hormetic dose responses.

In addition to the tumor/cancer endpoint studies, there
have been a substantial number of investigations dealing
with mutagens which suggest an hormetic response. The
type of agents demonstrating such responses is quite diverse
and includes environmental contaminants (e.g., cigarette
smoke—Bonassi et al., 2003; pL-menthol—Kiffe et al.,
2003; aniline—Sicardi et al., 1991; lignin derivatives—
Mikulasova and Kosikova, 2003; butylated hydroxyani-
sole—Oh et al., 2001) and possible therapeutic agents
(e.g., VM-26, VP16-213, and platin, Singh and Gupta,
1983).

Of particular interest with respect to hormesis and cancer
is the recognition that hormetic effects are widely seen for a
very broad range of immune endpoints, many of which may
have important implications for the process of carcinogen-
esis (Calabrese, 2004). Furthermore, several investigations
indicate that very low level exposures to radiation can be
used in both preventive and therapeutic settings to minimize
the metastasis of normally very aggressive injected lung
tumor cells into experimental animals (Hashimoto et al.,
1999; Sakamoto et al., 1997).

The general findings indicate that U-shaped dose—re-
sponse relationships are common with respect to mutational
events and cancer incidence. Most tumor types display U-
shaped dose—response relationships in some, but not nec-
essarily the majority, of studies. Although this situation
would seem perplexing, it is actually what would be
expected if one were to assume that there is likely to be
some degree of variability among organs with respect to
their susceptibility to injury and their capacity to repair such
damage (Kojima et al., 1997, 1998a, 1998b). That is, it is
likely that each organ system will display a unique dose—
response relationship. However, the reality of the cancer
bioassay is that because it is imposed on all tissues simul-
taneously, one would predict a diverse array of organ-
specific dose responses. In addition, each organ will have
a different background tumor incidence, which will affect
the capacity to assess hormetic responses.

Final perspectives

The quantitative features of the dose—response relation-
ships for endpoints inherent in the process of carcinogenesis
and displaying evidence consistent with the hormesis hy-
pothesis are similar to noncarcinogenic endpoints also
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showing evidence of hormesis (Calabrese and Baldwin,
2001a, editors). This is the case with respect to the ampli-
tude and the width of the hormetic response and its
relationship to the NOAEL. Such consistency in the nature
of noncarcinogenic and carcinogenic dose responses dis-
playing hormesis represents an important and useful obser-
vation, suggesting a similar underlying biological strategy in
the organism’s response to the chemical/physical stressor
agents under study. Furthermore, this general dose-response
feature consistency with respect to hormesis between non-
carcinogens and carcinogens suggests that adoption of an
hormetic model with respect to interpreting the dose re-
sponse in the low-dose zone may provide a toxicologically
based means for harmonizing risk assessment procedures for
noncarcinogens and carcinogens, a reconciliation which to
date has not been achieved even after substantial efforts
(Bogdanfty et al., 2001; Calabrese and Baldwin, 2001).

The striking consistencies in the features of the dose
response across biological models, endpoints, and chemical/
physical agents strongly support the generalizable nature of
the hormesis concept but also suggests that the key com-
ponent for understanding the dose response is the organism
and the population sample under study more so than the
agent under study. For regardless of the agent, the dose-
response features remain very similar.

Based on the above summary of information, a concep-
tual case can be made for the adoption of hormesis as the
default model for risk assessment and the possible harmo-
nization of noncarcinogen and carcinogen risk assessment
via use of the hormetic perspective. It represents a data-
driven challenge to the current evaluative schemes to assess
risks. Although the preponderance of evidence supports the
consideration of hormesis as the default dose-response
model for all types of endpoints including the present
characterization of carcinogens and noncarcinogens, the
current set of risk assessment procedures used by regulatory
agencies, at the very least, should explicitly and compre-
hensively address the biological reality of hormetic dose—
response relationships and recognize their capacity to en-
hance biological/toxicological understandings of dose—re-
sponse relationships, something that has yet to be
undertaken at the national and international levels.
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