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A B S T R A C T

The goal of this manuscript is to define the role of dose rate and dose protraction on the induction of biological
changes at all levels of biological organization. Both total dose and the time frame over which it is delivered are
important as the body has great capacity to repair all types of biological damage. The importance of dose rate has
been recognized almost from the time that radiation was discovered and has been included in radiation stan-
dards as a Dose, Dose Rate, Effectiveness Factor (DDREF) and a Dose Rate Effectiveness Factor (DREF). This
manuscript will evaluate the role of dose rate at the molecular, cellular, tissue, experimental animals and hu-
mans to demonstrate that dose rate is an important variable in estimating radiation cancer risk and other bio-
logical effects. The impact of low-dose rates on the Linear-No-Threshold Hypothesis (LNTH) will be reviewed
since if the LNTH is not valid it is not possible to calculate a single value for a DDREF or DREF. Finally, extensive
human experience is briefly reviewed to show that the radiation risks are not underestimated and that radiation
at environmental levels has limited impact on total human cancer risk.

1. Introduction

Radiation standards are set primarily based on human epidemiology
studies with a focus on the A-bomb survivors. These data are evaluated
using the Linear-No-Threshold Hypothesis (LNTH) to derive risk fac-
tors. This event exposed a large human population to graded radiation
doses delivered in a very short time. Serious efforts made it possible to
estimate individual doses and to relate the cause of death and the fre-
quency of disease, especially cancer to the dose of that individual. The
exposed population was compared to a carefully matched control group
not exposed to the bomb. Such exposures as well as studies on radiation
therapy patients have been shown to increase cancer frequency
[1,2,3,6]. These studies also suggest an increase in several non-cancer
endpoints such as cardiovascular disease [4] cataracts [5] and stroke
[6,7]. It is important to note that the two populations compared, those
exposed to the bomb and those not exposed have very different life
experiences. In addition to the radiation from the bomb, the exposed
population was exposed to trauma, blast, burns and stress, all of which
may contribute to the excess cancer observed. Most of the excess can-
cers were in the highest dose groups with little significant difference
seen in those with lower doses.

To evaluate the scientific validity of the Liner-No-Threshold
Hypothesis (LNTH) for radiation risk assessment, it is critical to un-
derstand and account for, the substantial influence of both dose and
dose rate with respect to potential adverse effects on biological systems.
Since the first demonstration of the impact of radiation on biological

organisms it was recognized that when the same dose of radiation was
delivered over a short period of time it was more effective in producing
biological changes than when it was given over a longer time.
Consideration of both have been involved in regulation of radiation
exposure to protect workers and the public from harm. The use of the
LNTH in standard setting has included a Dose-Dose Rate Effectiveness
Factor (DDREF) that recognizes the responses to low doses and low-
dose rates are less effective in increasing risk than single acute ex-
posures (National Council for Radiation Protection and Measurement
[8,9] United Nations Scientific committee on the Effects of Atomic
Radiation [10,11] and National Research Council/National Academy of
Sciences [12]. The recognition of the influence of dose and dose-rate in
the low dose range has resulted in a range of values for the DDREF, for
example 1.5 [12], 2.0 for the ICRP 2007, and the French Academy
suggested that at low doses and dose rates the DDREF may be very high
[13]. Recently the German Commission on Radiological Protection
(Strahlenschutzkommission [SSK] suggested that the DDREF be abol-
ished, that is that it be set at 1.0 [129]. If, as suggested by the German
group, the DDREF is 1.0, the LNTH is applicable in all situations. In
addition, it would be accurate to use collective dose to estimate risk
regardless of dose rate and there needs to be no consideration of the
role of dose rate on risk. The Health Physics Society strongly opposes
this practice and suggests that collective dose should play little role in
risk assessment [14]. Using collective dose, it is possible to sum many
small doses or doses delivered at a low-dose rate to a large population
and derive a large total collective dose. This collective dose combined
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with a risk factor derived from a single acute exposure, has been used to
calculate a predicted number of excess cancers from such treatments as
CT scans [15].

To better understand risk associated with low-dose rate exposure it
is important to define the terms used. The use of DDREF has always
been considered necessary for converting cancer risks derived at rela-
tively high and acute doses, primarily from epidemiological studies of
the A-bomb survivors [1,2,3,6] to calculate risks in the low dose
(< 100mGy) and dose-rate (< 5mGy/h) range. However, it has been
proposed that it is more appropriate to consider both a low dose ef-
fectiveness factor (LDEF) and a dose-rate effectiveness factor (DREF) for
risk estimate calculations [16,17].

The LDEF is calculated as the ratio of the slope of the linear extra-
polation from a point on the linear quadratic (LQ) curve and the slope
of the linear component of this LQ curve. Thus, for acceptance of this
approach, it is essential to establish the dose-response relationship for
the induction of cancer and show that it fits a LQ function. For leukemia
in the A-bomb data this seems to be the case while there are still un-
certainties associated with the effects of low doses for solid cancers
which have been postulated to be linear [3]. Recent studies suggest that
using the shape of the dose response curve to estimate a dose rate ef-
fectiveness factor does not fit the data [18]. Comparing slopes of dose-
response relationships derived for high and low-dose rate exposures
provides more accurate assessment of the DDREF. This has been de-
monstrated for both human data [18] and for large mouse studies [19].
These studies all demonstrated DDREF values that were greater than
2.0 and suggested the need to reevaluate the current values used for
standards. Calculation of a DDREF assumes that the dose-response re-
lationship in the low dose region is linear. If it is not linear then it is not
possible to calculate a single value for a DDREF.

The more acceptable way to calculate a DREF is by comparing the
ratio of the slope of the dose response for acute doses to that for the
same doses delivered at a low-dose rate [16,19,20]. With this approach
it is possible to evaluate the influence of high doses delivered at a low-
dose rate such as deposition of internally deposited radioactive mate-
rials in Beagle dogs [21,22].

The development of modern molecular and cellular biology com-
bined with new technology made it possible to measure biological re-
sponses in the low dose region that were not possible in the past. The
application of these techniques to low doses and dose-rates by the
Department of Energy Low Dose Radiation Research Program (http://
lowdose.energy.gov). The program made it possible to measure radia-
tion responses in the low dose and dose-rate region [23]. Similar ap-
proaches have been used in the European Union (MELODI, Epirad bio,
Store and DoReMi) (http://www.doremi-noe.net) the Japanese re-
search IES (http://www.ies.or.jp/index_e.html) and the Korean Society
for Radiation Bioscience (http://www.ksrb.kr/english/into/intor_01.
asp). This research demonstrated the need for major paradigm shifts
in the field of radiation biology [24].

• Hit theory must be replaced by cell/cell communication and the role
of the response of the whole organ not single cells as critical for in
cancer induction. Many multiple level biological organization
changes are required to induce cancer [25].
• The mutation theory of cancer and the role of mutations in the in-
duction of cancer demonstrate that mutations play a role in cancer
induction but alone may not be sufficient to produce this complex
disease. The single mutation theory of cancer must be questioned.
• Extensive research demonstrated adaptive protection mechanisms at
many levels of biological organization [26]. Marked differences in
the cell and molecular responses observed in the low dose and dose-
rate region compared to those seen in the high dose region de-
monstrated that the LNTH cannot be supported by new cell and
molecular data [27].

This manuscript is organized to present data at all levels of

biological organization. The data at the cell and molecular level are
presented first to provide a mechanistic basis for the manuscript.
Experimental animal data was required to link the mechanistic data to
real cancer data with all defense systems in place. To provide a better
basis for the cancer risks in humans experimental dog data is used.
Finally, human data where large populations were exposed to low doses
are briefly reviewed. This brief explanation helps the reader follow the
flow of the manuscript.

Using modern data, the influence of dose-rate has been evaluated at
the cell and molecular level on the key events in the critical pathways to
the induction of cancer [20]. This approach is similar to how the En-
vironmental Protection Agency (EPA) establishes regulatory limits for
many chemicals [28–30]. This research resulted in a DREF of much
greater than one demonstrated for many of these important changes in
the progression of normal cells to become cancer [20].

Observations on the influence of dose rate in whole animal studies
have been published for many years. Without exception the protraction
of radiation dose results in less biological change than observed with a
single acute exposure, regardless of the endpoint measured [21,22].
The majority of the data show large thresholds below which increased
cancer frequency cannot be detected.

This experimental data is supported by low-dose rate exposure to
human and taken as a whole supports a DDREF much greater than one
and shows that collective dose is not a useful concept.

2. Results

2.1. Molecular, cellular and tissue data

2.1.1. Background information
Radiation standards have, for the most part, been established based

on human epidemiology data using the LNTH extrapolation from the
high dose data combined with a DDREF factor for the low dose and dose
rate exposures. Data from molecular, cellular and tissues have been
evaluated but had little impact on standards in the past. As the level of
sophistication in these fields has developed the power to measure both
adverse and beneficial biological changes in the low dose region has
increased. It is now possible to measure the influence of both dose and
dose-rate on the critical steps needed to change a normal cell into a
cancer. These steps have been summarized, published and updated [25]
and called the Hallmarks of Cancer (Fig. 1). These changes are observed
in cancer and seem to be essential for the evasion of defenses, pro-
gression, development and metastasis in cancer production.

Using these Hallmarks as a guide, studies on the role of dose rate on
molecular, cellular and tissue level changes in key events along the
critical pathways needed for the development of cancer have been
conducted and reviewed [20]. When comparing the responses of these
sensitive molecular, cellular and tissue systems following exposure to
high and low-dose rates of low linear energy transfer (LET) ionizing
radiation three major categories of responses were observed and are
discussed in the following sections.

• First, there are many publications where single or small numbers of
doses were delivered at either a high or low-dose rate. In these
studies, a marked response was observed following high dose rate
with little or no response for the same endpoint exposed to the same
dose but delivered at a low-dose rate. Since the response to the low-
dose rate is zero or not detected it is not possible to directly derive a
DREF. However, these studies suggest a very high DREF. To estimate
DREF from any study one divides the response to the high dose rate
by the response to the low-dose rate, in many of these studies, zero.
Dividing any value by zero results in infinity, making it impossible
to assign a numerical value.
• Second, studies were conducted where complete dose-response data
were available following exposure to high and low-dose rates. For
such studies the linear slopes of the dose-response relationships
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were compared and the slope of the response following a high dose
rate exposure was divided by the slope of the low-dose rate and a
positive DREF factor derived. In most cases these studies supported
a DREF value much greater than one with some with values as high
as 30.
• Finally, there were several studies where the exposure to low dose or
dose rate resulted in a decrease in the molecular, cellular or tissue
responses below that observed for the controls. For such endpoints a
negative or protective DREF value would be derived. This suggests a
protective effect for low dose and dose-rate and such data would
require the use of negative values in any model to describe risk
[31,32].

Much of the early data on the biological responses induced by low
doses of radiation were derived from the U.S. Department of Energy
Low Dose Research Program and have been summarized in a book [27].
This book and other publications provides insight on the data at the
molecular, cellular and tissue level [20,27]. A brief summary of the
three types of studies described above is provided in the following
sections.

2.2. Molecular and cellular changes

2.2.1. A single dose delivered at a high vs low-dose rate
Single or small numbers of different doses were delivered at a high

or low-dose rate and cell and molecular measurements were made to
evaluate the influence of dose rate on biological responses. These
measurements were made at several different levels of biological or-
ganization. For many endpoints it was possible to measure a response
following a low dose given at a high dose rate, but no response was
detected when the same dose was delivered at a low-dose rate. If there
is zero response following exposure to low-dose rates and the biological
response following acute exposures is divided by zero or the response
following low-dose rate exposure this results in infinity which has little
meaning. Perhaps if the doses would have been higher for the chronic
exposure a response could have been detected. This was seen for DNA
damage where low doses given at a low-dose rate resulted in no de-
tectable response while the same dose delivered as an acute exposure
resulted in a readily measurable response [33]. This could be related to
the non-linear formation of DNA repair foci where, per unit of dose,
there were many more foci after low doses than were observed after
higher doses [34]. However, these data are in direct conflict with data
which demonstrated that at low doses, the dose required to trigger
repair of DNA was not activated and no repair was detected [35,36].
More research is needed to resolve these differences in DNA repair in
the low dose and dose-rate region.

Chernobyl created an interesting experimental setting. The dose
from the accident in some locations was very high (greater than 1.0 Gy/
year) but the dose was delivered at a low-dose rate. Attempts were
made to measure mitochondrial DNA damage in bank voles exposed to
this radiation environment and none was detected. However, if the
same dose was delivered as an acute exposure marked damage was
detected [37]. Studies were conducted to detect the induction of mi-
cronuclei in the bank voles and the same result found. No response to
the low-dose rate exposure with a marked response following high dose
rate [131]. Additional studies were conducted with C57B/6 and BALB/
c mice to determine if this response was related to the evaluated animal
species with the same result [38], which supported the earlier work on
micronuclei [39]. These measurements suggested that the dose rate
effectiveness factor is very large.

2.2.2. Complete dose response, high and low-dose rate (Response higher
than controls)

The second type of studies reviewed [20] had data that had com-
plete dose-response relationships with both high and low dose-rates
both of which resulted in an increased level of cell and molecular

change above that seen in the controls. For these data sets, it was
possible to fit the data and compare the linear slopes of the dose-re-
sponse relationships to derive a dose rate effectiveness factor (DREF).
These data also represent a range of different levels of biological or-
ganization. At the DNA damage and repair level the frequency of
γH2AX foci was measured as a function of dose rate over a range of
doses up to 5.0 Gy. Following both high and low-dose rate exposure
there was a linear increase in the frequency of γH2AX foci. When the
slopes of the lines were compared it resulted in a very large DREF,
about 30.0. Such data makes a strong case that the LNTH is not valid
and that collective dose cannot be used when the doses are delivered at
different dose rates.

Changes in gene expression and alterations in metabolic pathways
have also been evaluated as a function of dose-rate. It was determined
that the gene expression changes as a function of dose [40–42] and that
the types of genes expressed at high doses are different from those
produced following low-dose rates. Many of the genes activated at by
low dose and low-dose rate exposures were involved in processes that
seem to be protective while many of the genes activated after high
doses are responses to damage. It was demonstrated that changes in
oxidation/reduction pathways were modified as a function of dose and
dose rate [44]. Changes in MnSOD and NF-kB were noted with low
doses being suggestive of protective changes and high doses as dama-
ging [45,46]; [123]). Many of these studies were summarized by Ref.
[47]. It was also determined that different sets of genes were activated
as a function of dose rate, time after exposure, and tissue types and that
many of these genes were related to the induction of stress responses
[48]. Extensive research has suggested that changes in gene expression
can also be used as a biomarker of radiation dose for either high or low-
dose rate exposure [49–51]. Many of these studies suggest that the
LNTH is not valid with a DREF greater than one but none of them are
useful in estimating a value for DREF.

Dose-response relationships have been measured for the induction
of chromosome aberrations in the liver of Chinese hamsters after ex-
posure to both acute and protracted whole-body exposure to 60Co or

Fig. 1. The Hallmarks of Cancer demonstrates the changes that must take place
for a cancer to be expressed. These changes range from the molecular to the
whole tissue and illustrate that there are multiple changes needed to result in
cancer. Most of these are not related to a simple mutation but involve tissue and
whole animal responses [25].
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protracted exposure from internally deposited radioactive materials.
Since the dose-response relationship was linear for the protracted ex-
posure and non-linear for the acute exposure it was not possible to
derive a single value for a DREF. If the response at a single dose, such as
1.0 Gy was used as the basis for the comparison, values of about 2.0
were derived with the values increasing as dose increased [52]. Similar
values (1.8) were derived for chromosome aberrations in human blood
lymphocytes given dose rates that varied from 400 to 1.9 rads/hour and
comparing the responses again at a total dose of 1.0 Gy [53]. Using
advanced chromosome painting techniques, it was possible to derive an
alpha coefficient for the induction of chromosome translocations, the
aberrations thought to be the most important in the induction of cancer
[54]. This linear coefficient makes it possible to compare acute and
chronic exposures. Using these advanced chromosome techniques [55]
was possible to estimate DREFs which ranged from 2.0 to 3.0 depending
on the dose used for the comparison.

Several studies focused on induction of chromosome aberrations in
Chinese hamsters which were injected with 90Sr-90Y. In these studies,
the aberration frequency increased as a function of dose rate [56,57]. It
was postulated that the dose accumulated in each cell cycle was re-
sponsible for the damage observed at metaphase in these rapidly di-
viding cells [20].

Dose-response relationships were observed and measured as a
function of both high and low-dose rate and the frequency of micro-
nuclei in lung fibroblasts showed a linear dose-response relationships
(Fig. 2). This makes it possible to divide the slopes of the lines and
directly derive a DREF. When the acute exposure response was com-
pared to that following a 4 h protraction of the same dose (dose rate
0.96, 1.95 and 2.9 Gy/hr) the DREF was 2.6, this value increased to 6.0
as the exposure time was increased to 67 h and the dose rate decreased
(dose rate 0.059, 0.12, and 0.17 Gy/hr) [58]. Such data demonstrate
that collective dose cannot be used and that dose rate is very important.
These data do not provide scientific support for the LNTH without the
use of a DREF.

For cell killing, measured as the ability to form colonies following
exposure, the impact of dose rate was very dependent on the genetic
background of the cells with a range from 1.0 to 10.0. With the same
genetic background, it was determined that the DREF was greater than
10.0 as the dose rate continued to decrease [59]. Thus, cell killing
shows a marked dose rate effect with repair in the low dose and dose
rate range providing additional data that does not support the use of
collective dose or the LNTH.

2.2.3. Complete dose response, high and low-dose rate (Response to low
dose lower than controls)

The third type of response found as a function of low dose and dose
rate exposures was when the radiation resulted in a decrease in the
response below that observed in the controls.

Programmed cell death or apoptosis plays a critical role during fetal
development as cells die during differentiation to produce organs.
Recently it has been shown that apoptosis is also induced by exposure
to ionizing radiation [60]. A critical observation about apoptosis is that
it can be induced differentially in transformed cells resulting in a higher
frequency of death. This differential cell killing results in a decreased
risk following exposure to low doses of radiation with a decrease in the
number of transformed cells. In the low dose and dose region of the
dose-response relationship the frequency of transformed cells under-
going apoptosis was demonstrated to be higher than normal cells
[61,132] . This selective apoptosis of transformed or damaged cells may
result in a decrease in cancer risk and can be used to explain why low
doses of radiation has been shown in some studies to reduce both cell
transformation [62,63] and mutation frequency [64]. Such observa-
tions cannot be ignored and provide direct evidence that at low doses
and dose rate the risk is either not measurable or may in fact be pro-
tective.

Very low doses delivered at a high dose rate have been shown to

decrease the frequency of transformed cells to values below that ob-
served in the control cells [62]. When the dose was delivered at a low-
dose rate the frequency of transformed cells remained below the level
observed in the controls for total doses as high as one Gy [65]. This is
illustrated in (Fig. 3). It is important to note that each experiment on
cell transformation must be related to its own control value since long
term culture also increased the cell transformation frequency.

For transmitted mutations in mice it was determined early in the
history of radiation biology that protracted exposures were less effec-
tive in producing mutations than single acute exposures to the same
dose [66,67] with a DREF of 3.0 suggesting a non-linear dose response.
Further research was conducted to determine the type of mutations that
were produced by the radiation and it was determined that most of the
dose-rate effect was seen for large deletions, such as those mostly
produced by ionizing radiation, again with a DREF of about 3.0 [68].
When other types of DNA changes, which resulted in transmitted mu-
tations were evaluated it was determined that the high and low-dose
rate resulted in similar frequency of mutations suggesting that the DREF
would be 1.0 for mutations that did not include large deletions and
gross rearrangements [68].

2.3. Animal studies

2.3.1. Rodents
Moving from the molecular, cellular and tissue levels of biological

organization it is critical to evaluate the whole animal responses to low-
dose rate radiation exposures. Extensive research has been conducted
using animals to demonstrate the influence of dose, dose rate and dose
distribution on the induction of cancer. This manuscript starts by dis-
cussing rodent studies, which demonstrated that whole-body exposure
to low-dose rate was less effective than high-dose rate in producing
several different types of cancer [69]. These data, along with other
information, were used by BEIR VII to estimate a DDREF of 1.5. There
are several problems with rodent studies. First, many rodents die of
specific diseases at early times so that the limited lifespan does not
provide the needed latent period for the observation of radiation in-
duced cancer. Second, the type of cancer produced by radiation is de-
pendent on the rodent strain. It seems that each type of laboratory
rodent produces a unique cancer type following radiation exposure so
that they do not have the wide range of different cancers seen in hu-
mans. In addition, some rodents are very resistant to radiation while
others are more sensitive. For example, rats develop a high frequency of
lung cancer when exposed to radon while hamsters do not have a dose
related increase in lung cancer. Some strains of mice are very resistant
to radiation induced cancer, C57B/6 while other strains BALBc are
more sensitive. These differences make extrapolation of cancer risk in
rodents across species to humans almost impossible. Rodent studies
conducted at the Argonne National Laboratory have been published and
after careful reviews [19]. confirmed that the data on radiation induced
life shortening could not be fit to a linear quadratic function used to
evaluate the influence of dose rate in human studies (BEIR VII). To
evaluate the influence of dose rate it is important to compare the slopes
of dose-response relationships. The animal data all support the use of
either a negative or high DREF suggested that dose rate has a marked
impact on cancer frequency. These high values for DREF do not support
the LNTH and make the use of a dose rate factor of one suggested
(German Commission on radiation Protection 2016) non-supportable
by basic science. Thus, there are dose rate effects at every level of
biological organization from the molecular to experimental animals.

2.3.2. Dog experiments
Many years of research using the Beagle dog as the experimental

animal, have been conducted and published on the health effects of
internally deposited radioactive materials. The dog makes a good ex-
perimental animal. It has a long-life span and makes studies on latent
period useful. The dog develops a spectrum of tumor types that are
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similar to those seen in humans. Following single acute exposure to
radiation the induced cancer frequencies are similar to that observed in
humans [70]. The dog is large enough that each animal can be treated
as a clinical subject so that important biological changes like pulmonary
function [133], blood counts [71], blood chemistry [72] and histo-
pathology and tumor type [73] can be measured as a function of time
after the exposure. This animal model makes it possible to carefully
define the distribution, dose and changing dose rate for each individual
and to relate these dosimetric parameters to the biological changes
observed. Extensive summaries of the experimental designs and results
of the dog studies were published in two books [21,22]. Lifetime dog
studies conducted at several different laboratories, were carefully in-
tegrated and monitored and were designed to determine the dose and
dose-rate effects of radiation. Of special note is that the dog was used to
study the impact of internally deposited radioactive materials (both
high and low-LET) on cancer frequency and distribution. It was possible
to relate the dose distribution with the cancer distribution so that it was
possible to determine if the cancers were induced in the organs where
the nuclide was concentrated. The studies demonstrated that the organ
with the highest concentration and the highest dose was the organ at
highest risk. With this non-uniform dose distribution very high doses
could be delivered to these organs and the animals followed over their
life time. After very high radiation doses were delivered at a low-dose

rate, a very high (almost 100%) of the dogs developed cancer [74].
Many of the high-dose dogs had tumors in the tissue that received the
highest doses, in these tissues cellular disorganization and chronic in-
flammatory disease were both observed. Both play a major role in the
production of cancer [75]. It was possible to fit a linear dose response to
each of the tissues and risk coefficients. The major problem associated
with the analysis of this data was that for many organs the dose rate
provided a better relationship between exposure and cancer frequency
than total dose [76]. These data suggest that the use of the LNTH is not
valid for these studies.

2.4. Whole body exposures

Early in the dog research projects there was a lack of careful eva-
luation of the influence of low doses delivered at either a high or low-
dose rate. The first question addressed was what is the influence of dose
rate following whole body exposures? Uniform dose distribution was
achieved by exposure of dogs in a confined space to the gamma rays
from an external 60 Co source. The details of this protocol have been
published. Briefly, the dogs were exposed to whole body for 20 h per
day for different time periods. Some of them were exposed for most of
their lives to graded-dose rates. This made it possible to define the role
of dose and dose rate on radiation induced disease. The results of these
studies have been carefully summarized. Dogs were exposed to a range
of well-defined dose rates and the biological changes determined
[77–80]. Because of the short latent period, the primary cancer type
and biological change observed in these animals was related to blood
diseases. As the dose rate decreased to below about 5 rads/day
(50mGy/day) there was little change in life span. The incidence of
leukemia and other blood related diseases increased at high-dose rates
but was not increased when the dose rate was below this 5 rads/day
(50mGy/day) where there was no cancer frequency change. Although
the sample size is small, the high dose and dose rates used suggest a
threshold dose and dose rate below which no adverse biological effect
can be detected in this experimental model.

2.5. Internally deposited radioactive material in dogs

2.5.1. Bone
Deposition of radioactive material in the body results in a chronic

low-dose rate radiation exposure to the target organ associated with the
radionuclide. Deposition of radioactive material in the bone has long
been known to cause bone cancer. This was first seen in the radium dial
painters who ingested large amounts of radium when they dipped their
brushes in radium paint and tipped them with their mouth. The details
of these studies have been carefully reviewed [81] and it was demon-
strated that only dial painters with large doses to the bone had an in-
crease in bone cancer [127]. There was an apparent threshold dose of
almost 1000 rads (10 Gy) to the bone below which no cancers were
observed. These studies demonstrated that the bone is a very radiation
resistant organ, resulted in an appropriate tissue weighting factor for
bone, and suggested a threshold in the dose-response relationship
which does not support the LNTH.

Studies were initiated to determine if similar dose-response re-
lationships would be observed following deposition of low LET beta-
gamma emitting radionuclides. To study the impact of low LET radia-
tion on bone cancer, animals were fed 90Sr from before birth through-
out their lives and the frequency of bone cancer determined. This
radionuclide concentrates in bone and follows the same metabolic
pathway as Calcium so the dose distribution in the bone was fairly
uniform. These studies demonstrated that cancers were produced pri-
marily in the bone, the site of the major dose [82]. It was determined
that the frequency of bone cancers changed as a function of dose-rate,
not total dose and the radiation related disease described by a simple
model dependent on two variables for both high and low LET radiation
[83]. Three dimensional plots of the data demonstrated that following

Fig. 2. This figure plots exposure in Gy against the frequency of micronuclei in
lung fibroblasts. The figure demonstrates that low-dose rate exposures are less
effective in producing chromosome damage than acute exposure [58].

Fig. 3. Cell transformation frequency is plotted as a function of radiation dose.
The dose was delivered at a low-dose rate 0.47 mGy/min with doses up to
1000mGy (1.0 Gy). These low-dose rate exposures resulted in a depression of
the cell transformation frequency below that observed in the controls [65].
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low-dose rate exposure that the dose-rate response was very non-linear
[84]. Data analysis indicated that there was no increase in bone cancer
over a very large range of radiation doses 2000 rads (20 Gy) and for
induced leukemia and other soft tissue carcinomas about 1000 rads
(10 Gy) [76]. For this organ there was a threshold dose and dose rate
below which no differences could be detected between the controls and
the exposed animals. In fact, the frequency of bone cancer was higher in
the controlled animals than observed in the low dose and dose-rate
groups. The author suggested that at these low-dose rates the lifespan is
the limiting factor, as the dose accumulated over the lifespan of the
animals is not adequate to induced cancer or life shortening. This paper
provides a useful review of the results of the studies. The analysis was
expanded to include animals that inhaled radioactive materials and had
doses to the lung. Again the response changed as a function of dose rate
not total dose [85]. Such studies demonstrate that very large total doses
and dose rates are required to increase cancer frequency in the bone.
Such data have been important in setting tissue weighting factors with
bone being very radiation resistant [86,87]. The use of tissue weighting
factors could be considered as a recognition of the thresholds demon-
strated in the bone following exposure to both high and low LET de-
livered over a long period of time.

2.5.2. Lung
Inhaled radioactive materials concentrate in the lung and associated

lymph nodes and provide the primary target for the radiation dose. For
example, it was determined that when beta-gamma emitting radio-
nuclides (90Y, 91Y, 144Ce and 90Sr) were locked into fused clay particles,
the material was concentrated and retained for long periods of time in
the lung and associated lymph nodes with almost no dose to the re-
mainder of the body. These radionuclides have a wide range of physical
half-lives so they deliver their dose with a changing dose-rate over a
wide range of different times. Table 1 below shows the physical half-
life, the effective half-life and the time required to deliver 90 percent of
the total dose for each of the radionuclides [74].

The dose, dose rate, time of death, and the onset and type of cancers
induced following these exposures has been previously reported [16].
When the dose and dose rates were very high the dogs died from lung
disease, radiation induced pneumonitis and fibrosis in less than two
years. The higher the initial dose rate from 90Y, where 90 percent of the
dose was delivered in eight days resulted in the earliest deaths. As the
dose rate decreased the very high doses still resulted in early deaths.
The evaluated lung data fits to the same functions as used in the bone
and suggested that these data could also be described with similar
simple functions ). The dose rate to the lungs of these dogs was cal-
culated using two different methods. First, the total dose to the lungs
was divided by the time of death and used as a measure of dose rate
[85]. This provided a method to convert all the data to “dose rate” and
to fit all the data to very simple functions. This technique seemed to be
useful in risk assessment and showed that dose rate was the important
parameter for estimating cancer risk from internally deposited radio-
active material. However, because of the very different effective half-
lives shown above this metric does not represent the way that the en-
ergy was delivered or the biology of the response from these very dif-
ferent dose patterns, with 90Y depositing half of its energy in 2.5 days
and 90Sr exposing and depositing energy for 600 days. This method of
calculating dose rate is the total dose divided by the latent period of the
cancer which is longer when the dose rate is delivered at a lower rate.
Using this metric of dose rate 90Sr was the least effective of the radio-
nuclides and 90Y the most effective per unit of dose rate.

Additional studies were conducted to determine a better metric for
measuring dose rate for internally deposited radioactive material since
the dose rate can change rapidly as a function of time depending on the
radionuclide under study. It seemed appropriate to use the dose rate
delivered at the time of the effective half-life. At this time half the dose
would be delivered at a higher dose rate and half at a lower dose rate
[88]. Thus, the dose rate was calculated at the point where 50 percent

of the cumulative dose had been delivered (DR50). Using this metric,
which reflects the effective half-life of the radionuclide, it was shown
that the order of effectiveness for the induction of lung cancer for the
radionuclides studies was opposite than derived by Ref. [85]. That is
per unit dose rate 90 Sr was the most effective and 90 Y the least. This
seems to match the biology of the dose delivered per cell cycle or the
damage that could be essential in the production of lung cancer.

This metric provided a basis to determine what the biological im-
pact of the dose rate would be in terms of how much dose was delivered
for each cell turnover in the lung [75].) With this analysis it was pos-
sible to show that the tissue response and the induction of chronic in-
flammatory disease in the lung is an important biological change re-
quired for the induction of lung cancer. At very high doses per cell
turnover cell killing was so extensive that the dogs died of acute lung
disease. The stronger dogs that received high-dose exposure per cell
turnover but survived the acute radiation syndrome of lung disease,
developed a very high frequency of lung cancer regardless of the
radionuclide inhaled. As the dose per cell turnover decreased to a level
where these chronic inflammatory and fibrotic responses were not in-
itiated. The lung cancer frequency drops to a level that was no higher
than that observed in the control animals and the life span was not
significantly reduced. When either total dose or dose per cell cycle was
used as the matrix of exposure there was no increase in lung cancer
frequency or life span in dogs that had a total dose of less than
2500 rads (25 Gy) to the lungs [16] or a dose per cell cycle of equal to
or less than 250 rads/cell turnover (2.5 Gy/cell turnover) for 90Sr, 1000
rads/cell tuirnover (10 Gy/cell turnover) for 144Ce, 1100 rads/cell
turnover (11 Gy/cell turnover) for 91Y and 6000 rads/cell turnover
(60 Gy/cell turnover) for 90Y. These very high doses which did not in-
crease cancer frequency or shorten life span make a very strong argu-
ment for a threshold below which little damage can be detected. If this
high dose were to be delivered as a single whole-body acute exposure it
would result in early lethality of 100 percent of the dogs. Thus, even
protracting the dose over a few days and having a non-uniform dis-
tribution of the dose in the body allows for recovery that is significant
in extending the life span and decreasing the cancer frequency and must
be considered in modeling risk. Thus, there is a huge influence of dose
rate and dose distribution on both cancer incidence and survival with a
suggestion that in many cases negative terms are needed in risk eva-
luation [89]. Such an observation suggests different mechanism of ra-
diation induced cancer from internally deposited radioactive material
where the organ response is critical. For internally deposited radio-
active materials the dose rate is low and the distribution of dose is non-
uniform. This non-uniform dose distribution leaves many protective
systems intact which are impacted by acute whole-body radiation ex-
posure. For example, much of the immune system and the bone marrow
is not modified by deposition of radionuclides in the lung. It seems that
cancer is more of a complex tissue response and is not dependent on a
single mutation or change in a single cell to modify all the key events in
the critical pathways to cancer. As has been stated in the past “it takes a
tissue to make a tumor (Bracellow-Hoff 2001)” and the whole tissue

Table 1
The physical and effective half-lives and the length of time required for de-
position of 90% of the total dose for radionuclide infused aluminosilicate par-
ticles. This table is designed to illustrate the different exposure patterns fol-
lowing inhalation of beta gamma emitting radionuclides with a range (90Sr 29
years and 90Y 2.6 days) of different physical half-lives. This exposure results in a
wide range of dose rate patterns that must be defined with useful metrics.

Radio nuclide Physical half-
life

Effective half-life in
lung (d)

Time to deliver 90% of
total dose

90Sr 29 y 600 5.5 y
144Ce 285 d 175 1.6 y
91Y 59 d 50 0.5 y
90Y 2.6 d 2.5 8.0 d
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and animal responses are the critical target for cancer. . It is important
to be able to relate the induction of cancer in the lung to radiation
induced tissue disruption, fibrosis and the induction of an inflammatory
response. Without these tissue changes it seems that there is little risk
for radiation induced lung cancer. Such studies point to the complex
nature of cancer and suggest that all systems of the body are involved in
both the induction and the protection against the production of cancer
[26]. For low-dose rate exposure scenarios; tissue and whole-body re-
sponses seem to play a major role in the risk for cancer [26,90,91]. For
many of these responses there are thresholds with total doses, dose per
cell turnover and dose rates below which no change in risk can be
observed. These thresholds demonstrate that the LNTH is not an accu-
rate scientific evaluation of risk in the low dose region.

2.5.3. Liver
Some radionuclides concentrate in the liver, are retained for long

periods of time and result in high doses to this organ. For example,
144Ce- 144 Pr a beta gamma emitter, and several alpha emitters, 239 Pu,
241Am, 252 Cf concentrate in human liver [86,87] as well as in dogs
(Stannard 1987; NCRP 135), Primates [92], Grasshopper mouse [130]
and the Chinese hamster [93]. Most laboratory rats and mice clear
many of these radionuclides rapidly from the liver making them of little
use in study of liver cancer from internally deposited radionuclides
[93]. In addition, colloidal materials such as Thorotrast used for ima-
ging, concentrated in the liver. Thorotrast is an alpha emitter and was
injected into people as a contrast medium to evaluate wounds. This
resulted in large alpha doses to the liver and increased human cancer
incidence in the liver (NCRP 135). This material provides a good re-
ference for the animal studies on the induction of liver cancer and
derivation of risk coefficients for liver cancer (NCRP 135). Risk coef-
ficients were derived for the liver using the LNTH model and are re-
ported in (NCRP 135; [94,95]. From this report values of 15–40 liver
cancers 10−4 Gy −1 for beta-gamma emitting radionuclides and 560
10−4 Gy −1 liver cancers for alpha emitters were estimated. Thus, alpha
particles are about ten times as effective as beta-gamma exposures in
producing cancer in the liver. The major problem and area of future
research is the shape of the dose-response relationship in the low-dose
region. Because of the long latent period for the induction of liver
cancer (20–30 years in the low-dose groups) and the limited numbers of
humans in these low-dose groups it was not possible to determine the
shape of the dose-response relationship. There was a suggestion that the
risk was lower in the low-dose groups suggesting non-linear dose-re-
sponse relationships (ICRP 135). The role that liver injury plays in the
induction of cancer in the liver is important. These very large doses
produced by Thorotrast produce extensive chromosome damage and
cell killing [96]. The interaction between liver damage from alcohol
consumption and radiation exposure to 241Am causes a marked increase
in liver cancer in dogs [130]. Stimulation of cell proliferation following
injection with 144Ce-144Pr also increases the frequency of liver cancer
[97]. All these effects suggest that injury, cell proliferation, tissue dis-
organization and inflammatory disease have marked influence on
cancer induced by low-dose rate radiation exposure. At doses below the
levels required to produce these tissue effects there seems to be a
threshold which provides data to suggest that the LNTH model does not
apply to internally deposited radioactive material and large threshold
values must be considered.

2.6. Human experience

2.6.1. High background areas
When one thinks about exposure to low-dose rate over a long time

period the first thing that comes to mind is the wide range of doses from
natural background. These doses vary over a wide range with some
areas having background doses a couple of orders of magnitude higher
than that seen in the rest of the world [98]. This range of high natural
radiation areas (HNRA) are related to elevation and changes in content

of natural radioactive materials in the earth like uranium and radon. A
useful chart has been prepared by Dr. Noelle Metting from the DOE Low
Dose Radiation Research Program (http://wwwlowdose.energy.gov
and illustrates the range of natural background levels. In the U. S.
2–4mGy/year covers the range of background dose without including
medical exposures. Around the world there are areas with normal high
background radiation driven by elevation and the presence of naturally
occurring radionuclides. The Kerala Coast of India has a range from 8 to
20 mSv/year, Guarapari Brazil 30–40 mSv/year, and Ramsar, Iran
150–400 mSv/year.

Several epidemiological studies in the high background areas have
failed to show a significant increase in cancer frequency in these areas.
These studies have been reviewed and there seems to be major pro-
blems in the dosimetry associated with the studies and further research
is required [99]. The fact that the dose cannot be related to the in-
dividual with the disease limits the power of the studies. However, the
lack of a detectable response to these increased levels of low-dose rate
exposure over a life time suggest that such low doses have minimal
impact on cancer risk.

2.6.2. Added radiation dose from nuclear weapons testing
The second area of concern is addition of radiation exposure to the

population above the normal existing natural background and the po-
tential impact of these added doses which may correlate to an increase
in cancer frequency. During the development of the Atomic weapons
there have been huge populations, almost all the world, exposed to
added low doses of radiation by fallout from nuclear tests. More than
one hundred nuclear weapons were tested above ground at the Nevada
test site with many more tested around the world. The total number of
nuclear tests, the megatonnage yield and the country testing the
weapons is shown in Table 2. The table shows that the U. S. tested the
most nuclear weapons 1032 and the Soviet Union had the highest
megatonnage yield 247. Thus, there was a total of 2029 weapons tested
above ground with a total yield of 428 megatons. The megatonnage
yield is directly related to the amount of radiation produced by each
weapon. However, other variables are important in evaluating the dose,
such as the location of the test relative to human populations, the
elevation where the test was detonated (high elevation shots do not
produce the same level of radioactive fallout as ground shots) and the
composition of the weapon. Since the weapons were tested in both the
northern and southern hemisphere the nuclear weapons tests resulted
in an increase in background radiation dose to most of the population in
the world. Areas close to the test sites received much higher doses than
world-wide averages. With this increased radiation exposure from nu-
clear weapons tests it was postulated that there may be a detectable
increase in cancer frequency. To test this hypothesis, the frequency of
childhood leukemia, the cancer which is the most sensitive to radiation
induced increase, was followed as a function of time in ten areas around
the world. The results of these studies are shown in Fig. 4 [100].

The frequency of childhood leukemia is plotted as a function of
time. The time shown on the figure was before 1950 and includes the
time when testing above ground ended 1963 and followed through until
1990. Since childhood leukemia has a short latent period this time

Table 2
Nuclear tests around the world 1945–1996.

Country Testing Number of Tests Megatonnage Atmosphere

USA 1032 141
Soviet Union 715 247
UK 45 8
France 210 10
China 22 22
Pakistan 2 Not available
India 3 Not available
Total 2029 428

A.L. Brooks Chemico-Biological Interactions 301 (2019) 68–80

74

http://wwwlowdose.energy.gov/


would be adequate to show any radiation induced increase in the dis-
ease. The figure demonstrates that there is no detectable increase in
childhood leukemia as the result of nuclear weapons tests. Thus, using
the most sensitive biomarker of radiation induced cancer, it was not
possible to demonstrate a change in cancer as the result of world-wide
fallout.

Some localized areas, like Utah, Arizona and Nevada, had popula-
tion exposures from fallout that resulted in higher doses (40–60mGy,
4.0–6.0 rad total dose) in the range of the current annual doses used to
regulate nuclear exposures to workers in the nuclear industry (5 rem/
year 50 mSv/year). This dose was two to three times as high as the 20
mGy/year dose used to determine that it was safe to return to the homes
in Fukushima.

The distribution of radiation doses across the U. S. is shown as
gamma ray exposure at 1m above ground (Fig. 5). This figure does not
take into account the total dose from beta and alpha particle exposures
associated with the fallout so it may underestimate the total dose to
these populations. However, these populations received their dose over
a long period of time delivered at a low-dose rate.

The question then becomes, with these added low-dose rate and
doses from the fallout was there an increase in cancer frequency? Data
on cancer incidence in the U. S. (Fig. 6) shows that Utah has the lowest
cancer frequency in the U. S. Additional data on cancer by county de-
monstrated that Washington County, the county with the highest fallout
levels and where the highest doses occurred, have the second lowest
cancer frequency in the state. To evaluate the impact of these doses on
total cancer frequency in the U. S. it is of interest to compare the ra-
diation exposures from fallout and background radiation exposures
(Fig. 5) to the background cancer frequency (Fig. 6).

These figures demonstrate that the states with the highest back-
ground, the high mountain states and areas exposed to fallout from
nuclear weapons testing have the lowest cancer incidence. Such data
suggest that low doses of radiation delivered at a low-dose rate do not
increase cancer incidence to a detectable level and that extrapolation of
and predicting increased cancer risk into the low dose and dose-rate
region is not supported. Thus, the LNTH is not applicable to these si-
tuations. Since these low doses are not postulated to cause a large in-
crease in cancer any effect from the radiation could be masked by many
other confounding factors such as life style and smoking. These factors
have been shown to have a marked influence on the cancer incidence.
Fig. 7 shows the current thinking on the environmental factors that may
impact cancer frequency. What causes cancer?

Since a large fraction of the population in Utah and Idaho are
members of the Church of Jesus Christ of Latter Day Saints (Mormons)
and do not smoke or use alcohol, both of which are major environ-
mental factors in the production of cancer, this life style may be the
primary cause for the low-cancer frequency in these states. The urban
versus rural differences and other healthier life styles may also play a
role in the differences. The take home message from this discussion is
that the added radiation dose from fallout delivered at a low dose did
not result influence cancer frequency and is not a measurable cause of
cancer. The low frequency of radiation induced cancer predicted in the
low dose and dose-rate region by all the national and international
committees of 5 percent/Sv or 0.005 percent/mSv is supported by these
data. With a high and variable background rate of cancer about 40
percent which is dependent on sex, genetic background and life style
and a high frequency of deaths produced by cancer 20 + percent it is
not possible to detect any potential increase from doses in the mSv
range. Radiation is not a big hitter in the production of cancer in the
low-dose region. Thus, using the LNTH to predict excess cancer from
fallout or natural background radiation is not supported by these
documented data.

Fig. 4. The world-wide rate of childhood leukemia as a function of time. The figure illustrates that even though childhood leukemia is thought to be a cancer type
that is the most sensitive to increased induction by radiation that there has been no significant change in the frequency as a function of the atomic bomb testing
[100].

Fig. 5. This map of the U. S. shows the background dose rates for radiation
measured 1m above ground. The dose rates are shown to be influenced by both
nuclear weapons testing in Nevada and elevation. This does not include ex-
posures from internally deposited radioactive materials or beta particles.
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3. Discussion

3.1. Paradigm shifts

With the sequencing of the genome, the development of gene ex-
pression arrays and many other technological advances in molecular
biology research progressed rapidly into measuring more refined mo-
lecular and cellular endpoints. The newer data made it evident that
many of the long-standing paradigm in radiation biology needed to be
reconsidered [24,27]. The required paradigm shifts have forced the
field of radiation biology to take a new look at many well accepted

concepts in the field. For example, the hit theory for describing radia-
tion biology needs to be replaced by a wider view of radiation biology.
Since the discovery of radiation induced bystander effects, cell/cell and
cell/tissue communication, result in a much larger target than a single
cell for the interaction of radiation with biological systems. The single
hit on a DNA molecular may produce a mutation in a single cell as an
explanation for radiation induced cancer. This is not the whole story,
there is a need to expand the concept to include more of a systems
biology approach. DNA hits by radiation trigger many biological pro-
cesses including radiation induced changes in gene and protein ex-
pression as well as post radiation modification of proteins. Research
also demonstrated that radiation can induce many epigenetic changes
which must be considered in risk evaluations [101]. These changes
were further supported by unpredicted changes in physiology and cri-
tical pathways to cancer. It became obvious that the changes induced at
the molecular level by single acute exposure to high doses were very
different than those induced by low doses of radiation.

The observation of adaptive protection following low doses brought
into question the long standing LNTH theory of radiation induced da-
mage. Many molecular and cellular endpoints showed a decrease in
biological response below that seen in the controls following low doses
or low-dose rate radiation exposure. Each of these important paradigm
shifts must be reviewed, discussed and the potential impact on radia-
tion rules and standards evaluated.

3.2. Hit theory

The interaction of radiation with matter is described as individual
energetic events interacting with single cells. These events have enough
energy to cause ionizations and produce changes in important mole-
cules. This was called the “hit theory” and many biological changes
were directly related to the number of hits, the time between hits and
the type of hits or energy deposition events. This provided the frame-
work for the development of the LNTH since single hits produced im-
portant single changes in critical molecules and it was postulated that

Fig. 6. This is the same map of the U. S. that illustrates the Cancer Mortality rate for white males 1970–1994. Red are high areas of cancer and blue are low. The areas
with the high radiation dose rates have the lowest cancer mortality rates. A high cancer mortality rate is shown to follow the Mississippi river.

Fig. 7. This figure is taken from the World Health Organization and provides
the background information needed to determine the major causes of cancer.
Cigarette smoking and diet are two of the major causes of cancer.
Environmental factors including radiation are one of the smaller causes of
cancer. This figure illustrates how hard it is to determine the induced cancer
following low dose and dose-rate radiation exposures.
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every ionization resulted in damage and increased risk. This concept
was used for most of the past research in the field of radiation biology.
It was not until the development of microbeams and the ability to hit a
known cell and follow its response as well as the response of neigh-
boring cells that the hit theory was called into question. It was observed
that when a cell is hit, it communicates with the neighboring cells and
the total biological response is dependent not only on the cells hit but
also on the response of the organ or tissue. This made the target for
radiation interaction much larger than the individual cell and suggested
that, much like chemicals that produce similar changes, radiation re-
sponse is not a single cell event [90]. It was determined the cell/cell
communication or bystander effects occurred both in vitro and in animal
models [102,103] and in vivo [104].

3.3. Mutation theory

The genetic or mutation theory of cancer suggested that a single cell
receives a single hit, produces a change in DNA and this would result in
a radiation induced mutation. Such an altered cell could have a pro-
liferative advantage which would, following cell proliferation, expand
the mutated cell population. Further changes would result in loss of
control of cell division, metaphasis and cancer. This theory was critical
in the development of the LNTH for the description of risk from ra-
diation. Recent research suggested that radiation induced cancer may
also work though a wide variety of different mechanism and physio-
logical pathways some of which may be triggered by radiation induced
mutations in individual cells.

3.4. Genomic instability

The induction of genomic instability was observed in recent re-
search resulting in the loss of genetic control and the observation of
multiple genetic alterations in cell population. This condition was in-
duced by high acute exposure to radiation. Genomic instability has
been defined as a late occurring radiation induced change where the
target for its induction is much larger than a gene and the cells lose
genetic control. Following radiation exposure no changes are observed
for several cell divisions. After multiple cell divisions the cells lose
genetic control and many types of biological changes are observed, for
example chromosome aberrations, polyploidy, apoptosis, and formation
of clones with defined chromosome damage and multiple mutations.
Genomic instability is often observed during the early stages of cancer
development for many types of cancer. Genomic instability has been
demonstrated both in vitro [105] and in animal models [106]. In all
these studies the genetic background of the cells or animals played an
important role in the induction of genomic instability. Multiple studies
have attempted to demonstrate the induction of genomic instability in
normal human cells [107] or human populations [108] and have not
been able to demonstrate it. Research on radiation induced genomic
instability has been reviewed [109]. Because of the lack of low dose and
low-dose rate data it is not possible to estimate the impact of dose-rate
on the induction of genomic instability and its potential impact on the
LNTH. There have been few studies on the induction of genomic in-
stability in the low dose and dose-rate region. Thus, there remains a
controversy on the role of low dose radiation induced genomic in-
stability and cancer induction [110]. This is an area that requires ad-
ditional research. The data to date have not demonstrated genomic
instability in induced by low dose or dose rate and suggest that it may
not impact in these regions of the dose-response relationship.

3.5. Adaptive protection

Adaptive responses were first observed and reviewed by Wolff
[111]. In their studies where cells were exposed to a small “tickle dose”,
followed by a larger “challenge dose”. With this protocol it was

observed that the pre-exposure to the small dose made the cells ra-
diation resistant to the induction of chromosome aberrations. The small
dose activated protective mechanisms that reduced the frequency of the
aberrations below the level predicted by the sum of the two doses. This
was only observed if the two doses were separated in time by a few
hours. Thus, the potential impact of this adaptive response on cancer
risk and radiation standards was thought to be minimal.

As research progressed it was demonstrated that a new type of
adaptive response was observed. That is when a small dose of radiation
was delivered at either a high or low-dose rate it produced a decrease in
many key events in the critical pathways to cancer induction below the
level observed in the controls [20]. This adaptive response was re-
viewed and defined by Feinendegen [26] as adaptive protection. This
observation was first related to the induction of cell transformation, a
critical step as the cells progress from normal to acquiring the char-
acteristics needed to develop cancer. Many studies were conducted to
measure radiation induced cell transformation and demonstrated that
low doses of ionizing radiation delivered at either a high [112]; [62]) or
low-dose rate [65] decreased the spontaneous frequency of cell trans-
formation below that observed in control cells receiving no radiation
exposure. If cell transformation in vitro represents a key event in the
pathway as cells progress toward radiation induced cancer, then such
cellular studies suggest that a negative or protective value may be re-
quired in risk models [89,113] which would directly attack the LNTH
model. Other endpoints such as the induction of mutations [64,114]
also demonstrated a decrease in the frequency of mutations by small
doses of radiation.

3.6. Selective apoptosis

The induction of selective apoptosis, programmed cell death, was
demonstrated [61]. In these studies, small doses of radiation resulted in
selective killing of transformed cells which would result in a decrease in
potential cancer cells below the level without the radiation exposure.
This observation would provide a mechanism for the observed decrease
in cell transformation and mutations described above.

3.7. Whole animal and tissue responses

3.7.1. Reactive oxygen status and inflammatory disease
The induction of chronic inflammatory disease in any tissue can

result in an increase in the risk for cancer in that tissue or organ. Tissue
damage was evaluated in chemical studies and it was determined that
high dose chemical carcinogens which produced extensive tissue da-
mage in the target organs were for the most part, not responsible for the
induction of cancers [115]. As the mechanisms of carcinogenesis have
been further studied it has become evident that radiation induced in-
creases in levels of reactive oxygen species (ROS) in the tissues and
chronic inflammatory disease play an important role in cancer induc-
tion. This has been demonstrated for a number of different tissues,
bone, lung and liver discussed above [75,76,85,116]. The induction of
anti-oxidant, anti-inflammatory cytokines down-regulate these reactive
species and restore homeostasis (Schaue et al., 2012). Many molecular
and cellular responses have been measured as a function of dose and
dose-rate. Changes in gene expression with the up-regulation of genes
involved in anti-inflammatory disease have been demonstrated
[45,48,117]. These changes seem to be related to changes in mi-
tochondria [118] and the ROS status of the cells [119]: [120]. Low
doses of radiation decrease the levels of reactive oxygen species in the
tissue which suggest protection against cancer. Other studies have de-
monstrated that radio-protective chemicals can have a similar impact
on the ROS status of the tissues [121]. Low dose and dose-rate radiation
can also induce modification of genes can alter ROS status by changing
SH-containing chemicals by alteration of MnSOD and SOD-2 [46,122].
These changes have also been postulated to decrease cancer risk. Low
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doses can also modify metabolic pathways that may influence the in-
duction of cancer [123]. The data suggests that the mechanisms of
action for low doses and high doses of radiation are different and that
low doses may result in a decrease in cancer risk. These data help de-
monstrate that the mechanisms of action are different at high and low
doses and do not support the LNTH.

4. Conclusions

By reviewing the literature at all levels of biological organization
from the molecular to humans several important points are noted.

• At the cell and molecular level it is obvious that the responses to low
doses and dose rates are very different from those following acute
high doses. This suggests different mechanisms of action and dif-
ferent metabolic pathways are activated by high and low doses of
radiation. Such data provides a strong basis for needed paradigm
shifts in radiation biology. These paradigm shifts do not support the
scientific basis for the LNTH.
• At the animal level, there are large data bases that demonstrate
marked thresholds in the dose-response relationship for cancer in-
duction. This is especially true for non-uniformly distributed in-
ternally deposited radioactive materials that can deliver very high
doses at low-dose rates. These thresholds have been demonstrated in
bone, liver and lung and does not support the LNTH.
• Human data on doses and dose rates, near or a few orders of mag-
nitude above natural background, show no measurable change in
cancer frequency. Such data demonstrates that the cancer risk va-
lues currently used are conservative and do not underestimate risk.
Because of the low incidence of radiation induced cancer per mSv or
mGy exposure in humans study populations have to be very large to
detect changes predicted by the LNTH. Currently in the range of
natural background radiation doses and dose-rates changes in
cancer frequency have not been detected.

The LNTH has been useful in setting regulations and has been useful
in worker protection in the past. However, extensive past and present
research has demonstrated that LNTH is not a good scientific re-
presentation of the responses to radiation in the low dose and dose-rate
region and should not be used in combination with collective dose to
predict cancer frequency. The over-estimate of cancer risk using the
LNTH has resulted in extremely high costs with no medical benefit. In
addition, the suggestion that every ionization increases risk has con-
tributed to many practices and rules that result in huge expenses and
public fear [124]. This excessive fear has caused harm in the past. For
example, in Japan during the Fukushima event, the measured doses
were not projected to increase cancer frequency, fear and policy re-
sulted in evacuation which resulted in the death of many people. Fear
has driven public perception in many areas and made it difficult to use
radiation in many areas (medicine, agriculture and power) where it has
great benefit. The present manuscript provides an overview of the sci-
ence associated with radiation at all levels of biological organization
from the molecular to humans and demonstrates the need for serious
paradigm shifts in the field of radiation biology and suggests the need to
reconsider the use of the LNTH in rule making and regulations.
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A B S T R A C T

The National Academy of Sciences (USA) conducted an extensive review on the health effects of radon (BEIR VI).
This was a well written and researched report which had impact on regulations, laws and remediation of radon
in homes. There were a number of problems with the interpretation of the report and three are focused on here.
First, most of the radiation dose used to estimate risk was from homes with radon levels below the US
Environmental Protection Agency's action level so that remediation had minor impact on total calculated at-
tributable risk. Remediation of the high level homes (i.e., above the action level) would therefore have a minor
impact on the calculated “population attributable risk”. In individual homes with very high levels of radon,
remediation may minimally reduce individual risk. Second, the conclusion communicated to the public, reg-
ulators and law makers was “Next to cigarette smoking radon is the second leading cause of lung cancer.” This is
not an accurate evaluation of the report. The correct conclusion would be: Next to cigarette smoking, high levels
of radon combined with cigarette smoking is the second leading cause of lung cancer. In the never-smokers, few
cancers could be attributable to radon. Thirdly, there is little question that high levels of radon exposure in mines
combined with cigarette smoke and other significant insults in the mine environment produces excess lung
cancer. However, the biological responses to low doses of radiation are different from those produced by high
levels and low doses may result in unique protective responses (e.g. against smoking-related lung cancer). These
three points will be discussed in detail. This paper shows that in contrary to the BEIR VI report, risk of lung
cancer from residential radon is not increased and radon in homes appears to be helping to prevent smoking-
related lung cancer. Thus, laws requiring remediation of homes for radon are providing little if any public health
benefits.

1. Introduction

Radon is a naturally occurring colorless and odorless monatomic
nobel gas that is part of the natural radioactive decay series starting
with uranium-238 (238U). Under standard conditions radon has very
little chemical reactivity; therefore inhalation of radon alone has little
biological effect. However, Radium-226 decays with a complex decay
chain to produce radon-222 (222Rn) which has a 3.82 day half-life and
produces a range of short lived daughters that release alpha, beta and
gamma radiation when they decay to become stable lead. The detailed
decay chain is outlined in BEIR VI [1] as well as in numerous other
publications. Even though radon is a noble gas, the radon daughters are
charged and attach to small airborne particles in the environment so
that they can be inhaled and deposited in the respiratory tract including
the deep lung. The “attached fraction” and the “equilibrium” are both

important variables which depend on the environment where the radon
is released. These factors impact the local absorbed radiation doses
throughout the respiratory tract [1]. To characterize exposure to Ur-
anium miners and individuals in homes, a metric was developed which
is called a Working Level Month (WLM). This is the product of the
average (over time) radon concentration and duration of exposure in
the radioactive environment. It is important to be able to convert WLM
into a radiation absorbed dose in Gy to the lung, or equivalent dose in
Sv to the lung, or effective whole-body dose in Sv (or related units).
This approach has been used in BEIR VI for estimating radiation ab-
sorbed dose to the lung through the use of biological dosimetry [2–6]
and dosimetric modeling. The central estimate obtained was 1.0 Gy/
WLM [1]. However, uncertainty related to this value appears not to
have been addressed, thereby limiting reliable uncertainty character-
ization for radiation absorbed dose estimates.
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There is little question that high radon concentrations in uranium
mines and related absorbed radiation doses to the respiratory tract
combined with the worker environment and worker lifestyle resulted in
an increase in lung cancer [1,7–9]. The radiation dose estimates and
lung cancer data for uranium miners were combined with the dose
derived from within-home radon exposure to estimate lung cancer risk
from radon inhalation for a range of exposure levels [1,10,11]. Epide-
miology research has been combined with multivariate risk models to
demonstrate the influence of radon in homes on lung cancer frequency.
Use of multivariate models allows for addressing multiple risk factors
and making adjustments for some covatiate influences. Additional re-
search employing meta-analysis of data from multiple studies has led to
the claim of evidence for an increase in lung cancer risk as radon levels
in homes increase [11–17]. This information supports the basis for
current risk estimates for radon in homes and is claimed to be consistent
with the values of risk derived using the uranium miner data. Based on
the result of the indicated studies, the International Commission on
Radiation Protection (ICRP) has revised its lung cancer risk re-
commendations. They have suggested: “a lifetime excess absolute risk
of 5×10−4 per WLM [14× 10 −5 per (mJh/m3)] should now be used
as the nominal cancer risk coefficient for radon-and radon-progeny
induced lung cancer, replacing the previous Publication 65 [18] value of
2.8×10 −4 per WLM [8×10 −5 per (mJh/m3)].” The ICRP further
suggested that radon be regulated based on dose to the respiratory track
to make it consistent with other internally deposited radionuclides
[19]. The power of epidemiological studies has been reviewed to de-
termine what we really know about low dose radiation biology [20]. It
was determined that the risk in the low dose range and the shape of the
dose-response relationship in the dose range experienced in homes is
difficult to define from epidemiology studies and requires large sample
sizes [20]. Combining data from multiple studies is claimed by epide-
miologists to help to reduce uncertainties but as demonstrated in a
recent study [21], uncertainty appears to significantly “increase” when
using combined datasets.
The claimed induction of lung cancer by low absorbed radiation

doses from radon seems to be at odds with the animal studies where
very large doses of alpha emitters to the lungs were required to increase
the frequency of lung cancer [22–26]. Similar animal and human stu-
dies showed that the bone and liver required large doses from low dose
rate internally deposited radionuclides to increase cancer frequency
[26–28]. The deposition and non-uniform distribution of the internally
incorporated radionuclides in the lungs, liver and bone may in part be
responsible for the high doses required to induce cancer since most of
the protective functions are not exposed to radiation as is the case for
uniform whole body high dose rate exposure. Another major difference
between the experimental animal studies and humans that may influ-
ence the cancer frequency are environmental and life style factors like
cigarette smoking in humans. This seems to be the major factor re-
sponsible for these large differences. Radiation in the absence of
smoking seems to be much less carcinogenic than is observed with the
multiplicative [19] or super additive [1] interaction between cigarette
smoking and radon exposure.
The potential for a marked interaction in a protective way (e.g.,

adaptive response) between cigarette smoking and radon in homes was
suggested in epidemiological studies using an ecological approach.
These ecological studies involving humans show that using USA county
by county radon measurements and lung cancer data the higher the
radon activity and dose in homes the lower the lung cancer incidence.
Such data were the basis for postulating a hormetic or protective effect
from low doses of radon [29–34]. Efforts have been made to explain the
apparent protective inverse relationship between radon concentrations
in homes and lung cancer data published by Cohen [29] displaying a
hormetic exposure-response relationship. Similar low dose radiation
protective effects were obtained in animal studies using injected ci-
garette smoke carcinogen (BPDE) to produce multiple lung tumors per
animal and using low dose gamma rays (fractionated exposure) to

repeatedly stimulate anticancer immunity [35].
The influence of smoking as a confounder for radon induced lung

cancer was reviewed [36]. The researcher stated the following: “In
general, quantitatively similar, strong negative correlations are found
for cancers strongly linked to cigarette smoking, weaker negative cor-
relations are found for cancers moderately increased by smoking while
no such correlation is found for cancer not linked to smoking.” These
observations were taken as an explanation (without any scientific
backing) to account for the negative correlation that Cohen observed
between smoking and radon across counties. An alternative and sci-
ence-based explanation would be that low doses of radiation activate
molecular and cellular processes that act to protect against lung cancer
and decrease the cancer frequency. These mechanisms are discussed in
other papers in this Special Issue [37,38]. Extensive molecular, cellular
and other data seem to support this hypothesis [37,39].
The mechanistic data on the interaction between radiation and

molecular and cellular processes which are protective against cancer
formation in the low dose and dose-rate region has been reviewed [40];
Tharmalingam under review). These findings will be briefly summar-
ized in this manuscript. The question that remains is the effect of low
doses of radon in homes. The use of modern molecular and cellular
biology may be able to shed some light on this important question.
The risk values derived from the linear extrapolation of the miner

data to the levels observed in homes was compared to the data derived
from a number of studies of radon induced cancers in homes and were
said to be consistent and adequately represent the data. It is important
to remember that the radon exposure to the general population in
homes is a thousand-fold to a hundred-fold less than those in most
mines. This makes this extrapolation questionable and would require
that the biological mechanisms of action for production of lung cancer
following high doses of radon are the same as those for low doses. It has
however now been established that high radiation doses suppress nat-
ural defenses (barriers) against cancer facilitating cancer occurrence
while low doses enhance these cancer barriers [37]; in this Special
Issue).

2. Results

We have focused on three major problems associated with the in-
terpretation of the BEIR VI report. These are briefly discussed.

2.1. Problem 1

The first Problem was the summing of individual-specific doses to
the target organ of interest and this included many individuals from
homes below the radon action level. The resultant summed individual-
specific doses is called collective dose and use of collective dose implies
LNT is being used as the null hypothesis. The use of LNT as a null hy-
pothesis irrespective of the data essentially guarantees an LNT outcome
since the inclusion of high-dose data guarantees a positive slope with a
locked intercept [37]. Here, the intercept location does not reflect the
variability in the low dose range. This setup makes it difficult to reject
the null hypothesis [41,42]. Therefore, collective dose cannot be re-
liably applied to threshold or other nonlinear dose-response relation-
ships. In BEIR VI the distribution of radon concentrations in homes was
characterized based on radon measurements and was converted to
corresponding radiation absorbed doses (i.e., unweighted dose) using a
dose conversion (from WLM to absorbed dose) factor [43]. The sum
(collective dose) of all the individual-specific absorbed radiation doses
to the respiratory tract in homes was used as the population-level dose
metric. These data are summarized in Tables 3–8 on page 95 of BEIR VI
[1]. It was observed that approximately 95% of all homes had radon
levels below the EPA action limit of 4 pCi/l or 148 Bq/m3. Homes,
below the EPA action level for radon remediation, were the major
contributor of calculated collective dose for the respiratory tract. Thus,
radon remediation would have minimal impact on the collective dose
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(sum of cumulative absorbed doses to individuals) or the “calculated”
LNT-based radon-associated cancer risk.
In the BEIR VI [1] report the LNT model was forcibly employed

using collective dose based on the measured distribution of radon in
homes as already indicated. The collective dose was used as the in-
dependent variable for population indoor residential radon exposure
which as multiplied by a lung cancer risk coefficient based on uranium
mines exposed to high-level radon. This approach was claimed to be
valid and the models and the assumptions used in the report were based
on the claimed best scientific data available at the time. In fact the risk
assessment approach used in BEIR VI essentially guarantees and LNT
outcome irrespective of the nature of the low-dose data. Furthermore,
the Health Physics Society recommends that collective dose is not used
for populations in which almost all individuals are estimated to receive
an individual dose under 50mSv in one year or a lifetime dose of less
than 100mSv above background [44].
A major Problem in the BEIR VI report for using collective dose is

illustrated in Table 1 (Tables 3–8 Page 95). This table uses the collective
dose in homes combined with BEIR VI models to calculate attributable
risk of lung cancer to US males from indoor residential radon. It was
noted that the risk distributions were similar for females. Fig. 1 illus-
trates that only 5.7% of the homes had radon levels above the EPA
action level and that about 30% of the calculated attributable risk came
from these homes. Thus, 70% of the calculated risk, more than 90% of
which came from smokers, would be influenced by remediation of each
and every home with radon above the EPA action level.
Collective dose information was therefore combined with the LNT-

based lung cancer risk coefficient derived using high-dose uranium
miner data and employed for low-dose, in-home radon exposure [1].
This was done for smokers and non-smokers, women and men using two
different multivariate models (exposure-age-concentration and ex-
posure-age duration). These models formed the basis for the risk esti-
mates reported in BEIR VI. The justification for the use of the LNT in
this report is based on the information available at the time so not based
on current knowledge. The dose to a cell from a single traversal of an
alpha particle can be calculated to be about 0.20 Gy and in the low dose
region where few cells have multiple traversals would be constant re-
gardless of the absorbed dose to the organ. Thus, in this low dose region
as the absorbed dose decreases the main change would be the number
of cells directly “hit” and this number would decrease as a linear
function of absorbed radiation dose. This report was written before a
great deal of research was conducted in the low dose range and before
the development of the microbeam that made it possible to evaluate the
response of “hit” cells and “bystander cells”.

2.2. Problem 2

The second Problem with the BEIR VI report was the main conclu-
sion that was widely accepted and used. The message was, next to ci-
garette smoking radon is the second leading cause of lung cancer. The
data from BEIR VI page 97 (Tables 3–10) provides an excellent sum-
mary of the “Estimated number of lung cancer deaths in the U.S. in
1995 attributable to indoor residential radon progeny exposure”. This
table shows that lung cancer is a frequent disease with a total of
157,400 deaths in males and females combined during this year. In
males, about 95% of lung cancers occurred in males that smoke cigar-
ettes and about 90% of the females with lung cancer were smokers. In
the never smoker category the range of cancers attributable to radon
was 1200–2900. Cancers attributable to radon plus cigarette smoking
using the different models for calculation ranged from 15,400–22,300.
There is no reason to favor either end of this range of lung cancer es-
timates. To express these numbers in a graphic form the mean values
were used [45] and is shown in Fig. 1. This figure makes it very clear
that radon alone is calculated to produce only 1.3% of the total lung
cancers and does not account for a large number of excess lung cancer.
It strongly illustrates that the statement commonly used to describe
radon induced lung cancer, “next to cigarette smoking, radon is the
second leading cause of lung cancer” is not accurate. High levels of
radon combined with cigarette smoking results in an increase of 12% of
the total lung cancers and thus, may be the second leading cause of lung
cancer. This graph also illustrates that if everyone with radon in their
homes would stop smoking there would have been 135,300 fewer lung
cancers predicted in this year. If everyone with radon in their homes
had all the radon remediated, which is not possible because radon is
present both indoors and outdoors, there would be an LNT-based cal-
culated total of about 18,000 less cancers with only 1970 of those
calculated to have been produced in non-smokers [31]. The conclusion
that can be drawn from this discussion is that if you have radon in your
home stop smoking and do not remove radon because if you continue to
smoke the radon may help prevent lung cancer occurrence [31]. If a
person smokes and has a high level of radon in their home, active and
expensive mitigation would be recommended and could result in a
significant decrease in their lung cancer risk attributable to smoking
combined with radon. If a person has radon in their home and they are
a non-smoker they would have very little increased risk for lung cancer.
If a person has a very high level of radon in their home and they are a
non-smoker then perhaps they could institute a radon mitigation pro-
gram, even as simple as opening windows and putting a fan in their
basement. This discussion along with the discussion of problem 1 il-
lustrates that remediation of radon in homes and in public buildings
like schools where there is no smoking allowed would be expected to
have little impact on public health and perhaps the laws requiring it
before selling a home should be re-evaluated.
Inhalation of other environmental materials that cause a chronic

lung disease may increase lung cancer risk. It has been shown that in-
halation of diesel exhaust at high concentrations results in an over-
loading of the lungs with particulates and results in a chronic lung
disease that increases the risk for lung cancer. Early in the research this
was thought to be related to chemical carcinogens associated with the
diesel particles. However, additional research demonstrated that in-
halation of high levels of carbon black particulate, without any che-
mical carcinogens, resulted in the same response [46]. This suggests
that any high level insult to the lung which creates the potential for a
chronic inflammatory disease results in an environment that increases
lung cancer risk and may be responsible for the synergistic interaction
seen between cigarette smoke and radon exposure [28]. Interestingly
low-dose radiation such as from inhaled radon suppresses disease pro-
moting inflammation [47].
Early in the uranium mining history worldwide (including Canada),

many of the miners were required to inhale aluminum oxide (McIntyre
Powder) daily before entering the mines as a “protection” against

Table 1
Tables 3–8 pg.95 of the BEIR VI report: Distribution of attributable risks for U.S.
males from indoor residential radon exposure, based on BEIR VI models.

Exposure
range,
BqM−3

Proportion of
homes in Range,
%

Contribution to AR

Exposure-age-
contribution model

Exposure-age-
duration model

Actual % Actual %

0–25 49.9 0.018 12.8 0.013 12.8
26–50 23.4 0.026 18.5 0.018 18.4
51–75 10.4 0.02 14.2 0.014 14.2
76–100 5.4 0.015 10.5 0.01 10.5
101–150 5.2 0.02 13.9 0.014 13.9
151–200 2.4 0.013 9.2 0.009 9.2
201–300 1.8 0.014 9.6 0.01 9.7
301–400 0.7 0.007 5.2 0.005 5.3
401–600 0.4 0.006 4.5 0.005 4.6
601+ 0.4 0.002 1.5 0.002 1.6
Total 100 0.141 100 0.099 100
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silicosis in the lung [48]. It has been demonstrated that silica generates
free radicals which may provide a mechanism for the induction of both
chronic lung disease and cancer. There has been a significant amount of
research focused on the molecular mechanisms of silica induced free
radical production and its contribution to carcinogenesis [49–53]. Silica
can spontaneously produce ROS in aqueous solution, as well as stimu-
late phagocytic cells to generate ROS [54]. Silica has also been shown
to generate lipid peroxidation products that can damage DNA [52]. The
hydroxyl (OH) radical can be very effective at damaging DNA, although
very short lived. The OH radical is by far the most potent ROS to react
with DNA, generating multiple products from all four bases. OH radi-
cals can be produced in several ways; in biological systems the Fenton
reaction is the most significant. Fenton reactions are generally defined
by the involvement of transition metals and hydrogen peroxide. Often
iron impurities are present in aqueous solution or on the surface of the
silica crystals, and through Fenton reactions, can greatly contribute to
OH radical production. Silica in an aqueous environment will naturally
produce O2 radicals, and through Haber-Weiss reactions, generate OH
radicals as well [55]. Because free silica can readily bind to the phos-
phate backbone of DNA, the site of OH radical generation will be in
close proximity the DNA. The localized silica greatly increases the ef-
fectiveness of the short lived OH radical to damage DNA via Fenton
chemistry [50].
Concern about the pro-oxidant activity of aluminum (McIntyre

Powder) has raised a number of questions about the potential of this
material to induce changes in the reactive oxygen status of the lung,
induce chronic inflammatory disease and interact with radon and
modify the risk for lung cancer [28,56]. Exley [56] hypothesized that
an aluminum radical may exist based on overwhelming evidence sup-
porting its pro-oxidant properties. The evidence suggests that alu-
minum can exist as a free radical in aqueous solution and has pro-

oxidant properties. The ability of aluminum to catalyze iron driven
biological oxidation has been reviewed [56]. Iron-driven oxidation of
Fe2+ is a strong biological oxidizer because it reduces O2 to an O2 ra-
dical. Therefore, the ability of a molecule to reduce Fe3+ and maintain
excess Fe2+ should promote iron driven oxidation. Exely [56] suggests
that the potential aluminum radical facilitates the reduction of Fe3+ to
Fe2+ which maintains the concentration of Fe2+ and supports oxida-
tion by hydrogen peroxide. The characteristics of aluminum that enable
maintenance of excess Fe2+ will greatly support Fenton reactions and
can produce vast amounts of the genotoxic OH radical. In many cases
Ontario uranium miners were exposed to a combination of high doses of
radon gas, large quantities of both freshly fractured silica dust and
aluminum powder (as a prophylactic treatment for silicosis). Collec-
tively, lung exposure to these agents may have caused an imbalance
between pro-oxidants and anti-oxidants, where pro-oxidants were fa-
vored. This pro-oxidant imbalance has the potential to impair the
body's ability to protect against oxidative injury. Although additional
research in this important area is required, it is suggested that there
exists a synergistic relationship between radon gas, silica, and alu-
minum in the lung which greatly increases lung cancer risk when ex-
posed to all three compared to radon alone.

2.3. Problem 3

The third Problem addressed here is the apparent disconnect in the
predicted cancer risks in the low dose region derived from human
epidemiologic studies, and lung cancer risks derived from experimental
animal studies and is suggested by mechanistic studies. This is espe-
cially true for risks from internally deposited radioactive material in
experimental animals and those predicted from epidemiologic data
from studies of human populations. The human data are often based on

Fig. 1. Radon mitigation and lung cancer risks. Radon alone is calculated to produce only 1.3% of the total lung cancers and does not account for a large number
of excess lung cancer. High levels of radon combined with cigarette smoking results in an increase of 12% of the total lung cancers and thus, may be the second
leading cause of lung cancer.
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study designs that favor an LNT outcome [37,57] and thereby suggest
elevated risks in the low dose region where as the extensive laboratory
research on the effects of internally deposited radioactive material
support cancer induction only with very high doses. The experimental
animal data was carefully reviewed in the late 1980's and showed that
large concentrations of internally deposited radioactive materials,
which resulted in large absorbed radiation doses, were required to
produce cancer [22,58,59]. These data have been re-evaluated and si-
milar conclusions reached for many cancer types produced by either
high or low LET radiation following internal deposition of radioactive
materials including radon [23–27,45,60]. The risks from radon re-
present a prime example of these differences. For radon it seems that a
major cause of the differences between the human data and experi-
mental animal data is related to the interaction between high-level
radon and smoking and life style in humans. This interaction seems to
be greater than additive [1] for high-level radon and may even multiply
the risk [19]. This may relate to high-level radon being im-
munosuppressive unlike for low-level radon which seems to stimulate
anticancer immunity and to protect from smoking-related lung cancer,
as evidenced by hormetic dose-response relationships [31]. Without
smoking, as is the case in the experimental animal studies, the risk from
high-level radon is greatly reduced and there may be no risk increase
for low-level radon.
It has also been well documented that the response at the molecular

and cellular level change as a function of both dose and dose-rate and
require major paradigm shifts in the field of radiation biology
[40,45,61]; Tharmalingham under review). Following high doses and
dose rates the molecular responses seem to be involved in pathways
that are detrimental. The responses after a low dose and dose rate ex-
posure suggest activation pathways that result in protective processes.
Such differences point out the need for a paradigm change away from
the linear no threshold model to models that reflect the potential for
protective adaptation and hormesis. The hormetic response should be
considered in risk assessment and modeling which makes it necessary to
have negative terms and/or thresholds in these models [31,32,62,63].
These differences must be understood to provide adequate and appro-
priate protection from internally deposited radioactive materials [64].
The amount of research conducted at the molecular and cellular

level for high LET alpha particles such as found following radon ex-
posures is rather limited. The data from high LET radiation exposures
has been associated with the use of microbeams and the discovery of
the “bystander” effects or the influence of cell/cell and cell/tissue
communication. With the development of the microbeam it became
possible to know the individual cells that were “hit” and had energy
deposited in them. This made it possible to observe first-hand the fact
that the cells with energy deposited in them were not the only cells that
responded to the radiation exposure. Such observations suggested the
need for a major paradigm shift in radiation biology away from the “hit
theory” to more of a tissue response to high LET radiation [6,65,66]. It
became obvious that the whole tissue is responding to radiation from
high LET radiation [67]. In addition to the whole tissue responding in a
protective manner it became obvious that exposure to radon initiated
responses in the whole organism. Radon deposits almost all its energy
in the respiratory tract so it was thought that this exposure would
produce little response outside the exposed organs. Studies on the re-
sponse of the immune system to radon exposure demonstrated that cells
and tissues from the immune system, outside the directly exposed
tissue, were also responding to the radon exposure even though there
was little radiation dose to these tissues [68].
Two different approaches have been suggested to incorporate me-

chanistic studies into regulatory processes. First is the use of a systems
biology approach [69] which would be based on an integration of all
the data from the molecular to the whole-body level. This is the ulti-
mate goal for standard setting but still requires a great deal of research
and communication. The second approach is to determine the responses
(both protective and deleterious) as a function of dose and dose rate in

the key events in the critical pathways for the induction of cancer [70].
With further research to support these approaches both will provide
input into standards setting and result in standards based on the best
scientific data and best models available.
At the molecular level it has been carefully documented that DNA

damage increases as a linear function of radiation dose. The repair and
removal of DNA damage is non-linearly related to dose and has been
carefully reviewed [38] in this Special Issue). This demonstrates that
low doses and low dose rates do not result in increased levels of DNA
damage or induction of mutations. Low dose and dose-rate exposure
also activates a number of molecular pathways that change gene, pro-
tein and miRNA expression. The pathways involved in many of these
changes in the low dose region seem to be protective. At the cellular
level low doses result in cell cycle arrest, senescence and selective
apoptosis which remove damaged cells from the population suggesting
a decrease in cancer risk. Finally, at the whole organ and tissue level
bystander effects, tumor suppression, modification of antioxidation
states and mediation of the immune system are also thought to be
protective. All these responses together at every level of biological or-
ganization provide strong support that would suggest that radon ex-
posure at low levels would not elevate cancer frequency. However, if
high-level radiation is present in the presence of other insults, like ci-
garette smoking the frequency of cancer has been shown to increase,
while low-level radiation has been shown to reduce lung cancer risk.

3. Summary

This manuscript demonstrates, as illustrated in the BEIR VI report,
that remediation of radon in homes has minimal impact on total col-
lective dose, and that most of the dose in the calculation comes from
homes where the radon level is below the EPA action level. Therefore,
the risk assessments remediation would be predicted to have minimal
impact on public health. Thus, the laws that require radon testing in
homes prior to selling should be focused on homes with much higher
levels of radon, where there is little question as to the potential increase
in lung cancer in smokers.
The conclusion from BEIR VI that radon exposure is the second

leading cause of lung cancer is not accurate. The real conclusion from
BEIR VI is first, that remediation has little impact on radon risk in
homes. Second, that extensive data shows that high-level radon inter-
acts with other environmental insults in a more than additive way to
increase cancer risk while low-level radon seems to protect from in-
flammatory diseases. These environmental insults to the lung such as
smoking, diesel exhaust, mine dust and perhaps inhalation of any
particulate material like aluminum that are pro-oxidants [56] all seem
to result in a chronic inflammatory disease [28]. The inflammatory
disease interacts with the radiation from high-level radon in more than
an additive way to increase lung cancer risk. The more accurate state-
ment from the BEIR VI report would have to be that high-level radon
combined with cigarette smoking may be the second leading cause of
lung cancer. Since more than ninety percent of lung cancers are present
in smokers, the increased risk for lung cancer detected in epidemiology
studies in homes may be related to the interaction between high-level
radon and smoking and not to radon alone.
Studies demonstrated that cancers that are closely linked to smoking

decrease in frequency as a function of increasing radon dose [36] in a
manner similar to that seen for lung cancer [29]. This observation was
taken to suggest cigarette smoking was a confounder that resulted in
the negative slope observed in the ecological studies conducted by
Cohen [29]. Another way to interpret these results would be to suggest
that radon exposures alter gene expression and metabolic pathways that
result in adaptive protective changes. Such a hypothesis is supported by
mechanistic studies which suggest that low doses of radiation induce
unique adaptive protective molecular and cellular changes. The biolo-
gical responses induced by low dose and dose rate exposures are very
different from those following high doses. Many of these responses may
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be protective and suggest that in the low dose region the radiation risk
does not increase linearly with dose. This very large data base outlined
in this Special issue [38] makes it essential to consider the existence of
thresholds (for elevated cancer risk) and perhaps even protective/
beneficial responses in the low dose range. These data suggest the need
for another paradigm change away from the linear no threshold dose
response models toward either threshold or protective/beneficial re-
sponse models.
Radiation standards and radiation risk assessment should be based

on the best scientific data and models available and reflect modern
radiobiology. However, reliance on findings of unreliable epidemio-
logic studies rather than finding from modern basic and applied re-
search unfortunately seems to be the preference of organizations such
as the National Council on Radiation Protection and Measurements,
Environmental Protection Agency, International Commission on
Radiological Protection, and United Nations Scientific Committee on
the Effects of Atomic Radiation.
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A B S T R A C T

In the deliberations over many years on the question of thresholds for the carcinogenicity of chemicals, the
dominant paradigm has been the linear no-threshold (LNT) model, derived from concepts formulated in ra-
diation mutagenicity. Based on the analogy with radiation, the key mechanistic assumption underlying the
assessment of the dose-effect of chemical-induced carcinogenicity has been that any dose, no matter how low,
can lead to induction of mutations, which will result in some risk of neoplasia. The LNT assumption, however,
was never well founded and, its application to chemical carcinogens, does not allow for differences in their
disposition or mechanisms of action. These mechanisms include DNA-reactivity and epigenetic effects, resulting
from very different properties of carcinogens, leading to different dose effects. This review of the research on
dose effects of chemical carcinogens administered by repeat dosing for long duration reveals that only some
experiments involving what are now recognized as DNA-reactive carcinogens yielded dose effects for induction
of tumors which were consistent with the absence of a threshold (for 6/14 chemicals). None of these studies,
however, included low doses documented not to produce genetic or other cellular toxicities that underlie car-
cinogenicity. Otherwise, most dose-effect experiments, including all with epigenetic agents (7), revealed no-
observed-effect-levels for tumors, indicative of subthreshold doses. Based on highly informative experimental
data, including relevant mechanistic data, it is concluded that no-effect-levels exist for both carcinogen-induced
precursor effects and neoplasia. Accordingly, we conclude that, at non-toxic dosages, thresholds exist for the
induction of experimental cancer by all types of carcinogens.

1. Introduction

The experimental induction of cancer by chemicals has long been
established to be a complex multistep process [1–3] as depicted in
Fig. 1. This in itself suggests that the overall process could have
thresholds, since each of the well understood steps in the sequence of
obligatory events is subject to a threshold [4]. The concept of thresh-
olds for chemical carcinogenesis has long been deliberated by nu-
merous scientists [5–19]. The dominant paradigm for dose-effect re-
lationships of chemical carcinogens, which was endorsed by National
Academy of Science [20], using concepts derived mainly from radiation
mutagenicity research, has been that of a linear no threshold (LNT)
model. Flaws in this model have been discussed by Calabrese [21].
Concerning the carcinogenic effects of chemicals, the LNT model is
based on little data and does not take into account the complexity of the
process, especially the different mechanisms of action through which
chemical carcinogens are now known to operate. Specifically, it is
generally recognized that chemical carcinogens include two broad

types which differ in their fundamental properties [12,22,23]. One type
of carcinogen is comprised of chemicals that have as their carcinogenic
primary mechanism of action the production of nuclear DNA damage,
which can lead to irreversible changes in the genome of affected cells
[24,25]. Such carcinogens have been designated as genotoxic [24,26]
or DNA-reactive [22]. The second type comprises epigenetic [22] or
non-genotoxic compounds that lack the property of DNA reactivity, and
are tumorigenic through production of other cellular effects, especially
those leading to cytotoxicity-induced increased cellular proliferation
[22,23,27–30]. Dose-effect carcinogenicity studies bearing on thresh-
olds were initially undertaken with DNA-reactive carcinogens, as a
consequence of the fact that, because of their potency, these were the
first to be identified and came into use as model carcinogens.

1.1. DNA-reactive carcinogens

DNA-reactive or genotoxic carcinogens operate primarily through a
mechanism involving formation of a reactive electrophile of the
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carcinogen (Fig. 2), either through chemical transformation of the
parent molecule or through its bioactivation by cellular enzymes in
critical (replicating) cells. These electrophiles engage in covalent re-
actions with nucleophilic cellular macromolecules, most importantly
genomic DNA, in critical cells to form chemical-specific adducts or
other DNA lesions [32–34]. DNA lesions can be converted to mutations
following cell replication. This is reflected by a greater sensitivity of
actively proliferating cell cultures to chemical-induced cell transfor-
mation [35] and mutagenicity [36]. Specifically, DNA damage incurred
during the S-phase of DNA synthesis is highly pro-mutagenic [37]
(Fig. 1). Such studies provide mechanistic understanding for in vivo
findings that, for example, induced cell proliferation in the liver in-
creases its susceptibility to carcinogenicity by DNA-reactive chemicals
[38–40]. In genes that regulate cell replication [41,42], such as KRAS
[43] and p53 [44], mutations can lead to loss of growth control and
inception of neoplasia.

DNA-reactive carcinogens can additionally undergo covalent reac-
tions with nucleophilic sites in other cellular macromolecules, parti-
cularly at higher doses than those required for DNA adduct formation.

Such reactions have been termed epigenetic and suggested to contribute
to carcinogenicity [33]. Other epigenetic cellular effects not involving
electrophilic reactions are discussed below. They include cytotoxicity
and regenerative cell proliferation [45], possibly reflecting RNA or
protein binding [33], reaction with mitochondrial DNA [46], or al-
teration of cellular biochemistry due to receptor binding [47,48].

DNA-reactive carcinogens often produce tumors in more than one
species and more than one organ, as with 2-acetylaminofluorene [31],
affecting tissues where DNA reaction occurs. DNA-reactive carcinogens
because of their potential genotoxicity encompass the most potent
chemical carcinogens; indeed, some are active at low doses or following

Abbreviations

α-BHC α-benzene hexachloride
AAF 2-acetylaminofluorene
AFB aflatoxin B1
AhR aromatic hydrocarbon receptor
AN acrylonitrile
BaP benzo[a]pyrene
BHA butylated hydroxyanisole
CD cumulative dose
CHL chloroform
d daily dose
DBP dibenzo[a]pyrene
DENA diethylnitrosamine
DMAB 4-dimethylaminoazobenzene
DMAS 4-dimethylaminostilbene
DMNA dimethylnitrosamine
EB ethylbenzene

ENU N-ethyl-N-nitrosourea
ENUR N-ethyl-N-nitrosourethane
HAF hepatocellular altered foci
k constant
LNT linear no-threshold
MDAB 3′-methyl-4-(dimethylamino)azobenzene
MelQx 2-amino-3,8-dimethylimidazo[4,5-f] quinoxaline
MNNG N-methyl-N′-nitro-Ne nitrosoguanidine
NM N-nitrosomorpholine
NOEL no-observed-effect-levels
PB phenobarbital
PBO piperonyl butoxide
PCDD polychlorinated dibenzodioxins
RID riddelliine
ROS reactive oxygen species
TCDD tetrachlorodibenzo-p-dioxin
VC vinyl chloride

Fig. 1. DNA-reactive and epigenetic triggers and mechanisms of experimental carcinogenesis.

Fig. 2. Reactive electrophiles. Adapted from Kobets and Williams [31].
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Fig. 3. Chemicokinetics and chemicodynamics of chemical carcinogens.
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a single large dose. It has been postulated that DNA-reactivity leading
to mutagenicity and carcinogenicity could result from a single direct
chemical reaction, specifically, a single hit at a critical site in the DNA
of a single target cell. Under these circumstances, threshold responses
would not be expected for such DNA-interactive agents, as discussed by
Kirsch-Volders et al. [49]. This hypothesis, however, does not take into
account the presence in animals and humans of numerous barriers
which can protect against the genotoxicity of DNA-reactive carcino-
gens; these include limited uptake of the carcinogen, enzymatic de-
toxication, reaction with macromolecules other than DNA, upregulation
of adaptation responses, repair of DNA damage, and cellular apoptosis
of damaged cells [4,9,50] (Fig. 3), which are discussed in detail below.
Accordingly, dose thresholds for cancer induction have been postulated
for DNA-reactive carcinogens [4,50–52].

Several dose-effect carcinogenicity studies of DNA-reactive agents
have been interpreted as showing no threshold [24,53,54], but none of
these have included demonstrably non-toxic doses at the low end of the
dose-effect range, as will be reviewed. Specifically, here it is evaluated
whether the lowest dosages tested produced toxicities such as DNA
adducts formation, which often occurs at doses lower than other ad-
verse effects [55] such as cytotoxicity or histopathological changes.
Only dosages without such effects can be regarded as toxicologically
“low” dosages and it is these that would be expected to have no-ob-
served-effect-levels (NOEL) for tumors.

Most chemicals that have been judged by the International Agency
for Research on Cancer (IARC) to be carcinogenic to humans, are of the
DNA-reactive type [56], which, no doubt, reflects their mechanism of
action.

1.2. Epigenetic (non-genotoxic) carcinogens

Epigenetic carcinogens, unlike the DNA-reactive type, do not have
the chemical structures that lead to formation of reactive electrophiles
and accordingly do not engage in covalent reaction with DNA of critical
cells [22,57]. Rather, these operate through mechanisms which can
result in alterations of tissue homeostasis through a variety of effects on
molecular, cellular and tissue components. These effects include al-
terations in DNA methylation status within gene promoters or globally,
histone modifications, receptor binding, cytotoxicity, inhibition of cell-
cell communication, oxidative stress and interaction with regulatory
systems, notably the endocrine and immune systems. Such effects often
lead to increased cell proliferation in target tissues, thereby resulting in
tumor increases (Fig. 1) [22,27–30,57,58].

Epigenetic carcinogens usually affect only a single tissue (e.g., bu-
tylated hydroxyanisole in the forestomach), unless they produce a
systemic effect, such as hormonal modulation. Epigenetic effects pro-
duced by carcinogens can also involve molecular and cellular effects
that can lead to indirect DNA damage (e.g. oxidative DNA stress and
oxidative DNA damage) [59–61]. Some epigenetic carcinogens produce
several effects (as with DNA-reactive carcinogens) that contribute to
carcinogenicity. For example, hepatocarcinogenic peroxisome pro-
liferator-activated receptor-alpha agonists at carcinogenic dosages not
only increase cell proliferation as a result of receptor activation [62],
but also induce peroxisome-associated enzymes that lead to generation
of reactive oxygen species (ROS) and subsequent DNA oxidative stress
[63,64]. Additionally, epigenetic changes to the genome (e.g., altera-
tions in global and gene-specific DNA methylation status, histone
modification, miRNA expression) not affecting the DNA sequence, can
lead to modification in gene expression and consequent activation of
proto-oncogenes and silencing of tumor suppressor genes [65–68].

Epigenetic carcinogens are widely considered to have cancer
thresholds [29,52,69–72]. Since epigenetic carcinogens are active only
at dosages that produce sufficient biochemical or cellular effects of the
type that underlies their carcinogenicity, they are not effective at low
non-toxic dosages. Indeed, quite high dosages and prolonged exposure
are usually required for their carcinogenicity. Moreover, some

carcinogenic epigenetic effects appear to be species specific e.g. male
rat renal toxicity produced by α2u-globulin nephropathy inducers
leading to kidney neoplasia [73], and induction of rodent liver cell
proliferation mediated by peroxisome proliferator-activated receptor-
alpha agonism leading to liver neoplasia [74].

Of the many epigenetic carcinogens to which humans are exposed,
only a few have been associated with increased risk of cancer. These
include hormonal agents and immunosuppressants, for which human
intakes resulted in the biologic effect underlying their rodent carcino-
genicity [75].

1.3. Thresholds

An important aspect in the elucidation of thresholds for cancer induc-
tion is that studies measuring only induction of tumors are limited in their
ability to provide evidence of a tumor NOEL. This is because most such
studies do not incorporate the very large numbers of animals required to
establish statistically the absence of a potential tumor increase at low do-
sages even though none occurs. Also, most studies typically quantify types
of neoplasms which often occur as background pathology and increase with
age, thereby complicating comparison between control and dosed groups.
In the study of thresholds for tumorigenicity, a frequently applied strategy
involves measurements of bioindicators of key toxic effects (see Dose-effect
Initiation Studies). These include DNA-adduct formation, cytotoxicity, en-
hanced cell proliferation, and induction of preneoplastic lesions [45,76–79].
The absence of production of such obligatory precursor molecular and
cellular events would preclude tumor induction and hence would constitute
a sub-threshold condition. In the present review, if precursor events are
elicited at or below the lowest tumorigenic dosage, the experiment is not
considered to have tested a “toxicologically” low dose.

In the analysis described here, a tumor threshold for animal carci-
nogenicity is considered to be a cumulative dose (CD) above which
there is induction of neoplasia and below which there is a NOEL for the
tumors produced at higher dosages, i.e. a subthreshold dose. A
threshold can, of course, be only approximated, as no experiment can
achieve precision of measurement of incidences of tumors or pre-
neoplastic events at dosages differing in only a few molecules. The in-
duction of tumors at doses just above the threshold, reflects the re-
sponse of the most sensitive animals receiving those doses. Above the
threshold, effects can be linear, sublinear or supralinear. The experi-
mental conditions (e.g. dose rate, type of exposure) can, of course, in-
fluence the effects produced by identical CD.

2. Dose-effect studies of experimental chemical carcinogenicity

In the chemical carcinogenicity literature, a considerable number of
long term robust dose-effect studies have been reported. Most have
been done with potent DNA-reactive carcinogens and have focused on
types of tumors known to be induced by the carcinogen under study.

Here the results are described for all long term animal dose-effect
studies found in the literature that were conducted over substantial
ranges of dosages (at least three dosages covering an order of magni-
tude with the high dose being well-tolerated), using continuous repeat
dose administration for a significant portion of the life span of the
animal (at least 52 weeks for mice and rats), with observation for at
least 2 years. The dose-effect studies reviewed report data that directly
bear on the existence of cancer thresholds, i.e. the presence or not of
NOELs for tumors and preneoplastic effects. When possible, dose is
expressed as CD. The dosages (dose rate) reported were always the
administered dosages, not the absorbed and systemically available in-
ternal dose (see Chemical Kinetics below).

In describing dose-effect findings, we have included, where avail-
able, information on the toxicity of the test substances over the dose
range studied; i.e. effect on body weight gain, survival, production of
non-neoplastic effects and production of molecular effects, in order to
ascertain whether the low dosages tested were non-toxic.
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2.1. DNA-reactive chemical carcinogens

Described in this section are examples of dose-effect studies of
carcinogenic chemicals recognized to have DNA reactivity as their
principal mechanism, as described in the Introduction. Studies are
presented in chronological order to document the steady progress over
time in study design and interpretation.

The studies described are not all of the dose-effect studies in the
literature. For example, the drug tamoxifen is not included, because in
the available dose-effect study the dose range did not cover an order of
magnitude (5mg/kg to 35mg/kg bw/day) [80], and the low dose,
which was tumorigenic, was essentially the same as that (6mg/kg/day)
established to produce DNA adducts [81].

2.1.1. Aromatic amines and dialkylnitrosamines
In pioneering research, originally published in German and later in

reviews in English, Druckrey [8,24] studied the dose-effects (the term
he used) of several carcinogens in rats. These papers are of substantial
historical importance, but from the perspective of current testing
standards, they have several reporting deficiencies, e.g. the sex of the
rats, details of necropsy and incidences of tumors are not given.

The carcinogens studied included the synthetic aromatic aminoazo
compound, 4-dimethylaminoazobenzol or 4-dimethylaminoazobenzene
(DMAB, butter yellow), and 4-dimethylaminostilbene (DMAS) and several
synthetic dialkylnitrosamines, including diethylnitrosamine (DENA), all
of which were subsequently recognized as DNA-reactive following
biotransformation [82,83].

The first experiment [84] used the aromatic amine DMAB ad-
ministered at doses of 0.1, 0.3, 1.0, 10 and 30mg daily in the diet to
groups of 100 rats starting at 100 days of age and continuing for over
700 days, up to 1000 days for some rats. A control group of 100 rats
received no test substance. Complete necropsies were performed and all
macroscopic lesions were studied microscopically. The highest dosage
induced liver tumors by 35–40 days, whereas the latent period for tu-
mors in the lowest tumor-producing dosage, 1.0mg/day, was 700 days.
The two lowest doses, 0.1 and 0.3mg, induced no liver tumors, and
none were found in controls.

In another experiment [85], DMAB was administered daily as ga-
vage doses of 0.1, 0.3, 1, 3, 10, 20 and 30mg to groups of rats con-
sisting, respectively, of 158, 148, 169, 70, 30, 15 and 30 rats, starting at
100 days of age. The control group of 120 rats received no gavage.
Complete necropsies were performed and all macroscopic lesions were
studied microscopically. All rats from the high dose group (30mg) died
before day 32 of dosing. In other dose groups, rats were observed for up
to 877 days. At different time intervals several rats from each dose
group were terminated and necropsied and their livers were examined
microscopically. When a rat died at an advanced age (> 700 days), rats
from all groups, including control were necropsied and all tissues with
macroscopic changes and the livers were studied microscopically. The
median life expectancy for control groups and rats dosed with up to
3mg/day was 500 days, while for rats that received 10 and 20mg/day,
it was 86 and 52 days, respectively. The high dose (30mg) group de-
veloped liver tumors by 32 days. In other dose groups tumor induction
time was 717 days for the 1mg/day group, 363 days for the 3mg/day
group, 102 days for the 10mg/day group and 59 days for the 20mg/
day group. The control, 0.1, and 0.3mg/day groups displayed no tu-
mors.

The aminostilbene derivative DMAS [86] was fed in the diet to
seven groups of 400 rats (3 months old) to achieve daily doses of
0.1–3.4 mg/kg. Complete necropsies were performed and all macro-
scopic lesions were studied microscopically. The time for development
of squamous cell carcinomas of the sebaceous ear duct was longer for
lower CDs, reaching 900 days at the lowest dosage at which the in-
cidence of carcinomas was 9 out of 12. Non-dosed controls did not
develop this tumor.

The alkylating agent DENA [87] was administered in drinking water

to nine groups of 16 rats at dosages ranging from 0.07 to 14.2mg/kg
body weight per day starting at approximately 100 days of age and
continuing for lifetime. All animals were necropsied and all macro-
scopic lesions and liver were examined macroscopically. Rats in all
dosage groups developed liver tumors, which at the lowest dose was 5
out of 7. Kidney and esophagus tumors were also present. Non-dosed
controls were not mentioned. Again, there was no indication of the
existence of a subthreshold dose. A larger dose-effect study with DENA
[13,88] is described below.

From these experiments, Druckrey [8] concluded that carcinogeni-
city stemming from continuous dosing in animal experimentation cor-
responds to dose-effect and time relationships which could be re-
presented by the general formula: dose (d) x time (t)n= constant
(dtn= k, with n > 1). He concluded that there was no evidence of a
subthreshold dose, although, at low doses tumors developed only after
900 days of dosing and that given the life span of about 1000 days for
the rats used, lower dosages would not elicit the manifestation of tu-
mors.

2.1.2. Aflatoxin B1
Aflatoxin B1 (AFB) is one of a group of fungal mycotoxins [89]. It

can be bioactivated to a DNA-reactive metabolite and is a potent car-
cinogen [89,90]. It produces primarily liver tumors in rats and some
other species, but not in mice [31,89,91], due to metabolic differences
[92]. It is classified as a human carcinogen, producing increases in liver
cancer, especially in association with hepatitis [89].

Wogan et al. [54] reported a dose-effect carcinogenicity study in
which groups of 18–28 male rats were fed five doses between 1 and
100 ppb in a semi-synthetic diet for up to 105 weeks. Necropsies were
performed on all animals and microscopic findings in the liver were
reported. Hepatocellular carcinomas were induced in high incidence by
50 and 100 ppb, and in lower incidences by lower levels. The high dose
group developed a 100% incidence of liver carcinomas by 54–88 weeks,
which was substantially earlier than tumor development in the 50 ppb
group. The low dose group, consisting of 22 rats developed only 2
carcinomas at 104 weeks, compared to 0 in the control group of 18 rats,
which survived to the maximum period. Preneoplastic liver pathology
was found in all dosed groups and in 1 control. The authors concluded
that the precise character of the dose-response curve could not be in-
ferred from their data.

Subsequently, Buss et al. [93] reported that an average AFB dose
level of 2.2 ng/kg body weight per day produced 0.91 AFB DNA adducts
per 109 nucleotides. The low dose of 1 ppb in the carcinogenicity study
is equivalent to 50mg/kg body weight per day and hence, based on the
adduct data, is not devoid of toxicity.

2.1.3. 2-Acetylaminofluorene
2-Acetylaminofluorene (AAF) is a synthetic heterocyclic aromatic

amine which following biotransformation is genotoxic and carcinogenic
in rodents, primarily in liver, bladder and mammary gland [31,94]. The
National Center for Toxicological Research (NCTR) performed a large
dose-effect study of AAF designed to estimate the effective dosage
producing a 1.0% tumor incidence in mice (i.e. the ED01) [95,96]. A
total of 24,346 female mice from a breeding facility were randomly
allocated to experimental groups at the rate of 576 per week, requiring
42 weeks to populate the study. Seven concentrations over a 5-fold
range of 30–150 ppm in the diet were fed for several intervals of 9–33
months to groups ranging between 144 and 1728 mice, with the higher
numbers being allocated to groups receiving lower dosages. At 150 ppm
a reduction in survival time of about 10% occurred, which was not
entirely attributable to the development of tumors [97]. Necropsies
were performed on all animals and extensive microscopic evaluation
was conducted [98]. Dose-related increases in liver and urinary bladder
tumors were produced [99]. In controls, liver tumors were first found at
14 months and bladder tumors at 9 months. Liver tumors increased
substantially in older mice, but bladder tumors did not. Thus, AAF
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appeared to be a late acting carcinogen in the liver, whereas it was an
early acting carcinogen in the bladder. The dose-effect relationship for
the liver tumors appeared to be linear, whereas that for bladder tumors
was markedly sublinear at the lower dosages. The incidences of liver
tumors at 24 months were 2.3% in the control group and 6.1%, 8.6%,
and 12.8% in the three groups fed the lowest concentrations, 30, 35 and
45 ppm, respectively. At this time-point, the incidences of bladder tu-
mors were 0.3% in control group and 1.1%, 0.3% and 0.2% in the three
groups fed the lowest concentrations. The investigators, concluded that
the data for bladder neoplasms did not contradict the “no threshold”
theory of carcinogenesis, while the liver data strongly supported it [96].
The dose range, however, did not cover an order of magnitude.

In a mechanistic follow-up study, Poirier et al. [100] measured
formation of DNA adducts in liver and bladder of female mice ad-
ministered AAF at the dosages used in the ED01 study. The major adduct
was the deacetylated N-(deoxyguanosin-8yl)-2-aminofluorene adduct.
After 28 days of dosing, adducts were present at the dose of 5mg/kg,
which is below the lowest dosage in the ED01 study. The adduct levels
were linearly related to tumorigenesis outcome in the carcinogenicity
study in liver but not the bladder. The authors suggested that in mice
administered AAF, in the liver only one AAF-related event, i.e. adducts,
is required, whereas in the bladder multiple events are necessary, one of
which may be extensive cell proliferation. Thus, in the ED01 study the
low dosage of AAF was a toxic dose.

2.1.4. Vinyl chloride
Vinyl chloride (VC) or monochloroethane is an industrial gaseous

organochloride containing a reactive ethylene double bond. With
bioactivation, VC is genotoxic and carcinogenic in experimental ani-
mals and humans [75,101]. In humans, it has been implicated in cau-
sation of liver hemangiosarcomas and carcinomas [102].

Maltoni et al. [103] conducted five experiments including different
dosages in which groups of 60–185 male and female rats were ad-
ministered VC by inhalation at a total of fourteen dosages ranging from
1 to 30,000 ppm, 4 h/day, 5 days/week for 52 weeks. After dosing,
animals were maintained for their lifetime. Survival rate was decreased
in rats dosed with the highest dose of VC (30,000 ppm). “Full” autopsy
was performed on all animals. Increases in hepatic angiosarcomas and
Zymbal gland carcinomas were dose-related. These tumors and several
others were not increased at the two lower doses although mammary
gland tumors were numerically greater, but not dose-related. The au-
thors concluded that at doses of 5 and 1 ppm no increase was found in
specifically VC related tumors. The Maltoni group [103] also conducted
long-term oral studies in groups of 80–150 male and female rats ad-
ministered VC in olive oil at 6 dose levels ranging from 0.03 to 50mg/
kg body weight/day by stomach tube 4–5 days/week, for 52 or 59
weeks. After dosing, animals were maintained for their lifetime. No
increase of VC related tumors was observed in rats dosed with the
lowest dosage, 0.03mg/kg body weight/day.

2.1.5. Formaldehyde
Formaldehyde or methanal is an aliphatic gaseous pollutant from

natural and industrial sources which is genotoxic and with inhalation is
carcinogenic, mainly to the upper respiratory tract [104]. In humans,
intake is associated with increased risks of nasopharengeal cancer and
leukemia [104]. It is also endogenously produced in all living organ-
isms as a metabolic byproduct and consequently is present in almost all
cells [105] and is exhaled in the breath in the low ppb range. The
mechanism of action of formaldehyde vapor in inducing nasal tumors
when administered by inhalation has been extensively documented and
involves cytotoxicity-induced regenerative proliferation in nasal tissues
with subsequent development of tumors. While p53 mutations have
been measured in nasal tissues following exposure to sufficient doses,
they are a late event and not involved in the carcinogenic process
[104,106,107]. Genotoxicity and cytotoxicity of formaldehyde may be
a consequence of DNA-protein crosslinking [104].

Kerns et al. [108] dosed groups of 119–121 rats and mice of both
sexes with 2, 5.6 and 14.3 ppm formaldehyde vapors 6 h/day, 5 days/
week for 24 months followed by 6 months of observation. In rats, the
mid and high dose groups of both sexes displayed reduced body weight
gain. No consistent weight gain changes occurred in mice. High dose
male and female rats exhibited increased mortality as did males in the
mid dose group. Pathological examinations were performed on all an-
imals. All major tissues from each organ system (approximately 50
tissues per animal) in the control and high dose groups were evaluated
microscopically. Tissue masses observed at necropsy were also eval-
uated microscopically. Squamous cell carcinomas of the nasal epithe-
lium were found in rats of the 6 and 15 ppm groups and mice of the
15 ppm group, but not in lower dose groups. Formaldehyde-induced
non-neoplastic lesions of the nasal cavity were found in rats and mice of
all dosed groups. They were more severe in rats than in mice.

Monticello et al. [109] dosed 6 groups of 90–150 male rats with
formaldehyde by inhalation at 0, 0.7, 2, 6, 10 or 15 ppm 5 days per
week for up to 24 months. Formaldehyde induced nasal cancer in
greater than 20% of rats at the two highest doses. At 6 ppm only one rat
in 90 developed nasal cancer while in the two lowest groups, no rat
developed nasal cancer. The authors concluded that 2 ppm was a NOEL.

Kamata et al. [110] dosed 5 groups of 32 (160 total) male rats by
inhalation of gaseous formaldehyde at 0.3, 2 and 15 ppm 6 h/day, 5
days/week for 28 months. In the high dose group, significant decreases
in body weight and feed consumption were observed. Absolute and
relative liver weights in this group were also decreased. Mortality was
observed in all groups including the control group, with the highest rate
(88.3%) in the highest dose group. Necropsies were performed on all
animals and microscopic evaluation was made of 15 tissues and all
macroscopic lesions. Epithelial cell hyperplasia and squamous cell
metaplasia were observed in all dosed groups, and significantly in-
creased in the 2 and 15 ppm groups compared to control. Nasal tumors
were macroscopically evident in the 15 ppm group from the 14th month
and 8 of 32 rats bore such tumors at the 24th month. Microscopic ex-
amination revealed both squamous cell papillomas and carcinomas. No
nasal tumors were observed in the lower exposure groups (0.3 and
2 ppm groups), although non-proliferative and proliferative lesions
were found at all dosages, i.e., there were no toxicologically low doses.
Study of gene expression in rat nasal mucosa by microarray analysis
revealed that gene expression was not altered at 0.7 ppm formaldehyde
[111], which supports the tumor NOEL of 2 ppm.

Approaches to characterizing a threshold dose-effect relationship
for formaldehyde have been detailed by Clewell and Andersen [112].

2.1.6. N-ethyl-N-nitrosourea
N-ethyl-N-nitrosurea (ENU) is a synthetic alkylating agent, which is

directly reactive, resulting in genotoxicity and carcinogenicity [113].
Maekawa et al. [114] conducted a dose-effect study in which 5 groups
of 52 male and female rats were administered ENU in drinking water at
four concentrations 0.3, 1.0, 3.0 and 10 ppm for 104 weeks, after which
rats were maintained until 111 weeks. Based on water consumption, the
mean daily intakes were calculated to be as follows: 0.3 ppm-males
0.006mg, females 0.0045mg; 1 ppm-males 0.02mg, females 0.015mg;
3 ppm-males 0.06mg, females 0.045mg; 10 ppm-males 0.2 mg, females
0.15mg. Growth rates were not affected. In the groups of both sexes
given 10 ppm ENU, all animals died before the end of the study. Mor-
ibund or dead animals were necropsied. Tumor masses and all organs or
tissues were examined microscopically. The first tumor was detected at
41 weeks. In all male groups, including control, tumors were observed
mainly in the testis, mammary gland, hematopoietic organs, lung and
endocrine organs (i.e. the pituitary gland, thyroid gland, adrenal gland
and pancreas). In all female groups, tumors were common in the uterus,
mammary gland, hematopoietic organs and endocrine organs, such as
the pituitary and thyroid glands. The most common neoplasm in high
dose males was brain glioma which was absent in the control group.
The low dose group also had no gliomas. Likewise, in females, brain
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gliomas were found in 40% of the high dose group, with none in the
control or the two low dose groups. The authors noted the difficulty in
identifying thresholds, discussed by Preussmann [14], and calculated a
virtually safe dose.

2.1.7. N-nitrosomorpholine
N-nitrosomorpholine (NM) is a synthetic cyclic nitrosamine which is

genotoxic and carcinogenic with bioactivation [115]. Lijinsky et al.
[53] studied the dose-effect of NM in groups of 24–100 female rats
administered nine concentrations in drinking water ranging from 0.07
to 100mg/L (equivalent to doses of ~0.007–9.3mg/kg body weight per
day) 5 days per week for up to 100weeks at lower doses and 25 weeks
for the highest dose, which yielded total doses of 0.7–250mg per rat. At
the end of dosing, rats were allowed to die or were killed when mor-
ibund. Survival of the eight lowest dose groups did not differ from
controls. Necropsies were performed on all animals and all lesions,
major tissues and organs were examined microscopically. Liver neo-
plasms were present in all groups, including control. In control and
lower dose groups, tumors were mostly benign. The number of hepa-
tocellular neoplasms ranged from 6 per 100 rats in the lowest dose
group to 35 in 24 rats in the highest dose group. There was an apparent
linear relationship of median time of death versus total dose. In the two
low dose groups, the incidences of hepatocellular neoplasms were si-
milar. The difference between the liver tumor number in the lowest
dose group (6 in 100), which received a total of 0.7mg, when tested
against the multiplicity in controls (1 in 80) was a one sided probability
of 0.10 which was considered to “approach significance”. The authors
concluded that the results suggest that this lowest dose group was not a
no-effect dose.

2.1.8. N-ethyl-N-nitrosourethane
N-ethyl-N-nitrosourethane (ENUR) is a synthetic direct acting alky-

lating agent which is genotoxic and carcinogenic [116]. Maekawa et al.
[117] studied the dose-effects of ENUR administered to 5 groups of 40
female rats for 2 years at 4 doses in drinking water, ranging from 0.15
to 10 ppm. All animals were necropsied and tumor masses and all or-
gans or tissues were examined microscopically. In the upper digestive
tract, the initial site of carcinogen contact, squamous cell papillomas or
carcinomas, were induced in the three higher dosage groups, whereas
none was found in the lowest dosage group. The authors calculated a
virtually safe dose, as was done for ENU.

2.1.9. Dimethylnitrosamine, diethylnitrosamine
Dimethylnitrosamine (DMNA) and diethylnitrosamine (DENA) are

dialkylnitrosamines which are produced as by-products of several in-
dustrial processes and can be found in food and water. With bioacti-
vation, they are converted to alkylating agents which are genotoxic and
carcinogenic [82,118]. Peto et al. [13,88] conducted large dose-effect
studies in a total of 4080 rats introduced into the study from 10 batches
from which rats were randomly assigned to experimental groups.
Groups of about 60 male and female rats and 240 controls were ad-
ministered 16 concentrations of DMNA or DENA in drinking water
ranging from 0.033 to 16.896 ppm for intervals up to lifetime. Survival
was good in low dose groups, up to about 3.5 years. Animals with
“clearly palpable” liver abnormalities were terminated and necropsied.
Macroscopically evident lesions were examined microscopically. Only a
few sections of apparently normal liver and esophagus were taken
routinely.

Four principal carcinogenic effects were found: DENA on the eso-
phagus and liver hepatocytes and DMNA on liver hepatocytes and bile
duct cells. DENA produced a high incidence of esophageal tumors
(77%) in males at the high dose of 16.896 ppm, but none was found in
the 4 lowest dose groups. Similar findings were made for both fatal and
incidental esophageal tumors. DENA also produced high incidences of
fatal hepatocellular neoplasms in males and females, but none was
found in the 4 lowest dose groups of males or in the 2 lowest dose

groups of females. DMNA produced high incidences of fatal hepato-
cellular neoplasms in both males and females. No increase in hepato-
cyte neoplasms was found in the 4 lowest dose groups of males or in the
2 lowest dose groups of females. Fatal bile duct neoplasms were also
increased in males and females. No increase occurred in the eight
lowest dose groups of males or in the 6 lowest dose groups of females.
Non-neoplastic lesions in target organs were not increased in low dose
groups. Despite the observed absences of tumors in some low dose
groups, the authors concluded that the induction of liver neoplasms by
DENA and DMNA showed no indication of any threshold. In a second
paper Peto et al. [13], concluded that no purely mathematical argu-
mentation can yield from the data reliable estimates of the effects of
very low doses of the carcinogens studied.

2.1.10. Riddelliine
Riddelliine (RID) is a pyrrolizidine alkaloid produced in plants. It can

be biotransformed to form a DNA-reactive metabolite [119,120], and it
induces hemangiosarcomas of the liver in mice and rats [102,121]. In a
long-term carcinogenicity study, groups of 50 male or female mice were
administered RID by gavage at doses of 0 or 3.0 mg/kg body weight per
day, 5 days per week, for 105 weeks. Additional groups of 50 male mice
received 0.1, 0.3 or 1mg/kg for 105 weeks [120,122]. All animals were
necropsied and all organs and tissues were examined and studied mi-
croscopically. Male mice in 3mg/kg group developed multiple liver
hemangiosarcomas in 31/50 mice. No increase was found in male mice
from lower dose groups. Female mice in the 3mg/kg group developed
alveolar/bronchiolar adenomas or carcinomas (13/50). Hepatocyte
cytomegaly was increased in mice dosed with 0.3mg/kg and above, but
not at 0.1 mg/kg.

Groups of 50 male or female rats received RID by gavage at doses of
0 or 1.0 mg/kg body weight per day, 5 days per week, for either 72
(males) or 105 (females) weeks. Additional groups of 50 female rats
received 0.01, 0.033 or 0.1 mg/kg [120]. All animals were necropsied
and all organs and tissues were examined and studied microscopically.
In males and females in 1mg/kg groups hemangiosarcomas were pre-
sent (43/50 males and 38/50 females). In female rats from lower dose
groups no increase in the incidences of hemangiosarcomas was ob-
served. Hepatocyte cytomegaly was increased at 0.033mg/kg and
above, but not 0.01mg/kg, and hepatocyte eosinophilic foci were in-
creased only at the two top doses.

In the livers of female rats which received RID for either 3 or 6
month, DNA adducts were formed in a dose-related manner at all tested
doses, including the doses at which no tumors were observed.
Analyzing the carcinogenicity findings, Chan et al. [122] concluded
that the incidences of induced non-neoplastic lesions indicated that the
lowest dose levels were close to NOEL and that RID under the experi-
mental conditions employed demonstrated a dose-response relationship
in male mice and female rats.

2.1.11. 2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline
2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) is a heterocyclic

amine formed as a product of food pyrolysis. With bioactivation it is gen-
otoxic and carcinogenic [91,123]. Murai et al. [124] studied the dose-effect
of MeIQx in groups of 51 male rats fed 0.001, 1 or 100 ppm in the diet.
Survival of the high dose group was reduced. Necropsies were performed on
all rats. Livers were examined and nodules/masses in other organs in which
tumors are reported to be induced byMeIQx were recorded. All lesions were
examined microscopically. The authors reported increased incidences of
hepatocellular carcinomas, adenomas, and preneoplastic foci, and increased
levels of adducts at 100 ppm. With 0.001 and 1 ppm no significant induc-
tions of hepatocellular preneoplastic or neoplastic lesions were evident,
consistent with no significant increase in DNA adducts at 1 ppm. No in-
crease in liver 8-hydroxy-2′-deoxyguanosine levels were found. These
findings were considered by the authors to provide evidence for the ex-
istence of a threshold, at least a practical threshold, for the carcinogenicity
of MeIQx.
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2.1.12. Benzo[a]pyrene
Benzo[a]pyrene (BaP) is a non-heterocyclic polycyclic aromatic hy-

drocarbon which is a product of organic combustion [125]. With
bioactivation, it forms a diolepoxide which is genotoxic and carcino-
genic [125]. In humans, BaP was judged by IARC [125] to be carci-
nogenic; in combination with other polycyclic aromatic hydrocarbons it
is associated with increased incidences of skin and lung cancers. Wester
et al. [126] conducted a dose-effect study in groups of 62 rats of both
sexes in which BaP was administered by gavage 5 days per week at
dosages of 3, 10 or 30mg/kg body weight per day for 2 years. Survival
and body weight were not reduced in the low dose group. Necropsies
were performed on all animals. More than 30 tissues and all macro-
scopic lesions were examined microscopically. The main tumors in-
duced were hepatocellular carcinomas and forestomach tumors. At the
lowest dosage, small incidences of liver tumors were induced in 4/52
males and in 2/52 females, compared to 49/52 and 39/52, respectively,
in the highest dosage group. In controls, no liver tumors were found.
The liver tumors in the two highest dose groups were mainly carci-
nomas. Of the liver tumors in low dose males 3 out of 4 were benign and
in females all were benign. Non-neoplastic lesions in the liver and
forestomach were present in the low dose group. Also, some other
neoplasms which were present at high incidences in the high dosage
groups were absent in the low dosage groups, i.e., oral cavity neo-
plasms. The authors did not comment on the possibility of thresholds.

2.2. Epigenetic chemical carcinogens

Described in this section are dose-effect studies of carcinogens for
which there is evidence of an epigenetic mechanism of action as de-
scribed in the Introduction. None of these chemicals has been asso-
ciated with increased risk of human cancer.

2.2.1. Sodium saccharin
Saccharin (benzoic sulfimide, sodium salt) is a synthetic sweetener.

It is not DNA-reactive and its sodium salt operates through a tumor
promoting mechanism in the urinary bladder of rodents to induce
bladder cancer [127–129].

Several one generation and two generation studies have reported
the bladder carcinogenicity of sodium saccharin in male rats, but few
involved a wide dose range [130].

Taylor et al. [131] performed a study in which rats of both sexes
were dosed starting in utero. Groups of 48 offspring of parents dosed
from weaning through mating, gestation and lactation, were fed sodium
saccharin at dietary levels of 0.01–7.5%. The study was continued until
survival in a group fell to 20% with the last survivors being killed ap-
proximately 28 months after the first weanlings were started on the
study. All animals were necropsied and 24 tissues were examined mi-
croscopically. An increased incidence of urinary bladder hyperplasia
occurred in female rats that received 7.5% sodium saccharin, but the
lesion was not morphologically precancerous. An increased incidence of
urinary bladder neoplasms occurred in the males fed 7.5% sodium
saccharin. A total of 11 bladder neoplasms (9 in males, 2 in females)
was observed in rats on study longer than 18 months; 9 in the 7.5%
saccharin group and 1 each in the control and 5.0% saccharin groups.
No neoplasms occurred in the 0.01 or 1% groups.

2.2.2. Amitrole (3-amino-1,2,4-triazole)
Amitrole is a synthetic aminotriazole herbicide [132]. It is not DNA-

reactive, but induced thyroid tumors, mainly in rats [132,133] as a
result of effects on thyroid function [133].

Steinhoff et al. [133] conducted a dose-effect study in groups of 75
male and female rats aged 6 weeks administered amitrole in the diet at
concentrations of 0, 1, 10 and 100 μg/g of feed until death or termi-
nation due to morbidity. The average survival was over 900 days. Ne-
cropsies were performed on all animals. Tumors and suspected neo-
plasms as well as 25 organs were examined microscopically. The

control group developed 5 benign and 3 malignant thyroid tumors in
males and 7 benign tumors in females. There was a marked increase in
thyroid tumors in the high-dose groups in both sexes. In low dose
groups, the numbers of benign and malignant thyroid tumors were 9
and 0, respectively in males and 12 and 1 in females. In the mid-dose
groups, the number of benign and malignant thyroid tumors, respec-
tively, were 4 and 3 in males and 8 and 4 in females. These doses were
considered not to induce tumors. The authors concluded that a
threshold dose exists for amitrole carcinogenicity. Consistent with this,
no tumors were induced in similarly dosed mice or hamsters.

2.2.3. Butylated hydroxyanisole
Butylated hydroxyanisole (BHA) is an antioxidant food additive. IARC

[134] concluded that there was sufficient evidence for the carcino-
genicity of BHA to experimental animals, based on induction of for-
estomach tumors in rats and hamsters. BHA is not DNA-reactive and
exerts a tumor promoting effect in the squamous forestomach of rodents
[72,135] leading to development of squamous cell carcinoma.

Ito et al. [136,137] reported that feeding BHA at 20,000 ppm in the
diet for two years induced squamous cell neoplasms of the rat forest-
omach whereas NOELs for forestomach hyperplasia, papillomas and
carcinomas were found at 1250, 5000 and 10,000 ppm.

Whysner et al. [138] reported a life time study of tumor promotion
by BHA in the rat forestomach. Groups of 27 male rats were gavaged
with a single dose of the forestomach cancer initiating agent N-methyl-
N′-nitro-N-nitrosoguanidine (MNNG), and after 3 weeks on control diet,
six groups were fed diets containing 60–12000 ppm BHA until termi-
nation of the experiment at approximately 110 weeks, at which time
most animals had died with stomach tumors. All animals received
complete necropsies. Stomachs were prepared for complete visualiza-
tion of both nonglandular and glandular portions. In addition to sto-
mach, tumors in other organs were studied microscopically. MNNG
alone caused a high incidence of tumors in the glandular stomach and
forestomach. Feeding of 12000 and 6000 ppm BHA, caused significant
increases in the time-related incidences of MNNG-induced forestomach
tumors, as analyzed by life table analysis, whereas 3000 ppm or lower
doses did not.

2.2.4. Acrylonitrile (vinyl cyanide)
Acrylonitrile (AN) is a chemical monomer used in the manufacture of

plastics, rubber and nylon and acrylic fibers [139]. It forms a reactive
metabolite, cyanoethylene oxide, and has exhibited some genotoxicity
[139], but conclusive evidence for DNA reactivity has not been found
[140,141]. Alternatively, induction of oxidative DNA damage has been
reported in rat brain [141,142] a target tissue for AN carcinogenicity
[139] and in cultured rat glial cells [143]. A dose-effect study was
conducted by Johannsen and Levinskas [144] in groups of 100 male or
female rats administered dose levels of 1, 3, 10, 30 and 100 ppm in
drinking water for approximately 2 years (females 24 months and males
26 months). All animals underwent a full necropsy. Approximately 40
tissues and organs were collected from all animals for microscopic ex-
amination. Increases were observed in brain astrocytomas, ear canal
neoplasms, and forestomach squamous cell neoplasms in both sexes.
The incidences of astrocytomas were greater than 20% at 100 ppm,
whereas no increase occurred at 10 ppm or lower. The incidences of ear
canal neoplasms were greater than 5% at 30 and 100 ppm with no in-
crease at 3 or 1 ppm. No increase in forestomach neoplasms occurred at
1 ppm. The authors did not comment on dose-effect relationships, but
clearly 1 ppm was a tumor NOEL for all three target tissues.

2.2.5. Ethylbenzene
Ethylbenzene (EB) is an industrial chemical and is also used as a solvent

in many products [145]. It is not genotoxic in standard assays [146,147].
IARC [145] concluded that there was sufficient evidence of carcinogenicity
based on increased kidney tumors in male rats, increased lung adenomas in
male mice and increased liver adenomas in female mice.
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Chan et al. [148] and NTP [147] reported a bioassay in which
groups of 50 male or female rats were administered 0, 75, 250 or
750 ppm of EB by inhalation for 6 h per day, 5 days per week for 104
weeks. Survival was decreased in the high dose groups. All animals
were necropsied and visible lesions noted. All organs and tissues were
examined microscopically. In male rats exposed to 750 ppm, the in-
cidences of renal tubule adenoma and adenoma or carcinoma (com-
bined) were significantly greater than the chamber control incidence,
i.e. 21 out of 50 versus 3 out of 50, whereas the incidences in the low
dose group, 5 out of 50, and the mid dose group, 8 out of 50, were not
increased. In addition, renal tubular hyperplasia occurred in 10/50
controls, 7/50 low dose, 9/50 mid dose and 17/50 high dose. Only the
high dose group was significantly increased. At the high dose, the se-
verity of nephropathy was increased, suggesting that cytotoxicity to the
kidney could be the mode of action for EB carcinogenicity. Likewise, in
females the severity of nephrotoxicity and incidences of renal tubule
hyperplasia and adenomas were increased only in the high dose group.
While the authors did not comment on NOEL, the low and mid doses
did not exhibit an increase in kidney preneoplasia or neoplasia.

2.2.6. Chloroform
Chloroform (CHL) is an environmental contaminant which is carci-

nogenic in rodents, including mice and rats, producing hepatocellular
adenomas and carcinomas in mice, malignant kidney tumors in male
rats and tumors of the thyroid in female rats [149]. It is not genotoxic
[149]. Yamamoto et al. [150] conducted dose-effect studies in both
mice and rats of vapor-air mixtures of CHL. Groups of 50 mice or rats of
both sexes, were administered concentrations of 0, 5, 30 or 90 ppm for
mice and 0, 10, 30 or 90 ppm for rats for 6 h/day, 5 days per week for
104 weeks.

In mice, survival was not affected by dosing, although body weight
gain was reduced. All animals were necropsied, and all organs were
examined macroscopically. Sections of all tissues and tumors were ex-
amined microscopically. In males, combined hepatocellular adenoma
and carcinoma were 14 (in controls), 7, 12, and 17 for low, mid and
high dose groups, respectively. The numbers of combined renal cell
adenomas and carcinomas were 0, 1, 7, and 12. In females, the numbers
of liver tumors were 2, 2, 4 and 6, while no kidney tumors occurred.
Thus, the low dose of 5 ppm was a NOEL for tumors in mice.

In rats, survival was not affected in females, whereas it was reduced
in males. Growth rates in both high dose groups were reduced. No
statistically significant increase either in liver or kidney tumors was
found.

Microscopic changes were found in mouse kidneys in males at 30
and 90 ppm and in rats at all doses. The authors concluded that NOEL
for microscopic changes in the kidneys were 5 ppm in mice and 10 ppm
in rats.

Golden et al. [151] discuss the mode of action of CHL. They con-
cluded that in experimental animals, CHL is lacking genotoxic proper-
ties, and produces liver and kidney tumors only at high cytotoxic doses
which exceed the maximum tolerated dose and induce compensatory
cell proliferation.

2.2.7. Dioxin
Polychlorinated dibenzodioxins (PCDD) are contaminants formed as

by-products in the manufacture of organochlorides of which there is a
variety with different structures [152]. Those that bind to the aromatic
hydrocarbon receptor (AhR) are referred to as “dioxin-like com-
pounds”, of which tetrachlorodibenzo-p-dioxin (TCDD) is the prototypic
and most potent congener. PCDD’S do not have structural features that
would lead to a reactive electrophile, and are clearly not DNA-reactive,
as no DNA binding, or adducts have been found in rodent tissues
[152,153]. Absence of DNA reactivity is supported by negative findings
in numerous genotoxicity assays [130 [152,154].

The NTP [154] conducted a carcinogenicity study with TCDD in
groups of 81 or 82 female rats administered at 3, 10, 22, 46 or 100 ng/

kg body weight in corn oil by gavage 5 days per week, for up to 105
weeks. Survival of dosed groups of rats was similar to that of the vehicle
control group. Mean body weights of the 22, 46 and 100 ng/kg groups
were less than that of the vehicle control group. Complete necropsies
were performed on all rats. All organs and tissues were examined for
macroscopic lesions, and all major tissues were studied microscopically.
Hepatocellular proliferation was increased in a dose-related fashion in
all dosed groups, in 100 ng/kg groups it was 5-fold higher compared to
control. Liver weights were significantly increased in all dosed groups.
A high incidence of liver tumors was induced by the high dose, but no
liver tumors occurred at the lower two doses of 3 and 10 ng/kg body
weight.

Pitot et al. [155] studied TCDD liver tumor promotion in female rats
initiated with DENA followed by 4 doses of TCDD injected biweekly for
6 months. TCDD at 0.01 and 1.0 μg/kg enhanced the development of
preneoplastic liver lesions whereas lower doses of 0.001 and 0.0001 did
not. The authors concluded that agents acting exclusively or even
predominantly at the tumor promotion stage would be expected to
exhibit threshold levels.

In evaluating the health risks of dioxin, the NRC [153] concluded
that an adequate scientific basis exists to support the hypothesis that
the shape of the relationship between dioxin dose and cancer risk is
sublinear at low doses, perhaps reflecting responses indistinguishable
from background risk at doses below which dose-response data are
available.

3. Analysis of experimental carcinogenicity dose-effect data

In the above summarized long term dose-effect studies, for fourteen
DNA-reactive carcinogens, experiments with eight exhibited a NOEL for
tumors (i.e. DENA, DMAB, DMNA, ENUR, formaldehyde, MeIQx, RID,
VC), whereas six did not. While DENA did not produce thresholds in the
early study [87], more recent and robust studies by Peto et al. [13,88]
reported NOELs for the compound. Among the six that did not de-
monstrate NOELs, the data were suggestive for five (AAF, AFB, DMAS,
ENU, NM) (Table 1). Also, as Druckrey [8] noted, although in his stu-
dies the lowest dosages elicited neoplasms, the induction time was so
long (i.e., 700–900 days) that at lower dosages (which were not tested),
tumors would not be manifested within the lifespan of the rats, i.e.
there would be a practical threshold. Importantly, all these studies were
done using continuous daily dosing. This is likely to saturate processes
which are subject to thresholds e.g. DNA repair (see below). The car-
cinogens that did not exhibit NOELs (AAF, AFB, BaP, DMAS, ENU, NM)
were all highly potent DNA-reactive agents and it remains unknown
what the tumor effect would be at doses lower than those studied,
especially at non-toxic doses, i.e. doses not producing DNA adducts,
contrary to the situation with AAF and AFB which produced adducts at
dosages below the lowest tested in the tumor dose-effect studies.

The NCTR ED01 study of AAF has been the subject of much dis-
cussion. The authors of the study concluded that the data for bladder
neoplasms did not contradict the “no threshold” theory of carcinogen-
esis, while the liver data strongly support it [96]. The Society of Tox-
icology ED01 Task Force [156] performed a detailed evaluation of the
NCTR study. Their analysis took into account, time-to-tumor, an im-
portant factor in quantifying carcinogenic effect, first recognized by
Druckrey [8] (see above). This was deemed critical, because there was
an apparent tendency for the mice dosed with lower doses of
30–60 ppm to live longer than controls when comparable groups were
examined. The authors concluded that when the time-to-tumor dis-
tribution seen with AAF is incorporated into risk analysis, the tumor
responses were clearly non-linear. Authors from NCTR, Kodell et al.
[157], challenged aspects of the report and affirmed the original con-
clusions.

While the interpretation of the AAF study may be debatable, con-
sideration of the available data on eight other DNA-reactive carcino-
gens supports the existence of tumor NOELs. Furthermore, additional
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data generated on AAF precursor effetcs (see “Initiation” section),
supports the existence of thresholds in rat liver.

To further assess thresholds, it would be quite informative to de-
velop data on bioindicators of exposure/effect, such as DNA adducts at
dosages below those associated with tumorigenesis. For example, Murai
et al. [124], and Williams et al. [55] have reported NOEL for formation
of DNA adducts by MeIQx and AAF, respectively, which supports the
NOELs for tumors for these carcinogens. In a review of carcinogenicity
dose-effect relationships, Zeise et al. [158] concluded that non-linearity
is common and that auxiliary data should be capable of providing ad-
ditional information on cancer dose-effect relationships outside the
range observable in animal carcinogenicity bioassays. Much progress
toward this end has been made in studies of initiating effects of carci-
nogens, as discussed below.

The dose-effect data on seven epigenetic carcinogens displayed
NOELs for tumors (Table 1). This is consistent with the fact that epi-
genetic carcinogens must produce overt cellular effects (e.g. cytotoxi-
city) as their principal mechanism of either inducing neoplasia ab initio
or eliciting tumor development from background preneoplastic cells
[22]. At dosages below those required to produce the critical cellular
effects, tumorigenicity does not occur. In particular, several of the
epigenetic chemicals reviewed operate through a tumor promoting
mechanism (e.g. TCDD, BHA), which itself has been shown to exhibit
thresholds [71,138,159], (see below).

In summary, the absence of a threshold for experimental chemical
carcinogenesis is not proven by available data.

4. Limited duration dose-effect studies

A considerable number of informative dose-effect experiments have
been conducted in which dosing was done for less than the lifetime of
the animal. These involve the assessment of either tumor initiation or
development, key obligatory events in chemical carcinogenesis (Fig. 1).
Initiation can be assessed either by the induction of preneoplastic le-
sions, which has been demonstrated in several rodent tissues, including
skin, liver, colon, kidney, mammary gland, lung and pancreas
[160–162], or by tumor development following a maintenance period,
either with no further dosing or with administration of a tumor pro-
moting agent to enhance tumor development. Neoplastic development
or promotion can be assessed by measuring enhanced development of
preneoplastic lesions or tumors resulting from administration of a test
substance following initiation [78,155,163].

Numerous dose-effect studies of initiation or promotion have been
conducted in rodent liver using preneoplastic hepatocellular altered
foci (HAF) as the measure of effect (reviewed by Williams et al.; Kobets
and Williams; Fukushima et al. [164–166]). HAF precede the devel-
opment of neoplasms and have phenotypic and genomic alterations
indicative of neoplastic potential [31,76,167–169]. They have higher
rates of development into neoplasms than do unaltered normal cells
[76,162,169]. Accordingly, induction of liver preneoplastic lesions has
been used as a robust bioindicator of the initiation process of carcino-
genesis [19,77,78]. Preneoplasia has proven useful for this purpose
because it occurs at lower CD and with shorter durations of dosing than
that which is needed for tumor induction [163,170]. HAF are detect-
able in routine histologic sections, but are more readily observed with a
variety of histochemical markers such as ƴ-glutamyltransferase, pla-
cental-type glutathione S-transferase, glycogen storage and deficiency
in iron storage [162]. HAF can be quantified as the number per unit
surface area or volume of liver sections [160].

Dose–effect studies aimed at delineating NOELs for initiation have
been conducted with liver carcinogens using preneoplastic lesions, to-
gether with other bioindicators of effect, such as DNA adducts, cyto-
toxicity and increased cell proliferation, as endpoints of dose-effect. The
concept underlying the use of preneoplastic lesions is that since they are
a prerequisite to neoplasia, a NOEL for induction of preneoplasia will
necessarily be a NOEL for neoplasia. This is supported in a series of

studies [4,45,79] by the demonstration that administration of carci-
nogen for 8–16 weeks followed by liver tumor promotion with phe-
nobarbital (PB) yielded liver neoplasms only with CD of carcinogen that
produced preneoplastic effects. The sensitivity of an initiation/promo-
tion protocol is evident from the fact that it yields higher tumor in-
cidences at lower CD than occur with chronic administration of the
same carcinogen alone [171]. This reflects the acceleration of tumor
development by the promoter. Several dose–effect studies in rodent
liver using preneoplasia have been reviewed [164–166]. Some of these
studies involve carcinogens used in the long term studies discussed
above.

Additionally, the same concepts have been applied to study dose-
effect for enhancement of tumor development following initiation
[155].

4.1. Dose-effect initiation studies

In the studies reviewed here, necropsies were performed on all
animals, but microscopic examination was usually limited to estab-
lished target organs.

A dose–effect study of liver tumor initiation by 3′-methyl-4-(di-
methylamino)azobenzene (MDAB), was conducted by Hino and
Kitagawa [172] using adenosine triphosphatase deficiency as the
marker for HAF. MDAB is a ring methylated derivative of the synthetic
aminoazo compound, N,N-dimethyl-4-aminoazobenzene, which is
genotoxic and hepatocarcinogeninc in rats [173,174]. MDAB was fed to
groups of male rats for 24 weeks at seven concentrations ranging from 1
to 300 ppm. The incidences of HAF quantified by adenosine tripho-
sphatase deficiency were dose-related with the highest dose producing
a 23-fold increase over control. With the lower doses of 1–20 ppm, the
incidences of HAF were below the control background, which the au-
thors suggested could be due to inhibition of background carcinogen-
esis by MDAB. The data were interpreted to show a “practical
threshold” between 20 and 60 ppm.

The genotoxic mycotoxin AFB, which was studied for its chronic
dose-effect in liver carcinogenicity [54] (above), was also investigated
by Dunaif and Campbell [175] for its dose-effect in liver cancer in-
itiation. Eight groups of male rats were administered AFB1 by gavage at
doses of 40–400 μg/kg daily for 10 doses over a period of 2 weeks
following which animals were maintained for 12 weeks. HAF quantified
by ƴ-glutamyltransferase histochemical reaction were induced in a
dose-related pattern from 150 μg/kg/day and greater. The two lower
dosages, 40 and 100 μg/kg/day induced no foci. The authors concluded
that there was a threshold dose-response relationship.

A similar dose–effect study of AFB liver cancer initiation was con-
ducted by the same laboratory [176], using ƴ-glutamyltransferase as a
marker for HAF. AFB was administered to groups of male rats by gavage
for 10 days at six daily dose levels ranging from 50 to 350 μg/kg body
weight, after which rats were maintained for 12 weeks for development
of HAF. The dose–effect relationship for HAF was sublinear, with the
highest dose producing over a 1000-fold increase in HAF. The authors
concluded that there appeared to be a dosage threshold between about
150 and 250 μg/kg body weight per day. Control rats were not men-
tioned, but in the previous study [175], no HAF were observed in
controls under similar conditions. AFB–guanine adduct levels were di-
rectly proportional to dosage after the first dose, but after the 10th dose
were much lower in the top three dose groups than after a single dose.

The genotoxic nitrosamine NM, which was the subject of a carci-
nogenicity dose-effect study by Lijinsky et al. [53] (above), was studied
for its dose–effect in liver cancer initiation by Enzmann et al. [177].
Glucose-6-phosphate dehydrogenase, glycogen phosphorylase, and
glycogen content measured by periodic acid-Schiff stain were used as
markers for HAF. NNM was administered to groups of male rats in the
drinking water at five concentrations ranging from 0.006 to 60.0mg/L
for 6 or 12 weeks. The dose–effect curves were nonlinear with a slight
positive slope at the low doses and a markedly increased slope at higher
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doses. In a double logarithmic plot, the dose-effect did not appear linear
and was suggested to reflect a concentration threshold. The apparent
nonlinear shape of the dose–effect curves for induction of HAF was
hypothesized to suggest that at high doses all mechanisms contribute to
carcinogenesis, whereas at low doses the effect was exclusively a
function of non-threshold mechanisms. Quantitation of hepatocellular
replication by proliferating cell nuclear antigen at up to 6.0mg/L re-
vealed a dose-dependent increase at 12 weeks, but not at 6 weeks.

Dose–effect studies of liver cancer initiation by MeIQx, which was
studied for carcinogenicity dose-effects (above), were conducted by
Fukushima et al. [178] using placental-type glutathione S-transferase as
the marker for HAF. MeIQx was fed to groups of male rats for
16 weeks at six doses ranging from 0.01 to 100 ppm or at 6 doses ran-
ging from 0.001 to 100 ppm in the diet. No macroscopic lesions were
apparent. The numbers of HAF per cm2 of the rat livers of the four
groups administered up to 1 ppm of the carcinogen did not differ from
the control values and hence were NOELs. In contrast, a measurable
increase in HAF was observed with 10 ppm and a substantial elevation
with 100 ppm. At both weeks 4 and 16, linear relationships were found
between the various dosages and the levels of MeIQx – DNA adducts
measured by nucleotide 32P-postlabeling. In a parallel study in male Big
Blue transgenic rats [179], also demonstrated mutagenicity at the lacI
gene in the liver, at 10 and 100 ppm, but not 1 ppm or lower. The au-
thors concluded that their data provided evidence for NOEL. This
supports the evidence for a threshold in the carcinogenicity study.

Fukushima et al. [51] also conducted a longer duration dose–effect
study of MeIQx initiation using placental-type glutathione S-transferase
as a marker for HAF. MeIQx was fed to groups of male rats for
32 weeks at six concentrations in the diet ranging from 0.001 to
100 ppm. No macroscopic lesions were apparent. The numbers of HAF
per cm2 of the rat livers of the four groups receiving up to 1 ppm of the
carcinogen did not differ from the control value and hence were NOEL.
In contrast, an increase was observed with 10 ppm and a substantial
elevation with 100 ppm MeIQx. Thus, at dosages below 10 ppm, MeIQx

did not induce a measurable increase in HAF, but did form DNA adducts
at 0.1 ppm and above. Based on the findings, the authors concluded that
NOELs exist for key parameters relevant to carcinogenicity. In a follow-
up 2-year carcinogenicity study with MeIQx in male rats using some of
the same dosages 0.001, 1 and 100 ppm in the diet (see above), Murai
et al. [124] reported increased frequencies of hepatocellular carci-
nomas, adenomas, and HAF, and increased levels of adducts at
100 ppm. With 0.001 and 1 ppm no significant increases in hepatocel-
lular preneoplastic or neoplastic lesions were evident, consistent with
no significant increase in DNA adducts at 1 ppm. The authors concluded
that a threshold, at least a practical threshold, exists for MeIQx carci-
nogenicity.

Fukushima et al. [51] conducted a dose–effect study of liver cancer
initiation by N-nitrosodiethylamine, referred to here as DENA, which
was studied for carcinogenicity dose-effects (above). DENA was ad-
ministered in the drinking water to groups of male rats for 16 weeks at
six concentrations ranging from 0.0001 to 10 ppm. No macroscopic
lesions were evident. The numbers of liver HAF identified by placental-
type glutathione S-transferase in the three groups that received the
lower dosages of DENA, 0.0001, 0.001 and 0.01 ppm, were not different
from those of the control, while the groups administered 0.1 or 1 ppm
DENA showed significant increases in HAF. The authors concluded that
a NOEL may exist for induction of foci.

VC, as indicated above, with bioactivation, is genotoxic and carci-
nogenic [75,101]. Two studies of liver cancer initiation by VC were
conducted by Laib et al. [180] using a protocol which differed from
others reviewed here. Groups of newborn male and female rats were
dosed by inhalation at 10 doses between 2.5 and 2000 ppm starting on
day one after birth. In one study, the dosing was for 10 weeks (8 h/day,
5 days/week), followed by 1week of recovery before termination, and
in the second, dosing was for 3 weeks (8 h/day, 5 days/week), followed
by 10weeks of recovery before termination. Adenosine triphosphatase-

deficient HAF were induced in both sexes with a linear relationship
between the dose of VC and the percent of induced HAF with curves
which run through the origin. It was noted that the mean foci area
induced by the two lowest doses in males lies within the rage of foci
area of the corresponding controls. Nevertheless, the authors concluded
that within the dose range investigated, no obvious threshold for the
induction of HAF by VC was observed, in contrast to the chronic studies
(above). Assessment of toxicity, however, was not conducted.

In a series of studies using the DNA-reactive hepatocarcinogens
DENA and AAF [4,171], which were investigated for carcinogenicity
dose-effect (above), evidence of NOEL for these DNA-reactive carcino-
gens in male rat liver was demonstrated. In these investigations, the
effects of the carcinogens were quantified by measurement of DNA
adducts, hepatocellular cytotoxicity, cell proliferation (quantified as the
proliferating cell nuclear antigen -positive replicating fraction), and
formation of placental-type glutathione S-transferase positive HAF, in
the initiation phase of carcinogenesis. Also, phenobarbital promotion
was used to elicit manifestation of initiation of liver carcinogenicity by
the formation of neoplasms after 24 weeks. In these studies, both car-
cinogens were administered either by injection or gavage to achieve
precise dosing on a body weight basis, expressed as CD.

With DENA [79,181,182], the CD of 25.5 mg/kg body weight (the
lowest dose tested), administered by intraperitoneal injection over 10
weeks, was a NOEL for cell proliferation. HAF were increased, although
they were not promotable to hepatocellular neoplasia (by 24 weeks
administration of PB). At this toxicological effect level, about 14 DNA
adducts in 108 normal nucleotides were formed, and at 51.1mg/kg
body weight, which yielded promotable neoplasia, 200 adducts/108

nucleotides were formed. The adducts, which were quantified by HPLC
analysis with fluorescence detection, were 7-ethylguanine and O6-
ethylguanine, the latter at a site of base pairing and hence a miscoding
lesion [183]. A NOEL for DNA adduct formation was not observed in
the dose range studied.

With AAF [45,55,184], the CD of 28mg/kg body weight, delivered
by gavage over 12 weeks, was a NOEL, for both hepatocellular pro-
liferation and HAF, as were three lower CDs. At 28mg/kg, promotable
(with 24 weeks of PB) hepatocellular neoplasia was not produced, in-
dicating absence of initiation. Importantly, at this CD, only about 6
DNA adducts in 108 nucleotides were formed, as measured by nucleo-
tide 32P-postlabeling.

Thus, a NOEL for DNA adduct formation by either DEN or AAF was
not found in the above studies. Two further dose–effect experiments
have been reported at lower repeat doses of AAF [55] than those used in
the previous studies. In addition, the specific types of DNA adducts
formed were identified. AAF was administered by gavage to male rats at
repeat dosages, which in one experiment ranged from 0.01 to 2.24mg/
kg body weight per day, 7 days/week for 12 weeks followed by re-
covery for 4 weeks, and in a second, at lower dosages of 0.0026 or
0.026mg/kg body weight per day 3 days per week for 16 weeks. Such
prolonged dosing yields a steady-state condition of DNA adduct for-
mation and repair. In the liver, following a single dose, in the nucleo-
tide 32P-postlabeling assay, the non-acetylated guanine adduct, N-
(deoxyguanosine-8-yl)-aminofluorene, predominated. With continued
dosing, the pattern of adducts changed such that by 4 weeks more
acetylated adducts, N-(deoxyguanosine-N2-yl)-acetylaminofluorene and
N-(deoxyguanosine-8-yl)- acetylaminofluorene, were present. In the
first experiment, total adducts reached a maximum by 12 weeks with
levels of 6.0 adducts per108 nucleotides at the lowest CD. In the second,
the total DNA adducts at the lowest CD was below the limit of detection
at 12 weeks, and the chromatographic density was consistent with 0.6
in 108 nucleotides at 16 weeks, a level within the background range of
1.0–3.1 in 108 nucleotides. Thus, the CD of 0.125mg/kg body weight
over 16 weeks was concluded to be a NOEL for adducts.

In these initiation studies, DNA adducts were formed at CD of AAF
which were below those that elicited increases in either hepatocellular
proliferation or HAF, as found with other carcinogens [51,176,178].

T. Kobets and G.M. Williams Chemico-Biological Interactions 301 (2019) 88–111

99



The adduct levels at NOEL for other effects were at or below 1 in 109

nucleotides [171], which is considered to be of questionable biologic
significance (see Molecular Events and Cellular Reaction in Critical
Cells below).

A very large dose-effect study of dibenzo [a]pyrene (DBP), a DNA-
reactive aromatic hydrocarbon, was conducted by Bailey et al. [185]
using over 32,000 rainbow trout, presumably of both sexes. Fish were
exposed to seven doses of DBP ranging from 0.45 to 225 ppm in the
diet, for an initiating period of 4 weeks after which they were main-
tained for a further 9 months. Liver and stomach neoplasms were in-
duced. At the lowest dose administered to 4 groups of 2021–2380 fish,
the incidences of liver tumors per fish ranged from 0.00047 to 0.00226,
compared to 0.00085 to 0.00195 in 4 groups of 1862–2348 controls.
Likewise, at the lowest dose, the incidence of stomach tumors ranged
from 0.00136 to 0.00420, compared to 0.00043 to 0.00236 in controls.
Thus, a substantial overlap of tumor incidences occurred in groups of
controls and low dose fish. Moreover, at lower doses the hepatic tumor
response fell below direct proportionality with DBP dose. Two bio-
markers of initiation, DNA adducts and cell proliferation, were also
studied after 4 weeks of dosing. No effect of DPB was found on cell
proliferation in the liver or stomach. Liver DNA adducts were linear
with dose and were present at the lowest dose, which was suggested to
be due to the deficiency of trout in global excision repair. The authors
concluded that “although the data were consistent with a threshold
interpretation, even the use of over 30,000 animals did not provide
proof that a threshold was reached, or would exist, in either target
organ.” Nevertheless, the low dose produced cellular toxicity in the
form of DNA adducts.

4.2. Enhancement of initiation studies

Pitot et al. [155] studied the promoting effects of PB and TCDD in
female rat liver when administered after an initiating dose of DENA
together with partial hepatectomy. Feeding for 6 months of 0.01% and
0.05% PB greatly enhanced the development of liver foci identified by
ƴ-glutamyltransferase, adenosine triphosphatase, or glucose-6-phos-
phatase histochemistry, whereas 0.005% had no effect and 0.001%
actually decreased the development of foci. In another experiment,
TCDD was administered by intramuscular injection for 6 months after
initiation. Enhancement of foci was produced by 0.01, 0.001 or
0.0001 μg/kg/day, but not 0.1 μg/kg/day. The authors concluded that
the responses to these chemicals exhibited threshold levels.

Masuda et al. [186] performed a study of the enhancing effects of α-
benzene hexachloride (α-BHC) on male rat liver foci induced by DENA.
α-BHC was fed in the diet at 12 doses ranging from 0.01 to 500 ppm for
6 weeks. Increases in the numbers of foci identified by placental-type
glutathione S-transferase were found at 2 ppm and greater, but not at
the four lower doses.

Muguruma et al. [187] conducted a study of the enhancement by
piperonyl butoxide (PBO) of hepatocarcinogenicity initiated by DENA
in male rats. Groups of rats received intraperitoneal injections of DENA
followed 2 weeks later by 0%, 0.125%, 0.25%, or 0.5% PBO in the diet
in one experiment and in the second experiment by 0%, 0.015%,
0.03%, or 0.06% PBO in diet. After one week on test diets, two-thirds
partial hepatectomies were performed to enhance hepatocellular pro-
liferation. Rats were terminated at 8 weeks. The numbers of glutathione
S-transferase placental-form positive foci were increased in rats which
received 0.25% and 0.5% PBO, but not at lower concentrations. Mea-
surement of microsomal ROS production by a fluorescence method
revealed increases at the highest dosage of 0.25% and 0.5% PBO. The
authors concluded that 0.25% PBO is the threshold dose that induced
ROS-mediated hepatocarcinogenesis.

5. Analysis of dose-effect data from limited duration experiments

Most of the limited duration studies of initiation of rat liver

carcinogenesis have revealed NOEL for preneoplasia, with the excep-
tion of an inhalation study with VC, where a NOEL was not found at a
dosage (2.5 ppm) which is below that (5 ppm) at which a NOEL for VC-
related neoplasms was observed in a chronic study [103]. The VC study
was the only one of those reviewed which used newborn animals. It is
established that newborn animals are extremely responsive to VC-in-
duced liver tumors [103] and that young rats are more susceptible to
carcinogenicity by VC than are older ones [188]. This may be due to
high levels of cell proliferation in the developing liver, which is known
to increase susceptibility to neoplasia [39,40,189]. In this study,
parameters of toxicity were not assessed and hence the doses were not
established to include any that were devoid of toxicity. In the initiation
study of DBP in trout, all dosages produced DNA adducts and thus, a
non-toxic dose was not tested. With regard to adducts produced in fish,
there is data indicating that the amount of DNA repair in cultured trout
cells is less than that in mammalian cells [190] and hence, extrapola-
tion of effects to mammals is uncertain.

Thus, the preponderance of the findings in studies of initiation are
not consistent with LNT. Rather they support the interpretation that
thresholds exist for initiation of carcinogenicity by DNA-reactive car-
cinogens and accordingly, there are thresholds for tumorigenicity.

Also, studies of enhancement of tumor development or promotion
by chemicals administered after initiation all revealed NOELs. This is in
accord with the fact that these chemicals are not genotoxic and must
produce toxicity for an extended duration to achieve carcinogenicity.

As discussed in the Introduction, carcinogenesis is a multistep pro-
cess. The steps in the process are each dose related and have thresholds
(Fig. 1), as described here for initiation and promotion. Accordingly,
the thresholds for these cancer precursor steps determine thresholds for
the overall process, as documented above.

6. Essential steps in carcinogenesis which are subject to
thresholds

The tumor NOELs identified in the review of dose-effect studies
could be a consequence of either negligible internal exposures at the
doses at which there were NOEL or to the operation of protective
processes. In the studies reviewed, the lowest dose tested was often
greater than 1 μg, and was administered repeatedly. Estimating the
theoretical internal exposure arising from a dose of 1 μg to a 25 g
mouse, yields an exposure of 2×1015 molecules per mouse or
1.3×105 molecules per cell (Table 2). Given the substantial theoretical
internal exposures that would stem from such a dose, it seems likely
that some bodily processes must be operative to attenuate potential
carcinogenic effects.

The essential processes or key steps in carcinogenesis, each of which
following the intake of the chemical is dependent on the preceding,
include chemical absorption and distribution, bioactivation (if re-
quired), interaction with target replicating (stem) cells, induction of cell
mutation, formation of preneoplastic lesions and progression of pre-
neoplasia to neoplasia (Fig. 1). Each of these steps, as discussed below,
has barriers, which must be overcome for the process of neoplasia to be
accomplished [34]. These barriers can differ between animals in a
group and between different groups of animals.

6.1. Absorption distribution and excretion of carcinogens (chemical
kinetics)

The administered dose of a carcinogen is subject to pre-systemic
biotransformation by enzymes in the gastro-intestinal tract. For ex-
ample, aminoazo carcinogens, such as DMAB, can undergo azo reduc-
tion yielding metabolites which are non- or weakly carcinogenic com-
pared to the parent compound. The absorption of a portion of the
administered dose of a xenobiotic yields the internal dose available to
effect carcinogenicity. Absorption of xenobiotics, including both DNA-
reactive and epigenetic carcinogens, is determined by the route of
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administration. For example, with skin application, most chemical
carcinogens are not effectively absorbed. In fact, direct application of
sufficient doses of carcinogens by this route usually results only in skin
tumors; for example, topical application to mouse skin of the alkylating
agent N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) induces skin
neoplasia, but not tumors in remote sites. Inhalation or oral dosing
results in both local exposure and following absorption and distribu-
tion, systemic exposure. Thus, as a result of direct contact, inhalation
dosing of rats with formaldehyde leads to nasal cancer and oral ad-
ministration to rats of MNNG produces stomach cancer. Similarly, with
some epigenetic carcinogens, such as BHA fed in the diet, direct contact
with forestomach epithelium leads to carcinogenicity.

The internal dose of absorbed carcinogen is available to be sys-
temically distributed throughout the body by way of blood or lymphatic
routes. Distribution to internal organs yields the effective exposure in
recipient organs. This is the exposure available to produce adverse ef-
fects to critical cells. Thus, oral administration of DNA-reactive poly-
cyclic aromatic amines (e.g. AAF) at sufficient doses leads to liver, ur-
inary bladder, and mammary gland tumors, organs to which the
carcinogen is distributed and where it is bioactivated. Likewise, with
the epigenetic carcinogen sodium saccharin, excretion in the urine re-
sults in bladder cancer.

Absorption by any route is not complete and low inhaled or oral
doses may not result in significant internal exposures. Moreover, sys-
temic distribution throughout the body and excretion in bile or urine
reduces the effective exposure of carcinogen reaching critical cells,
compared to that which occurs with direct contact. Thus, chemical ki-
netics can result in reduction of dose effects to toxicologically insig-
nificant levels, which can underlie thresholds; in other words, failure to
achieve an effective exposure of critical cells results in no tumor effect.

6.2. Biotransformation of carcinogens

The effective dose of a carcinogen reaching bodily tissues is subject
to biotransformation by tissue cellular enzyme systems (Fig. 3). Phase I
oxidative or reductive biotransformation is largely mediated by the
cytochrome P450 system, which is present at some level in almost all
tissues and is highly expressed in some tissues, notably liver [192,193].
The preponderance of biotransformation of DNA-reactive agents results
in detoxication and excretion, thereby reducing the effective dose
available to interact with critical cells. For example, Oesch et al. [50]
documented the central role of microsomal epoxide hydrolase in the
detoxication of genotoxic epoxides. Other potentially protective en-
zymes include those involved in phase II reactions, glucuronide and
sulfate conjugation enzymes and aldo-keto reductase (protective mac-
romolecules are discussed below). The effective cell dose is subjected to
biotransformation, yielding the critical cell dose. In the case of DNA-

reactive agents, biotransformation can lead to some level of formation
of reactive species, i.e. electrophiles of which there are five distinct
types associated with carcinogenicity (Fig. 2) [57]. For epigenetic
agents, biotransformation usually is entirely detoxication. Following
absorption, much of chemical biotransformation takes place in the
liver, which eliminates a large fraction of orally administered xeno-
biotics, in first pass metabolism, leading to excretion of metabolites in
urine and bile (Fig. 3). Most xenobiotics are rapidly cleared, but lipo-
philic substances, such as dioxin, can persist.

Thus, biotransformation systems provide a further barrier to carci-
nogens, reducing the ultimate accessibility of carcinogen to the critical
cells, which can, thereby, contribute to thresholds [50].

6.3. Critical cell accessibility

The rodent body is comprised of more than 1×1010 cells. The
critical cells which are susceptible to neoplastic transformation, how-
ever, are a small population of replicating tissue renewal cells or adult
stem cells (see Mutation below). These cells are substantially out-
numbered in most tissues by non-susceptible post replication cells.
Proliferating critical cells generally constitute less than 10% of the
tissue population [194], although, in highly proliferating tissues, such
as gastrointestinal tract with a high growth fraction, they can represent
over 50% [195]. Thus, most of the effective dose of a carcinogen which
reaches a potential target tissue engages non-susceptible post replica-
tion cells thereby reducing the critical cell exposure. Additionally, cells
have transport systems, such as p-glycoprotein, which export xenobio-
tics from the cell [196]. Moreover, replicating cells are programmed for
the functions needed for cell proliferation and do not highly express the
enzyme systems involved in chemical biotransformation. At high ex-
posures to carcinogens, toxicity can lead to cell death and compensa-
tory cell proliferation which increases the pool of replicating target cells
[197]. Also, life stage plays an important role in tissue susceptibility, as
noted above for VC. Generally, carcinogens are most effective when
dosing is started early in life [188], which may reflect greater numbers
of active stem cells.

6.4. Molecular Events and Cellular Reactions in critical cells

Cells, including those that are potential targets for carcinogenicity,
are endowed with cytoprotective molecules, notably glutathione.
Reactive metabolites (electrophiles) of DNA-reactive compounds
(Fig. 2), either those formed in critical replicating (stem) cells or those
reaching these cells after formation elsewhere in the body, as well as
epigenetic agents, readily undergo reaction with these molecules in the
cytoplasm. These reactions proceed according to the laws of chemical
thermodynamics, in which reactions are driven by the concentration of

Table 2
Estimated number of molecules in 1 μg of chemical per one cell of a dosed mouse.

Line Number Value Value Identification Calculationsa

1 1 μg Amount of a chemical (NOEL)
2 300 g/mol Assumed molecular weight
3 6.022× 1023 molecules Avogadro's number
4 0.0033moL/g Molecules per mass 1/2
5 1,000,000 μg/g Conversion factor
6 3.33× 10−9mol/μg Converted molecules per mass 4/5
7 2 x 1015 molecules per microgram Number of molecules per dose of chemical per mouse 6×3
8 3.7× 1013 cells Number of cells in the humanb

9 62 kg Average weight of an adult human
10 25 g Average weight of a mouse
11 4.03× 10−4 Mouse to human weight ratio 10/(9×1000)
12 1.49× 1010 cells Number of cells in a mouse 8×11
13 1.34 x 105 molecules per cell Number of molecules of a chemical per one mouse cell 7/12

a indicates reference to the line number, plain text indicates numerical value.
b [191]; [273], not including microbiome.
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the reactant at the site of action and its chemical potential [198]. This
reduces carcinogen available for entry into the nucleus and diminishes
consequent effects on the genome, both genotoxic and epigenetic.

From the fraction of a reactive chemical species which reaches the
nucleus, a portion can undergo reactions with nuclear proteins (i.e.
histones). Since DNA is surrounded by nucleoproteins, electrophilic
reactions preferentially take place with these molecules [199], thereby

reducing the fraction that reaches DNA and could produce potentially
promutagenic lesions.

Furthermore, not every chemical adduct produced in DNA is po-
tentially miscoding, since some are formed at sites on bases that are not
involved in base pairing. Also, not every interaction with DNA involves
a susceptible site for mutation in critical genes. Most adducts occur in
the non-coding regions of DNA which are substantial, since only about

Fig. 4. Molecular epigenetic alterations. BER, Base excision repair; H, histone; K, lysine; miRNA, microRNA (21–30 nucleotides); pri-miRNA, primary miRNA; pre-
miRNA, precursor-miRNA; S, serine; RNA Pol, RNA polymerases; TRBP, trans-activation response RNA-binding protein.
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2% of the genome (exons and their promoters) of somatic cells is po-
tentially transcriptionally active [200,201]. Only lesions in active DNA
would be expected to be of biological significance, because they could
lead to mutations in genes coding for cellular proteins, and conse-
quently permanently affect cell function.

Importantly, the eukaryotic genome possesses highly efficient and
highly error-free DNA repair processes which mitigate effects of DNA
reactions (see below). Eukaryotic cells also are equipped with DNA
damage response elements (e.g. p53) which are activated by DNA da-
mage [202] and function to slow cell cycle progression [203], thereby
reducing susceptibility to mutagenicity. Moreover, in animal tissues, as
a result of metabolic processes, genomic DNA has a substantial back-
ground of natural-occurring damage [204–207], in the order of 1 in 106

nucleotides. Consequently, only a level of carcinogen-mediated DNA
damage in excess of this is potentially of biological significance.

DNA-reactive carcinogens can also contribute to cellular transfor-
mation through epigenetic effects, such as by causing cytotoxicity and
compensatory cell proliferation, as shown for AAF [45]. Doses of DNA-
reactive carcinogens below those producing such epigenetic effects
display reduced carcinogenicity [45], which could be the basis for
thresholds.

Epigenetic carcinogens, by their nature, do not form chemical-re-
active metabolites. They can, nevertheless, produce DNA damage
through indirect mechanisms such as formation of ROS [59–61,208].
Increase in cellular ROS can result from either increased formation or
reduced depletion due to decreased antioxidant levels. ROS actively
bind to macromolecules, including protein, lipids, RNA and DNA.
Oxidative modifications of DNA bases, for example formation of 8-hy-
droxy-2′-deoxyguanosine, can lead to mutations and cancer develop-
ment [59]. The endogenous sources of ROS are intracellular organelles,
e.g. peroxisomes, mitochondria and inflammatory cells, e.g., neu-
trophils [60]. Such processes, however, require a high cellular con-
centration of the chemical and are inhibited by cellular antioxidant
molecules. Moreover, it appears that the cell can accommodate a level
of oxidative damage since that is a common background alteration,
arising from cellular metabolic processes [61,206,209]. Moreover,
oxidative lesions in DNA, are only weakly promutagenic [210,211],
which may account for the observation that the carcinogen p-di-
chlorobenzene, which induces oxidative stress, has activity as a pro-
moting agent, but not an initiating agent [212].

Some epigenetic carcinogens engage in receptor binding which can
mediate their effects in a variety of ways. Several epigenetic

Fig. 5. DNA repair pathways for chemical induced DNA lesions.

T. Kobets and G.M. Williams Chemico-Biological Interactions 301 (2019) 88–111

103



carcinogens are known to affect cell proliferation through receptor
binding [197]. The amount of carcinogen reaching a receptor is a
function of chemical kinetics discussed above. An attempt made by the
cell to adapt to these effects often leads to increased cell proliferation, a
crucial step in tumor development [28,197,213]. Failure to achieve
critical levels of receptor occupancy would constitute a threshold.

Chemical-induced genomic changes can also occur in the absence of
modification in the DNA sequence (Fig. 4). For example, DNA methy-
lation status, either global or gene specific, can be altered after ex-
posure to various chemicals [68,199,214]. Methylation of DNA mainly
occurs at CpG-islands in promoter regions of genes (DNA hy-
permethylation) and generally leads to the transcriptional silencing of
tumor suppressor genes and other cancer related genes involved in cell
cycle regulation, DNA repair, apoptosis, etc. [65–67,215]. Loss of
global DNA methylation (DNA hypomethylation) occurs mainly in
highly methylated genome sequences, also known as repetitive ele-
ments [216,217] and is associated with activation of normally silenced
pro-oncogenes and chromatin changes that in turn cause genomic in-
stability [215].

Interaction with nucleoproteins can also lead to epigenetic changes
in gene expression [68,199]. Covalent posttranslational modifications
on the N-terminal tail of histones in the form of acetylation, methyla-
tion, phosphorylation ubiquitination, or sumoylation are well described
epigenetic biomarkers [218,219]. Combinations of histone modifica-
tions compose a “histone code” which can cause modifications to
chromatin structure [218], thereby, affecting the gene expression pro-
file and DNA repair processes. Depending on the type of modification
and the residues that are modified, histone modification can lead to
either transcriptional activation or silencing of gene expression via two
major mechanisms: changing of chromatin accessibility or regulating
(either positively or negatively) the binding of effector molecules
[219,220].

Chemical-induced alterations in expression of microRNAs (miRNAs)
have been found to play a crucial role in gene expression and in epi-
genetic regulation. They are also involved in cell proliferation, differ-
entiation and death [199,221,222]. These short non-coding sequences
are complementary to a part of messenger RNAs (mRNAs), and can
cause gene expression silencing either by preventing mRNA translation
or by increased mRNA degradation.

All of the epigenetic processes described above can interact with
one another and are equally important in a multistage development of
cancer [223]. For example, hypermethylation of promoter region and
histone acetylation suppressed expression of miRNA-127 [224]. Con-
versely, certain miRNAs regulate expression of enzymes that are ne-
cessary for DNA methylation of modifications of histones [225].

The likelihood of producing these epigenetic events at low doses,
however, is essentially non-existent due to the abundance of these
macromolecules and their constant repletion. This is likely the basis for
the often high thresholds for epigenetic carcinogens (Table 1).

In summary, there are many elements in critical cells, which limit
the interaction of carcinogens with genomic targets relevant to carci-
nogenesis.

6.5. Genome damage repair

Genomic DNA damage in eukaryotic cells is subject to repair
[226–228]. A panoply of DNA repair systems exist in eukaryotic cells,
notably base excision repair, nucleotide excision repair, O6-alkylgua-
nine DNA alkyltransferase repair, double strand break repair and DNA
mismatch repair, which correct radiation or chemical damage
[229–231] (Fig. 5). Some chemical adducts are repaired more effi-
ciently than others. Thus, ethylation at the O6-position of guanine,
which is a highly pro-mutagenic adduct, is removed by the alkyl gua-
nine alkyl transferase process more efficiently than methylation [232].
This can lead to differences in the dose-effect for mutagenicity and
carcinogenicity of different alkylating agents (see below). Repair

processes are highly efficient and error free, thereby, protecting repair-
competent cells from mutagenicity [233,234] and carcinogenicity
[235]. Following DNA damage, excision repair starts rapidly. For ex-
ample, radiation-induced repair is robust in cultured human HeLa cells
at 0.5–3 h [236,237]. In primary cultures of rodent and human hepa-
tocytes, several hundred activation-dependent DNA-reactive carcino-
gens, likewise, have been found to elicit substantial repair synthesis
within 3 h of dosing [174,238–240] and a variety of carcinogens eli-
cited DNA repair in cultured HeLa cells after 2.5 h dosing [241]. Repair
has been shown to be more active in transcriptionally active genes than
in non-coding regions [242,243], thereby preferentially protecting
vulnerable sites in the genome. Consequently, DNA repair clearly plays
a critical role in mitigating the level of genotoxicity of DNA-reactive
carcinogens and, thereby, contributing to thresholds.

For epigenetic agents, the genomic targets are nuclear proteins,
DNA (via change in methylation status) and miRNAs (see above).
Importantly, carcinogens can impact methylation status of DNA repair
genes leading to their epigenetic inactivation [244].

Major epigenetic alterations, DNA methylation and histone mod-
ifications, are regulated by various enzymes (Fig. 4) and thus are con-
ceptually reversible. Some enzymes serve as “writers” inducing certain
modification, while others act as “erasers” removing them. For ex-
ample, DNA methyltransferases (DNM1, 3a and 3b) facilitate DNA
methylation process, while ten-eleven translocation enzymes, as well as
DNA glycosylases, take part in the active demethylation process [215].
Epigenetic writers, such as histone acetyltransferases, histone methyl-
transferases, protein arginine methyltransferases and kinases are re-
sponsible for adding epigenetic marks on histone tails. In contrast,
enzymes such as histone deacetylases, lysine demethylases and protein
phosphatases, catalyze the reversal of epigenetic modifications [245].
Chemical carcinogens at high doses can cause dysregulation of epige-
netic enzymes, thereby leading to altered epigenetic modifications
[223]. Such effects, however, have not been described at low exposures.
Moreover, epigenetic modifications produced by a chemical carcinogen
not only depend on the dose but can also be time-dependent, as shown
with a rodent non-genotoxic carcinogen, furan [246].

6.6. Mutation and permanent alterations in gene expression

Cancer is known to involve mutation or changes in expression of a

Fig. 6. Liver cell tumors in rats dosed with diethylnitrosamine (DENA).
Modified from Waddell et al. [268]. Data for liver tumors from Peto et al. and
Williams et al. [88,182] were plotted on the Rozman et al. [15] scale. Dose is
calculated on the basis of cumulative dose in molecules/kg. The approximate
average of the thresholds for DENA-induced liver tumors is 1020.3. Also shown,
for perspective, is the total human daily dose of DENA from all sources esti-
mated by Bartsch and Montesano; and Spiegelhalder and Preussmann
[269,270]. The human doses are from single exposures and not cumulative
doses.
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variety of critical genes, suggested to be up to 8 to 10 [42,247]. These
have been designated as proto-oncogenes and tumor suppressing genes
[248,249]. The substantial number of gene changes required for neo-
plastic conversion, makes it highly unlikely that low exposures of cri-
tical cells to a chemical carcinogen would be capable of producing such
numerous mutations in a single cell.

A “hit” by a chemical carcinogen in a critical gene will be converted
to a permanent mutation only if DNA replication takes place before
repair of the lesion. Thus, a substantial number of “hits” over an ex-
tended period of time is needed to produce the critical mutations in
cells which enable them to evolve into pre-neoplastic and ultimately
neoplastic populations. Such transformation occurs only if the initial
pre-neoplastic cell is not removed by other protective processes (e.g.,
apoptosis, immunosurveilance) which provide additional barriers to
cancer, as discussed below.

In cell culture studies of mutagenicity over a range of doses, the
activation-independent methylating agents, methyl methanesulfonate
and methylnitrosourea, dosed once showed significantly lower effects
at low doses compared with expected mutant incidences estimated from
a dose 5 times higher [250]. In contrast, ethylating agents yielded a
linear dose-effect, which was suggested to be due to lack of efficient
DNA repair of the latter. These observations of non-linearity have been
elaborated in subsequent mutagenicity studies of alkylating agents in
cell culture, (reviewed by Thomas and Johnson [251]). The in vivo
mutagenicity of MeIQx in the Big Blue transgenic rat in a target organ
was shown to exhibit NOEL at the LacI locus of the transgene [179].

The production of mutations by chemical-specific DNA lesions dis-
cussed above, is a key effect of DNA-reactive carcinogens [90]. Muta-
tions leading to neoplastic conversion are relevant to cancer only when
they occur in cells that are the permanent residents of a tissue, namely
adult stem cells [252–254].

Epigenetic carcinogens, as noted above, lack the property of direct
mutagenicity, and rather act through other mechanisms [30,68,255].
The epigenetic mechanisms include enhancement of cell proliferation
which leads to increases in mutation rates or facilitation of growth of
background preneoplastic or neoplastic cells [256]. Permanent altera-
tions in gene expression can arise from epigenetic effects on nucleo-
proteins [246]. Because of the abundance of such proteins, numerous
interactions over an extended duration are required to elicit an effect,
which is not consistent with the “one hit” LNT theory. Unlike some
DNA-reactive carcinogens (discussed above), epigenetic carcinogens
are not active with a single dose, except for highly lipophilic chemicals
for which administration of a single large dose can result in a prolonged
internal dose.

Thus, for both, DNA-reactive and epigenetic carcinogens a variety of
factors limit induction of gene change, and this can lead to NOELs for
tumor induction.

6.7. Formation of preneoplastic lesions

Preneoplastic cells and the lesions formed by them typically precede
neoplasia and are usually more numerous than the neoplasms which
eventually arise [257]. Various factors influence the survival and pro-
gression of such altered cells, both positively (cancer facilitators) and
negatively (cancer inhibitors). Importantly, cell-to-cell communication
via gap junction intercellular communication plays a major role in
regulation of proliferation of normal and neoplastic cells [258]. In-
hibition of this cancer protective process can be produced by tumor
promoters, as first described by Yotti et al. and Murray and Fitzgerald
[259,260] and confirmed by others [256,261,262], thereby facilitating
growth of neoplastic cells. This appears to be a likely high-level-ex-
posure mode of action for many epigenetic carcinogens [58,263], often
referred to as promoters. Gap junctions are abundant on cell mem-
branes, and thus, inhibition of cell-cell communication requires sub-
stantial and sustained exposure of transformed cells. Otherwise, if cell
to cell communication is effective, preneoplasia can be controlled by

tissue homeostatic factors and never progress to cancer. Indeed, after
cessation of carcinogen dosing phenotypic reversion and disappearance
of preneoplastic liver foci has been reported [257], even though such
lesions are documented to have genomic alteration [31].

6.8. Systemic factors

In addition to the cellular and intercellular effects produced by
carcinogens in critical cells, there are several systemic factors that in-
fluence neoplastic development, some enhancing, others inhibiting the
process. These include perturbation of hormone production, chronic
inflammation and immune suppression. These all represent toxicities
and are not established to affect carcinogenesis at low dosages.

In other words, these systemic factors occur only at exposures above
thresholds.

7. Summary of thresholds in the process of carcinogenesis

Each of the key events in chemical carcinogenesis has a threshold
intrinsic to the mechanism involved. Hence, the apical event, tumor
development, has a threshold level stemming from the multiple and
redundant thresholds of underlying events. For DNA-reactive carcino-
gens, the tumor threshold can be quite low as a consequence of the
potency of DNA reactivity. For epigenetic carcinogens, the threshold is
generally quite high, reflecting the need for toxicity to effect carcino-
genicity.

8. Conclusions

In the carcinogenicity dose-effect experiments reviewed herein,
NOELs for neoplasia were observed for both DNA-reactive (eight out of
fourteen) and epigenetic (seven out of seven) carcinogens at dosages
below those at which tumors were induced. This is indicative of dose
thresholds for both types of carcinogens. All epigenetic carcinogens
exhibited tumor NOEL. For most DNA-reactive carcinogens, dose-effect
experiments for tumors often revealed linear responses to the lowest
dosages tested and some did not exhibit a NOEL (i.e., AAF, AFB, BaP,
DMAS, ENU, NM), whereas experiments with others (DENA, DMAB,
DMNA, ENUR, formaldehyde, MeIQx, RID and VC) did exhibit NOELs
(Table 1). In the cases where NOELs were not observed, the lowest
dosage tested was not documented to be nontoxic, i.e., not to produce
genotoxic or cytotoxic effects which could induce neoplasia. Indeed, for
some of these (AAF, AFB, MeIQx) mechanistic studies revealed DNA
adduct formation at dosages below those tested for carcinogenicity,
indicating that dosages below these toxic dosages would need to be
tested to definitively assess tumor NOEL. In several studies in which
thresholds were not found, the lowest dosage induced mainly or only
benign tumors (e.g. benign liver tumors produced by low dosages of
NM), which may reflect lesser genetic alterations, indicating that the
low dosages were approaching mutagenic thresholds.

The issue of NOEL for DNA-reactive carcinogens was further ad-
dressed in studies of cancer initiation, a critical effect of DNA-reactive
carcinogens. In experiments which monitored cancer initiating effects
in the rat liver, almost all carcinogens, with the exceptions of VC, which
was studied in a neonatal model, and dibenzo [a]pyrene in trout, de-
monstrated NOELs for critical effects of the DNA-reactive carcinogens
studied. Importantly, in most liver initiation experiments, NOELs were
found for induction of HAF, which are a prerequisite to the eventual
development of liver neoplasms. Quantification of HAF provides more
robust quantitative data than measurement of tumors, because, fol-
lowing hepatocarcinogen dosing, the numbers of HAF per liver greatly
exceed the numbers of tumors [257]. Consequently, a NOEL for HAF
can be considered as a NOEL for liver tumor induction, since HAF are
obligatory precursors to tumors. Moreover, NOEL were demonstrated
for induced cell proliferation, which is a response to hepatocellular
injury and an enhancing factor in hepatocarcinogenesis [28,213].
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These NOELs for induction of HAF by DNA-reactive carcinogens, as
well as for increased cell proliferation, were found at CD that still
produced DNA adducts, some of which are potentially miscoding,
namely, (deoxyguanosin-N2-yl)-AAF with AAF [55] and O6-ethylgua-
nine with DEN [182], whereas others are at sites not involved in base
pairing. This indicates that formation of adducts is a more sensitive
bioindicator of exposure/effect and that there is a level of DNA adduct
formation which appears not to lead to other toxicity. This level has
been proposed to be at about 1 in 109 nucleotides, which represents
only about three adducts per cell, or about one adduct per 7000 genes
[171]. Since only 1–2% of the genome is functionally active, most ad-
ducts would be in regions of DNA not coding for gene products.
Moreover, not all adducts, even in transcriptually active regions, are
miscoding. Additionally, adduct levels at 1 in 109 nucleotides, which
represents about 12 adducts per somatic cell, are extremely small
compared to that of endogenous DNA lesions per cell, estimated to be in
the order of 104 to 106 per cell [206,264,265], much of which is oxi-
dative damage resulting from cellular metabolism, e.g., ROS.

Experimental chemical carcinogenesis is well established to be a
multihit/multistep process (Fig. 1), involving changes in the structure
or function of oncogenes and tumor suppressor genes, leading to in-
itiation of tumor development, which can be enhanced by promotion.
Such changes require, in general, substantial and sustained exposures,
although there are situations where a single large dose can be tumori-
genic, especially with carcinogens that are not effectively detoxicated
[38,87,168]. The possibility of multiple effective hits in critical genes at
extremely low levels of DNA adduct formation, as discussed above, is
implausible, particularly given the effectiveness and redundancy of
DNA repair processes.

Additional data that demonstrate thresholds for both DNA-reactive
and epigenetic chemicals come from the analysis of altered gene ex-
pression profiles induced by exposure to carcinogens. Such analyses of
genomic changes reveal NOEL for alterations of gene expression at
dosages significantly lower than those already established to be NOEL
for other effects, such as altered cell proliferation. In particular, the
absence of induction/activation of genes related to DNA damage re-
sponse, such as Gadd, ATM, H2AX [202,229], further reinforces the
existence of thresholds for potentially deleterious DNA adducts [112].

Thus, the totality of the abundant biological and mechanistic evi-
dence unequivocally supports the existence of NOELs in experimental
carcinogenesis, for both tumors and antecedent effects for both DNA-
reactive and epigenetic carcinogens. In contrast, there are no high
quality empirical data or reliable mechanistic explanation which es-
tablish the LNT model as a biologically valid dose-effect model for all
carcinogenic chemicals. Importantly, the LNT model is not consistent
with the possibility of hormetic (favorable) biologic effects of chemicals
at subthreshold levels for harmful effects [69,266].

9. Implications of thresholds in experimental carcinogenesis for
human risk assessment

The LNT concept is frequently applied to human cancer risk as-
sessment, where intakes generally are much lower than those in the
dose-effect experiments reviewed here. This is illustrated in the dose-
effect plots developed by Rozman et al. and Waddell [15,267] in which
the dose is represented in molecules and a logarithmic scale is used. An
example is shown in Fig. 6. Together with lower intake in humans, the
factors that determine thresholds in the steps prerequisite to cancer in
experimental carcinogenesis, described above, are operative, and these
would be expected to afford even greater protection of humans at the
much lower internal exposures resulting from lower intakes. Among
these protective processes, DNA repair in cells of humans without
medical conditions is more efficient than that in rodents [271,272]. The
functioning of the protective processes discussed may well contribute to
the fact that humans are exposed to low levels of a plethora of ex-
perimental carcinogens, both DNA reactive and epigenetic, without

evidence of increased risk of cancer. Among the chemicals reviewed
here, only the DNA-reactive agents, aflatoxin, BaP, formaldehyde and
VC, were associated with increases in human cancer under circum-
stances of high intake [56,75,104,125]. Thus, the data available in
humans is consistent with the existence of thresholds, and the possi-
bility of thresholds should be considered in human risk assessment.
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A B S T R A C T

Current regulatory practices for chemical carcinogens were established when scientific understanding of the molecular mechanisms of chemical carcinogenesis was in
its infancy. Initial discovery that DNA mutation was the root of cancer led quickly to regulatory processes that assumed such a simple relationship could be described
with a linear approach. This linear, no threshold approach has since become the default approach to risk assessment of chemicals with carcinogenic potential. Since
then, a multitude of intrinsic processes have been identified at the molecular, cellular and organism level that work to prevent transient DNA damage from causing
permanent mutations, and mutated cells from becoming cancer. Mounting evidence indicates that these protective mechanisms can prevent carcinogenesis at low
doses of genotoxic chemicals, leading to non-linear dose-response. Further, a number of non-genotoxic mechanisms have demonstrated threshold-shaped dose-
response for cancer outcomes. The existence of non-linear dose-response curves for both non-genotoxic and genotoxic chemical carcinogens stands in stark contrast to
the default risk assessment approach that assumes low dose linearity. In this review, we highlight some of the key discoveries and technological advances that have
influenced scientific understanding of chemical carcinogenesis over the last fifty years and provide case studies to demonstrate the utility of these modern tech-
nologies in providing a biologically robust evaluation of chemical dose-response for cancer risk assessment.

1. Historical perspective: scientific understanding and regulatory
policy regarding chemical carcinogenicity

Any discussion of the potential to reform cancer risk assessment
must be prefaced with the fact that current regulatory practices for
chemical carcinogens were established when scientific understanding of
the molecular mechanisms of chemical carcinogenesis was in its in-
fancy. Initial discovery that DNA mutation was the root of cancer led
quickly to regulatory processes that assumed such a simple relationship
could be described as a linear dose response. This linear, no threshold
approach has since become the default approach for risk assessment of
chemicals identified to have genotoxic activity and/or carcinogenic
potential, i.e., the default linear approach.

In the last few decades, much has been learned about the progres-
sion from initial DNA insult to carcinogenesis that challenges the va-
lidity of this default linear approachsnl n. A multitude of intrinsic
processes at the molecular, cellular, and organism level work to prevent
transient DNA damage from becoming a permanent mutation, mutated
cells from forming tumors, and tumor cells from metastasizing. At the
cellular level, these processes include post-translational DNA damage
repair processes and transcriptionally regulated response pathways in-
cluding DNA damage repair, cell cycle arrest, senescence and apoptosis.

At the tissue and organism level, defenses such as cell-cell contact in-
hibition of proliferation and immune response to invading cancer cells
must be overcome to develop cancer [1]. In the case of chemical-in-
duced carcinogenesis, intrinsic protective mechanisms, including reg-
ulation of cellular redox levels via free radical scavengers, deactivation
of reactive chemicals via phase II metabolism, and intrinsic repair
processes that utilize nuclear proteins, have the potential to prevent
propagation of DNA damage to mutation at low doses.

Results of studies with several genotoxic chemicals have demon-
strated dose-dependent thresholds for mutation and genotoxicity in
vivo and in vitro [2–6]. Fig. 1 shows an example of genotoxicity
(measured as micronucleus frequency) in cultured human cells. While
the responses to some chemicals are indistinguishable from linear, no
threshold response at low doses (e.g., etoposide, Fig. 1A), others de-
monstrate an apparent threshold – or bi-linear (zero slope at low doses,
positive slope at higher doses) – response (e.g., methyl methanesulfo-
nate; Fig. 1B). Further, a number of in-depth assessments of chemical
induced cancer have provided strong evidence for non-linear - or
threshold-like - dose-response for cancer incidence curves [3,9–11]. In
other words, the shape of the dose-response curve for chemical carci-
nogenesis may be more complex than the default assumption of linear,
no threshold behavior – a fact that would dramatically affect estimated
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points of departure for risk assessments as well as the fundamental
understanding of cancer risk (no added risk below the threshold vs.
added risk at any dose).

In the following discussion, we briefly highlight some of the key
discoveries and technological advances that have influenced scientific
understanding of chemical carcinogenesis in light of their influence on
perception of chemical risk and regulatory policies. In later sections of
the paper, we provide case studies on the use of modern technology to
better define the mechanisms that drive the dose-response curves for
mutation and cancer, as well as various data streams that contradict the
assumption that cancer is inherently a linear, no threshold (LNT) pro-
cess.

1.1. Pre-1970 – early understanding of cancer and regulatory actions

In 1175, Sir Percival Pott hypothesized that the high rate of scrotal
cancer in chimney sweeps was a result of their high levels of exposure
to soot [12]. The near elimination of scrotal cancer with implementa-
tion of a regular bathing regimen lent powerful support to his hy-
pothesis. By the early 20th century, mounting epidemiological evidence
for associations between cancer and radiological or chemical exposures
resulted in general acceptance of the possibility that environmental
exposures could induce human cancers. In 1937, President Franklin D.
Roosevelt signed into law the National Cancer Act, establishing the

National Cancer Institute with the goal of improving understanding of
the cause, diagnosis and treatment of cancer and a similar act was
implemented in England in 1939. In 1944, Avery and coauthors iden-
tified DNA as genetic material [13] and Watson and Crick published a
description of the chemical structure of DNA in 1953 [14]. The link
between DNA and chemical carcinogenesis was quickly recognized,
with discovery of DNA methylation by N-nitrosamines [15] and DNA
adduct formation by aflatoxin B1 [16] and benzo[a]pyrene [17].

1.2. 1970s-1980s: first risk assessments for chemical carcinogens and
development of the linearized multi-stage (LMS) cancer model

By the 1970s, it was clear that some chemicals could cause cancer in
animals and humans: Cigarette smoking had been linked to lung cancer;
asbestos was associated with pleural mesothelioma, and vinyl chloride
was found to cause a rare liver tumor in experimental animals and in
humans exposed occupationally. In the U.S. in particular, there was a
rapid downhill spiral to public chemophobia fueled by a succession of
highly publicized toxic chemical concerns: DDT, saccharin, FD&C Red
No. 2, cyclamates, ethylene dibromide, dioxin, and Alar (on apples)
[18]. In 1971, President Richard Nixon signed into law the National
Cancer Act of 1971, aimed at strengthening the National Cancer In-
stitute and increasing funding to cancer research.

Prior to this time, chemical risk assessments were conducted by
identifying a No Observed Adverse Effect Level (NOAEL) in an experi-
mental animal or human epidemiology study and applying uncertainty
factors (UFs) addressing biological differences between experimental
animals and humans and across individual humans to obtain an esti-
mate of an acceptable exposure. The emergent development of a se-
parate risk assessment methodology for chemical carcinogens, how-
ever, was driven by concerns that, due to the nature of the cancer
process and associated limitations in the statistical power of experi-
mental animal tests to detect chemically-induced cancers, even doses of
a carcinogen well below those observed to induce tumors in animals
could entail an unacceptable risk of cancer to humans. This assumption
was augmented by the US National Academies of Science conclusion in
1956 that low-dose radiation exposures were presumed to cause cancer
without a threshold because of their assumed potential to cause DNA
damage and mutagenicity at any exposure level. Given that radiation-
and chemically-induced genotoxicity were assumed to be essentially
indistinguishable as key drivers of environmental carcinogenesis, this
linear, no-threshold dose-response expectationfor carcinogenesis was
considered inconsistent with the existing NOAEL/UF approach for
chemical agents. As a result, low-dose extrapolation approaches were
developed, culminating in the development of the “Linearized
Multistage” (LMS) model [19], which used a statistical analysis to es-
timate the highest potency in the low-dose region that was statistically
consistent with data on tumor incidence in an animal bioassay. The
LMS model gained wide acceptance by regulators because it made it
possible to obtain highly conservative estimates of cancer risks from
low-dose exposures.

The first instance of a U.S. regulatory agency conducting a formal
quantitative risk assessment (i.e., the calculation of a probability of
harm) occurred in 1973, when a U.S. Food and Drug Administration
regulatory document, “Compounds Used in Food-Producing Animals”
(38 Fed. Reg. 19226, 1973), specified the required sensitivity of
methods for measuring trace levels of carcinogens in meat products on
the basis of the “maximum exposure resulting in a minimal probability
of risk to an individual (e.g., 1/100,000,000) …. " (1 in 100 million.) A
few years later, the 1980 U.S. Supreme Court decision on benzene
provided the first clear mandate for quantitative low-dose extrapola-
tion. Referring to OSHA's responsibility to protect workers from sig-
nificant risk, the Court stated:

“It is the Agency's responsibility to determine in the first instance what it
considers to be a “significant” risk. Some risks are plainly acceptable and
others are plainly unacceptable. If, for example, the odds are one in a billion

Fig. 1. Genotoxic response to two DNA damaging compounds in cultured
human cells. HT1080 human fibrosarcoma cells exposed to (A) etoposide
(topoisomerase II inhibitor) or methyl methane sulfonate (DNA methylating
agent). The numbers of micronuclei per parent cell relative to vehicle controls
(mean ± SEM) are plotted against compound concentration. Each concentra-
tion response was tested against the Lutz threshold model [7]. The red line in
the inset shows the best fit bi-linear model. Only methyl methanesulfonate
(panel B) demonstrated a statistically (p < 0.05) better fit to the data than a
linear, no threshold model. Figure adapted from Ref. [8].
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that a person will die from cancer by taking a drink of chlorinated water, the
risk could clearly not be considered significant. On the other hand, if the
odds are one in a thousand that regular inhalation of gasoline vapors that
are 2% benzene will be fatal a reasonable person might well consider the risk
significant and take the appropriate steps to decrease or eliminate it.” (I.U.D.
v. A.P.I., 448 U.S. at 655).

A few years later, following widespread criticism of several risk
assessment decisions made by health regulatory agencies, the U.S
Congress commissioned a report by the National Academy of Science,
“Risk Assessment in the Federal Government: Managing the Process,”
[20] that laid a formal foundation for modern chemical risk assessment.
With chemical carcinogens, the Carcinogen Assessment Group (CAG) at
the EPA developed tools for dose response assessments where any ex-
posure, no matter how small, carried some probability of risk (Fed
Regist, 41:21403, 1976). The basis of this approach – the linear, no
threshold (LNT) approach – was developed based on studies of cancer
induced by high doses of ionizing radiation [21], and a relatively new
understanding that chemicals cause cancer through interaction with
DNA. The processes governing DNA damage, DNA repair, prevention of
heritable mutations and organism level responses to cancer were largely
undiscovered at that time.

This early and relatively crude understanding of cancer biology
served as the scientific basis for the development of the initial USEPA
cancer risk assessment approach [22], and the resulting USEPA [23]
guidelines specified a default assumption that low-dose risk is always
linearly related to the dose and that any dose, no matter how small,
poses some level of risk. The process developed for chemical carcino-
gens included low dose extrapolation with the LMS model and inter-
species extrapolation from animal data to derive a slope factor. The
LMS model was adopted as the statistical technique for providing a
quantitative upper-bound estimate of risk from results of animal studies
or epidemiological observations [24]. Other aspects of evaluating
cancer risks included applying a surface area adjustment to convert
animal-derived points of departure to equivalent human doses. The
resulting slope factor relates risk and dose rate in units of (mg/kg/
day)−1. Multiplying this slope factor by the human exposure (mg/kg/
day) and the number of people exposed provides an upper bound es-
timate for the expected lifetime increase in cancer incidence for the
exposed population. Risk management practices were established to
keep the calculated increase in increased risk below 1/1,000,000 (one
per million) exposed individuals.

There was also an explosion in the 1970's and 1980's of new ex-
perimental methods to examine the consequences of lifetime exposures
of rats and mice to chemicals and evaluate mutational properties in a
wide array of assays. There was quickly a proliferation of compounds
that were reported to cause DNA-damage or mutation in one or another
assay, as well as compounds that were associated with increased can-
cers in in rats or mice, in studies that often used experimental doses that
were far above those encountered in real-world human exposures in
order to overcome limitations in statistical power.

1.3. 1990s-2000s: continued regulatory reliance on the LMS model despite
improved understanding of the role of cell proliferation in carcinogenesis and
development of biologically based dose-response models

By the late 1970s, chemical carcinogenesis was widely accepted to
be a multistage process involving both mutation and cell division, both
of which could be influenced by chemical dose [25]. Yet, there were no
widely accepted dose-response models for cancer endpoints that ac-
counted for the roles of both mutation and cell proliferation. The first
efforts to address this deficiency were the development of clonal growth
cancer modeling approaches by Moolgavkar [26] and colleagues. These
models were initially developed for the interpretation of human epi-
demiological data on cancer incidence [27,28], but were subsequently
applied for describing time-courses for both pre-neoplastic and neo-
plastic lesions in animal studies [29]. Clonal growth models of cancer

provide a biologically plausible, mathematically rigorous framework
for describing a nonlinear carcinogenic process. In a clonal growth
model, the progression of normal cells to fully neoplastic cells is de-
scribed as a series of at least two irreversible, mutation-driven events
with the possibility of clonal expansion of the intermediate stage(s).
The most commonly used model has 2 stages and is not meant to re-
present the detailed biochemical mechanism of most cancers. None-
theless, the 2-stage clonal growth model (Fig. 2) is a particularly useful
biologically motivated model of cancer since it is the simplest (most
parsimonious) cancer model that allows for the incorporation of data on
both cellular proliferation and mutation.

Importantly, the implications for tumor dose-response of separate
dose-responses for cellular proliferation and mutation can be studied
with the 2-stage model [30] to evaluate EPA concerns regarding the
implications of “lurking genotoxicity” at low exposures to a chemical
that causes both genotoxicity and cytotoxicity at higher exposures. This
possibility has driven extensive investigation of the applicability of the
2-stage model to chemical carcinogens [31–33]. The advantages of
linking pharmacokinetic models of DNA adduct formation to 2-stage
clonal growth models of mutation and proliferation are described in a
seminal paper by Cohen and Ellwein [34] that provides several case
studies. One of the first instances where this approach was formally
considered by an agency for use in a risk assessment was a model of
formaldehyde nasal carcinogenicity developed by Conolly et al.
[35,36]. This effort is discussed later in this paper as a case study on the
use of mechanistic dose-response models and transcriptomic studies to
demonstrate threshold shaped dose response, not only for the tumor
response in animal bioassays, but also by extension to the cancer dose
response for human formaldehyde exposures.

During this same time, researchers were able to clarify the re-
lationship between DNA adduct formation and the potential for DNA
mutation [37]. For mutation to occur, cell division must take place
before the cell is able to restore the integrity of the damaged DNA. An
important distinction was made that while DNA mutations can serve as
biomarkers of effect, DNA adducts should only be considered bio-
markers of exposure. That is, whereas the dose-response for mutations
may be useful as a biomarker of effect as a precursor for carcinogeni-
city, the dose response for adducts should only be used as a surrogate
for the intracellular concentration of the chemical (or its metabolite)
reacting with DNA. They concluded that;

• “biomarkers of exposure [i.e., DNA adducts] are usually linear at low
doses, with the exception being when identical adducts are formed en-
dogenously.”

• “Whereas biomarkers of exposure extrapolate down to zero, biomarkers
of effect [i.e., mutations] can only be interpolated back to the

Fig. 2. Diagram of a 2-Stage Clonal Growth Cancer Model. In the 2-stage
clonal growth model, the progression of normal cells (N) to fully neoplastic
cancer cells is described as a series of two irreversible, mutation-driven events
(μN and μi) with the possibility of clonal expansion of the intermediate stage.
(αN, αi: cell division rates for normal/initiated cells; βN, βi: death/differentia-
tion rates for normal/initiated cells.
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spontaneous or background number of mutations”

The implications of this distinction are illustrated in Fig. 3 (re-
produced from Ref. [37], which shows the dose-responses for methane
methyl sulfonate (MMS).

In response to the remarkable increase in understanding of the
carcinogenic process during the 1980s and 1990s, the USEPA [38]
updated their cancer risk assessment guidelines to provide for multiple
options for carcinogen dose-response assessments driven by mode-of-
action considerations. This represented a major departure from the
previous USEPA [23] approach for cancer risk assessment. Important
features include:

• Definition of default approaches as “no-data" options, the use of
which must be justified based on the lack of sufficient information to
support a more chemical-specific approach;

• Explicit support for biologically-based modeling as the preferred
method for dose-response assessment;

• Definition of multiple low-dose extrapolation defaults: linear no
threshold, nonlinear, and margin of exposure (“threshold”); and

• Consideration of the mode of action (carcinogenic mechanism) of
the chemical both for determining the conditions under which the
chemical should be considered a cancer hazard for humans, and for
determining the appropriate low-dose extrapolation approach.

Under the new guidelines, mode of action considerations dictate
whether a linear, no threshold dose-response assessment should be
performed to derive a cancer potency estimate, or whether there is
sufficient evidence of a highly nonlinear dose-response to justify the use
of a nonlinear approach or harmonized toxicity value derivation.
Harmonization of the cancer and noncancer risk assessment approaches
has received widespread support [39] and was used in the USEPA [40]
risk assessment for chloroform. In that assessment, a point of departure
of 23 mg/kg/day was calculated based on the kidney tumor incidence
in a drinking water study [41]. Comparing the point of departure to the
agency's Reference Dose (RfD) of 0.01 mg/kg/day for non-cancer effects
resulted in a Margin Of Exposure of 2,000, which was considered suf-
ficiently large. Thus, in this case, the RfD for noncancer effects of
chloroform was also considered adequately protective of public health
for cancer effects, on the basis of the nonlinear dose response for
chloroform and the mode of action for both cancer and noncancer ef-
fects having a common link through cytotoxicity.

Another rationale for a departure from linearity in the low-dose
region comes from evidence for hormetic (J-shaped) dose-response
behavior for toxicity [42], as well as for biomarkers of carcinogenicity

[43] in animal studies. These observations raise the possibility that
exposure to low concentrations of chemical carcinogens could actually
decrease, rather than increase, cancer risk. There is still much debate in
the risk assessment communities surrounding the possibility of un-
ambiguously demonstrating threshold- or J-shaped dose-response
curves. Some concerns are a result of uncertainty in sensitivity of the
assays or the fact that few in vitro studies account for metabolism
(bioactivation or inactivation). Other criticisms center around statis-
tical analyses and the ability to fit a linear curve to the available data.
In 2009, Lutz and Lutz developed a statistical approach to improve
consistency in evaluating the likelihood of the existence of a threshold
shaped dose-response [7]. This approach evaluates two alternative
mathematical models against the data: a linear, no threshold model and
a model that defines a threshold dose, below which the concentration
response is flat, and above which the concentration is linear (i.e., a
“hockey stick”). The two models are compared using the F-test, bal-
ancing goodness-of-fit against the number of parameters. While this
model represents an important step forward in creating a standardized
test for thresholds, there are challenges in interpreting the results of the
Lutz model: the result are highly dependent on the statistical power of
the experiment and only two possible models (linear, no threshold;
hockey-stick) are compared. For these reasons, the authors provide the
following word of caution in the relying purely on statistics to evaluate
thresholds: “If the hockey stick model fits the data significantly better
than linearity, the threshold-like appearance of the dose–response curve
will have to be corroborated by mechanistic considerations and ex-
perimental testing of the respective hypothesis.” [7]. Thus, to truly
define the shape of the dose-response curves, we must look to the un-
derlying biology and develop targeted experiments to identify and
measure the key processes governing dose-response at low exposures.

1.4. 2010s: transcriptomics, the shift toward non-animal methods in
toxicology, and pressure for regulatory agencies to accept new methodologies

Transcriptomics. When gene array technologies were introduced in
the 1990's, the expectation was that these whole genome test methods
would change the paradigm of life science research, including tox-
icology and its application to risk assessment. However, it was quickly
recognized that the experimental technology had dramatically sur-
passed our ability to store, process, analyze and interpret such large
datasets [44]. In the intervening years, the experimental technologies
for transcription have evolved from RT-PCR for individual genes, to
printed oligonucleotide arrays, to high throughput multiplexed RNA
sequencing. Databases, computational and statistical methods, and
methods for analysis and interpretation of transcriptomic data have also
undergone a revolution [44]. Only recently have government and reg-
ulatory agencies begun to develop standardized approaches to the use
of these data streams in chemical safety assessments.

Two particularly important advances in transcriptomic data inter-
pretation for toxicological evaluation have been development of 1)
gene ontology databases to support gene set enrichment analysis (or
pathway analysis) and 2) development of a standardized approach to
transcriptomic dose-response analysis based on gene set enrichment
and traditional benchmark dose (BMD) principles. Pathway analysis
helps to understand or interpret omics data in terms of canonical
knowledge about biological processes using gene ontology databases
such as Gene Ontology, KEGG, Ingenuity, Reactome or WikiPathways
or by training predictive models using chemicals with known modes of
action [45–47]; www.wikipathways.org, [5,48]. Recent work also de-
monstrated improved predictivity of transcriptomic signatures for
apical response when evaluated in terms of pathways (i.e., suites of
related genes) rather than as individual, unrelated genes [49]. The
application of this technology is hindered, however, by the fact that the
gene ontology databases are quite limited in their coverage of biology
and in the completeness of the networks, which are confined by the
experimental design of the studies that provide the underlying data.

Fig. 3. Comparison of N7-methylquanine DNA adducts and HPRT muta-
tions in AHH-1 cells exposed to MMS for 24 h. The endogenous adducts are
N-7MeG (◇), while the exogenous adducts are [13C2H3]-7Me-G (◆). The Hprt
mutant frequency is shown as ◯. Figure reproduced from [37].
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The process of developing comprehensive networks that can be used to
predict chemical mode of action is ongoing. However, as these methods
evolve, so too will our understanding of chemical dose-response. Ex-
amples provided in the case studies below for formaldehyde, nickel and
dioxin (TCDD) demonstrate how transcriptomics technologies are al-
ready contributing to efforts to define the mechansims of threshold-
shaped dose-response for carcinogens.

The second breakthrough in transcriptomic analysis for tox-
icological assessment, is the application of BMD methods to genomic
dose-response. BMD, which has been a trusted tool for decoding dose
response for risk assessment, was recently applied to transcriptomic
data [50,51]. A number of studies have since demonstrated that tran-
scriptional points of departure following short term exposures (<14
days) are predictive of the doses (points of departure; PoD) causing
both non-cancer and cancer chronic toxicity, including tumor incidence
after life-time exposures in rodents [49,51–53]. Further, the suite of
genes affected by a compound can yield essential information about the
toxicological response, suggesting mechanisms that can then be tested
with targeted mode of action studies. Toxicogenomic responses have
been successfully coupled to in vivo and in vitro model systems to
identify mechanisms and categorize responses to many chemical
stressors, including carcinogens [54–56]. A powerful potential outcome
of this work is the ability to predict safe chemical exposures, and che-
mical mode of action, from short-term in vivo studies – potentially
eliminating the need for chronic, high dose toxicity assays including the
2 year bioassay that has long been considered the gold standard for
carcinogens.

Unfortunately, few risk assessments have taken advantage of tran-
scriptomic data streams. A notable exception to this rule is the recent
“Opinion on Scientific Evaluation of Occupational Exposure Limits for
Nickel and its Compounds” from the European Chemicals Agency
(ECHA) Risk Assessment Committee [57], which cited studies on the
dose-response for transcriptional changes as a basis for their decision to
assign nickel compounds an indirect mode of action with a threshold,

“In vivo inhalation studies by Efremenko et al. [58,59] in rats show
that transcriptional pathways affected by nickel subsulfide and
nickel sulfate primarily reflect responses to toxicity, including in-
flammatory and proliferative signaling. In the case of nickel sub-
sulfide indications on the activation of the pathways related to DNA
damage were seen only at the two highest dose level (0.11, and 0.44
mg Ni/m3) with a NOAEL of 0.06 mg Ni/m3 after 1 month exposure
and BMD10 for the activation of inflammatory pathways was 0.06
mg Ni/m3 whereas for oxidative stress pathways it was 0.11 mg Ni/
m3. These results give confidence for an indirect genotoxic mode of
action driven by chronic toxicity, inflammation and proliferation,
leading to misreplication and the threshold based on inflammatory
and cytotoxic effects.”

New Approach Methods in Regulatory Science. Traditionally, toxicity
testing has involved high-dose studies in experimental animals and
mathematical extrapolation to predict effects of low dose exposure in
humans from high dose studies in animals. This paradigm, established
in the 1960s, has remained largely unchanged and is still the general
practice for regulatory agencies. However, given the advances in
biology, particularly the development of human cell lines, induced
pluripotent stem cells, and 3D organotypic in vitro model systems, there
is a significant pressure to begin to incorporate non-animal methods
into the practice of risk assessment. In 2007, the National Research
Council (NRC) of the National Academy of Sciences released a report,
“Toxicity Testing in the 21st Century: A Vision and a Strategy (TT21C)”
(NRC, 2007), which called for a reorientation of toxicity testing. This
new approach would focus on evaluating the responses of toxicity
pathways (i.e., normal cellular signaling pathways that can be per-
turbed by chemical exposures) in well-designed assays using human
cells in vitro to evaluate chemical safety. Further, the report stressed
the utility of computational systems biology pathway models to define

chemical dose-response based on intracellular dynamics, and the use of
21st century technologies, including high content imaging, tran-
scriptomics, computational modeling (from statistical models to QSAR
and machine learning approaches) to more accurately predict human
risk.

This seminal report was an initial step in what has become a re-
volution in toxicological sciences. Over the last decade tremendous
efforts have been made to develop and test the utility of in vitro and
computational technologies for use in chemical risk assessment. Most of
these efforts have focused on the utility of in vitro and computational
approaches to prioritize chemicals for testing, rather than completely
replacing animal testing, though the ultimate goal is use the New
Approach Methodologies (NAMs) for quantitative risk assessments.
Efforts such as ToxCast and Tox21 generate enormous amounts of in
vitro screening data that have been used as the source material for
innumerable computational approaches to evaluating chemical bioac-
tivity. Recently, these in vitro bioactivity assessments, and computa-
tional models built from the data, have been incorporated into
screening process for USEPA's Endocrine Disruptor Screening Program
for chemical prioritization. The Office of Pesticide Programs has begun
accepting supporting data from a defined suite of in vitro assays
(combined in an Integrated Approach to Testing and Assessment; IATA)
as an alternative to in vivo skin sensitization assays [60,61].

In many ways, cancer toxicology was ahead of the field in devel-
opment of alternative assays. Due to the long latent period of cancer, it
was imperative to find fast screening methods to identify potential
carcinogens without waiting for the traditional two year rodent
bioassay. In the 1970's, Bruce Ames developed a DNA mutation assay in
bacteria [62]. Over the years, as the mechanisms of cancer were better
defined, other in vitro assays were developed both to improve early
identification of carcinogens and to support mode of action analyses.
Assays have been developed to address key events along the cancer
continuum: DNA damage (single and double strand breaks, stalled re-
plication forks, micronuclei), DNA adduct formation, DNA repair, sister
chromatid exchange, and heritable mutations (HPRT reverse mutation,
PigA mutation, BigBlue cell lines) [63–68]. However, these methods,
while used widely for screening, are seldom used for dose-response
assessments; two year in vivo bioassays are still the standard for reg-
ulatory decisions. Currently, efforts, such as the International Work-
shops on Genotoxicity Testing (IWGT) Working Group on Quantitative
Approaches to Genetic Toxicology Risk Assessment (the QWG) have
performed extensive analyses on the utility of in vitro genotoxicity
methods to predict in vivo cancer studies. While the initial results are
promising (i.e., positive correlation between in vitro and in vivo stu-
dies), more data that allow direct comparison of the test systems are
needed [69,70]. Moving forward, reducing the need for long-term an-
imal tests through replacement with alternative computational and in
vitro approaches is the only realistic path to evaluating the thousands of
untested chemicals currently in commerce.

2. Case studies in the utility of modern technologies to define
chemical dose-response

2.1. Formaldehyde: biologically based dose-response (BBDR) models and
transcriptomic profiling to elucidate threshold shaped dose responses

The USEPA (IRIS) defines a BBDR model as a “A predictive model
that describes biological processes at the cellular and molecular level
linking the target organ dose to the adverse effect.” One of the first
BBDR models formally considered by an agency for use in a risk as-
sessment was a model of formaldehyde nasal carcinogenicity developed
by Conolly et al. [35,36]. This extensive multi-faceted data collection
and modeling effort conducted at the Chemical Industry Institute of
Toxicology [71] characterized the mode of action for formaldehyde
nasal carcinogenicity in the rodent to provide a basis for estimating risk
of formaldehyde carcinogenicity in humans. Formaldehyde is a high
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volume industrial chemical with many uses, and it is also a normal
endogenous product of intermediary metabolism in mammals that is
present in all tissues. However, chronic inhalation of formaldehyde
resulted in nasal squamous cell carcinoma (SCC) in F344 rats at air
concentrations of 6 ppm and greater [72,73]. Formaldehyde is geno-
toxic and mutagenic (at relatively high concentrations compared to
human exposures), and inhalation leads to the formation of DNA-pro-
tein cross-links (DPX) in the nuclei of exposed cells [74,75]. However,
formaldehyde also produces cytotoxicity and induces compensatory
cytolethal-regenerative cellular proliferation (CRCP) at concentrations
in the low ppm range in the nasal cavity of rats [73]. Conolly and
colleagues [76] proposed that the mode of action for the carcinogeni-
city of formaldehyde was increased fixation of background mutations
by cytotoxicity-induced cell proliferation (by increasing the rate of cell
proliferation, DNA repair does not have time to occur before cell divi-
sion), and described an approach using a 2-stage clonal growth model
to evaluate the dose-response for this process. Understanding the role of
proliferation was considered crucial because formaldehyde-induced
nasal SCC have only been reported at concentrations of formaldehyde
that are known to be cytotoxic (and proliferative) in rats, and for-
maldehyde exposures have not been reported to result in cytotoxicity in
humans [77].

Formaldehyde is a highly reactive, water soluble gas that is taken up
readily into the epithelial tissues of the nasal passages as it passes
through the nose following inhalation exposure [78]. To assess the
potential effect of nasal airflow on lesion location and severity, Kimbell
and Subramaniam [78] developed an anatomically realistic three-di-
mensional computational fluid dynamics (CFD) model of airflow in the
F344 rat nasal cavity, which provides the capability for high resolution
predictions of regional flux of formaldehyde from the inhaled air into
the adjacent tissue. These CFD models were used together with a
pharmacokinetic model of formaldehyde metabolism and production of
DPX to describe the observed nonlinear increases in DPX with in-
creasing exposure to formaldehyde due to saturation of tissue metabolic
clearance [79,80]. These models were able to predict the levels of nasal
mucosal DPX in rats, rhesus monkeys, and humans as a function of
exposure concentration, reducing the uncertainty in predicting human
nasal DPX formation resulting from formaldehyde exposure.

Based on this work, a BBDR model for the respiratory tract carci-
nogenicity of inhaled formaldehyde in rats was developed by Conolly
et al. [35] utilizing predictions for regional flux produced by the CFD
model [78,81] and linked with dose-response data for two potential
aspects of the mode of action for formaldehyde: (1) direct mutagenicity,
represented in the model by low dose linear DPX formation, and (2)
cytotoxicity-driven proliferation, represented by nonlinear dose-re-
sponse data for cell proliferation rates [73,74]. DPX formation had
previously been used as a biomarker of tissue formaldehyde con-
centrations in cancer risk assessments for formaldehyde; however,
Conolly et al. [35] used DPX formation as a surrogate for possible
promutagenic lesions (i.e., the increase over the background probability
of mutations that lead to SCC development is assumed to be propor-
tional to DPX formation). The dose-response for cell proliferation was
based on unit length labeling indices reported over a period of 6 weeks
of exposure to formaldehyde by Monticello et al. [73,82] in six sites of
the rat nasal passages, together with CFD model predictions of site-
specific flux data for each region of the nasal airway. The BBDR model
structure was based on the Moolgavkar [163] two-stage clonal growth
model. The combined incidence of SCC in rat nasal passages reported by
Kerns et al. [72] and Monticello et al. [73] along with historical control
data for SCC reported by the National Toxicology Program were used to
calibrate the model. The modeling indicated that the J-shaped dose-
response for proliferation provided a better description of the SCC data
than a linear, no threshold model; this analysis suggested that the ro-
dent tumor responses were likely associated with a cytotoxic, rather
than mutagenic, mode of action.

The conclusions of Conolly et al. [36] were that: “the human

implications of the rat squamous cell carcinoma (SCC) data indicates that
(1) cancer risks associated with inhaled formaldehyde are de minimis (10-6
or less) at relevant human exposure levels and (2) protection from the non-
cancer effects of formaldehyde should be sufficient to protect from its po-
tential carcinogenic effects.” Risk predictions derived from this model
differed substantially from those obtained with models that relied more
heavily on linear, no threshold defaults. For example, additional risk
estimates due to lifetime exposure to 20 ppb ranged from 0 (J-shaped
dose-response) to 9.7E-07 (hockey stick-shaped dose-response) based
on the BBDR model [36] compared to 3.2E-04 based on the 1991 EPA
unit risk factor (URF), a difference of at least 330-fold.

The dose dependent effects of formaldehyde in the nasal epithelium
have also been evaluated using gene expression profiling of the target
tissues in the anterior section of the rat nose [83]. New methods for
analyzing dose-response microarray data using BMD modeling and gene
ontology classification [50] were incorporated into an evaluation, in
which concentration and exposure duration transitions in formaldehyde
mode of action were examined using pharmacokinetic modeling for
tissue formaldehyde acetal and glutathione together with the results of
histopathology and gene expression analysis. Cell proliferation, histo-
pathology, and gene expression in the nasal cavity were measured in
rats exposed to concentrations of formaldehyde in air ranging from 0.7
to 15 ppm for 6 h a day over 1, 4, or 13 weeks [84]. The evaluation of
nasal tissue responses in the rats showed significant increases in cell
proliferation only at 6 ppm and above. There were no significant al-
terations of gene expression at the 0.7 ppm exposure, while genes as-
sociated with cellular stress, thiol transport/reduction, inflammation
and cell proliferation were upregulated at 2 ppm. At 6 ppm and higher,
gene expression changes showed enrichment of pathways involved in
cell cycle, DNA repair, and apoptosis (Fig. 4).

These genomic results suggest that formaldehyde concentrations
below 1 ppm would not increase the risk of cancer in the nose or affect
formaldehyde homeostasis in epithelial cells. These results are con-
sistent with the BBDR modeling results reported by Conolly et al.
[35,36] suggesting a J-shaped dose response curve for formaldehyde
and with the results of Kerns et al. [72] and Monticello et al. [73] that
reported significant increases in the incidence of nasal squamous cell
carcinomas following chronic inhalation exposure only at 6 ppm and
greater.

The results of the formaldehyde BBDR modeling have been used to
support risk assessment decisions by a number of regulatory agencies in
the US and abroad, including the European Chemicals Agency [85], the
Texas Commission on Environmental Quality (TCEQ) [164], and the
European Union Scientific Committee on Occupational Exposure Levels
[86]. While the USEPA [87] did not use the BBDR model in their risk
assessment, the subsequent review by the National Academy of Sciences
National Research Council [88] disagreed with the decision:

“Given that the BBDR model for formaldehyde is one of the best-
developed BBDR models to date, the positive attributes of BBDR
models generally, and the limitations of the human data, the com-
mittee recommends that EPA use the BBDR model for formaldehyde
in its cancer assessment, compare the results with those described in
the draft assessment, and discuss the strengths and weaknesses of
each approach”.

This NRC recommendation to use the BBDR model as a basis for
comparison of dose-response alternatives is consistent with the OMB
[89] memorandum on risk analysis, which recommends the presenta-
tion of results from multiple dose-response approaches to provide a
more robust risk characterization. In this scenario, the biologically
based model can be used to determine the most scientifically plausible
risk estimate for comparison with the results of alternative science-
policy default approaches [90].
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2.2. Hexavalent chromium

Until 2008, there was limited evidence of carcinogenicity of hex-
avalent chromium from oral exposure. The U.S. EPA's IRIS database
listed toxicity criteria for Cr(VI) based on the absence of toxicity in rats
exposed to up to 25 ppm for one year [91]. For reference, the mean and
95th percentile Cr(VI) concentrations in U.S. drinking water are 0.001
and 0.003 ppm [92,94,167]. In 2008, the National Toxicology Program
conducted a 2-year cancer bioassay exposing F344 rats and B6C3F1
mice to 5–180 ppm Cr(VI) in drinking water [95]. At study termination,
rats exposed to 180 ppm had increased incidence of oral cavity tumors,
whereas mice exposed to ≥30 ppm had increased incidences of small
intestine tumors. No tumors were observed in any other organs of either
species. Given the dose-response for intestinal tumors and greater po-
tency relative to oral cavity tumors, the intestinal tumors in mice have
served as the basis for newly proposed oral toxicity criteria [96–101].

Despite clear indications that Cr(VI) caused chronic mucosal irri-
tation and injury leading to significant life-time increases in crypt hy-
perplasia, several regulatory agencies have proposed toxicity criteria
using the LNT concept, resulting in 10−6 cancer risk levels that equate
to water concentrations as low as 0.00002 ppm (i.e. 0.02 ppb) [97],
which is 50-fold lower than typical concentrations in U.S. drinking
water. As part of a large industry-funded research program to better
understand the mode of action for the intestinal cancers observed in
mice at very high Cr(VI) concentrations, two specific technologies were
instrumental in informing the mode of action and providing scientific
justification for developing toxicity criteria that did not employ the LNT
concept. One of these technologies provided critical dosimetry data,
and the other provided critical biological response data. Together, the
two technologies provide strong and corroborative evidence for a non-
mutagenic mode of action for intestinal cancer in mice.

Similar to how dosimetry information has informed the mode of
action of formaldehyde, advances in the development and use of dosi-
metry data have greatly informed mode of action analysis for Cr(VI).
Metals such as chromium can be traced in biological samples using X-
ray fluorescence (XRF) microscopy [102,103], allowing researchers to

see which cell populations are exposed to the agent of interest.
In collaboration with scientists at the U.S. Army Engineer Research

and Development Center (Vicksburg, MS) and Brookhaven National
Laboratory (Upton, NY), synchroton-based XRF microscopy was used to
examine the location of Cr in the small intestines of mice following
exposure to 180 ppm Cr(VI) in drinking water for up to 90 days [104].
In transverse duodenal sections from mice exposed to 180 ppm Cr(VI)
for 90 days, Cr was detected in the villous regions of the mucosa but not
the crypt region (Fig. 5A–B). Intestinal crypts contain pluripotent stem
cells that are responsible for generating the intestinal mucosa; these
stem cells generate daughter cells that proliferate and migrate within
the so-called transit amplifying region, and eventually become fully
differentiated enterocytes of the intestinal villi [105,106]. It takes ap-
proximately three days for daughter cells to transit from the lower crypt
to the villus tips and ultimately slough into the intestinal lumen [107].
Importantly, intestinal tumors are believed to originate from mutations
in crypt stem cells [108].

Consistent with the absence of Cr in the crypt region, in vivo in-
testinal micronucleus assays were negative in mice exposed to Cr(VI)
for 7 or 90 days [109]. In a separate study, mice were exposed to
≤180 ppm Cr(VI) in drinking water for 7 days and again, XRF maps
indicated the presence of Cr in villi but not the crypts (Fig. 5C) [110]. In
contrast to mice exposed to Cr(VI), mice exposed to the positive control
cyclophosphamide exhibited signs of genotoxic insult: significant in-
creases in micronuclei, karyorrhectic nuclei, and unusual staining of
nuclear material with anti-phospho-H2AX antibodies in the crypt
compartment [110]. The absence of genotoxicity in the crypt com-
partment carries the unequal burden of trying to ‘prove a negative’;
however, coupled with the XRF mapping these genotoxicity data are
quite compelling. Specifically, negative genotoxicity results are to be
expected if the agent (regardless of its genotoxic potency) does not
reach the DNA of the population of cells at risk for being damaged and
that proliferate.

Another important technology used to support a non-linear mode of
action was the Big Blue® transgenic rodent (TGR) model. As mentioned
previously, rats exposed to 180 ppm Cr(VI) via drinking water

Fig. 4. Recruitment of toxicity pathway responses with increasing inhaled formaldehyde exposure. Figure reproduced from Ref. [84].
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developed oral cavity tumors. Studies into the mode of action for the
oral tumors revealed no evidence of histopathological lesions or tran-
scriptomic changes following exposure to up to 180 ppm Cr(VI) for 7 or
90 days [111,112]. To assess the potential involvement of direct mu-
tagenicity in the rat oral cavity, the Big Blue® transgenic rodent in vivo
mutation assay was used to evaluate two locations within the rat oral
mucosa that were thought to be the origin of the oral tumors. These
transgenic rodents have multiple copies of a shuttle vector containing
bacterial and bacterial phage transgenes (lacI and cII) that can be ex-
tracted from most any tissue to assay for mutations that might have
occurred in these ‘reporter’ genes in vivo [113]. After demonstrating
that the assay could reliably detect in vivo mutations in both regions of
the oral mucosa following exposure to 4-nitroquinoline-1-oxide [114],
a TGR mutation assay based on OECD Test Guideline 488 [115] was
conducted with Cr(VI). Big Blue rats (TgF344) rats exposed to the po-
sitive control (10 ppm 4-nitroquinoline-1-oxide) for 28 days had sig-
nificant increases in mutant frequency (MF) in both regions of the oral
mucosa, whereas TgF344 rats exposed 180 ppm Cr(VI) for 28 days ex-
hibited no change in MF in either region [116].

Although rats did not develop tumors in the small intestine, it was
previously shown via XRF mapping that rats exposed to 180 ppm Cr(VI)
for 90 days, like mice, had Cr clearly present in duodenal villi but not
crypts [104]. It was therefore determined that appropriately stored
duodenal segments from the aforementioned Big Blue rat study could
be analyzed to inform the mutagenic potential of Cr in the duodenum
under the reasonable assumption that if the metal is mutagenic, it is
likely mutagenic in both rats and mice. Duodenal samples from TgF344
previously exposed to 1-ethyl-1-nitrosourea for six days (study days 1,

2, 3, 12, 19, 26) exhibited a significant increase in mutation frequency
(MF), whereas TgF344 rats exposed 180 ppm Cr(VI) exhibited no
change in MF (Fig. 5D) [117].

Together, XRF microscopy and the TGR in vivo mutation assay in
target tissues in species that develop tumors in cancer bioassays provide
compelling evidence for a threshold mode of action for the oral carci-
nogenicity of Cr(VI). The TGR assay alone provides important data
against the LNT default assumption, but negative results are almost
always met with skepticism—even more so when studies are conducted
by industry stakeholders. However, the XRF microscopy provides im-
portant components of the modified Hill criteria. First, it provides
consistency, i.e. genotoxic assays should be negative (regardless of the
genotoxic potential of the agent) if the agent does not reach critical cell
populations. Second, it provides specificity. Cr was detected in the villi
of both rats and mice, but only mice were reported to have extensive
signs of the regenerative crypt hyperplasia that is hypothesized to lead
to tumor development late in the study [118]. Finally, these data are
supported by biological plausibility. Not only because increased cell
proliferation is a known driver of cancer [119,120], but by other studies
that inform intestinal biology. A study with benzo[a]pyrene found in-
duction of CYP1A1 in intestinal villi (but not crypt) of Dlb-1 mice fol-
lowing oral exposure; whereas CYP1A1 induction was observed in the
crypt (but not villi) following i.p. exposure [121]. These data indicate i)
that CYP1A1 can be induced in intestinal crypt stem cells in response to
benzo[a]pyrene, and ii) benzo[a]pyrene does not reach the crypts from
the intestinal lumen. Consistent with these results, the number of mu-
tated crypts in Dlb-1 mice were higher following i.p. injection than oral
exposure to benzo[a]pyrene. Brooks et al. concluded, “[t]hese

Fig. 5. The role of XRF microscopy and transgenic rodent mutation assay in investigating the mode of action for intestinal tumors in mice. A. XRF Cr map of
a transverse duodenal section (left) from a mouse exposed to 180 ppm Cr(VI) for 90 days via drinking water. Magnified images (right) of crypt (asterisk) and villus
signal in the same intestinal section. The stacked images from the same sample show an XRF calcium (Ca) map, XRF sulfur (S) map, and XRF Cr map. Note the striking
absence of signal in the crypt region only in the XRF Cr map (magnified images are in different units from the main map on the left). B. Representative multichannel
array plot depicting fluorescence (Ka and Kb) emission lines for the villus and crypt regions of a duodenal section from a mouse exposed to Cr(VI) for 90 days. C. XRF
Cr map of a Swiss roll of duodenum from a mouse exposed to 180 ppm Cr(VI) in drinking water for 7 days. The white circles mark the crypt region. Note: the colors
represent fluorescence signal intensity ranging from blue (low signal) to white (high signal). D. Mutant frequency (MF) in the duodenum of TgF344 rats (n = 5). The
MF of 1-ethyl-1-nitrosourea (ENU) treated rats increased significantly (P < 0.001) relative to controls (1-way ANOVA).
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observations show at least in respect of B[a]P that the crypt stem cells
should be regarded as part of the systemic compartment and not of that
compartment directly accessible to compounds present in the intestinal
lumen.” The lack of Cr in the crypts after 90 days of exposure suggests
that Cr did not reach crypts from either the lumen or blood compart-
ments.

In light of the above data, it should be noted that the lowest car-
cinogenic concentration (30 ppm) in the 2-year cancer bioassay is
30,000 times higher than levels found in typical U.S. drinking water,
yet 180 ppm was not overtly toxic to rodents, not mutagenic, and not
genotoxic. As one expert panel member reviewing the U.S. EPA draft Cr
(VI) assessment commented, “Cr(VI) is at best a very weak “mutagen”,
requiring very high doses that kill most cells and experimental “back-
flips” to select for survivors, and (iii) what we thought was “muta-
genesis” is actually selection for stochastic cell survivors of massive
toxic insult” [122]. In the years since these and other mode of action
studies have been published, several groups have proposed threshold
toxicity criteria for the intestinal tumors in mice and discounted con-
cern for the oral tumors observed in rats only at 180 ppm
[96,99,100,123]. The Cr(VI) case study highlights the strengths of a
multifaceted research project. Like other examples herein, tran-
scriptomics and pharmacokinetic modeling have also played an im-
portant role in understanding the mode of action for Cr(VI). This case
study has highlighted just two of the assays that have played a critical
role in the overall research project (https://cr6study.info).

2.3. Dioxin

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a member of the
class of structurally similar chlorinated hydrocarbons, chlorinated di-
benzo-p-dioxins, also referred to as Dioxin-Like Compounds (DLCs).
TCDD is found as a contaminant in commercially produced chemicals
such as chlorophenoxy herbicides (e.g., 2,4,5-trichlorophenoxyacetic
acid), and DLCs are produced inadvertently in paper and pulp
bleaching, waste incineration, fossil fuel and wood combustion [124].
In 2001, TCDD was listed by the National Toxicology Program [125] as
a “known human carcinogen” based on carcinogenicity in experimental
animals and human epidemiological studies. However, this classifica-
tion remains controversial [126,127]. In the original NTP rodent cancer
bioassay, increased liver neoplasms were observed in female rats and
male and female mice exposed to 0.05, 0.5, and 2 μg/kg/week [128];
increased thyroid follicular-cell adenomas were also observed in male
rats and female mice. A follow-up bioassay in female Sprague-Dawley
rats showed neoplastic effects in the liver, lung, oral mucosa, and uterus
[129]. Based on genetic studies and structure activity relationships, the
mode of action of TCDD is generally accepted in the scientific com-
munity to be nongenotoxic activation of signal transduction pathways
by ligand-activated AhR [130–134]. The activation of the AhR by TCDD
and its potential role in carcinogenesis has been extensively studied
[135]; however, the exact signal transduction pathways responsible for
many of the carcinogenic effects remain to be identified.

The initial USEPA Health Assessment Document for Polychlorinated
Dibenzo-P-Dioxins identified TCDD as a probable human carcinogen but
did not calculate a cancer risk [136]. The subsequent draft risk as-
sessment for dioxins, Exposure and Human Health Reassessment of
2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) and Related Compounds
[137], characterized TCDD as a nongenotoxic carcinogen and a potent
promoter, and derived a cancer potency estimate of 1 × 10−3 per pg/
kg/d based on epidemiological studies and animal bioassays. In de-
veloping these cancer potencies, USEPA [137] used a linear, no
threshold model to derive estimates of the 1% effective dose (ED01) and
the lower 95% confidence limit on the ED01 (LED01), where dose was
based on body burden of TCDD and intakes corresponding to the ED01

and LED01 values were estimated by pharmacokinetic modeling. The
National Academy of Science [138] published a review of the USEPA
[137] draft risk assessment, Health Risks from Dioxin and Related

Compounds: Evaluation of the EPA Reassessment, and noted several de-
ficiencies, including the lack of consideration of the possibility of a
nonlinear dose-response, the lack of an objective evaluation of mode of
action of TCDD, and the lack of a quantitative uncertainty analysis.

Simon et al. [126] conducted a both a linear, no threshold and a
nonlinear, threshold-based risk assessment approach for TCDD based on
the more recent NTP [129] cancer bioassay, which observed increased
incidence in several tumor type in female Harlan Sprague-Dawley rats.
They derived a low-dose linear cancer potency estimate of
1 × 10−4 per pg/kg/d, a factor of 10 lower than the potency estimate in
USEPA [137]. However, based on their determination that “the most
likely hepatocarcinogenic mode of action for TCDD and other aryl hy-
drocarbon receptor (AHR) agonists involves tumor promotion of
spontaneously initiated hepatocytes that occurs with threshold-depen-
dent characteristics” [139]), they also calculated a RfD with a value of
100 pg/kg/d by applying uncertainty factors to BMD01 values estimated
on the basis of rat internal and human external doses calculated with a
toxicokinetic model. The RfD was 100 times higher than the 10−4 risk-
specific dose (RSD) based on the linear cancer slope factor.

The USEPA [140] responded to the NRC [141] recommendations in
the report, EPA's Reanalysis of Key Issues Related to Dioxin Toxicity and
Response to NAS Comments, which was then reviewed by the agency's
Scientific Advisory board [142]. The resulting USEPA SAB [142] report
chided the agency for not being fully responsive to the NAS [138] re-
commendations, and identified “major deficiencies” in the USEPA
[140] response with respect to several critical recommendations re-
garding the USEPA [137] assessment included in the NAS [138] review:

• “The SAB finds that the Report did not respond adequately to the NAS
recommendation to adopt both linear and nonlinear methods of risk
characterization in order to account for the uncertainty of the dose-re-
sponse curve for TCDD. The Report states that only a linear approach
could be justified. We recommend that EPA revise the Report to provide a
balanced discussion of evidence of possible modes of action, including
linear and nonlinear approaches for cancer endpoint.”

• “EPA's Report discusses a broad range of philosophical and methodolo-
gical issues to be considered in conducting an uncertainty analysis for
TCDD toxicity. The SAB does not agree with the argument that con-
ducting a unified quantitative uncertainty analysis is unfeasible and we
have suggested a number of methods that could be used for this purpose.”

As a result of the USEPA SAB [142] review, the USEPA withdrew the
cancer risk assessment for dioxin and announced they would proceed
only with the noncancer risk assessment [143]. Since then there has
been no further action by the agency regarding the cancer risk assess-
ment for TCDD.

Overall, the regulatory history for dioxin provides a cautionary tale
for the difficulty of incorporating new scientific understanding into
regulatory decisions that are, by policy, intended to be conservative
from the perspective of health protection. After repeated re-
commendations from the SAB and the NAS to consider a nonlinear
dose-response for dioxin, the USEPA [140] report still argued that only
a linear, no threshold approach could be justified and therefore only
derived two examples of using a nonlinear approach that they char-
acterized as “an illustrative exercise only.” Their determination that
only a linear, no threshold approach could be justified was supported
by a large amount of data related to the mode of action for the carci-
nogenicity of TCDD, but with an apparent bias towards presenting
evidence that supported the use of a default linear approach rather than
providing an objective evaluation of alternative mode-of-action hy-
potheses. The possibility of a nonlinear mode of action appears to have
been described only to the extent necessary to be able to present ar-
guments against it, ignoring the fact that the fundamentally nonlinear
nature of the dose-response for receptor mediated processes underlies
the conviction of a large segment of the scientific community that the
risk assessment for dioxin should use a nonlinear approach. The
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intransigence of the USEPA to repeated requests from the EPA's own
SAB and the NAS to include a nonlinear risk assessment option for
TCDD has undoubtedly contributed to the delay in completion of the
cancer risk assessment for TCDD for more than a decade.

2.4. Using cellular models to define chemical mechanisms underpinning
threshold shaped dose-response

Distinguishing linear, no threshold vs. non-linear dose-response
using in vivo models is traditionally challenging due to limited animal
numbers (sample sizes, number of doses evaluated), confounding fac-
tors with aging animals, and limitations in the inferences that can be
drawn from apical endpoints, such as observed tumor incidence or
survival. Further, while modern genomic and imaging tools are useful
for better defining in vivo mode of action, targeted analysis of the re-
sponse in the susceptible cell population is still limited by technology.
However, over the last decade, the proliferation of tools and technol-
ogies for in vitro biology have opened up new avenues for evaluation of
the molecular and cellular processes that drive chemical dose-response.
High content imaging allows in-depth, quantitative evaluation of cel-
lular morphology and cell-cell interactions in 2D and 3D systems (i.e.,
in vitro pathology). Live cell imaging allows visualization of DNA da-
mage and repair - in real time. Transcriptomics of cell populations or
even single cells can be used to evaluate the change in the cellular
environment over dose and time. Mutation assays in mammalian cells
allow quantitation of the first irreversible step toward cancer, and
support comparison of very early chemical-molecular interactions
(DNA binding, reactive oxygen species production, etc), with down-
stream cellular events (transcriptomic, epigenetic, and phenotypic
changes). Assays that can be used to measure the key events in cellular
response to DNA damage are shown in Fig. 6. With thoughtful experi-
mentation, and dose-response modeling, we can identify and describe
the quantitative relationships within cells that drive dose-response and
provide biological underpinning for the shape of chemical dose-re-
sponse curves.

In a series of studies, Doak and colleagues evaluated the mutation
dose response for a series of alkylating agents: methylmethane sulfo-
nate (MMS), methylnitrosourea (MNU), ethylmethane sulfonate (EMS),
and ethylnitrosourea (ENU). Chromosomal damage and point muta-
tions were quantified with the micronucleus and hypoxanthine phos-
phoribosyltransferase (HPRT) forward mutation assays [144,145].

Micronuclei are small pieces of chromosomes or whole chromosomes
lost during mitosis due to clastogenic or aneugenic chemical exposure.
Initial studies demonstrated an apparent threshold with MMS and EMS,
but not MNU or ENU, with both the micronucleus and HPRT assays.
However, follow-up studies with lower doses of ENU did demonstrate
thresholds [4], demonstrating the importance of dose selection in de-
fining low dose response. In later work evaluating the potential biolo-
gical reason behind the apparent threshold behavior, Doak et al. [144]
demonstrated that lower doses of MMS lead to upregulation of the de-
methylating protein O6-methylguanine DNA methyltransferase
(MGMT) and no concurrent response in mutation frequency, while
higher doses of MMS lead to reduced MGMT and increased mutation
frequency. The authors concluded that MGMT is a key line of defense
against mutation at low exposures to MMS. These studies highlight the
importance of experimental design in evaluation of linear, no threshold
vs. threshold-shaped responses, including the need for evaluation of low
doses where responses are not expected. They also demonstrate the
importance of demonstrating the biological underpinning of apparent
observed threshold response. The need for biological support for ap-
parent thresholds due to inherent uncertainties in the data anlayis
techniques, was also emphasized by Lutz and Lutz in their seminal
paper describing the “hockey stick” model for the analysis of threshold
shaped dose response [7]. In an effort to apply this concept more
broadly, we undertook a series of studies aimed at identifying biological
mechanisms that contribute to threshold-shaped dose-response across
carcinogens with different mechanisms [5,8,146,147]. These studies
are described in brief below.

p53 mediated responses to DNA damage. p53, the so-called “guardian
of the genome”, is activated in response to various types of DNA da-
mage and functions in multiple ways to preserve genome stability; it
acts as both a recruitment factor for extant nuclear DNA repair enzymes
and a transcription factor to initiate cellular responses including cell
cycle arrest, DNA repair, apoptosis and senescence [148–155]. Failure
of these processes leads to heritable mutations – irreversible changes in
the DNA that could increase the tumorigenic potential of the cell. While
p53-independent mechanisms can prevent DNA damage and mutation
at the cellular level - from inactivation of reactive oxygen species by
antioxidants to p53 independent DNA repair and apoptosis - we focused
our studies on p53 mediated cellular events because p53 is consistently
activated following DNA damage-irrespective of chemical mechanism.

Defining assay endpoints and conducting dose-response evaluations.

Fig. 6. DNA damage, cellular responses, and in vitro tests. Listed assays are examples of current technologies, and do not constitute an exhaustive list of available
assays.
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Initial focus was on defining the key readouts for the p53-mediated
DNA damage response and conducting dose-response assessments using
prototype DNA damaging chemicals [8,146,147,156]. Studies were
performed in a human fibrosarcoma cell line (HT1080) that expresses
wild-type p53 and follow-up confirmation studies were performed in
the TK-6 cell line, a human lymphoblastoma cell line commonly used
for genotoxicity testing. In-depth dose-response curves were generated
for key aspects of DNA damage response, including: DNA damage (p-
H2AX), p53 activation (p53, p-p53 (ser15)), cell cycle arrest (BrdU/
pH3), apoptosis (caspase 3/7), and irreparable chromosomal mutation
(micronuclei formation). Micronuclei are small pieces of DNA or whole
chromosomes lost during mitosis following clastogen or aneugen ex-
posure and were used as a surrogate for mutation endpoints (irrepar-
able damage). We also performed whole genome transcriptomic dose-
response studies. Three chemicals with different modes of action were
used to probe the cellular response to different types of DNA damage:
etoposide (ETP; topoisomerase II inhibitor and double strand break
inducer); methyl methanesulfonate (MMS; methylating agent and single
strand break inducer), and quercetin (QUE; oxidative DNA damage).
The resulting data were then used to evaluate the shape of the dose-
response curves for each of the measured biomarkers in an effort to
identify the cellular processes (if any) that prevent micronuclei at low
doses [8].

The original hypothesis was that cellular processes such as cell cycle
arrest and apoptosis would prevent induction of permanent damage
(micronuclei) at low doses. To test this, the endpoints listed above were
measured across concentration and time, with 18 concentrations at a
single time point shown to be a universally responsive in preliminary
time course studies (24 h). Transcriptomic studies were performed at
24 h for 5 concentrations of each chemical. Surprisingly, when the dose-
response trends were compared across endpoints, it was clear that many
of the endpoints conventionally recognized as protective against DNA-
damage —p53 protein accumulation, cell cycle arrest and apoptosis by
p53 — occurred at higher doses than induction of micronuclei forma-
tion (Fig. 7). In fact, with all of the chemicals, micronuclei induction
occurred at doses less than or equal to doses required to activate p53-
mediated gene transcription (Fig. 7). Thus, any protective effect of p53
against micronuclei formation is unlikely to result from changes in
transcriptional programs in the cells. Instead, it appears that the ability
of p53 to prevent changes in the net level of permanent DNA damage at
low chemical doses is likely due to post-translational processes, i.e.,
extant repair proteins at the site of DNA damage. This is consistent with
in vivo studies demonstrating that doses that induced pathway level
changes in gene transcription were very consistent with the doses
leading to cancer in two year bioassays [49,51].

Common network motifs that maintain homeostasis in the presence of
low chemical doses. Transcriptional up-regulation of stress response
genes constitutes a major cellular defense program against a variety of
chemical induced cellular stresses [166]. Cellular activation of tran-
scriptional programs, however, requires significant time for RNA and
protein synthesis and consumes considerable cellular energy stores. For
many types of cellular stress (oxidative damage, DNA damage, heat and
osmotic shock, etc.), post-translational processes also work to protect

cells [157]. Post-translational responses are rapid and do not require
transcriptional activation of genes. The rapid response by post-trans-
lational control can maintain cellular homeostasis in the presence of
transient, low-level chemically-induced stresses and damage. With
sustained or higher levels of damage, these post-translational processes
become overwhelmed, forcing a transition to the slower responding,
less efficient transcriptional controls. As a response to DNA damage,
p53 plays a dual role (Fig. 8) – it acts (1) as a transcription factor,
upregulating genes that initiate cell cycle arrest and apoptosis and (2)
as a co-factor that helps to form DNA repair centers (DRCs), complexes
of kinases, scaffold proteins and DNA repair enzymes that act directly
on the DNA to repair damage [165]. These DRCs repair DNA damage
without requiring activation of transcription, preventing long-term
DNA damage.

Defining regions of adaptive response and a point of departure for che-
mical safety assessment. As a proof of concept, neocarzinostatin (NCS)
and etoposide were used to confirm the role of post-translational repair
in preventing genotoxic outcomes. NCS produces a threshold-shaped
dose-response, while ETP produces a linear, no threshold response in
the tested dose-ranges [5]. NCS causes a short burst of oxidative da-
mage that forms double strand breaks. NCS is destroyed during this
process, however, and the resulting double strand breaks are suscep-
tible to normal repair processes. ETP binds topoisomerase II and forms a
complex with the protein and DNA, forming a lesion that is poorly re-
paired. We chose these chemicals because (1) they have different dose-
response curves for micronucleus response (threshold vs. linear [5]; and
(2) the lesions they induce have different susceptibilities to repair.
Using high-content imaging with confocal microscopy, HT1080 cells
were exposed to varying doses of NCS and ETP and the DRCs were
counted across doses and times. With this technique the number of foci
(DNA repair centers) can be counted in each cell (Fig. 9A). NCS-
mediated DNA damage was rapidly resolved (measured as foci

Fig. 7. Relationship between the benchmark
doses for several DNA damage endpoints for
neocarzinostatin (NCS), methane methylsufonate
(MMS), quercetin (QUE), and etoposide (ETP).
Because effective concentrations of these compounds
vary dramatically, BMDL concentrations (horizontal
axis) are expressed relative to the BMD for micro-
nucleus formation. For all four compounds, micro-
nucleus induction (red) is the most sensitive—or
nearly so—endpoint. With the exception of MMS,
coordinated transcriptional responses do not occur at
concentrations that cause micronuclueus formation.
Figure reproduced from McMullen et al. [5].

Fig. 8. p53 initiates post-translation and transcriptional responses to DNA
damage. Transient damage leads to rapid activation of p53 and induction of
repair centers (within minutes of initial damage), followed by p53-mediated
transcriptional response (within hours of initial damage). Micronclei can be
observed within a few hours of treatment in non-synchronized cultures.
Standard in vitro procedures measure micronucleus induction at 1.5 cell cycle
times to maximize response.
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dissolution) at low levels of exposure (Fig. 9A, middle panel; Fig. 9B
grey line is above black line); at 24 h there were less foci than shortly
after exposure, indicating successful repair. However, at high con-
centrations of NCS, DNA damage is retained at 24 h (Fig. 9A, right
panel; Figure B black line is above grey line). This indicates that the
post-translational repair processes (DRCs) can prevent long-term da-
mage at low doses. Higher doses that saturate these post-translational
processes are the same as those that cause permanent chromosomal
changes (i.e., micronuclei induction; [5]. Thus, this transition from
post-translational response (DNA repair center formation) to tran-
scriptional response represents a “tipping point” between adaptation
and adversity (Fig. 9B, red arrow).

Interestingly, in contrast to NCS, low concentrations of ETP shows
long-lived DRCs (up to 24 h), which are also associated with micro-
nuclei (Fig. 10). Thus, when post-translational repair is not efficient, the
threshold shaped dose-response is not observed for micronucleus in-
duction. It is possible that a threshold may be observed with lower
doses of ETP, as was the case with ethyl nitrosourea in the Doak et al.
[144,145] and Johnson et al. [4]; studies. In preliminary studies, re-
moving the ETP after 2 h of treatment and allowing recovery in growth
media produces dose-response curves that are more similar to the
threshold-shaped dose-resposne curves seen with NCS [159], indicating
that repair can prevent permanent damage from ETP when the repair
processes are not overwhelmed by ongoing damage. Overall, the studies
described here demonstrate that when a threshold is observed in the
measure of permanent damage (micronuclei), the tipping point – or
threshold dose – is indicative of the concentration at which repair is no
longer efficient.

The ability to measure DNA damage and repair at doses below those
inducing micronuclei give us an unprecedented look at the cellular
dynamics that define the shape of the micronucleus curve. DNA repair
center formation at doses well below those where permanent damage
(micronuclei) or transcriptional activation occur make clear that there
are regions of dose where DNA damage and DNA repair are active
before activation of these other processes. DNA repair center formation
(a sentinel of DNA damage) was present at 10-fold lower concentrations
than those leading to micronuclei or transcription. More importantly,
the resolution of this damage through the post-translational formation
of DNA repair centers appears to prevent conversion of transient breaks
to permanent damage. These studies indicate that the threshold in
micronuclei response to NCS is not due to assay artifact: it is a true
biological threshold resulting from repair activity within the cell.

3. Conclusions

As our understanding of biology increases and we gain access to
ever-evolving technology, we must continue to apply the best science to
the discipline of human health and risk assessment. This involves
continually challenging the status quo, default assumptions, and the
bias that is inherent in human efforts to assess chemical risk. Here, we
provide several examples that demonstrate how increased under-
standing of the biology of cancer can guide experimental design and
how, with targeted experiments, it is possible to identify the key pro-
cesses that underpin the dose-response for chemical carcinogens. These
processes include protective mechanisms at the molecular, cellular and
organism level that prevent low level exposures from causing long-term
consequences. With the advances in technology that allow us to eval-
uate these mechanisms at the molecular, cellular and pathway level, we
have the ability to move beyond default approaches to biologically
based understanding of chemical dose–response.
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Fig. 9. DNA repair centers in human cells 2 or
24 h after exposure to neocarzinostatin. (A)
Representative image panels are shown highlighting
pH2AX accumulation (60x magnification). (B)
Quanitation of DRCs at 2 and 24 h for various doses
of NCS. At low doses, DRCs are formed at 2 h but are
no longer present at 24 h. At high doses, more DRCs
are present at later time points, indicating accumu-
lated damage and poor repair capacity. Interestingly,
in contrast to NCS, low concentrations of ETP shows
long-lived DRCs (up to 24 h), which are also asso-
ciated with micronuclei (red arrow). Thus, when
post-translational repair is not efficient, the
threshold shaped dose-response is not observed for
micronucleus induction. Updated from Ref.
[158,159].

Fig. 10. DNA repair centers in human cells 2 or 24 h after exposure to
etoposide. Representative image panels are shown highlighting pH2AX accu-
mulation (60x magnification). At low doses, DRCs are formed at 2 h are still
present at 24 h. No resolution of DRCs is observed. Updated from [159].
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A B S T R A C T

Most cancers are multifactorial diseases. Yet, epidemiological modeling of the effect of ionizing radiation (IR)
exposures based on the linear no-threshold model at low doses (LNT) has generally not included co-exposure to
chemicals, dietary, socio-economic and other risk factors also known to cause the cancers imputed to IR. When
so, increased cancer incidences are incorrectly predicted by being solely associated with IR exposures. Moreover,
to justify application of the LNT to low doses, high dose-response data, e.g., from the bombing of Hiroshima and
Nagasaki, are linearly interpolated to background incidence (which usually has large uncertainty). In order for
this interpolation to be correct, it would imply that the biological mechanisms leading to cancer and those that
prevent cancer at high doses are exactly the same as at low doses. We show that linear interpolations are
incorrect because both the biological and epidemiological evidence for thresholds, or other non-linearities, are
more than substantial. We discuss why the LNT model suffers from misspecification errors, multiple testing, and
other biases. Moreover, its use by regulatory agencies conflates vague assertions of scientific causation, by
conjecturing the LNT, for administrative ease of use.

1. Introduction

According to the linear no-threshold dose-response model (LNT) any
exposure, other than zero, increases the probability of cancer. This view
of ionizing radiation (IR) and chemicals has justified stringent regula-
tions and generated a policy controversy about the evidence of causa-
tion for the LNT.

We focus on the strength and realism of the epidemiological evi-
dence currently used, which is mostly observational, and is asserted to
support the LNT. We show why we disagree and suggest that the LNT is
a scientific conjecture1: it cannot be demonstrated that infinitesimally
small doses of IR cause infinitesimally small increases in human cancer
mortality over background. Yet, the epidemiological LNT (BEIR VII
Phase 2, 2006, p. 138) is widely accepted and used for regulatory
purposes by public agencies, and is advocated by committees formed by
learned societies [1].2 To wit:

A model that plays a prominent role in radiation epidemiology
studies is one in which the RR is a linear function of dose. In its simplest

form, RR(D) = 1 + βD, where D is dose, RR(D) is the relative risk at
dose D, and β is the ERR per unit of dose, …. This linear RR model has
been used extensively in radiation epidemiology, including studies of A-
bomb survivors … persons exposed for medical reasons … and nuclear
workers …. The model has served as the basis of cancer risk estimation
by three BEIR committees [46–48], by the 2000 UNSCEAR committee
(2000b), and by the National Institutes of Health [49]. It also plays an
important role in developing the BEIR VII committee's cancer risk es-
timates ….

BEIR VII Phase 2 (2006, p. 246–247, citations omitted) justifies
linearity (i.e., linear or linear-quadratic LNT specifications) stating that
‘historically, and with the exception of leukemia, there has been little sta-
tistical evidence of a need for curvature in the LSS (epidemiological) dose-
response models … There is stronger evidence of curvature from radio-
biological considerations and experimental results.’ Curvature can easily
result in quasi-linearity at low doses, virtual thresholds, as may occur
when fitting a purely quadratic function to epidemiological data. The
French Academies (2005 [2]; found that radiobiological evidence does
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1 A conjecture is a conclusion based on incomplete information for which there is yet no proof. It is neither a presumption (rebuttable by new evidence) nor a
verifiable assumption (because there is insufficient evidence).

2 Cancer is a multifactorial disease generated through a complicated process of genetic and cellular changes due to background, environmental, and occupational,
and other exposures. The excess relative risk for a given type of cancer from those exposures, ERR = (RR – 1), is calculated by adjusting it as: (Re − Rn)/(Rn < d >);
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not support the LNT. We address the basis of this controversy from an
epidemiological perspective by:

1) Discussing modeling exposure-response accounting for those ex-
posures and risk factors that are known to cause cancer-specific
increased risk.

2) Assessing how to establish the correct functional form (specification)
of the LNT exposure-response models.

3) Improving the regulatory use of dose-response models by public
agencies.

2. Epidemiological results and implications for the LNT

BEIR VII (2006) risk models were largely based on A-bomb survivor
data and when risk transportation from a Japanese population to a U.S.
population occurred, weighted multiplicative mixes (combinations) of
absolute and relative risk models were used for most cancer types. More
specifically, although the models used to “transport” risks from the
Japanese population to the US population in BEIR VII are more com-
plex, we simplify the discussion by using the LNT relative risk (RR)
model extensively utilized in BEIR VII. Here, RR(D)=1 + βD, is the-
oretically and empirically questionable because, at low doses, thresh-
olds and biphasic responses occur [3–5], and because this model is
incorrectly specified. Other formulations of the LNT often use the excess
relative risk (ERR), but the same issues affect them. An ERR = 0 is no
effect; a lower ERR value than 0 is a possibly positive effect, and a
larger ERR value an adverse effect. We followed the recent literature,
studied the data reported in it, and developed several aggregate em-
pirical relationships between exposure (e.g., mSV/day, mGy, Bq/m3)
and ERR. We accounted for statistical uncertainty by assessing the
statistical significance of the ERR and not just its magnitude. Our
analyses demonstrated that most of the ERRs (conditional on low doses
or exposures) are statistically insignificant (the 95% or 90% confidence
intervals straddle ERR = 0.00), in agreement with the null hypothesis
of no effect from exposure to low IR doses.

To exemplify model specification error (a critical flaw of the LNT at
low doses – discussed later in more detail), suppose that a researcher
wishes to describe the association between human heights and weights.
A naive epidemiological model might be linear: Height = f
(Weight) = a + b(Weight), which is descriptive, but clearly insufficient
for prediction.3 It cannot answer the research question: is weight a
predictor of height? The statistical form of the model would be: H = a
+ bW + e, where e is the random errors (often assumed to be normally
distributed with mean zero and variance that equals 1). Hence H is a
random variable, but W is not: W is deterministic (an assumption that

can be relaxed, as discussed later in this paper). The predictive aspect of
this simple model can be improved by accounting for age, race, physical
activity, diet, etc. The correctly specified model should also be based on
the physics of the skeleton, muscle and adipose tissue mass, and include
physical constraint such as height less than 3.0 m and weight less than
500 kg. Descriptively, the simple linear model may be sufficient; pre-
dictively, this is not the case. It is this latter situation that matters in the
discussions that follow.

To be consistent with the time frame of BEIR VII (2006) and the
French Academies (2005) [2], we begin with the data represented by
Ref. [7] which analyzed 13 independent epidemiological studies of the
ERR of solid cancers from maximum IR dose rate (in mSV/day). We
replicate their results and add a best fitting model finding that the null
hypothesis of no effect cannot be rejected (no LNT behavior) for ex-
posures from 0 up to > 116 mSv/d (Fig. 1). We are aware that
weighted doses in mSv (and related dose rates) are linked to the LNT
hypothesis (weights are based in part on LNT lines slopes). However, at
present appropriate weights (for different radiation types) for use with
threshold and hormetic dose-response relationships have not been es-
tablished for cancer.

The polynomial in Fig. 1 depicts the average behavior of the ERRs as
dose rate (mSv/day) increases, confirming [7] (Fig. 2; Supplemental
Table 1). Importantly, the ERRs at dose rates between 0.01 and
100 mSv/day are either beneficial (ERR < 0) or suggest a threshold
(ERR = 0). Specifically, four out of five epidemiological results for I-
131 radioisotope intake are insignificant; 4 out of 6 studies of external
beam radiotherapy are statistically insignificant; the four natural
background studies are insignificant as are the two airline pilot values
(Supplemental Table 1). Descriptively and in the aggregate, behaviors
greater than approximately 10 mSv/d are non-linear and statistically
significant; behaviors from < 0.01 mSv to approximately 10 mSv/d are
threshold-like. Further descriptive understanding of the aggregate ef-
fect of IR at very low doses is depicted in Fig. 2, which depicts a plot of
ERR/Gy versus mean cumulative dose (mGy) obtained from several
epidemiological occupational and other studies (Supplemental Table 2).
Again, the relationship is threshold-like up to more than 500 mGy, with
most results being statistically insignificant.

We also analyzed epidemiological studies of residential exposure to
radon (an alpha particle emitter, exposure in Becquerel's/cubic meters
of air) and lung cancer by comparing the ERR (100 Bq/m3)−1 and mean
radon levels (Fig. 3; Supplemental Table 3). The linear relationship is
statistically insignificant in 15 out of 17 studies for exposure up to
approximately 200 Bq/m3. Despite this, the US EPA remediation limit
for radon levels in homes is currently set to 148 Bq/m3.

For leukemia [8], evaluates ERR as a function of exposure-group-
related mean absorbed radiation dose to red bone marrow, expressed in
mGy. These results are statistically insignificant from zero up to ap-
proximately 140 mGy. Also, no consideration was given to variability in
the baseline risk estimate for unexposed individuals so that confidence
intervals near the origin (zero dose group) are under reported. Finally,

Fig. 1. ERR versus maximum dose rate (mSv/day) from se-
lected epidemiological studies and best-fit model (from the
literature in Ref. [7]; Supplemental Table 1). The black line is
the third-degree polynomial fit to all data. Dose rates re-
present whole body effective dose. Error bars are 95% con-
fidence intervals. When error bars are not visible, confidence
intervals are indistinguishable from the point. The red dotted
line indicates ERR = 0; the ERR is > 0 when maximum dose
rate is > 115.85 mSv/d. (F-value (3 df) = 35.418, p-
val = 0.000).

3 Given a sample, it is a simple matter to generate an almost perfect de-
scription: a polynomial of sufficiently high degree fits most of the data. But its
predictions (essential for public health policy) are certainly questionable, as the
bias-variance tradeoff literature demonstrates.
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the Life Span Study (LSS) also shows that results of exposure to IR have
a pattern that is consistent with the results discussed: the increased risk
(ERR/Gy) begins at exposures that are much greater than 0.1 Gy
(100 mGy) (Fig. 4; Supplemental Tables 4 and 5) (Grant et al., 2017).

By way of comparison [10], summarize some of the main IR-related
epidemiological studies. For solid cancers, they report the ERRs for the
LSS (Hiroshima and Nagasaki), INWORKS (US, UK, France workers),
Chernobyl (workers), and results for natural background radiation

exposure of the residents of the Techa river basin, Kerala (India), and
Yangjiang (China). These results are statistically insignificant at doses
from less than 0.1 Sv or Gy to 0.5 Sv or Gy. For leukemia, the LSS,
Mayak, and Techa river studies do not report confidence intervals. The
results for which the confidence intervals are shown (at doses less than
0.1–0.5 Sv or Gy), are often statistically insignificant (90% or 95%
confidence levels). Furthermore [10], assess lung cancer associated
with radon exposure (measured in working levels-month (WLM)) from

Fig. 2. Summary of epidemiological radiation cancer risk
studies represented as ERR/Gy as a function of mean cumu-
lative dose (mGy). The black line is the best linear fit for all
data points. Dose rates represent whole body effective dose.
Error bars are 95% confidence intervals. When error bars are
not visible, confidence intervals are too small relative to the
size of the point. The red dotted line is ERR = 0. (F-
value = 0.02, 1 df, p-val = 0.963).

Fig. 3. Lung cancer excess relative risk (ERR) in residential
homes due to radon exposure. Summary of epidemiological
data on residential radon exposure and lung cancer incidence
represented as ERR per 100 Bq/m3 as a function of mean
cumulative radon dose (Bq/m3). The US EPA standard for
radon exposure is set at 148 Bq/m3. The black line is the best
linear fit to the data. Error bars are 95% confidence intervals.
When error bars are not visible, the confidence intervals are
too small relative to the size of the point. Red dotted line is
ERR (100 Bq/m3) = 0. (F-val = 0.172, df = 1, p-
val = 0.684).

Fig. 4. Summary of solid cancer risk in A-bomb radiation
exposed “life-span study" (LSS) in male (A) and female (B)
cohorts (adapted from Ref. [9]. Data are ERR/Gy as a func-
tion of mean cumulative dose (mGy). The black line is a
third-degree polynomial fit to all data points. When error
bars are not visible, confidence intervals are too small re-
lative to the point. Red dotted ERR/Gy = 0. For male data
(A), F-val = 95.878, df = 3 and p-val = 0.000. For female
data (B), F-val = 214.210, df = 3 and p-val = 0.000. Dose
errors and possible missing dose from fallout radionuclides
could not be addressed in our analyses because of insufficient
information.
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zero to approximately < 250 WLM. About one-half of the epidemio-
logical results are statistically insignificant (Canada (Newfoundland),
Germany) while others are significant (Czech Republic, Germany).
Table 1 summarizes modeling issues associated with recent and well-
known epidemiological studies.

Most of these issues (none of the epidemiological studies in Table 1
were known to BEIR VII, published in 2006) contradict the earlier
statement (BEIR VII Phase 2, p. 246) that ‘the committee judges that the
balance of scientific evidence at low doses tends to weigh in favor of a simple
proportionate relationship between radiation dose and cancer risk.

2.1. Whither LNT at low doses?

The French Academies (2005) also dealt with the appropriateness of
the LNT. To wit, the French Academies state that the LNT does not
account for (parenthetic comments added):

… all the other potential risk factors (such as tobacco smoking,
behavioral, and many other) …. If such factors are present, they
must be taken into account by appropriate statistical methods. This
point is particularly important with regard to the study of low doses,
because the specific effect of the confounding factors can be much
greater than the effect of radiation. It is not enough to postulate (in
our words, to conjecture) that such a correlation has no logical
reason to exist; it is necessary to establish that it did not appear by
chance …. For example, in a study investigating the risk of lung
cancer due to radon in homes, not taking smoking into account
would make the results impossible to interpret ….

The key difficulty is the misspecification of the epidemiological LNT.
To further understand the specification error, the mathematical form of
the LNT based on ERR, IR dose, d, and age at exposure, e (BEIR VII
Phase 2, p. 143; equation 6–4) is:

ERR = ρ(d)βsExp(γe) (1)

ρ(d)βs is either linear or linear-quadratic, βs is ERR/Sv, γ is the
coefficient for age at exposure. A statistical error term should be added,
or otherwise included, when dealing with estimation (e.g., using the
Poisson regression). The error term accounts for measurement errors
and other unimportant, and thus negligible, factors considered to be
noise. The correct form of the model should combine biological and
epidemiological knowledge in the proper manner. Both identify the
theoretical set of dependent and independent variables, link them
within a biologically-based network of sub-processes properly ac-
counting for interactions, non-linearities, feedbacks, and simultaneities.
Specifically, in observational epidemiology, the relevant cancer risk
factors (Table 2) must be accounted for (including the use of proxy
variables). The model should not be limited to IR dose (d), Equation (1).
If it is, the dose-response model is affected by the specification error: an
issue regarding the incorrect model form and omitted risk factors (e.g.,
independent variables for other exposures and their mathematical
form).

Using the LSS data, BEIR VII Phase 2 includes several models for
solid tumors, where ERR depends on age at exposure, age attained, and
time since exposure (Table 3). These models are prima facie under-
specified: the estimates of the model's parameters will be biased and
inconsistent. However, in animal bioassays d may be both necessary
and sufficient – unlike epidemiology – because all other risk factors,
e.g., from various exposures to behavioral, are controlled through the
experimental protocol, animal husbandry, and so on.

The independent variables in Table 3 include city, c; sex, s; age, a;
birth year, b; age at exposure, e; and t is time since exposure. For solid
cancers, the (Poisson) model is: =ERR d( ) sexp(γe)an; ρ(d) is speci-
fied in different ways, including a threshold, but is generally taken to be
either linear (and hence ρ(d) = βsd), or linear-quadratic in dose (BEIR
VII, p. 143).

The practical aspect for being concerned with the specification error
is that, as [19] comment, ‘epidemiological observations … have serious
disadvantages … they can seldom be made according to the strict require-
ments of experimental science and therefore may be open to a variety of
interpretation’ points to the need for careful causal analyses based on
statistical methods. Regarding uncertainty stated as upper and lower
confidence limits [20], discuss inference based on the linear RR model.
They note ‘that the distribution of the maximum likelihood estimate of β
may be highly skewed, and that confidence intervals based on the estimates
of the asymptotic standard error … can be seriously misleading’. We concur
with [21] statement that ‘causal inference in epidemiology is better viewed
as an exercise in measurement of an effect rather than as a criterion-guided
process for deciding whether an effect is present or not’. To advance the
discussions, Table 4 includes steps towards formulating epidemiological
causation, based on observational data, as statistical causal associa-
tions. Fig. 5 suggests the conceptual steps for developing a disease-
specific model based on observational studies such as those discussed in
this paper.

A well-specified epidemiological dose-response model also requires
the following:

i) Development of the mathematical expressions that produce a me-
chanistic description of biological processes intervening between
exposure and response, from different biological units and events,
and causally relate dose (or dose rate) to specific cancers (e.g., lung
cancer being different from leukemia).

ii) Accounting for directly contributing risk factors, ranging from en-
vironmental to behavioral (e.g., air and water pollution, smoking,
alcohol consumption, poverty, etc.) affecting humans. For instance,
the SES (socio-economic variables) of the correctly specified model
would account for poverty. A simple dummy variable, could roughly
account for poverty by stratifying above and below poverty level
measured by income per capita. Therefore, by combining this type
of information with experimental findings, such as non-linear bio-
logical processes from molecular events to whole organ response,
results in a causal mathematical expression that specifies the form of
the dose-response model, its variables, and coefficients.

2.2. Null hypotheses and statistical significance

When data are sampled from a population their analysis requires
statistical methods. Two conditions are generally required: hypothesis
testing and inference. For brevity, we focus on hypothesis testing.
Under the null hypothesis, the coefficient (i.e., the statistical population
parameter) of the linear model is zero; this hypothesis is tested (given
the data) against either the one- or the two-sided alternatives: a positive
or a negative estimate, given the data. The p-value (probability value) is
the probability of obtaining either a positive or negative coefficient
when the null hypothesis is true. Fisher stated that the null hypothesis is
never proved … but it is possibly disproved. For example, Fisher's sig-
nificance – i.e., that the results are not due to chance alone – varies from
about 0.10 (weak evidence against the null) to 0.00010 or lower (which
is increasingly stronger evidence against the null); e.g., a p-value lower
than 0.02 is strong evidence. Neyman and Pearson developed type 1 and
2 error rates (for long-run frequencies). The type 1 error (e.g., false
alarm, e.g., set at 0.05 probability) occurs when the null hypothesis is
incorrectly rejected; the type 2 error (failed alarm, e.g., set at 0.20
probability) occurs when the null is incorrectly accepted. Specifically, if
the confidence level adopted for the analysis is 0.95, then there is a
α= 0.05 probability that the statistical result obtained is a false posi-
tive. In parallel, the probability of the type 2 error is β; the power of a
test is the probability of rejecting the null when it is false: 1 - β.
Interpreting p-values requires:

• A distribution function (which we take to be continuous and thus is
a density function), whose area under its curve is exactly 1.00.
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• The choice of one-sided or two-sided test itself (the two-sided test
rules in two alternatives; the one-sided test rules in only one alter-
native).

• A test statistic (e.g. z-score), to determine the p-value calculated
from the data.

• A theoretical (or decisional) p-value (the choice of the probability
number that rules out the null as being due to chance).

As Sterne and Davey Smith [22] state, the use of secondary data can
create biases:

If only positive findings are published, then they may be mistakenly
considered to be of importance … The high volume and often con-
tradictory nature of medical research findings, however, is not only
because of publication bias. A more fundamental problem is the
widespread misunderstanding of the nature of statistical sig-
nificance.

Balancing false positive and false negative probabilities must be
explicit in any analysis of the statistical significance of estimated results
because changing the model's risk factors (e.g., age intervals, exposure
variables, for a constant sample size) affects those probabilities.4 The
tests concern: i) single hypothesis under the null (the probability of
rejecting the j-th null hypothesis, hj0|true ≤ α); ii) multiple null hy-
potheses; and iii) combinations of multiple null hypotheses, some of
which are false and some of which are true. A method for assessing
multiple sampling evidence is Bonferroni's test.5 Its results are con-
servative: they understate statistical significance.6 Remedies for the
issues that arise from multiple comparisons are listed in Table 5.

[23] discusses the bias that occurs when statistically significant
hypotheses (forming the global null) are reported, while the individual,
insignificant results are not (Table 6). He corrects multiple testing bias

Table 2
Known risk factors for solid cancers associated with IR exposure.

Organ-Specific
Cancer

High risk factors Environmental risk factors Other risk factors

Stomach Diet (salty, smoked, fatty); low fruit diet, aflatoxin, familial
history, smoking, stomach infections, pernicious anemia,
polyps, blood type, EBV, obesity.

Occupational exposure to chromium, asbestos, solvents, lead. Genetics, A blood group.

Colon Diet (red meats), familial history, genetics, inflammatory
bowel disease, polyps, ethnicity.

PAHs. Smoking, alcohol
consumption.

Lung Smoking, diet (red meat), familial history, previous lung
diseases.

Naturally occurring radon, exposure to As, asbestos, diesel
fumes, silica, paints solvents, chromium, nickel; general air
pollution, beryllium, TCDD, PM2.5, PM10, As.

Mineral oils.

Liver Diet (alcohol consumption), lupus, smoking, chronic
infections (e.g., HVC, HBV), cirrhosis, inherited diseases,
aflatoxin, ethnicity.

As, VC, PCBs, parasites. None significant, (see VC
and PCBs).

Breast (female) Familial history, genetic predisposition, ethnicity, race,
breast density.

Occupational exposures. Alcohol use, hormones,
obesity, null-parity.

Table 3
Specification of BEIR VII Phase 2 dose-response models (LSS Data).

Cancer D-R Model Model Form Incidence Death
(counts)

Competing
Causes

Comment

Solid Cancers ERR = βsdExp(γe) Y Y Omitted LSS study; βs=risk of exposure at age 30. Dose in Sieverts.
Solid Cancers ERR = βsdExp(γe*)aη Y Y Omitted LSS Study; dose in Sieverts
Solid Cancers ERR = βsdExp(γe*+ηlog(a/60))a Y Y Omitted LSS Study; Site-specific cancers (e.g., stomach, breast, liver,

etc.) See Tables 12B–5A BEIR VII p. 303).
Leukemia ERR = βsd(1+θd)Exp[(γf(e)+δg(t)+ϕf(e)g(t)] Y N Omitted CLL not included

The specification of the functions in these models include g(t) = log(t) and g(t) = t, f(e) = (e − 30)/10 for e < 30 and 0, for e = 40; d is dose.

Table 4
Key steps towards developing causal associations from observational data in
epidemiological studies.

• Identify and formalize causal mechanism(s) and paths. Show how changes propagate
via one or more causal paths to produce adverse, protective, or other effects. A
causal path is a sequence of steps in which completion of the earlier steps creates
conditions that trigger or increase occurrence rates of subsequent steps. Such
steps may be identified from experimental data, applying generally accepted
physiological and other scientific laws or known relationships. A priori,
correlations are not causal; see point i) below.

• Identify statistically significant exposure-response causal association. Demonstrate
that there is a non-random positive statistical association between exposure
histories or events and adverse human health consequences, see point ii) below.
Associations between time series (such as cross-correlations) may not be causal
associations.

• Eliminate confounding as a possible cause of the association. Show that cause is not
due to or explained by other factors, such as differences in lifestyle, age, or
confounders.

• Eliminate biases from sampling, information collection, and modeling choices. Show
that the association is not explained by selection bias (study subjects or controls)
or how information about them was collected and analyzed.

• Test and confirm hypothesized causal ordering and conditional independence relations
between variables. Show that response is not conditionally independent of its direct
causal predecessors (e.g., exposures and specific risk factors), but that it is
conditionally independent of more remote causal risk factors or effect modifiers.

• Model predictions. Confirm that changes in the levels of the causal variables (e.g.,
exposures) are followed by the predicted changes in the levels of the effects or
outcomes.

4 Assuming m probabilistically independent comparisons, the actual type 1
error rate is α* = 1 – (1 - α)m, with α being the nominal error rate under m = 1
comparisons (the theoretical model). If the comparisons are correlated, then α*
≤ 1 – (1 - α)m. Thus, if m = 4, the actual error rate is 0.226, rather than 0.05. A
simple way to deal with this issue would be to use the (conservative) Bonferroni
inequality: α* = 1 – (1 - α)1/m, which can be reduced to α* ≤ 1 – (1 - α) with
α* = α/m, and solving for α. This presumes that the number of comparisons is
set in the protocol before conducting the study.

5 Tukey [58] discusses the effect of heterogeneity on the F-test and Hayter
and Hsu [59] the confidence intervals.

6 Bonferroni's α is calculated as the αFEW/I, αFEW ≤ 1 – (1 - α)i. It has low
power because it assumes that hi is true but does not account for possible
correlations and hence it overcorrects for the type 1 error. That is, the number
of false positives increases depending on the correlations between the hy-

potheses tested. Bonferroni's inequality is defined as [pr
= =Uh pr h( )

i

n
i i

n
i

1 1 .
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by assigning low probabilities to each independent variable [24]. state:

Consider an unlikely hypothesis, with a prior probability of only 1%.
Under the listed assumptions, obtaining a p-value of exactly 0.05
would move this 1% prior probability up to only a 2.6% posterior
probability, P ≤ 0.05 would raise it to 14%, P = 0.001 would raise
it to 50%, and “P < 0.001” would raise it to 73% - a quite re-
spectable level. Even given that these posterior probabilities re-
present maximum values without consideration of weaknesses in
study design, this does show that an implausible alternative hy-
pothesis can be made plausible if the evidence is strong enough. But
that cannot happen if all p-values below a conventional threshold
like 0.05 are treated as evidentially equal.

Ioannides' comment that increasing the number of studies increases
the number of false positive and false negatives should be kept in mind.
However [24], find that ‘this is not true as a proportion of the total, which
is the probability that a given finding is false, i.e. the predictive value. If the
number of positive studies is held constant while the total increases, the
predictive value of all studies combined decreases, albeit not because the
positive predictive value of any positive study decreases, but because the
negative predictive value of all the non-significant studies outweighs the
positive predictive value of the significant ones’. Table 7 includes other
biases affecting the determination of epidemiological causal associa-
tions.

Fig. 5. Conceptual exposure-response model building (sub-processes, e.g., pharmaco-kinetic and pharmaco–dynamic, omitted for brevity). The stopping rule for the
loop is unspecified because it depends on the disease-specific endpoint (e.g., mortality), theoretical, and empirical knowledge.

Table 5
Multiple comparisons issues and remedies.

Issue Characteristics Remedy

Stratification Multiple comparison problem: inflates the false
positive probability.

Analytical: Specify the strata, sub-groupings, or hypotheses before the statistical
analysis.

Repeated analyses Multiple pair-wise comparisons. Analytical: Specify a single, theoretical model for estimation and use F-test or other
global test of significance.

Interpretation of significance Statistical significance ≠ theoretical significance. Semantic: Use the correct and appropriate phrase by discriminating between these
uses.

Multivariate modeling p-values are inflated by multiple testing. Analytical: Given a class of models, use Bayesian modeling to select the model via the
maximum of the posterior distribution.

Several simultaneous statistical tests In hypothesis testing, inflated p-value. Analytical: Nominal probability value (e.g., α= 0.05) is increased as the power of
the number of tests performed.

Table 6
Inference related issues from sampled data affecting the LNT epidemiological literature (adapted from Ref. [23]).

Issue Comment

The smaller the studies conducted in a scientific field, the less likely the research findings are to be true. Small samples are less statistically powerful than large samples.
The smaller the effect sizes in a scientific field, the less likely the research findings are to be true. Small sample are less likely to detect a true effect of relatively small

size.
The greater the number and the lesser the selection of tested relationships in a scientific field, the less likely the

research findings are to be true.
A hypothesis generating modeling is unlikely to yield causal results.

The greater the flexibility in designs, definitions, outcomes, and analytical models …, the less likely the research
findings are to be true.

Model flexibility can result in statistical biases; bias-variance trade-
offs become relevant.
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3. Biological events likely to affect the form of the LNT

Molecular epidemiology combines quantitative methods with bio-
chemical, molecular and other data. These can provide the: i) precise
biological unit at risk (from proteins to cells); ii) measurement of the
magnitude of an effect; iii) description of biochemical processes leading
to a pre-disease stage; and iv) data to be used in stochastic and non-
stochastic dose-response models. Markers, such as DNA-adducts, can
describe how a carcinogen acts with the DNA or a protein, switches on a
gene, and so on. The NCRP (2015, p. 2) states that ‘an essential problem
is the lack of bioindicators … specific to radiogenic disease and whether
genetic instability transfers from normal to cancerous cells or from pre-
neoplastic to cancerous’ and that it is difficult to identify human tumors
and radiation-related tumors because tumor pathways may not con-
serve across species. In part, this is a result of the ‘lack of known tumor
biological indicators that are specific to radiation exposure’ (NCRP, p. 38).
Indicators of DNA damage and repair, mutations, genomic instability,
adaptive response, bystander effects and other, inform the specification
of the dose-response (Table 8).

For NCRP (2015, p. 10), biologically-based dose response (BBDR)
models (such as [26,27]; and others) may be of limited value for reliably
predicting cancer risk. The reason is that they do not incorporate biological
data other than generalized mutagenic evidence supporting the MS (multi-
stage) model. [28] exemplifies the current view on mechanistic rea-
soning and the use of epidemiological results at high doses to extra-
polate to low doses. He states that the LNT (p.276; citations omitted) ‘is
now made unlikely by the observation of low-dose specific biological re-
sponses, which unambiguously demonstrate the failure of extrapolation of
radiation effects per unit dose from high to low doses’. He uses 18 studies
(yielding 54 data points) published in peer-reviewed journals from
1986 to 2012, concerning molecular and cellular effect of acute and
low-dose exposure to x or γ-rays. Adaptive protection at the cellular,

cancer, immune response, bystander damage, and enzyme inactivity
occurs at doses between 0 and > 600 mGy. In transgenic mice, damage
occurs at two dose levels: 0.01 mGy and 100 mGy; some damage was
apparent in non-transgenic mice at 0.01 mGy, although these animals
exhibited protective response or low damage. Thus, while the initial
damage at the molecular level is proportional to dose, the affected
biological unit at risk of propagation of that initial damage exhibits a
non-linear dose-response. This is due to DNA repair, bystander effect,
genomic instability, and adaptive protection mechanisms. Specifically,
bystander effect and genomic instability contribute to damage but
adaptive protection reduces it; the time-windows are measured in hours
or days, extending to approximately a year, depending on the specific
mode of action [29]. Sanders (2010; p. 279) had earlier commented
that ‘the measured degree of protection is related to the enormous efficiency
with which the body protects itself against the development of malignancy’
[30]. argues that the LNT is incorrect because of adaptive protection,
enhanced immune response, protective bystander effects, and aspects of
genomic instability [31]. further notes that targeted versus non-tar-
geted events should be accounted for, as should cascading events (e.g.,
genomic instability → gene mutations).

We summarize [32,33] discussions in Table 9, within the context of
chemical carcinogenesis, rather than IR. Bogen and Crump are con-
cerned with the additive to background, AB, theory. For example [32],
discusses cellular experiments resulting in apoptosis and other, often
non-linear processes leading to cellular cytotoxicity. Those are modeled
by cumulative distribution functions (e.g., using log-normal distribu-
tions which assume multiplicative events). We concur with [32] (cita-
tions omitted) conclusion that ‘importantly, LNT-like dose-response re-
lationships based on epidemiology studies may be an artifact due to
systematic confounding effects associated with exposure measurement errors
that obscure underlying nonlinear relationships for population dose re-
sponse’.

Table 7
Selected biases affecting the determination of epidemiological causal associations [25]; references therein.

Types of Biases Account for These Types of Bias

1) Modeling Biases Discussions
Variable selection bias (including selection of covariates included in

the model)
Bootstrap variable selection, Bayesian model averaging (BMA), model cross-validation for variable
selection.

Omitted explanatory variables (including omitted confounders and
risk factors)

Include potential confounders in an explicit causal graph model; test for unobserved latent variables,

Variable coding bias Use automated variable-coding methods (e.g., classification trees). Don't discretize continuous variables.
Aggregation bias (e.g., Simpson's paradox) Test hypothesized relations at multiple levels of aggregation.

Include potential confounders in an explicit causal graph model.
Multiple testing or comparisons bias Use step-down methods to adjust p-values without sacrificing power.
Choice of exposure, dose, and response metrics Use multiple exposure indicators (e.g., concentration and time). (Don't combine.) Define responses as

survival functions and/or transition rates among observed health states.
Model form selection bias and uncertainty about the correct model

for exposure-response.
Use flexible non-parametric models (e.g., smoothers, wavelets) and Bayesian Model-Averaging. Report
model diagnostics and sensitivity analyses of results.

Missing data adjustments Use data augmentation, EM algorithms, MCMC algorithms.
Measurement and misclassification errors for the explanatory

variables
Use Bayesian measurement error models, data augmentation, EM algorithm, and other missing-data
techniques

Omitted heterogeneity in individual response probabilities and
covariates

Use latent variable and mixture distribution models, frailty models of inter-individual variability

Interpretation and reporting of results Report results (e.g., full posterior PDFs) conditioned on choices of data, models, assumptions, and statistical
methods.

2) Selection Biases Discussions
Sample does not represent population for which inferences are

drawn.
Randomly sample all cohort members if possible

Data set (i.e., selection of a subset of available studies may affect
results)

Use meta-analysis to show sensitivity of conclusions to studies included/excluded.
Use causal graph models to combine diverse data sets

Health status confounding or hospital admission bias (as well as
referral and exclusion)

• Use prospective cohort design

• Use population cases and control
Selective attrition/survival (e.g., exposure affects attrition rates).

Differential losses to follow-up.
May use reconstruction of events through indirect interviews
Develop counter-factual survival curves

Detection and surveillance Match cases to controls (or exposed to unexposed) subjects based on cause of admission.
Membership (e.g., lifestyle, socioeconomic) Use multiple comparison cohorts.

Hard to control in observational studies.
Self-selection, volunteer bias Achieve high response rate.

Compare respondents with sample of non-respondents
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Statistical parameter estimation uses sample data for the dependent
and independent variables to obtain numerical values for the para-
meters (the mathematical coefficients) of the model. It must account for
confounding variables: independent variables not on the path between a
risk factor and the health outcome, but that influence both. In estima-
tion, the error term is associated with the dependent variable. However,
errors also affect the independent variables in the model. Not ac-
counting for the errors in the independent variables produces incon-
sistent parameter estimates [35]. The error-in-variables model [36,37]
could be used to investigate Bogen's observations. However, the esti-
mation methods are more complicated [38] than those used to estimate
the parameters (e.g., the maximum likelihood) of a more fully specified
exposure-response model.

4. Towards resolving the LNT controversy: contrary views point to
a solution

There are two prominent science-policy views about the LNT. One is
BEIR VII Phase 2 (US NAS) finding that observational epidemiological
studies are inherently limited, as are in vivo studies (p. 245, emphasis
added by underscoring):

… It is abundantly clear that direct epidemiologic and animal ap-
proaches to low-dose cancer risk are intrinsically limited in their
capacity to define possible curvilinearity or dose thresholds for risk
in the range 0–100 mSv.

The other is the French Academies' view (2005):

For doses above approximately 200 mSv, epidemiological data
permit to establish with fair accuracy the relationship between dose
and carcinogenic effect. However, for low doses (below 200 mSv)
and a fortiori below 20 mSv generally encountered within the con-
text of radioprotection, epidemiology can neither confirm nor refute
the existence of an increased incidence of cancer.

Yet, important differences between these two institutions become
apparent. Here, the overlap between the literature in both studies is
only 68 papers; the French Academies used 306 papers and BEIR VII
Phase 2 used 1386, for a total of 1760 papers; the French Academies
focusing on biological mechanisms, in particular adaptive protective
response.7 In the second, the French Academies state that, although
their report is about IR:

… it is apparent that most of its conclusions can also be applied to
other physical (U.V. radiation) and chemical (genotoxic) carcino-
genic agents, for which often, for administrative reasons there is also
a tendency, to apply a linear no-threshold relationship …. For each

toxic effect, there are specific defense mechanisms …. The outcome
depends on the balance between these two types of reaction. If the
dose is low and defenses are sufficient, there will be no toxic effect.
If the dose is high, and defense reactions are overwhelmed … a toxic
effect emerges and becomes proportional to the dose.

Specifically, regarding the effects of low versus high exposures to IR,
this institution states that:

At low doses and low dose rates of ionizing radiation, the pro-
apoptotic effect dominates and the damaged cells, of which there are
only a few, can be eliminated or controlled. But at doses in excess of
0.5 Gy with a high dose rate, the greater number of mutant cells and
the accumulation of mutations, the tissue disruption and above all
the proliferation of the surviving cells to compensate for the death of
a high proportion of the cells allow some cells to escape from these
controls, which are intended to maintain tissue integrity and to
regulate proliferation.

Third, the French Academies (citations omitted) supports our con-
cern with model specification:

… the absence of any correlation between the dose received and all
the other potential risk factors (such as tobacco) should be estab-
lished. If such factors are present, they must be taken into account
by appropriate statistical methods. This point is particularly im-
portant with regard to the study of low doses, because the specific
effect of the confounding factors can be much greater than the effect
of radiation …. For example, in a study investigating the risk of lung
cancer due to radon in homes, not taking smoking into account
would make the results impossible to interpret … accurate in-
formation must be available about all exposures to ionizing radia-
tion, including those unrelated to the source of irradiation being
investigated. This is difficult, given the frequent and possibly re-
peated exposures to small doses of radiation: natural irradiation
(differences of natural irradiation can reach 20 mSv/year), X-ray
examinations, air travel …. They may introduce biases even when
they are smaller than the irradiation investigated.

To the contrary, BEIR VII Phase 2 (2006, p. 263) finds that:

Biologically based models have not been employed as the primary
method of analysis in this report for several reasons. The mechan-
isms of radiation carcinogenesis are not fully understood, which
makes the development of a fully biologically based model difficult.
The data required for a biologically based model, such as rates of
cell proliferation and mutation, are also generally not available. The
availability of empirical risk models that provide a good description
of the available data on radiation and cancer permits the prepara-
tion of useful risk projection.

Those empirical risk models are mostly observational epidemiological

Table 9
Discussions of [32] and Crump [33] regarding three alternative dose-response models [34].

Alternative Description Findings by Ref. [32] nd Crump [33]

Model 1 Threshold dose response at the individual level, but linear at the population level
due to substantial human individual heterogeneity of susceptibility (SIH) such that
their aggregate is LNT.

[33] proves that the SIH implications for the LNT are generally false, as earlier
put forth by Ref. [32].

Model 2 Threshold response at individual level, non-linear at population level, not
yielding an LNT.

None remarkable.

Model 3 Linear response at the individual level, linear at the population level;
characterized by linear MOA, and for non-linear MOA when response is additive
to background, yielding a LNT.

[32] finds that the AB argument is either false or meaningless, but Crump [33]
limits the extent of this criticism to it not being correct when background
response occurs by a mechanism that is completely independent of that of the
substance of interest [32]. criticism of the AB is appropriate because, as Crump
[33] states: additivity to background, without additional conditions, does not assure
that the low dose guaranteed by the AB can be well-predicted by data at high doses
[32]. issue that the slope of the dose-response at d=0 may not be well-predicted by
the trend of the dose-response at higher doses [33], is based on quasi-thresholds,
which [33] finds to be an artifact of scaling the plots obtained by Ref. [32].

7 Personal communication, Nov. 14, 2017, by Dr. Tony Brooks.
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studies. A suitable test of the usefulness of the LNT for science policy
should be accurate causal predictions; yet, how can this test be con-
ducted if the mechanisms of radiation carcinogenesis are not fully under-
stood? Incorrectly specified empirical risk models should not be used to
forecast outcomes.8 Model prediction, rather than description, correctly
informs policy science. BEIR VII Phase 2 arguments seem internally
contradictory (p. 263, titles in bold added):

i) Description Is Insufficient for Policy Science Causation – A BEIR
VII Phase 2 argument is that ‘whereas empirical approaches to risk
modeling rely on statistical models to describe data, biologically based
models depend on fundamental assumptions regarding the mechanisms of
radiation carcinogenesis. The parameters created by modern biologically
based risk models have a direct biological interpretation, provide insight
into cancer mechanisms, and generate substantive questions about the
pathways by which exposure to ionizing radiation can increase cancer
risk.’

ii) Prediction Is Necessary for Policy Science Causation – BEIR VII
Phase 2 argument is that ‘biologically based models have not been
employed as the primary method of analysis in this report for several
reasons. The mechanisms of radiation carcinogenesis are not fully un-
derstood, which makes the development of a fully biologically based
model difficult. The data required for a biologically based model, such as
rates of cell proliferation and mutation, are also generally not available.
The availability of empirical risk models that provide a good description
of the available data on radiation and cancer permits the preparation of
useful risk projection. We disagree with the last statement because it
is inconsistent with sound modeling by conflating description with
prediction. For example, the statement ignores the bias-variance
effect whereby a polynomial (or a Fourier series) can perfectly fit a
scatter of data, such as those shown in Figs. 1–4. However, the
predictions from those polynomials are fundamentally different
from what the trends in the data allows to predict with some rea-
sonable confidence.

BEIR VII Phase 2 (p. 141) states that the evidence from the LSS for
effects at low dose is that:

Estimates of linear risk coefficients tend to be driven by doses that
exceed 0.5 Gy; although estimates based only on survivors (of the
LSS) with lower doses can be made, their statistical uncertainty is
considerably greater than those that include survivors with higher
doses. Even at higher doses, data are often inadequate for evaluating
risks of cancers at specific sites, especially those that are not
common …

Hence, the LNT epidemiological model is a conjecture.
Paradoxically, we find support for this conclusion in BEIR VII Phase 2
itself (p. 245):

… human data well illustrate the problems of limited statistical
power that surround epidemiologically based conclusions on the
shape of the low dose-response for radiation cancer risk and how it
might vary between tumor types. … It is abundantly clear that direct
epidemiologic and animal approaches to low-dose cancer risk are
intrinsically limited in their capacity to define possible curvili-
nearity or dose thresholds for risk in the range 0 – 100 mSv.

BEIR VII Phase 2 basic mechanistic explanation for the LNT seems

simplistic (p. 245):

Whatever molecular mechanism is envisaged for radiation, at very
low doses (e.g., 0–5 mGy low LET), increases in dose simply increase
the probability that a given single cell in the tissue will be inter-
sected by an electron track which will have a nonzero probability of
inducing a biological effect. Therefore, at these very low doses, a
linearity of response is almost certain.

We suggest five qualitative criteria to deal with the problem that
[39] describes as ‘no evidence for or against a substantive claim (theory)
can be secured based on a statistically misspecified model of dose-response
for cancer at low doses’. These are:

I. Independence and unbiasedness of those replicating the results –
given the same research protocol.

II. Rejection of dogmatism.
III. As the number of independent replications increases, their result

should tend towards the true result.
IV. The scientific information and knowledge base used in developing

the dose-response model and its analyses should be publicly avail-
able so that any replication can be – at least in principle – per-
formed and assessed by interested stakeholder.

V. Any disease-specific finding of application of an LNT must be
proven to be consistent with both explanation and prediction
through validated theoretical and empirical mechanistic reasoning.

5. Conclusions

The IR-related LNT is a conjecture for humans, a testable hypothesis
for lower species and other biological systems, and a science-policy tool
for regulating exposure. Our analyses suggest that the model at low
doses is no model at all: aggregating epidemiological studies yields
results that are statistically insignificant. When non-linearity occurs, it
is statistically significant at high doses beyond the concern of the LNT.
The key question we address is whether the choice of the LNT at low
doses, given IR epidemiological information, is correct. The answer is:
no, the LNT remains a conjecture. To justify this answer, we discussed
critical causally associative – causal in short – modeling issues and
biological and epidemiological evidence, focusing on the latter.
Specifically, we conclude that:

1) The biological-mechanistic evidence that should be reflected in the
LNT is extensive; limiting its inclusion in formalizing the relation-
ships between IR and ERR contributes to the specification error. The
mathematically causal expression should account for fundamental
biological mechanisms such as: adaptive protection, enhanced im-
mune response, protective bystander effects, and aspects of genomic
instability. The set of independent variables for the cancer of con-
cern should be extended to include: i) other exposures; ii) beha-
vioral, socio-economic, and other risk factors.

2) Aggregate epidemiological results indicate low-dose thresholds – as
statistically insignificant responses – rather than LNT behaviors
roughly between 0 and 100 mSv. Given the empirical epidemiolo-
gical evidence, causally associative epidemiological models should
include a threshold by constraining estimation according to the
empirical results shown in this paper.

3) It is incorrect to assume that biological mechanisms at high doses
can be extended through an interpolation (to 0, background risk)
since molecular and cellular responses to high and low doses are
different with the high doses responding to damage and the low
doses initiating many repair processes. In addition most epidemio-
logical studies at low doses are statistically insignificant while being
significant at high IR doses.

4) The assertion of linearity at low doses conflates evidence at high
doses with policy ease.

8 Forecasts are response values obtained, given a model, outside the dose
sample and include the uncertainty about those numbers. For any best-fitted
line to the sample data, the uncertainty about the fitted line consists of non-
linear curves (at selected level of confidence) about that fitted curve. Although
the LNT is a linear function at low doses, these symmetric non-linear bounds
increase and diverge at increasing rates from the central estimate values of the
model's parameter representing its slope [60].
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These conclusions result from assessing such statistical issues as: i)
model specification, ii) confounding factors, and iii) multiple testing
bias. Modeling, inclusive of theoretically relevant sets of dependent and
independent variables, links them within a biologically plausible net-
work, accounting for non-linearities, feedbacks, temporal and other
delays, and possible simultaneities. The statistical significance of epi-
demiological results, an important aspect of assessing thresholds at low
doses, can be associated with an often-unwarranted emphasis on p-va-
lues, as discussed. Empirically, the upper and lower confidence limits
must also be included. These identify lack of significance and thus no
effect under the null hypothesis, even though the magnitude of the
increased risk is numerically positive (e.g. ERR > 0).

Regarding the science-policy aspect of the LNT, BEIR VII Phase 2 has
supported the LNT through conjectural reasoning and conflates science-
policy with causation by appealing to vague statements that cannot be
formally reconciled with scientific evidence. The statistical analyses
conducted by BEIR VII Phase 2 use misspecified models that do not
include, but rather seem to force, linearity either via the linear or the
linear-quadratic specification. We find that the entirely different con-
clusions reached by the US National Academies of Science (BEIR VII
Phase 2) and the French Academies of Science and Medicine regarding
the epidemiological LNT can be resolved through correctly specifying a
dose-response model that integrate both mechanistic and epidemiolo-
gical knowledge. Formal aggregation of subjective expert judgments
may bridge those differences and better inform science-policy about the
risks associated with low levels of IR exposure.
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1. Introduction

As documented in this Special Issue, the linear no threshold (LNT)
dose response model as a default model is scientifically invalid for both
radiation and most chemicals. Consequently, there is no logical ratio-
nale to assume that the LNT model should be used to estimate health or
safety benefits within benefit-cost analysis. Because thresholds are
likely to exist for both radiation and chemicals, assuming that LNT is
valid for economic analyses will lead to policy decisions with un-
necessary costs imposed on society. From an economic perspective, a
policy threshold is reached when the costs of decreasing exposures ex-
ceed the benefits. This paper investigates the use of LNT and policy
thresholds using two examples to illustrate them, radon and for-
maldehyde.

EPA's present LNT-driven program to mitigate indoor air radon to
prevent lung cancer from homes and buildings costs billions of dollars
each year while the benefits of the program are, at best, negligible.
EPA's program to reduce exposure from formaldehyde in composite
wood products costs about $60 million each year, again, with negligible
(or zero) benefits. Both programs demonstrate that the economic
threshold for decreasing exposure has, for the most part, already been
attained and would have been correctly identified if a threshold model
had been employed. Thus, use of a threshold model, instead of an LNT
model, would have resulted in a different policy.

Controversy over the use of LNT for risk assessment purposes goes
back over 70 years to 1946 when Ernst Caspari reported a threshold
response to radiation, based on the dose rate for gamma-ray-induced
mutations in fruit flies [1]. Prior to that, ionizing radiation-induced
mutations were assumed to be linear, down to zero (i.e., a single “hit”
could induce cancer), with respect to the dose. Caspari's findings
challenged the model originally created by Herman Muller.

In fact, Muller believed he had induced mutations by dosing fruit
flies with X-rays when, in fact, he made “large gene deletions and other
gross chromosomal aberrations [2].” After Mullers mistakes, Caspari's
findings set off a temporary alarm amongst the radiation genetics
community such that it prompted one radiation researcher to ask
(about the LNT), “What can we do to save the (one) hit model? [1]”
Their worry was misplaced; Muller's views eventually won the day.

But Ed Calabrese reports that “the LNT dose-response model, which

drives cancer risk assessment, was based on flawed science, on ideo-
logical biases by leading radiation geneticists, on scientific misconduct
by an NAS Genetics Panel during the atomic radiation scares of the
1950s, and on a 40 year mistaken assumption by yet another NAS
Committee [3].”

The controversy is important for multiple reasons. Scientifically, as
extensively discussed in this Special Issue, the LNT makes no sense
biologically. Second, from a risk perspective, chemicals and radiation
are regulated to very low levels and those regulations often replace a
very low risk with a higher risk from a substitute product or activity.
This is called a risk/risk trade-off. Finally, use of the LNT in-
appropriately can lead to the imposition of unnecessary, and often very
large, costs.

It is no longer possible to ignore the costs of regulation. Today,
nearly 300,000 federal workers (up from 57,000 in 1960 [4] put out
3–4000 regulations every year that have resulted in over 1 million re-
strictions (individual requirements) in the Code of Federal Regulations
[5]. The cost of these regulations to the U.S. economy, although diffi-
cult to estimate, could be as high as $2 trillion each year [6]; nearly
11% of the U.S. GDP.

Inappropriate use of the LNT can lead to spending too much on
regulations and, because it results in overestimation of risks, will in turn
cause benefits to be overestimated. Most benefit analyses currently use
the results of risk assessments as the starting point. To be useful with
estimates of cost, risk assessments need to estimate actual risks and to
factor in the probabilistic information when possible to properly char-
acterize the expected and net risks [7].

Beyond costs and benefits, there are other problems with using the
LNT when it is not appropriate. In a staff report, EPA declares that it
seeks to adequately protect public and environmental health by pre-
ferring an approach that does not underestimate risk in the face of
uncertainty and variability. In other words, EPA seeks to adequately
protect public and environmental health by ensuring that risk is not likely
to be underestimated” [emphasis in original] [8]. To ensure that they do
not underestimate risk, EPA staff routinely employ conservative de-
faults and assumptions that result in substantial overestimates of risk.
Employing the LNT when there is a threshold is also conservative
(precautionary). But by doing so, they have “effectively usurped risk
management since managers (are) often never made aware of
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uncertainties or the potential impact of these uncertainties on the re-
sults and (are) essentially forced to make decisions that began with an
assumed overestimate of the risk [7].”

2. Thresholds

Studies have shown that the same mechanisms that work at high
doses for cancer causing substances, do not work at low doses because
“we have evolved molecular systems that continuously monitor and
repair DNA.” [9] Others have argued, however, that because there is an
underlying rate of spontaneous cancers, that induced cancers (from
toxic substances and radiation) add to the probability of getting cancer.
However, a recent evaluation of the mechanisms by which cancer is
produced from spontaneous and induced cancers shows that they have
completely different mechanisms. Therefore, they cannot be additive
[10].

All chemicals will have a threshold because assaults to biological
systems arise continuously and from everywhere - plants and animals
we eat, environmental stressors, sunlight and other background radia-
tion, oxygen, and microorganisms such as pathogens and viruses.
Whether there are potentially negative effects from a stressor depends
on dose, medical status and other factors.

3. Benefit-cost thresholds

Policy thresholds underlie the decision thresholds used by risk
managers to determine when exposure is low enough to stop regulating.
The key economics concept behind benefit-cost thresholds is “oppor-
tunity cost.” Opportunity costs arise because decisions must be made
among regulatory options. The opportunity cost of choosing one course
of action is not choosing a different option. For example, if a regulation
requires managers to switch from creating a new product to complying
with a regulation, the opportunity cost is forcing them to spend their
time on the regulation rather than their preferred option, creating the
new product. Social opportunity costs include preventing people from
using their existing resources on current activities as well as preventing
them from buying something new. For example, if we require money to
be spent on a federal regulation to reduce the risk of formaldehyde, the
opportunity cost might be that worker safety could be improved else-
where.

Policy decisions that employ benefit-cost thresholds could be, for
example, how low a level to set for limiting exposure to a harmful
chemical, whether to force a manufacturer to buy a certain kind of
equipment to make a product or plant safer, how clean fill dirt must be
in a Superfund site, how long to give manufacturers to comply with a
regulation, or whom should be covered by a regulation or law. Each
policy decision causes organizations, and possibly consumers, to change
behaviors that, in turn, affects the type and magnitude of risks (bene-
fits) they face. Costs are the forced changes in behaviors (e.g., new
management or labor requirements, new capital) that move people
away from their preferred option.

In a health and safety benefit-cost analysis, benefits are calculated
as the (expected) reduced risk of morbidity or mortality for a popula-
tion multiplied by the value people place on those reduced risks. People
value each unit of risk reduced and those values can be estimated. For
example, buying a car with more costly safety features implies a trade-
off for other features, such as a larger engine.

The opportunity costs of choosing a very low level for limiting ex-
posure to a chemical or radiation are that the resources might have
been spent reducing exposure elsewhere. When the additional costs of
reducing exposure to a lower level (i.e., what has been given up) is
more than the additional benefits of that reduction, i.e., the marginal
costs are greater than the marginal benefits, then the economic
threshold has been reached. This explains why the results of a benefit-
cost analysis are said to generate an “efficient” choice. An efficient
choice means that every dollar spent obtains the maximum possible

benefit, i.e., the biggest bang for the buck. Morrall has shown how
opportunity costs can be illustrated by the cost per life saved for various
risk-reducing regulatory actions [11].

Crump describes an economic threshold as one that is “a societal
decision rather than a purely scientific one [12].” Although not always
the case, as regulation attempts to decrease exposure to a hazard, each
reduction in exposure costs more than the previous reduction. Another
way to say this is, each dollar spent will reduce exposure less than the
previous dollar.1

An example of this principle comes from Superfund. When cleaning
up a Superfund site, the deeper the ground that must be cleaned, the
more it costs to go an additional yard deeper. Supreme Court Justice
Stephen Breyer explained why the marginal costs and marginal benefits
of cleaning Superfund sites matter in Breaking the Vicious Circle.

The first comes from a case in my own court, United States v. Ottati &
Goss, arising out of a ten-year effort to force cleanup of a toxic waste
dump in southern New Hampshire. The site was mostly cleaned up. All
but one of the private parties had settled. The remaining private party
litigated the cost of cleaning up the last little bit, a cost of about $9.3
million to remove a small amount of highly diluted PCBs and ‘volatile
organic compounds’ (benzene and gasoline components) by in-
cinerating the dirt. How much extra safety did this $9.3 million buy?
The forty-thousand-page record of this ten-year effort indicated (and all
parties seemed to agree) that, without the extra expenditure, the waste
dump was clean enough for children playing on the site to eat small
amounts of dirt daily for 70 days each year without significant harm.
Burning the soil would have made it clean enough for the children to
eat small amounts daily for 245 days per year without significant harm.
But there were no dirt-eating children playing in the area, for it was a
swamp. Nor were dirt-eating children likely to appear there, for future
building seemed unlikely. The parties also agreed that at least half of
the volatile organic chemicals would likely evaporate by the year 2000.
To spend $9.3 million to protect non-existent dirt-eating children is
what I mean by the problem of “the last 10% [13]."

The opportunity cost of the resources spent on that last 10% might
have been better spent on reducing risks of unintentional injuries to
children (the leading cause of death for children aged 1–4) [14].

The marginal costs and marginal benefits of reducing exposure are
illustrated in Fig. 1.

In Fig. 1, point A is where marginal costs of reducing exposure equal
marginal benefits. Any decision to reduce exposure below point A (to
the right) has marginal costs exceeding marginal benefits. Point B is the
effect threshold, where any reduced exposure beyond that has only
costs, no benefits.

When using an LNT model and ignoring a threshold, perhaps to be
protective as EPA attempts to be, false benefits will be attributed to a
reduction in exposure. Using the LNT inappropriately moves the ben-
efit-cost threshold to the right of point A where, in actuality, marginal
costs exceed marginal benefits. What's worse, this fact is obscured. As
radiation and most chemicals have a toxicological threshold, in-
appropriate use of the LNT as a default is not only inaccurate but costly.
The two examples below demonstrate how ignoring thresholds gen-
erates costs that vastly exceed benefits.

4. Radon

Radon-222 is a gas, a so-called “daughter” of radium 226 that is
ubiquitous in the earth's crust and can be found in many homes and
commercial buildings. EPA cites the Surgeon General's Health Advisory
that “Indoor radon is the second leading cause of lung cancer in the
United States [15] …”

Some states and localities have produced their own radon laws

1 See, for example, Miller, Wilhelmine et al., National Academy of Sciences,
“Valuing Heath for Regulatory Cost-Effectiveness Analysis,” 2006, p. 267.
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including 37 states with their own requirement for real estate trans-
action disclosure [16]; 11 states requiring radon resistant new con-
struction; 2 states requiring testing in day care centers; and 18 states
having radon mitigation laws [16].

At the federal level, EPA has a national program for testing and
remediating radon for both homes and commercials buildings, parti-
cularly if they are present at levels at or above 4 pCi/L.2 EPA based their
2003 reassessment of the risk of lung cancer from radon on the National
Academy of Science BEIR VI (Biological Effects of Ionizing Radiation)
report that used the LNT model [17]. EPA has data showing that 6% of
all homes have “elevated levels” of indoor radon (above 4 pCi/L) [18].
CDC estimates that 7 million homes have high radon levels [19]. Be-
cause radon levels may vary considerably between counties and even
adjacent homes, EPA warns that, “All homes should be tested, regard-
less of (radon) zone designation [20].” Sale of homes is typically con-
tingent on the seller providing certification of a low radon home (or
building) and proof of such shows up in most real estate contracts.

It is estimated that there are approximately 600,000 homes sold in
the U.S. each year [21]. With an average testing cost of about $500 per
home [22], the total cost to test all homes is about $30 million per year.
If a seller must provide remediation for radon, EPA estimates that the
average cost is between $800 and $2500 per house ($1600 average)
[15]. Assuming that only those homes above 4 pCi/L are remediated,
then 36,000 homes are remediated each year at a cost of $58 million
annually. Together, testing and remediation are estimated to cost $89
million annually.3

In 2012, there were 5.6 million new commercial buildings in the
U.S. comprising 87 billion square feet [23]. Assuming the same per-
centage of buildings as homes need radon remediation (6%), 336,000
buildings with an average of 15,536 square feet would be remediated
each year. However, as radon cannot be tested until a building is built,
it may be that in the 26 states that have high radon levels (average over
4 pCi/L), new buildings in these states may be built to eliminate radon
during construction [24].

The average costs for radon remediation including engineering
(vapor barriers), installation, first-year maintenance, and adminis-
trative costs for a new commercial building is $67,000, with an addi-
tional $7500 beginning in the second year in annual maintenance costs
[25]. If only 6% of new buildings are remediated (the same percentage
as homes above 4 pCi/L), the costs would be $23 billion per year. If half
of all new buildings are remediated (in high radon states), the cost
would be $189 billion per year. These figures only include new build-
ings, not existing buildings that test high and must be remediated.

Despite the Surgeon General's finding, on-going benefits of this
program are suspect due to the high degree of uncertainty in the at-
tributable levels of lung cancer related to radon. In fact, the threshold
level for radon is most likely much higher than the EPA “action level.”
Higher minimum levels for carcinogenic effects have been reported,
8.1 pCi/L [26] and 14.7 pCi/L [27]. In addition, a recent paper that re-
analyzed 32 case-control and two ecological studies concerning radon's
effect on lung cancer risk concluded that exposure to radon con-
centrations below about 27 pCi/L (1,000 /bq/m3) were not associated
with any “statistically significant increase in lung cancer incidence
[28].” Exactly where the threshold lies is uncertain, but it is likely to be
somewhere between 8 and 27 pCi/L, or more than twice EPA's action
level of 4 pCi/L. In fact, 4 pCi/L appears to be a level that is protective,
not harmful [17].

Maps of average radon levels in “high” radon states (averages above
4 pCi/L) show that only two states have averages above the likely
lowest threshold, 8 pCi/L [29]. South Dakota has an average of 9.6 pCi/
L and Pennsylvania has an average of 8.6 pCi/L [29]. Both states have
average levels well below 27 pCi/L, although, there is no available data
as to how many individual homes and buildings exceed that con-
centration.

Fig. 2 indicates that the majority of lung cancer is caused by
smoking, not radon.

Based on Fig. 2, a more efficient (cost effective) way to reduce lung
cancer would be to address smoking directly. For example, to reduce
the number of smokers, the Centers for Disease Control created a pro-
gram (Tips from Former Smokers) that ran for 3 months in 2012. CDC
estimated the program was likely to cause 100,000 people to quit
smoking [31]. The campaign cost $54 million or about $540 per quitter,
assuming the number of quitters' estimate proved to be correct. Given
that most of the homes and buildings have radon levels far below the
thresholds that have been discussed in this paper, it's likely that the
number of cases of lung cancer reduced by radon mitigation are far less
than the BEIR report shows suggesting that trying to reduce cases of
lung cancer by mitigating radon results in expenditures of billions of
dollars per case avoided. This means that the expenditures (costs) are
likely to vastly exceed the benefits.

5. Formaldehyde

EPA recently finalized a regulation governing formaldehyde emis-
sions for composite wood products (Formaldehyde Standards for
Composite Wood Products Act, or Title VI of TSCA, 15 U S C. 2697)
[32]. The primary health effect quantified by EPA in this regulation was
for nasopharyngeal cancer (NPC). EPA's risk estimates were derived
from the International Agency for Research on Cancer [33,34], the
National Toxicology Program [35] and the US EPA [36](2010a), which
concluded that formaldehyde is a known human carcinogen for NPC.
However, that conclusion was based almost exclusively on the results of
a single study conducted by the National Cancer Institute (NCI), which
reported 9 deaths from NPC among more than 25,000 workers exposed
[37]. Notably, five deaths came from one plant (Plant 1), while the
remaining 4 were randomly distributed in the other 9 plants.

EPA presented an economic analysis (RIA) for its composite wood
products regulation the LNT model-based IRIS Inhalation Unit Risk
factor of 1.3 × 10−5 cancer cases per μg/m3 of formaldehyde (an upper
bound) [38]. Using a unit risk factor implies that any reduction in risk
would be the same for every reduction in exposure, and that there is no
threshold for its cancer potency (i.e., the LNT model).

EPA estimated that reducing formaldehyde exposure to 1 ppm from
current levels would, using the IRIS unit risk factor, result in 26–65
cases of NPC avoided per year (with annual benefits of between $19.3
to $47.6 million per year) [38]. However, the expected cases avoided
are greater than the number of NPC cases from all exposure sources by a
factor of more than 20 [39]. In fact, the World Health Organization
concluded that there is no evidence of NPC caused by exposure to

Fig. 1. Economic effects of regulatory stringency.

2 There are many ways to measure radiation, picocuries per liter. pCi/L, is a
measure of the rate of radioactive decay of radon.

3 EPA recommends remediation even down to 2 pCi/L.
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formaldehyde at mean concentrations below 1.25 mg/m3 [40].
Following the IRIS assessment (that produced formaldehyde's in-

halation unit risk factor), McGregor determined that the mode-of-action
elements (i.e., cytotoxicity, cell proliferation, and DNA effects) for
formaldehyde-induced nasal tumors are not linear but, in fact, highly
non-linear and do not occur unless a threshold dose (6 ppm) has been
exceeded (well above EPA's action level of 1 ppm) [41]. In addition,
Conolly found that upper respiratory tract cancers most likely had a de
minimis level of 10−6 or less at relevant workplace exposure levels [42].

Careful investigation of the previous employment history of Plant 1
workers who died from NPC determined that four of the five NPC cases
had worked previously in silver-smithing occupations involving sub-
stantial exposures to potential known risk factors for upper respiratory
system cancers, including sulfuric acid mists and metal dusts [43]. In
fact, in an updated re-analysis of the mortality risk from NPC in the NCI
formaldehyde worker cohort Marsh [44] (2016) concluded that there
was “little or no evidence to support NCI's suggestion of a persistent
association between FA exposure and mortality from NPC. NCI's sug-
gestion continues to be driven heavily by anomalous findings in one
study plant (Plant 1).”

In another study of more than 14,000 British chemical workers with
elevated formaldehyde exposures (including some 4000 workers with
exposures >2 ppm), there was no evidence of elevated NPC. The au-
thors of this study (which involved formaldehyde exposures in excess of
the NCI cohort) concluded that the evidence for formaldehyde carci-
nogenicity in humans was unconvincing [45]. In a study by the Na-
tional Institute of Occupational Safety and Health (NIOSH) of more
than 11,000 garment workers occupationally exposed to formaldehyde,
no cases of NPC were observed [46]. Finally, a study from NCI con-
ducted by Hauptmann [47] of formaldehyde-exposed embalmers re-
ported no excess of NPC in the cohort.

Notably, the excess of NPC cases in the NCI cohort (Plant 1), quite
reasonably now attributable to other exposures, appear unlikely to be
related to formaldehyde. It is difficult to envision a scenario in which
the 6 cases of NPC in the approximately 7000 workers in Plant 1 were
due to formaldehyde when none occurred among 25,000 plus occupa-
tionally exposed workers reported in the other studies.

Interestingly, EPA's use of the IRIS unit risk factor implies that there
is a 1 in one million risk of NPC at a formaldehyde exposure con-
centration of 0.08 parts per billion. This level is more than 50 times
lower than the median concentration people (and all animals) exhale in

each breath (4.3 ppb) resulting from normal endogenous metabolic
processes [48]. In fact, Golden concluded that “a formaldehyde con-
centration of 0.1 ppm would be protective for leukemia or cancer at any
other site within the body [28,49].”

Since the IARC (2006) decision concluding that formaldehyde is a
known human carcinogen based on NPC, several comprehensive
quantitative evaluations of the epidemiological literature have carefully
documented that the weight of human evidence does not support a
causal association between formaldehyde exposure and NPC [50,51].
EPA's reliance on the single NCI study now seems to be entirely un-
warranted and the benefits of this rule are likely to approach zero.

The costs of EPA's composite wood products rule included “changes
to production process and raw materials that are needed to meet the
emissions standards, as well as the costs of the testing, third-party
certification, rule familiarization, recordkeeping, labeling, and chain of
custody activities required by the rule.” were estimated to be from $38
million to $83 million per year [42]. Golden has concluded, “Despite
numerous epidemiology studies that have raised a specter of for-
maldehyde-induced NPC and leukemia, both endpoints now appear
more likely to be false positives, as these findings are inconsistent with
an ever-increasing body of data demonstrating that such effects simply
cannot occur under any real-world exposure scenario [49].” If Golden's
conclusion is correct, the likely benefits of the composite wood products
rule are negligible, if not zero, meaning that the net costs of the rule are
$38 to $83 million per year.

5.1. Leukemia and formaldehyde

EPA also considered the risk of leukemia and formaldehyde.
However, in their Regulatory Impact Analysis, they concluded, “EPA
did not have sufficient information to derive a concentration-response
function for myeloid leukemia and thus could not estimate the number
of cases that would be avoided by reducing formaldehyde exposure
[32].” While EPA did not quantify the effects of formaldehyde on leu-
kemia in their most recent regulation, the International Agency for
Research on Cancer (IARC 2009) has concluded that there is “sufficient
evidence” to link formaldehyde with leukemia [33].

While a number of chemicals (e.g., benzene and some anti-cancer
drugs) have been associated with leukemia, all share the ability, fol-
lowing inhalation, to enter the blood with subsequent transport to the
bone marrow where leukemia develops. Given the prodigious

Fig. 2. Radon Mitigation and lung cancer risks [30].
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metabolism and detoxification of formaldehyde in the upper respiratory
tract, no inhaled exogenous formaldehyde, even at high concentrations,
can be detected in the blood to increase the concentrations already
present naturally. Since leukemia is far more prevalent that NPC, it is
feasible that EPA, will at some point rely on LNT to reduce exposure
limits to mitigate potential risks of this endpoint as well.

6. Conclusion

Risk management decisions can be based on different factors, such
as the need to protect a highly exposed or sensitive group of people or a
legal requirement. Because different legal requirements and values af-
fect risk management decision-making, different thresholds may need
to be considered in benefit-cost determinations. For policy decisions
based on benefit-cost analysis, using the LNT model when it is biolo-
gically inappropriate causes benefits to be over-estimated and results in
costs more than what they would be worth to consumers, who ulti-
mately pay for regulations. Use of the LNT for risk management may be
viewed as “conservative” because it overestimates risk to ensure public
health protection. However, spending scarce resources to prevent some
risks means that we may not be addressing others. In other words, the
more regulators try to lower exposure to chemicals or radiation, par-
ticularly past their toxicity thresholds, the more likely they are to get
the policy wrong. As extensively addressed in the other papers in this
Special Issue, because LNT is an invalid dose-response descriptor for
potentially carcinogenic effects from both chemicals and radiation, it
should not be used in economic analyses.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.cbi.2019.01.028.
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