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0.0001, 0.001, 0.01, 0.1, 1 and 10 ppm for 16 weeks. 8-0x0G level in liver DNA is well in line with that of
The lowest dietary dose of 0,0001 ppm was set because ~ DEN-DNA adduct level (28-32). Similarly, number per
of the relevance to the human exposure level (25,26). As unit volume of GST-P-positive preneoplasia significant-
a result, number per unit area of GST-P-positive ly increased by all doses of DEN in a dose-dependent
preneoplasia was not different from the control level at manner (Fig. 3B). Statistic analysis revealed that the
the DEN dose up to 0.01 ppm, whereas the number sig- dose-dependent changes of 8-oxoG level and preneopla-
nificantly increased at the DEN dose of 0.1 ppm and sia number were closely correlated (27). In extrahepatic
further increased according to the dose increment (Fig. organs, 8-0x0G level also significantly increased within
2A). There is thus an apparent ineffective dose range for 6h after the DEN administration (100 mg/kg body
the carcinogenicity of DEN, in well accordance with the weight), but in contrast to the liver situation the level
studies in the literature (13,15-17). In contrast to the returned to the background level before h 72 (Fig. 4). In
aforementioned MelIQx study, however, 8-oxoG level addition, when DEN was administered as 2 consecutive

was not altered by any DEN dose (Fig. 2B). weekly intraperitoneal doses of 100 mg/kg body weight
to 6-week-old male Fischer 344 rats, 8-oxoG level in
The Case of Single Administration of DEN liver DNA was 5.45/10° dG at 18 weeks after the com-

Male Fischer 344 rats, 6 weeks old, were administered mencement, which was still significantly higher than the
DEN at single intraperitoneal doses of 0, 0.001, 0.01, control value of 0.54/10° dG. It is thus indicated that
0.1, 1, 10, 20 and 100 mg/kg body weight, and the 8-oxoG generation immediately after the carcinogen
sacrificed 6, 24, 48 and 72 h thereafter, while some rats exposure and its maintenance at high levels within a cer-
were given the selection procedure (a two-third partial tain period in target organ DNA is involved in the initia-
hepatectomy at h 4, intraperitoneal administration of tion mechanism of DEN. The repair system for 8-0x0G
500 mg/kg body weight of colchicine at days 1 and 3, a seems to be disturbed in the liver exposed to DEN, at
dietary administration of 0.02% of 2-acetylaminofiuo- least for a certain period, after its single (or double) ad-
rene and a single gavage administration of 1 mL/kg ministration even at low doses, while such a system well
body weight of carbon tetrachloride) and sacrificed at works in extrahepatic non-target organs, which can
the end of week 5 (27). In the liver, 8-ox0G level sig- reflect the organotropic carcinogenicity of this carcino-
nificantly increased at h 6, peaked at h 24 and then grad- gen,
ually decreased but still high at h 72 in all DEN-treated In order to corroborate the above findings, we con-
animals (Fig. 3A). This increase of the 8-0x0G level was duced a control experiment featuring acetaminophen
dose-dependent (27). This kinetics of the early change of (APAP), an analgesic that causes hepatotoxicity by vir-
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Fig. 3. Dose-relationship for the development of oxidative DNA injury within 72 h (A) and of hepatocellular preneoplasia after the selection
procedure at week 5 (B) in rats given a DEN single intraperitoneal administration (27). Data is demonstrated as a mean, and the ordinate in Fig. 3A
is set as a logarithmic scale. Asterisks indicate that values are significantly different from the control value, Hepatic 8-0x0G level significantly in-
creased at h 6, peaked at h 24 and then gradually decreased but still high at h 72 in all DEN-treated animals. This increase of the 8-0xoG level was
dose-dependent. Similarly, number per unit volume of GST-P-positive prencoplasia significantly increased by all doses of DEN in a dose-depen-
dent manner.
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tue of oxidative stress but not hepatocarcinogenic
(33-35). Male Fischer 344 rats, 6 weeks old, were ad-
ministered APAP at single intraperitoneal doses of 0,
15, 30, 60, 125, 250, 500 and 1000 mg/kg body weight,
and sacrificed 6, 24, 48 and 72 h thereafter, while some
rats were given the selection procedure (a dietary ad-
ministration of 0.02% of 2-acetylaminofluorene and a
single gavage administration of 1 mL/kg body weight of
carbon tetrachloride) and sacrificed at the end of week
5. In the liver, 8-0x0G level significantly increased some-

Hours after DEN

Fig. 4. Early 8-0x0G level time-course after a single intraperitoneal
administration of DEN (100 mg/kg body weight) in various organs
(27). Data is demonstrated as a mean, and the ordinate is set as a
logarithmic scale. Closed circles indicate that values are significantly
different from the control value. In extrahepatic organs, 8-ox0G level
significantly increased within 6 h after the DEN administration (100
mg/kg body weight), but in contrast to the liver situation the level
returned to the background level before h 72.

28 1000 mg/kg
2] 500  body
< welght
&

@
3
AFPAF dose

Hours after APAP

time within 48 h but returned to the background level by
h 72 in animals treated with APAP at 30 mg/kg body
weight or higher (Fig. 5A). This increase of the 8-0x0G
level was dose-dependent. Similarly, and as expected,
number per unit volume of GST-P-positive neoplasia
was not altered by any doses of APAP (Fig. 5B).

It is thus apparent that the prolonged maintenance of
high 8-0x0G level in target organ DNA of rats exposed
to DEN is not just a refection of oxidative stress but
results from more complicated mechanisms including
organotropic disturbance of the repair system for
8-0x0G, which is then involved in the initiation of car-
cinogenesis. Importantly, these phenomena regarding
the single administration case of DEN lack apparent in-
effective dose ranges, being different from its continuous
administration case.

Early Changes for 8-ox0G Level and Ogg1 Gene
Expression after Single Administrations of
Carcinogens

Male Fischer 344 rats, 6 weeks old, were administered
MelQx, 2-amino-1-methyl-6-phenylimiazo[4,5-b]pyri-
dine (PhIP), 2-amino-3-methylimidazo[4,5-f]quinoline
(I1Q) or dimethylarsinic acid (DMAA) and sacrificed at
h 72, when the liver and kidney were obtained and used
for the assessments of 8-0x0G level and mRNA expres-
sion of the Oggl gene encoding 8-hydroxyguanine DNA
glycosylase, a major and specific repair enzyme for
8-0x0G (36). MelQx, PhIP and IQ are heterocyclic
amines, and MelQx and 1Q target the liver but not the
kidney, while PhIP does not target the liver or kidney,
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Fig. 5. Dose-relationship for the development of oxidative DNA injury within 72h (A) and of hepatocellular preneoplasia after the selection
procedure at week 5 (B) in rats given an APAP single intraperitoneal administration. Data is demonstrated as a mean. Asterisks indicate that
values are significantly different from the control value. Hepatic 8-0x0G level significantly increased sometime within 48 h but returned to the back-
ground level by h 72 in animals treated with APAP at 30 mg/kg body weight or higher. This increase of the 8-0x0G level was dose-dependent.
Number per unit volume of GST-P-positive neoplasia was not altered by any doses of APAP.
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Fig. 6. Hepatic and renal 8-oxo0G levels 72 h after a single adminis-
tration of heterocyclic amines and DMAA., Data is demonstrated as 2
mean, and as indicated in the panel, open and closed bars represent
data for the liver and kidney, respectively. Asterisks indicate that
values are significantly different from the control value, Hepatic 8-0-
x0G levels in rats given MelQx, IQ and DMAA, but not PhIP, were
significantly higher than thar in control animals, and renal §-oxoG lev-
els significantly increased in only DMAA-administered animals.
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Fig. 7. Hepatic and renal Ogg! mRINA expression 72 h after a single
administration of heterocyclic amines and DMAA. Data is demon-
strated as a mean, and as indicated in the panel, open and closed bars
represent data for the liver and kidney, respectively. Asterisks indicate
that values are significantly different from the control value. Hepatic
Oggl mRNA expression was significantly down-regulated in rats given
MelQx, IQ and DMAA, but not PhIP, and renal Ogg/ mRNA expres-
sion was significantly down-regulated in only DMAA-administered
animals.

in rats (37-40). DMAA is an organic arsenic compound
and targets both the liver and kidney (41-43). The heter-
ocyclic amines were administered at single gavage doses
of 0.01, 1 and 100 mg/kg body weight, whereas DMAA
was administered at single intraperitoneal doses of
0.005, 0.5 and 50 mg/kg body weight. The low or mid-
dle doses of any used chemicals did not alter 8-0x0G lev-
els or Oggl mRNA expression. In the high dose cases,
hepatic 8-0x0G levels in rats given MelQx, IQ and
DMAA, but not PhIP, were significantly higher than
that in control animals, and renal 8-ox0G levels sig-
nificantly increased in only DMAA-administered
animals (Fig. 6). Conversely, hepatic Oggl mRNA ex-
pression was significantly down-regulated in rats given
MelQx, 1Q and DMAA, but not PhIP, and renal Ogg/
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mRNA expression was significantly down-regulated in
only DMAA-administered animals (Fig. 7).

The target organ-specific down-regulation of Oggl
mRNA expression demonstrated here suggests that the
repair system for 8-oxoG in such organs is indeed dis-
turbed. Although DEN unfortunately was not included
in this study, it can be speculated that the early
prolonged high 8-0x0G level in the target organ DNA in
the case of single administration of DEN may also be
due to the disturbance of its repair system.

Conclusive Statements

Clear difference of effects of singly and continuously
administered DEN on hepatic 8-0x0G level demon-
strates the absence of an ineffective dose range in the
former. Because this absence seems to result from the
target organ-specific disturbance on the 8-ox0G repair
system, the lack of 8-0x0G level increase in the latter
case is suggested due to the recovery of the system. It is
thus plausible that this recovery may be achieved as a
result of adaptation caused by the continuous exposure
of DEN, which thus support the aforementioned under-
standing that the presence of an ineffective dose range of
genotoxic carcinogens may be attributed to the biologi-
cal host adaptation that would be expected in response
to the low-dose (and continuous) exposure of DNA-
effective agents in general (8,23,24).

In the risk assessment process for chemicals, one
often faces difficulties in terms of the extrapolation
from the data obtained in animal studies generally using
high doses to the situation in humans who are usually
exposed much lower doses. An issue regarding the
possible presence of an ineffective dose range, or a
*threshold’’, in the carcinogenicity of genotoxic car-
cinogens and its underlying mechanisms is a typical
example. Waddell has recently reviewed numerous
animal carcinogenicity studies in the literature by using
a statistical technique and concluded that thresholds for
carcinogenesis are logically indicated present for virtual-
ly all of his reviewing carcinogens, that the range of
most of such carcinogenic thresholds is within the range
of blood or serum concentrations for therapeutic drugs
in current use, that the mere presence of DNA adducts
in a tissue does not predict the tumor formation, and
that hormesis applies to carcinogenesis (44). In this
Waddell’s review, the threshold for carcinogenicity of
aflatoxins is estimated from the animal study data to be
10" molecules/kg body weight/day, which is amaz-
ingly close to that estimated from the epidemiologically
obtained human data (10" molecules/kg body weight/
day) (44). Tt is thus really critical to investigate what
happens in animals administered test chemicals at
sufficiently low doses, and such efforts as introduced
and referred in this article can be useful to overcome the
above-mentioned difficulties concerning the extrapola-
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tion from the animal data to the human situation in the
risk assessment process.

Taken together, it is suggested that adaptation
mechanisms may be involved in the achievement of an
ineffective dose range for carcinogenicity of genotoxic
carcinogens during their continuous exposure at
sufficiently low level doses. This is another issue to be
settled in order to make consensus regarding the concept
of ineffective dose ranges, or ‘““thresholds", for carcino-
genicity of genotoxic carcinogens.
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Cancer is due to multiple alterations to DNA. Chemicals
can increase the cancer risk by directly damaging DNA
(DNA reactivity) or by increasing cell proliferation (DNA
replications), increasing the number of opportunities for
spontaneous DNA damage. Genotoxicity Is a more com-
prehensive term than DNA reactivity. Many of the
mechanisms of genotoxicity, such as clastogenicity, inhi-
bition of DNA repair, or damage to the mitotic apparatus,
produce DNA damage indirectly, These non-DNA reactive
mechanisms involve interactions with proteins and
mechanistically are threshold phenomena. 2-Acetyla-
minofluorene (AAF) is DNA reactive. Its dose response for
urinary bladder DNA adduct formation Is linear, whereas
the tumor response is non-linear. Non-linearity is at the
dose at which increased cell proliferation occurs, related to
the threshold phmomanon of cytotoxicity. Non-linearity
for DNA reactive ¢ g can also be produced by
changes in metaboﬂc processes of activation and/or deac-
tivation due to saturable kinetics. Arsenic produces blad-
der cancer with a non-linear dose response in animal
models and humans. Genotoxicity of arsenic occurs sec-
ondarily to indirect mechanisms, not DNA reactivity, it has
a non-linear dose response, and the genotoxic mechanism
appears to have a threshold, occurring only at doses in ex-
cess of toxic concentrations. Numerous non-genotoxic a-
gents have been identified as bladder carcinogens in ro-
dent models, most acting by inducing cytotoxicity with
regenerative proliferation. Cytotoxicity can be produced
by formation of urinary solids or by urinary reactive chemi-
cals. Urinary solids are a defined threshold phenomenon
based on the physical-chemical property of solubility. Like-
wise, chemical induction of cytotoxicity is a known
threshold phenomenan. Non-genotoxic chemicals have a
threshold dose response with respect to carcinogenesis,
as do most genotoxic agents. DNA reactive chemicals
have a non-linear dose response.

Key words: sodium saccharin, calculi, arsenic, acetyla-
minofluorene, genotoxicity

Numerous chemicals have been identified as causing
cancer in humans. To avoid the release of additional
chemical carcinogens into the environment, numerous
screening tests have been developed to try to identify
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such chemicals so that they can be avoided. Neverthe-
less, numerous chemical carcinogens remain in the en-
vironment, although most are present at extremely low
levels of exposure. The question arises as to whether any
of these low levels of exposure pose an actual cancer risk
to humans, or is there a level of exposure below which
there is no risk, a so-called threshold.

In this presentation I will first present a theoretical
framework of carcinogenesis on which to evaluate this
question, and then present several examples illustrating
various aspects of this question. I am focusing on urina-
ry bladder carcinogens since there is considerable infor-
mation regarding chemicals that can induce bladder
cancer either in experimental models or in humans (1).
Numerous specific chemicals and mixtures have been
identified as human bladder carcinogens, and much is
known about their metabolic activation processes, ki-
netics, and dynamics. In addition, numerous extensive
epidemiologic investigations have been performed to in-
vestigate various aspects of chemical carcinogenesis
with respect to the urinary bladder.

Chemicals have been known to be responsible for the
induction of bladder cancer since the first original obser-
vation by Rehn in 1895 of an association between ex-
posure of workers in the aniline dye industry in Germa-
ny and the development of bladder cancer (1,2).
Research into this problem eventually led to the identifi-
cation of aromatic amines as the chemicals responsible
for carcinogenicity (2). Extensive research into the
metabolic processes of aromatic amines led to the de-
velopment of the reactive electrophile theory of carcino-
genesis proposed by the Millers (3). Numerous other
chemicals have been identified as human bladder car-
cinogens, including phosphoramide mustards and ar-
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senic, but the most important causative agent for blad-
der cancer in developed countries is cigarette smoking
(1). Cigarette smoke contains large quantities of various
aromatic amines, but especially 4-aminobiphenyl. In ad-
dition to various chemical exposures, infectious diseases
have also been identified as causative agents for bladder
cancer, including schistosomiasis and bacterial cystitis.
Radiation exposure to the pelvis has also been identified
as causative for bladder cancer (1,2).

After years of extensive research, much is known
about the process of carcinogenesis (4,5). Fundamental-
ly, we now know cancer is due to genetic alterations,
usually occurring in somatic cells, It has also become
clear that more than one genetic alteration is required
for cancer to arise. All of the genetic alterations necessa-
ry for cancer development must occur in a single cell.
These genetic mistakes become permanent only if they
occur during DNA replication. Furthermore, although
DNA replication is incredibly precise, spontaneous er-
rors occur each time DNA replicates. Based on these as-
sumptions regarding carcinogenesis, there are ultimately
only two ways by which an agent, chemical or other-
wise, can increase the risk of cancer: 1) increase the rate
of DNA damage directly; or 2) increase the number of
DNA replications (4,5). The chemicals which directly
damage DNA have been referred to as DNA reactive or
genotoxic. I will use the more restrictive term, DNA
reactive. Agents which induce cancer by increasing
DNA replication are referred to as non-DNA reactive or
non-genotoxic, and act by increasing cell proliferation.
Most DNA reactive agents also increase cell prolifera-
tion at high exposure levels, but usually not at lower ex-
posure levels (6).

An essential aspect of the carcinogenesis paradigm is
that all of the necessary errors in the DNA must occur in
the stem cell population of a tissue (4). This is the popu-
lation of cells that provides for replacement and repair
of tissues when there is injury or toxicity. Under normal
circumstances, when a tissue stem cell divides, it
produces a replacement stem cell and a cell that is com-
mitted for eventual differentiation. Differentiation is a
cell death process. As differentiated cells die, they are
replaced by this proliferative process of normal stem
cells. When there is toxicity or injury to a tissue, result-
ing in an overall loss of stem cells in the population,
normal stem cells replicate into two stem cells until the
stem cell population is replaced, at which time normal
differentiation processes can again occur. Every time
DNA replication occurs within a normal stem cell, there
is a rare probability that a mistake can occur in one of
the genes that is necessary for the ultimate development
of cancer. As the mistakes that are necessary for cancer
accumulate in the cell, during each of the subsequent
DNA replications there is a probability of additional
mistakes occurring until the ultimate number of mis-
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takes have occurred that lead to the production of a
malignant cell. Malignant cells replicate, frequently
more rapidly than their normal counterpart, but most
malignant stem cells still have the capability of under-
going differentiation, although to a more limited extent
than their normal counterpart.

The “‘spontaneous’ errors that occur during DNA
replication are due to the numerous endogenous chemi-
cal alterations that occur on the DNA on a regular basis,
including oxidative damage, exocyclic adduct forma-
tion, and many other events which occur numerous
times daily on the DNA (7). Although most of these
chemical alterations of the DNA that occur en-
dogenously are repaired, occasionally one leads to a per-
manent error in the DNA. DNA reactive carcinogens in-
crease the amount of DNA damage per replication by
forming additional adducts on the DNA. Again,
although most of these are repaired, some lead to per-
manent errors in the DNA. By increasing the number of
DNA replications, the actual number of mistakes can
increase even though the rate per DNA replication does
not change.

For chemicals that produce urinary tract cancer, they
can either be DNA reactive or non-DNA reactive (8). As
indicated above, the first identified bladder carcinogens
were the aromatic amines which are DNA reactive. If
the bladder carcinogen is not DNA reactive, then it in-
creases bladder cancer risk by increasing cell prolifera-
tion. This can be due to direct mitogenesis (one example
is known, propoxur in the rat), but more commonly the
chemical increases cell proliferation by inducing toxicity
with consequent regenerative proliferation. Toxicity can
be induced in the urinary bladder either by the forma-
tion of urinary solids (precipitate, crystals, or calculi),
or the chemical or a metabolite can be cytotoxic directly
to the urothelial cells. There is some evidence suggesting
that in the animal model extreme abnormalities of uri-
nary composition can lead to toxicity and consequent
regeneration, such as extremes in urinary pH or volume,
although it is unclear whether this is accompanied by
other alterations, including chemical cytotoxicity or for-
mation of solids.

Since toxicity is usually, if not always, a threshold
event, chemicals that induce cancer by toxicity and
regenerative proliferation consequently have a threshold
level (9,10). This is most obvious for agents related to
the formation of urinary solids (11,12). Solids will only
form if the solubility of the substance is exceeded. This
is a physical property of a chemical in the specific sol-
vent milieu, in this case, urine. For such agents, there is
a clear threshold response, so that if administration of
the chemical is at a dose that is high enough to produce
the urinary solids, there is toxicity and ultimately tumor
formation. If the dose is insufficient, below the
threshold, to produce urinary tract solids, then there is
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no toxicity and no tumors are produced. This has been
most extensively investigated with respect to substances
that produce urinary tract calculi (12). There are
numerous such substances, including several which are
essential for basic biological processes such as calcium,
phosphate, cysteine, glycine, orotic acid, or oxalate
(11,13). Numerous agricultural, commercial, and phar-
maceutical chemicals also can produce calculi when
there are high levels of exposure, such as melamine,
terephthalic acid, nitrilotriacetate, sulfonamides, HIV
protease inhibitors, and carbonic anhydrase inhibitors.
Many of these have been known to produce calculi at
high exposure levels, not only in experimental models
but also in humans (11-13).

Urinary calculi can form directly from the ad-
ministered chemical (or a metabolite) or can form from
constituents normally present in the urine, such as calci-
um phosphate, calcium oxalate, or uric acid, secondary
to alterations of normal physiological processes result-
ing in increased concentrations of these substances in
the urine (13). Regardless of how the calculus is formed,
it acts as an irritant, producing epithelial cytotoxicity,
sometimes with full thickness ulceration of the epitheli-
um and consequent hematuria. The amount of toxicity
is dependant on numerous variables including the size of
the calculi, their number, and the coarseness of the sur-
face.

Sodium saccharin produces bladder tumors in rats
when the administration begins at birth and continues
for the life of the animal (14). In contrast, administra-
tion to mice or monkeys for their lifetime does not
produce any effects on the lower urinary tract. In addi-
tion to being species specific, tumor formation is also a
high dose phenomenon, requiring 25,000 ppm (2.5%)
of the diet or higher. The mechanism of action involves
dramatic changes in the urinary composition leading to
the formation of calcium phosphate-containing
precipitate (15). Calcium phosphate precipitate is cyto-
toxic to epithelial cells, including the urothelium. This
leads to a cytotoxic effect on the bladder epithelium with
consequent regenerative proliferation and ultimately
tumors. Like the situation with calculi, this is a
threshold phenomenon based on the solubility of calci-
um phosphate.

Numerous changes in the urine composition must oc-
cur for the calcium phosphate precipitate to form, and
if any of these parameters are not affected appropriate-
ly, the precipitate does not form. Thus, administering
saccharin as the acid rather than as the sodium salt
produces an acidic urine which inhibits the formation of
the calcium phosphate precipitate (16). Thus, there is no
precipitate formation, no toxicity, and ultimately no
tumors. In the mouse, the urinary concentration of cal-
cium and phosphate is 10-20 times lower than that of
the rat, and is not high enough for precipitate to form,
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again, a clear indicator of the threshold phenomenon
that is involved (15). It turns out that in humans, like
monkeys, the urine does not contain adequate amounts
of protein nor is the osmolality sufficiently high for the
precipitate to occur (15,17). Thus, sodium saccharin is
both a species specific and a high dose (threshold) chem-
ical carcinogen.

Inorganic arsenic is also carcinogenic for humans,
and the organic arsenical, dimethylarsinic acid (DMA)
is carcinogenic in the rat (18). It also illustrates the com-
plex nature of the various phenomena included in the
term genotoxicity.

Genotoxicity can involve direct interaction of the
chemical with DNA, referred to as DNA reactivity, such
as in the case of the aromatic amines (3). Arsenicals do
not bind to DNA (19).

Although arsenic is not DNA reactive, numerous in
vitro studies have demonstrated that it does produce
various forms of genotoxicity, resulting primarily from
inhibition of DNA repair, oxidative damage, or binding
to tubulin, which can indirectly affect DNA (20).
Although DNA reactivity can theoretically be non-
threshold (see below), these other forms of genotoxicity
all involve threshold phenomena (21,22). Thus, it is crit-
ical in discussing genotoxicity to specify what type of
phenomenon is involved with respect to a given chemi-
cal. All except DNA reactivity are clearly threshold
phenomena.

In the case of arsenicals, many of the studies showing
various types of genotoxicity actually involve concentra-
tions in vitro that are higher than concentrations re-
quired to kill the cells (18-20). Likewise, in vivo, the
dose required to demonstrate genotoxicity is usually
higher than the dose necessary to produce a proliferative
or tumorigenic response. Thus, it is unlikely that arseni-
cals are carcinogenic by a genotoxic mode of action.

Instead, it is more likely that arsenicals are carcino-
genic to the bladder and other tissues by a mode of ac-
tion involving cytotoxicity and regenerative prolifera-
tion (18,23). Arsenicals are metabolized by a sequence
of reductions of the pentavalent to trivalent form fol-
lowed by oxidative methylation of the trivalent species.
The pentavalent forms of arsenic are generally quite in-
active with respect to toxicity, whereas the trivalent
forms are extremely reactive, frequently being lethal to
cells in vitro at concentrations less than 1uM.
Dimethylarsinous acid (DMA'") and monomethylar-
sonous acid (MMA™) are particularly cytotoxic to cells.
Administration of arsenite, arsenate, or DMAY to rats
at high doses produces a high concentration of trivalent
arsenicals, particularly DMA'", in the urine which is
cytotoxic to the urothelium leading to regenerative
hyperplasia. In mice, arsenate and arsenite are able to
produce a similar cytotoxicity and regeneration
response (23,24) whereas DMAY does not (18), likely be-



cause of its more limited metabolism in the mouse com-
pared to the rat. Similar to other substances which are
carcinogenic by a mode of action involving cytotoxicity
and regenerative proliferation, it is likely that arsenic
carcinogenesis also involves a threshold, despite having
some genotoxic but not DNA reactive properties.

DNA reactive carcinogens remain a unique group of
chemicals. Their dose response has generated considera-
ble controversy both with respect to genotoxicity and
carcinogenicity for several decades. An experiment
referred to as the megamouse experiment performed in
the 1970’s at the National Center for Toxicological
Research was designed to try to address this issue (6,25).
The reason for it being called the megamouse experi-
ment was that more than 24,000 mice were utilized, with
several hundred per dose group so that the level of de-
tection for a carcinogenic response was 1% rather than
the usual approximately 10% when the standard 50 or
60 animals are used per group (25). The carcinogen 2-
acetylaminofluorene (AAF) was administered in the diet
and sacrifices were performed at 18, 24 and 33 months.
The doses used in the experiment, 0, 30, 45, 60, 75, 100,
and 150 ppm were considerably lower than in previous
experiments with AAF.

Quite unexpectedly, the dose response for the two tar-
get tissues of AAF in mice, the liver and urinary blad-
der, was completely different (6,25). The dose response
in the liver was nearly linear, whereas the dose response
in the bladder had an apparent threshold of approxi-
mately 45 to 60 ppm, with a statistically significant inci-
dence detected at 60 ppm but not at 45 ppm. The ques-
tion remained however, did this represent a true
threshold or was the level of detection, even at 1%, in-
adequate to detect the low incidence of tumors that
might occur at the lower doses in the urinary bladder.
Based strictly on the dose response curve for tumors, it
would appear that this was a threshold phenomenon,
since the dose response was similar to that seen with
clearly threshold-type carcinogens, such as calculi-form-
ing chemicals, sodium saccharin, or arsenic. Although
there is an apparent threshold, this can only be ascer-
tained by evaluating the detailed mechanism that is in-
volved in the carcinogenic response.

Since AAF is a DNA reactive carcinogen, it forms
DNA adducts. In an experiment by Beland er al. (26),
they were able to demonstrate that the dose response for
DNA adducts was linear, both for the liver and the uri-
nary bladder, even down to doses that were considera-
bly lower than those used in the megamouse experiment.
The DNA adducts were determined at a steady state lev-
el after one month of administration.

For the liver, at the concentrations used in this experi-
ment, AAF produces DNA adducts in the normal
hepatocytes, but is metabolized to a much lesser extent
and forms adducts to a lesser extent in the foci (which
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represent the intermediate cell population, one step
toward the formation of a hepatocellular tumor) (6). At
these low concentrations, there is no evident cytotoxici-
ty or other evidence of increased cell proliferation.
Thus, the only effect is on DNA damage in the first step
in the carcinogenic process, increasing the probability of
a critical mistake occurring in the DNA with each repli-
cation normally occurring in the hepatocyte population.
The background hepatocellular proliferation rate is ap-
proximately 50 to 100 days.

In contrast, DNA adducts form in all cells of the
bladder since the reactive intermediate is generated in
the liver and excreted in the urine (6). Thus, the
probability of critical mistakes occurring during DNA
replication is increased not only in the normal bladder
epithelial cells, but also in cells all along the process in
the development of cancer. The number of cells,
however, in contrast to the liver, is much fewer, with
only approximately 25,000 stem cells in the normal
bladder epithelium and several million in the liver. Even
with the number of animals in this experiment, the de-
tection rate for increased tumor incidence is still only 1
9% above background. At doses of less than 60 ppm in
the diet, there are likely to be an insufficient number of
tumors generated in this population to develop a statisti-
cally significant incidence. However, at doses of 60
ppm, there is an increase in the rate of cell proliferation
and an increase in cell number (hyperplasia). This great-
ly potentiates the effects of the DNA reactivity, since it
increases the number of replicating cells that are present
as well as having an increase in the probability of critical
DNA damage each time the DNA replicates.

Modeling of such processes estimates the tumor inci-
dence to be expected taking into account both DNA ad-
duct formation and DNA replication (6). In normal
bladder epithelial cells, the rate of proliferation is ex-
tremely low, similar to the liver. At the dose of 60 ppm
and above, there is not only an increase in the prolifera-
tion rate, but with hyperplasia, there is an increase in
the number of cells. Thus, the number of DNA replica-
tions is greatly increased. In these modeling efforts, it
can be shown that at doses of 60 ppm and above, a
statistically significant incidence of tumors above 1%
would occur. The apparent threshold can be shown to
be not a true threshold, since there are DNA adducts
formed and presumably DNA damage at much lower
doses. However, utilizing these modeling systems, it can
be shown that the expected tumor incidence at doses of
45 ppm and below would yield incidences well below the
1% that is the detection limit for this experiment.

Thus, although the shape of the tumor dose response
curve of AAF is similar to that for calculus-forming ro-
dent bladder carcinogens, based on mechanism, one can
not conclude definitely that there is a true threshold.

The key events in the process of AAF-induced car-
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Fig. 1. Competing activating and inactivating processes in AAF carcinogenesis, with imaginary rate constants for each step. Only if all of the ac-
tivating rate constants (odd numbered constants in the diagram) are zero at some dose can there be a true threshold.

cinogenesis include metabolic activation to a reactive in-
termediate which leads to the formation of DNA ad-
ducts, some of which are not repaired and lead to a mu-
tation in critical cells, ultimately leading to an increased
risk of cancer development. However, for each of these
key events, there are competing events that would lead
to an inactivation of the process (Fig. 1). Thus, not only
is there metabolic activation, but there are numerous en-
zymes involved in metabolic inactivation of AAF. Once
the reactive intermediate has formed, it can bind to a
variety of chemicals, not only DNA, but protein, RNA,
or even water. Binding to any of the substances that are
not DNA obviously would not increase the risk of de-
velopment of cancer. Furthermore, once DNA adducts
form, many of them are repaired, again leading to inac-
tivation of the carcinogenic effects of AAF. For those
that are not repaired, permanent DNA damage will only
occur if the cell is replicating at the time the adduct is
present. Furthermore, the DNA adduct could form in
one of the genes critical to the development of cancer,
or form in one of the many other nucleotides available
in the genome, These latter DNA adducts would not in-
crease the risk of cancer development. For cancer to de-
velop, all of the DNA alterations that are required for
the development of cancer must occur in a single cell

136

and that cell must be in the stem cell population. Fur-
thermore, there are a variety of cellular repair processes
once the critical DNA damage has occurred. These com-
peting events are illustrated in Fig. 1. Imaginary rate
constants are given for each of these competing proc-
esses, with odd numbered rate constants for the activat-
ing processes and even numbered rate constants given
for the inactivating processes. It is only when all of the
activating rate constants (odd numbered) are zero can a
true threshold be possible. It is my impression that one
or more of these rate constants at low concentrations
can be zero, but we do not yet have the technology with
appropriate detection limits to be able to prove the pos-
sibility of thresholds for DNA reactive carcinogens.
There are several terms which are used in a confusing
fashion and sometimes interchangeably that must be
distinguished carefully when addressing the issue of
threshold. Most importantly is the issue of threshold vs.
level of detection. Also, many individuals have used the
terms threshold and non-linearity synonymously,
whereas in fact they are distinguishable as illustrated in
the example of 2-AAF above. A critical distinction is a
true threshold vs. a practical threshold. A true
threshold, although likely for DNA reactive carcino-
gens, has yet to be proven as far as 1 am aware.



However, we regularly deal with the concept and validi-
ty of practical thresholds. For example, numerous
natural DNA reactive carcinogens are present in our
diet, such as aflatoxin. Because of dramatic develop-
ments in technology, we can measure incredibly small
amounts of aflatoxin so that it can be detected in virtual-
ly all peanut products as well as in many other grain
products. Whether or not there is a true threshold in the
carcinogenic effects of aflatoxin is unknown. However,
a safe level can be estimated for practical purposes so
that we can consume peanuts and other products which
contain miniscule amounts of the chemical. Such esti-
mates are based on an extrapolation to low doses based
on animal and/or human investigations, with an ex-
trapolation estimate of overall risk of 1 in 100,000 or 1
in 1,000,000 individuals. This is then set as a safe level
for regulatory purposes, and serves as a practical
threshold for carcinogenicity.

In summary, thresholds for genotoxicity are known
to occur for genotoxic mechanisms not involving direct
DNA reactivity. For DNA reactivity, the issue remains
unresolved. Similarly, for carcinogenesis, non-DNA
reactive genotoxic and completely non-genotoxic chemi-
cal carcinogens clearly have thresholds. For DNA reac-
tive carcinogens, again, this remains unresolved.
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A mechanistic understanding of genotoxicity is im-
portant for the risk assessment of the exposure of human
populations to chemicals, The nature of the dose response
relationship at low doses is valuable information in the
evaluation of the biological importance of such exposures.
A range of mathematical and statistical approaches have
been used to try to characterize responses at these low
doses. Methods include mathematical models which do or
do not include thresholds and statistical methods which
try to identify No-observable effect levels (NOELs). It is im-
portant to appreciate that determination of an NOEL is not
avidence for a threshold, There is an increasing apprecia-
tion of the potential to identify ‘pragmatic’ thresholds us-
ing experimental systems with a range of biomarkers. The
accurate characterization and estimation of these dose-
response relationships requires careful experimental de-
sign which can improve the accuracy of the estimates of
the response while avoiding the introduction of artifactual
effects. Statistical approaches such as Design of Experi-
ment (DoE) methodology, which builds on the traditional
factorial design, can provide efficient approaches for the
description and estimation of dose-response relationships
of both individual and combinations of agents. Estimation
approaches such as the benchmark dose methodology and
the concept of thresholds of toxicological concern provide
practical methods for addressing the threshold problem.

Key words: statistics, experimental design, threshold,
genotoxicity

Introduction

The objective of this paper is to provide an overview
of the statistical and experimental design issues involved
in the design and interpretation of studies to identify
thresholds associated with exposure to genotoxic agents.

It has become an axiom that genotoxic chemicals in-
duce DNA damage at any level of exposure and do not
have a threshold in their dose-response relationships.
Madle et al. (1), for instance, stated that *“...it is gener-
ally agreed that there are no thresholds for genotoxic
effects of chemicals, i.e., that there are no doses without
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genotoxic effects.’” This concept is the basis of risk as-
sessment strategies for chemicals with genotoxic poten-
tial. These consider that genotoxic carcinogens do not
have a threshold while those that act by non-genotoxic
mechanisms may have a threshold (the default assump-
tion in other areas of toxicology). Chemicals with
thresholds are regulated via limit values such as ADI
(Allowable Daily Intake) or TDIs (Tolerable Daily In-
take) while non-thresholded chemicals are regulated us-
ing concepts such as ALARP (As Low As Reasonably
Practical) or ALARA (As Low As Reasonably Achieva-
ble). (For recent reviews, see (2,3)).

Genetic damage can be gene mutation, chromosome
damage (clastogenicity) and chromosome loss (aneuo-
genicity) and is detected by batteries of short-term
mutagenicity tests. Increasingly, some aneuogens, based
upon their mechanism of action (MOA), are considered
to have thresholds but that, in the absence of evidence
to the contrary, gene mutagens do not. Chemicals,
however, may have a number of MOAs including both
direct and indirect action on the DNA.

Many of the ideas relating to low dose modelling such
as the Linear Non-Threshold (LNT) dose-response
model derive from radiation biology (4,5). The concepts
remain contentious and there continues to be an active
debate in the field (5,6). Gene mutations are assumed to
have linear kinetics because they arise from single (one-
hit) events with the dose-response relationship conse-
quently being linear at low doses. Chromosomal
damage may result from two or more hits (such as a
chromosomal break followed by a rearrangement) with
a linear-quadratic (non-linear or curved) dose-response
relationship. It is assumed that there is a non-zero,
although small, chance that a single ‘hit’ of radiation
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will damage genetic material which then results in a
mutagenic event leading ultimately to a cancer. This
translates into the concept of ‘no safe dose of radiation’
and subsequently into the ‘one molecule can cause can-
cer’ concept applied to chemicals (7).

In practice, descriptions of what occurs at very low
doses whether in terms of molecular or statistical
models are theoretical and may only partially reflect
what is actually happening. Even at very low doses mil-
lions of molecules of a compound may be involved.

Genomic DNA is exposed to continual ‘attack’ by en-
dogenous mutagens (such as reactive oxygen species)
which may result in some ‘spontaneous’ or ‘back-
ground’ genetic damage. This can provide a reference
level for the assessment of the potential ‘added’ risk that
might arise from a low level of exposure leading,
perhaps, to a ‘de minimis' dose based upon some
change compared with the spontaneous level of damage.

Different types of genetic damage may show different
types of dose-response relationships. Biomarkers of ex-
posure like DNA adducts appear to show linear
responses in low-dose studies using accelerator mass
spectrometry and other mass spectrometry methods
while biomarkers of effect such as gene mutations may
show non-linear responses because of defence mechan-
isms such as DNA error repair and detoxification. The
dose-response relationships for adducts and gene muta-
tions are not parallel and the relationship between the
two markers may be complex (8,9).

Methods exist for comparing the induction of chro-
mosome loss and non-disjunction in combination stu-
dies which allow the exploration of effects at low doses
(10). Experimental evidence of thresholds has been pro-
vided for a number of chemicals including spindle poi-
sons and toposiomerase II inhibitors (11-13), Thres-
holds may exist for aneuogens because they act through
the disruption to the protein structure making up the
spindle such as by binding to tubulin. Thresholds may
arise because a critical number of target sites must be
affected before the effect occurs and that there is some
redundancy in the target. The evidence that alkylating
genotoxins may have thresholds has recently been rev-
iewed (14).

Various terms have been suggested to qualify the term
threshold. Kirsch-Volders er al. (15) describes ‘‘abso-
lute’’, “‘real or biological”, “‘apparent’ and ‘‘statisti-
cal"" thresholds. Lovell (16) has argued for ‘practical’ or
‘pragmatic’ thresholds while Hengstler et al. refer to
“‘perfect’’ and ‘‘practical’’ thresholds (17). Jenkins et
al. (14) noted that terms like absolute, biological, appar-
ent, acceptable, statistical, NOEL, real, alleged, were
used to qualify the term.

The ICPEMC (International Commission for Protec-
tion against Environmental Mutagens and Carcinogens)
stated that “‘A threshold dose-response relationship is

one in which a range of sub-critical doses is incapable of
producing the specified response; as dose increases, the
minimal dose that can elicit the response is the threshold
dose” (18). ECETOC (The European Centre for
Ecotoxicology and Toxicology of Chemicals) defined an
‘absolute’ threshold as *‘...a concentration below
which a cell would not ‘notice’ the presence of the chem-
ical, In other words, the chemical is present but does not
interact with the cellular target'’ (15).

Thresholds are well known in pharmacology for
many receptor-activation-dependent processes and with
non-carcinogenic endpoints because of detoxification
and error repair mechanisms. There are also proponents
of the concept of U-or J-shaped curves where high doses
are toxic while low doses are protective. This concept of
biphasic responses or hormesis has been reviewed by
Calabrese and co-workers (19,20). Examples include
adaptive responses where it is thought that a low prim-
ing dose may reduce the effect of a second higher dose.
Effects such as ‘bystander effects’, where a biological
effect occurs not in the cell that has been ‘hit’ but in one
in close proximity, and ‘genomic instability’ have been
suggested as explanations at the mechanistic/cellular
level of possible threshold effects (reviewed by Preston
(21)).

Pragmatic attempts to move forward from the no safe
dose/no threshold default assumption for genotoxic
chemicals have included the use of the concepts such as
de minimis (from the phrases de minimis non curat pra-
etor or de minimis non curat lex taken to mean that the
law is not interested in trivial matters) and the virtually
safe dose (VSD) often associated with it and the concept
of the threshold of toxicological concern (see later).

Linear and Non-linear

The terms linear and non-linear can cause some con-
fusion. In the context of graphical presentation of dose-
response data linear is equated with a ‘straight line’
relationship where a change is directly proportional to
the exposure. The slope, in effect, is the regression
coefficient, which represents the change in the depend-
ent variable for each unit change in the independent
variable. Non-linear is often used to refer to a curved
relationship where the relationship between exposure
and effect is more complex. A simple definition of non-
linear is where the effect is disproportionate to the
cause. Non-linear relationships can take many forms. It
is important to appreciate that the term non-linear is not
synonymous with a threshold relationship.

Dose-response relationships can be referred to as
linear, sub-linear (or convex as the relationship curves
below the linear) or supra-linear (concave as it curves
above the linear) (Fig. 1). The sigmoid curve is a combi-
nation of both. Supra-linear may indicate decreased
toxic effects or saturation at higher doses; sub-linear
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may indicate repair or deactivation at low doses. Lutz ef
al. proposed statistical tests for sub-linearity at low
doses (22).

Linear and some non-linear relationships are mono-
tonic. A monotonic relationship is where the responses
at higher dose levels are always equal to or greater than
the responses at lower dose levels. A monotonic
relationship can be a prerequisite for some model fitting
programs/software.

In the context of statistical models there is a distinc-
tion between linear and non-linear regressions. Non-
linear refers to a mathematical model where the
parameters values need to be fitted by iteration. Non-
linear regression is an interactive approach to fitting a
curve through data. It uses iterative (trial and error)
methods which require an initial value, a statistical ap-
proach (e.g. maximum likelihood) and some measure of
when the method (e.g. goodness of fit test) has con-
verged (or has failed to converge). Such methods are
now tractable given the increase in computing power.
Linear regression is the statistical methodology for fit-
ting the best fitting line through a set of points defined
by the intercept and slope and does not involve itera-
tion. The standard approach minimizes the sum of
squares of the distance between the points and the line.
The least squares approach generalizes to multiple
regression where there are multiple independent varia-
bles fitted to the dependent variable.

A statistical linear model is one that can be expressed
in a linear form. An example is the General Linear
Model (GLM) which links a series of apparently uncon-
nected statistical methods. For example, the common
two-sample t-test is a special case of the analysis of vari-
ance methodology (which links to ancova and MANO-
VA) which, in turn, is related to linear and multiple
regression methods through the GLM. The GLM is a
special case of generalized linear models (GZM) (23)
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which extends the type of data, that can be analysed us-
ing linear models by using link functions (forms of
transformations) which are related to the underlying
distribution of the data.

Transformations

A transformation is a process for preparing data for
analysis. Examples include the use of the log dose or
converting a response to the change from control or
baseline. Transformations aim to simplify the
mathematics, ensure that the underlying assumptions
are met, allow linear modelling, stabilize the variances
and linearize the relationship for presentation of data as
straight lines which is more convenient for interpreta-
tion.

The apparent shape of the dose response relationship
depends upon how the data are graphed. Visual inspec-
tion (or ‘ocular regression’ (24)) of the dose-response
relationship can be misleading and identifying whether a
threshold is present cannot be determined just by graph-
ing the data, It is, therefore, important to check how the
data are actually presented. Beware of ‘optical illusions’
as the pattern will change using raw dose, log dose and
extended log dose. Note particularly any discontinuities
in the dose axis. Many graphs produced by Excel have
equal spaced points on the X axis independent of the ac-
tual dose. This can create a graph which is based on
neither the original nor the log transformed dose metric.

Transformation (by changing the scale) of either the
X or Y axes can change a straight line into a curved line
or vice versa. Lutz ef al. (25) noted that ‘‘Logarithmic
representation of the dose axis transforms a straight line
into a sublinear (up-bent) curve, which can be misinter-
preted to indicate a threshold.” Fig. 2 shows examples
of a dose-response relationship plotted when one or
both scales are converted to log scales: raw/raw plot,
log/raw plot, raw/log plot and log/log plot.

Problems can arise over the presentation of zero on
the graph as the log of 0 cannot be calculated. Statistical
analysis of trend tests using log doses need a substitute
value for the zero dose level to carry out an analysis.
The software package Graph Pad, for instance, suggests
using a value about 2 log units below the lowest *‘real”
X value on a log X scale. The presentation of data using
dose metrics and its effect on low dose extrapolation has
resulted in considerable debate between Waddell and
others (26-36).

Slob discussed the concept of a practical threshold
and argued that an attempt to identify one is not possi-
ble (37). He stressed that trying to show experimental
evidence of a threshold was impossible. He showed how
the GST-P positive foci data of Wanibuchi et al. (38) on
MelQx could be presented in 4 difference ways. One
relationship was thresholded, one linear, another
supralinear and the fourth sublinear, He noted that us-
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Illustration of data plotted on different dose metrics: a) untransformed responses v, untransformed doses b) untransformed responses v.

log 10 transformed doses c) log 10 transformed responses v. untransformed doses d) log 10 transformed responses v. log 10 transformed doses.
Hypothetical data to illustrate how transforming the axis of graphs can change the shape of the dose response relationship.

ing the alternative presentations provided no evidence
of a threshold and that the interpretation of the data
would be changed depending upon which was used. His
preferred or ‘best way' of presentation of the data was
on a double log scale plot arguing that the log scale for
the response may be more appropriate because it
represented a relative change compared with an absolute
change. He stressed the benefit of the benchmark dose
approach (see later) compared to the pair-wise statistical
testing NOAEL approach.

Curve Fitting and Modelling

A range of methods have been developed for fitting
curves to data, Complex curve fits can be achieved by
approaches including polynomials, splines and Lowess
regression curves (39,40,41). An important point about
approaches such as the use of polynomials is that the
predicted response values can become negative outside
the experimental data range producing unrealistic ex-
trapolations. A number of statistical packages including
GraphPad and Statistica have the capability to fit many
different curves to data.

The threshold or ‘Hockey stick’ model is an example
of a piece-wise linear regression (42). Specific models to
detect discontinuities, inhomogeneities, change points
or inflections in a relationship such as a time-series are
of interest in areas such as climate forecasting and finan-
cial markets. Identifying such discontinuities is not sim-
ple.

Much of modern statistical work is centred on model-
ling. This is a continuous process of building, refining,
testing and modifying the models. Box (43) reviewing
the contributions of RA Fisher, the geneticist and
statistician, to modelling as part of a description of the
philosophy for statistical modelling used the phrase
““All models are wrong'’, which he subsequently modi-
fied to ‘‘All models are wrong (but) some are use-
ful’'(44).

The objective of model building is to explain a
relationship and then use this to make predictions. Ap-
proaches such as multiple regression include Forward,
Reverse, Stepwise and Best-subset approaches (45). Us-
ing the Forward approach parameters are added to the
model until there is no improvement in the model fit; the
Reverse approach starts with a full model and terms are
dropped until the fit is reduced. The Stepwise is a combi-
nation of the two approaches. These different methods
can result in different models. In general, the more
parameters the better the fit, leading eventually (if
enough parameter can be fitted) to a perfect fit. One of
the potential problems of model fitting is “over fitting’
where the model provides a good fit to the observed data
but provides poor predictivity (45).

Many of the model fitting methods have a goodness
of fit measure such as a P value which indicates the
degree by which the predicted values differ from the ob-
served values. Small P values usually indicate a poor fit
to the data. P value of less than 0.10, rather than the
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usual 0.05 or 0.01, have been suggested in the ben-
chmark dose modelling software as the critical value for
defining a poor fit. P values >0.10 do not imply a cor-
rect model only that the results from the model are con-
sistent with the observed data. Many models may give
adequate fits to the observed data. The goodness of fit
tests are not suitable for distinguishing between different
models and the size of the P value provides no evidence
for distinguishing between models.

Formal testing is only possible if the competing
models form a family of models (nested or hierarchical
models). In the case of models where the same method
of fitting is used, Likelihood ratio tests and Akaike’s in-
formation criterion (AIC) can be used to test whether
the addition or subtraction of a parameter improves the
fit of the model. The tests compensate for the increased
fit associated with increasing terms in the model.
Although useful for help in model selection the methods
should be used with care. If the models are not from the
same family, such as, for instance, the probit and logis-
tic models, the goodness of fit tests cannot be used.

A key aspect of model fitting is the need to check the
assumptions underlying the model such as independence
of the data, homogeneity of variances and normality of
residuals are met using a set of ‘diagnostic’ tools.
Graphical methods should be used in conjunction with
the statistical tests. Judgement and experience is needed
in the modelling process: for example, the choice of
whether to include or exclude data from the high doses
in the model or to drop results of a dose to achieve
monotonicity. The top dose may be influential in deter-
mining the best fitting model but if the fit to the data at
top dose is less good than at lower doses then the model
may be inappropriate. Ideally there should be results for
doses near the likely benchmark dose to provide more
accurate estimates. Model uncertainly should be ad-
dressed. In practice a number of models with a similar
number of parameters can give satisfactory fits to the
same data set. In the case of the benchmark dose ap-
proach the range of estimates obtained from all the ac-
ceptable models can be presented.

Modellers often work to the principle of parsimony or
Occam's razor: “‘the simpler the explanation, the bet-
ter"'. The overall objective should be to find a model
which provides a satisfactory description of the dose-
response data using the minimum number of
parameters. So if the linear model is not significantly
worse that the threshold or quadratic one then it could
be argued that the simpler more parsimonious linear
model should be used. However, the key message is that
ultimately any model must not just provide a good fit
but also good prediction when tested with new data.

In the context of prediction a distinction is sometimes
made between the terms interpolation and extrapola-
tion. Interpolation refers to the estimation of effects wi-
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thin the range of doses measured (between a pair of
known data points); extrapolation relates to estimation
outside the range. In general, it is usually assumed that
interpolation should be reasonably reliable but that ex-
trapolation (which also has a wider qualitative interpre-
tation) outside the observed range needs to be carried
out with care as there is a risk of serious error. An exam-
ple is how the predictions from polynomials can become
negative outside the observed range and differ greatly
from the ‘target curve’. There is a debate on whether es-
timation between a low and the negative control or
spontaneous level is interpolation or extrapolation.

Thresholds and the NOEL/NOAEL

The most important point in this section is that iden-
tifying a No Observable Effect Level (NOEL) or No Ob-
servable Adverse Effect Level (NOAEL) using a statisti-
cal approach does not mean that a threshold exists.

The NOEL (and NOAEL) is widely used in the assess-
ment of non-cancer endpoints, However, the NOEL
should not be equated with a threshold dose below
which effects do not occur. The NOEL/NOAEL de-
pends upon specific characteristics of the experiment:
sample size, statistical test, dose spacing. The limita-
tions of the NOEL are well known (46) and has, in part,
resulted in interest in the development of the benchmark
dose methodology (below).

Determination of the NOEL is often based upon a
hypothesis test. A statistical test based upon a test of a
null hypothesis is able to show a positive effect (a
statistically significant increase) but not to show a nega-
tive effect i.e. that the null hypothesis is true. Failure to
find statistical significance shows only that there is not
sufficient evidence to reject the null hypothesis. It is a
serious error to equate a non-significant result with a
lack of effect.

The danger of equating statistical significance with a
threshold is increased by the use of multiple comparison
methods (such as the Bonferroni correction) in a dose-
response study to adjust the significance levels reported.
These methods are aimed at avoiding type I errors (fal-
sely declaring a result as significant when it is not) when
making many statistical comparisons. In practice, the
approach ‘dampens’ down the significance levels and
effectively increases the dose at which the NOEL is iden-
tified. The choice of a critical value associated with a P
value of 0.05 is also arbitrary and probability levels of
0.01 or lower are sometimes used as the cut-offs to desig-
nate effects as significant, Combining multiple compari-
son levels with more stringent significance levels can
change what is considered the NOEL appreciably espe-
cially if there are many dose groups in a dose-response
experiment as the Bonferroni correction will become
more severe as it is dependent upon the number of
groups in an experiment.
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Background/Control Incidence

The size of the spontaneous or background level of a
biomarker has implications for the statistical power of
the study (especially for qualitative endpoints). Effects
can be either absolute or relative changes. The absolute
size of a fold-change, obviously, depends upon the con-
trol incidence: with control units of 2 or 20 units, the
fold change is 2 or 20 units respectively.

The argument has been made that low-dose linearity
will result if just some of the cancers caused by a chemi-
cal and those in the control group were indistinguishable
because they were a consequence of the chemical in-
duced damage being produced by the same mechanism
as that which produced the spontaneous or ‘back-
ground’ cancers (47). The argument has been general-
ized further by Crawford and Wilson (48) who suggest-
ed that low dose linearity is generalizable to a much
wider set of non-cancer outcomes.

Another argument has been that while there may be a
threshold at the individual animal level there will be a
distribution of tolerances so that some individuals may
not have a threshold. Lutz (49), for instance, argued
that genetic heterogeneity in a population means that at
least some members of a population will not have a
threshold for a toxic agent. He argued that this breaks
down the distinction between both carcinogenic and
non-carcinogenic agents and between genotoxic and
non-genotoxic carcinogens.

Experimental and Statistical Issues in Designs at
Low Doses and Curve Fitting Design Issues

The standard regulatory tests are designed for hazard
identification where the objective is to produce a
qualitative-positive or negative-result rather than risk
estimation. Standard statistical methods such as pair-
wise comparisons or trend tests such as for linear regres-
sion or the Cochran-Armitage trend test are often used.
Tests of a linear trend in a dose-response in a design are
statistically more powerful than pair-wise comparisons
because of the natural or inherent ordering imposed on
it by the experimenter but need a more specific null
hypothesis.

The results will depend upon the choice of the dose
metric. This may be the applied (mg/kg), the log dose
(which needs a non-zero dose for the control group to
circumvent the problem of taking the logarithm of zero)
or the target dose (i.e. the dose delivered to the target
tissue, related to the pharmacokinetics of the sub-
stance). Some care may be needed in the interpretation
if the linear and/or the quadratic components in the
analysis are significant. -

An alternative approach is to estimate the size of an
effect. As discussed above while experiments cannot be
designed to show that a threshold exists (i.e. to prove
the null hypothesis of no difference) the alternative
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statistical approach of estimating the size of effect can
produce a bound on the size of effect that could be de-
tected by a particular design. The size of effect could
then be put into perspective with both the background
level and the degree of variability around this measure.
In this context some concept of effects which may be
real but are small enough to treat as unimportant can
lead to a de minimis approach. The benchmark dose ap-
proach (discussed later) is one such approach.

Identifying confidence intervals of a specific width
around the dose-response relationship requires an ap-
propriate and careful design. Biomarkers such as geno-
toxic endpoints are potentially sensitive to producing ar-
tefacts such as can arise through non-randomization.
Therefore, if the objective is to investigate low level
effects then careful experimental design is critical.

The traditional experimental methods of randomiza-
tion, replication, blocking and local control (originally
developed by Fisher) remain important in controlling
variability. Fisher’s concept of the factorial design
which has extended into Design of Experiment (DOE)
methodology and optimal design is a highly efficient and
cost-cffective approach to the investigation of complex
problems and is appreciably more efficient than the use
of the traditional One Factor at a Time (OFAT) ap-
proach (50).

The more experimental/dose groups the more precise
will be the description of the dose-response relationship
with multiple dose levels in the area of interest (16).

Using 6 or more dose groups, with perhaps fewer than
the typical 5-6 animals per group, will enhance the pre-
cision with which the overall dose-response curve can be
estimated (51).

An assumption of most standard statistical tests: t-
test, anova, chi-square, Fisher’s exact test is that the ex-
perimental units are independent. The concept of the ex-
perimental unit is fundamental to the statistical analysis
of designed experiments. It is the unit in the experiment
that is randomly assigned to the treatment. Mis-specifi-
cation of the experimental unit can lead to serious mis-
interpretation of the statistical analysis.

It is important to appreciate that while the individual
cell may be the smallest unit which can be measured,
cells from the same animal or culture are not randomly
assigned to the treatment but rather receive the same
treatment and are likely to show some degree of correla-
tions in their responses. A failure to appreciate this can
lead to errors in analysis and interpretation. In particu-
lar failure to take to take into account hidden level of
variation can lead to serious false positives.

The design of studies for characterising effects (esti-
mation) is different from that for hazard identification
with more doses required and more resources in the area
of interest but there are implications in attempting to
power the study to show no or small genotoxic effects.



Tahble 1. Sample size per group associated with 80% and 90% power
for detecting an effect in standard deviation (SD) units in a two sided
test at P=0.05

Power
SD units

80% %%
0.0625 4020 5381
0.1 1571 2103
0.125 1006 1346
0.2 394 527
0.25 253 338
0.3 176 235
0.4 100 133
0.5 64 86
0.6 45 60
0.8 26 34
1 17 23
1.25 12 15
1.5 9 1
2 [ 7
2.5 4 5
] 4 4
4 3 3

*Bold numbers illustrate the approximate four-fold increase in sample
size with each halving of the effect size.

Table 1 shows the size of effect that can be detected for
a given power. A rule of thumb is that for 80% power
for a 2-sided test at P=0.05 then a 4-fold increase in
sizes is needed for each halving of effect size. For an
effect equal to one standard deviation (SD) the group
sizes are approximately 16 for 80% power, for an 0.5
SD unit difference the group sizes need to be about 64.
Historical data on the inter-experimental unit variability
can be used to provide estimates of the size of a stan-
dard deviation unit.

The level of effect detectable in an experiment is illus-
trated using GST-P positive foci data from Table 3 in
Murai ef al. (52). The negative control mean is 22.9 foci
with approximate inter-individual within group stan-
dard deviations of about § foci. Experiments with sam-
ple sizes of 50 would have 80% power to detect a differ-
ence from the control level of about 0.57 SD units or
about 2.8 foci (in a pair-wise comparison using a two-
sided test at P=0.05).

If the determination of an effect were based solely on
whether there is a significant difference between two
concentrations then there might be different NOAELs
for each biomarker because each biomarker would have
different sensitivities or ‘resolutions’ based upon their
‘intrinsic’ variability. Studies of an equivalent size with
a qualitative endpoint such as whether a tumour is
present or absent will have lower power: a fact long ap-
preciated in the interpretation of cancer bioassay data.
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Fig. 3. Plot of mean of groups from Table 11 of Asano er al. (54)
plotted against mg/kg dose (@) and against dose on log 10 dose scale
() (As doses were logarithmically spaced on the mg/kg dose scale the
zero dose was represented by a dose level an equivalent spacing below
the lowest dose on the log dose scale and the log dose scale aligned
with the mg/kg dose scale.)

Example of a Test System to Explore
Thresholds

The development of flow cytometry for the analysis
of micronuclei (both in vitro and in vivo) is a potentially
powerful tool for exploring thresholds. Automated
scoring procedures allow previously unattainable num-
bers of cells to be readily scored (53). It is now possible
to ‘score’ over a million cells per animal. Such an ap-
proach can appear to be very powerful. Tourus er al.
(53) suggested that by scoring up to 3 million cells from
a single sample that it is possible to detect a difference
between 0.10% and 0.11% (based upon simulation ex-
periments using samples with ‘spiked malarial
micronuclei’) using Fisher’s exact test. (It is important
to note, though, that Fisher's exact test assumes in-
dependence of the measures.) Such large potential sam-
ple sizes means that, while measuring more cells from an
experiment makes the estimate for that specific animal
or culture more precise, apparently significant differ-
ences between dose levels could be a consequence of ar-
tifacts.

Asano et al. (54) in an in vivo experiment analyzed
micronuclei for 1-f-D-arabinofuranosylcytosine using
flow cytometry. Analysis was carried out on 1M, 200K,
20K and 2000 cells per animal using automatic and
manual scoring. Scores for individual animals were
reported by Asano er al. The results are presented as
parallel curves using log log scales and show apparently
increased variability between animals at 2K cells.
Graphical presentation of the data shows the different
shaped dose-response curves (Fig. 3). Using the untran-
sformed dose the response is supra-linear while the
curve is sub-linear against the logarithm of the dose il-
lustrating that care is needed with visual inspection of
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Table 2. Analysis of variance table of orthogonal breakdown of in-
dividual animal scores from raw data provided in Table IT of Asano et
al, (54)

a) Using original dose metric (mg/kg)

Source df MS F P
Between groups 5 0.019 5.58 0.002
Linear 1 0.091 27.36 <0.001
Quadratic 1 0.000 0.01 0.97
Cubic 1 0.001 0.42 0.91
Deviations 2 0.000 0.06 0.95
Within groups 24 0.003
Total 29 0.173

b) Using log dose
Source df MS F P
Between groups 5 0.019 5.58 0.002
Linear 1 0.068 20.37 <0.001
Quadratic 1 0.016 4.91 0.036
Cubic 1 0.007 2.12 0.16
Deviations 2 0.002 0.24 0.79
Within groups 24 0.003
Total 29 0.173

Table 3. Summary of comparisons between negative control and
dose groups from Asano et al. (54)

Cells
200K

Mice
IM

Dose
(mg/kg BW) W 20K

M

0.06
0.19 * .
0.60 - -
1.89
6.00

L - -

*P<0.05

**P<0.01

Data from Table | of Asano ef al. (54) of frequencies of micronucleat-
ed reticulocytes of various doses of 1-§-D-arabinofuranosyleytosine,
Statistical comparisons using the cell as the statistical unit carried out
using Fisher's exact test, comparison using the animal as the statistical
unit carried out using Student’s t-test.

graphs.

In both cases in the analysis there is a significant
linear component to the dose-response with also a sig-
nificant quadratic component for the log dose but this is
not significant for the mg/kg dose (Table 2). Statistical
analysis of the pair-wise comparisons using the cell as
the unit showed significant effects at lower doses but
with the animals as the experimental units only at the
top dose because of appreciable between animal
variability (using hierarchical/nested analyses) (Table
3). Abramsson-Zetterberg (55) also used flow cytometry
in two experiments with a large number of dose groups
of acrylamide which showed a linear dose response with
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no evidence of a threshold.

Benchmark Dose Approach

Benchmark dose methodology is an alternative ap-
proach to the NOEL/NOAEL (56). The Benchmark
Dose (BMD) is the dose associated with a pre-defined
biologically significant/important difference, the Ben-
chmark Response (BMR), in an endpoint of interest
compared with the negative control response. The BMR
could be a 10% change in average adult body weight or
a doubling of a liver enzyme level. The BMD is derived
by fitting a dose-response model to the experimental
data. The BMD related to a change in response equal to
one standard deviation from the control mean is also es-
timated to help with the comparisons.

The BMDL is the lower one-sided 95% confidence
limit or bound on the BMD. Using the BMDL is a way
of expressing that there is 95% confidence that the true
effect at this dose would be less than the effect associated
with the BMDL. The BMDs and BMDLs from the
models are compared for similarity and consistency.
The chosen BMDL is used as the Reference Point (RP)
from which low dose extrapolation begins in order to
find a reference dose (RfD) such as an ADI.

The NOEL/NOAEL is one example of an RP or
Point of Departure (PoD) used to identify an ADI using
safety or uncertainly factors (SF/UF).A number of or-
ganization such as EFSA and JECFA have proposed the
use of BMD as the RP for the calculation of the Margin
of Exposure (MOE) of genotoxic carcinogens.

Thresholds of Toxicological Concern

A pragmatic approach to the problem of no safe level
of a genotoxic agent is the concept of the threshold of
toxicological concern (TTC). The TTC is an intake by
humans that would be associated with a high probability
of negligible risk. The TTC was originally developed as
a method for regulating food contact materials as a con-
centration level below which there would be no appreci-
able risk to human health irrespective of whether or not
there are chemical-specific toxicity data (reviewed by
Kroes et al., (57)). Based upon studies on a database of
carcinogenic chemicals a daily exposure of less that 1.5
ug/day was considered a virtually safe dose in that in a
worst case scenario this corresponded to a 107 lifetime
risk. To accommodate possible higher risk chemicals an
exposure level of 0.15 ug/day was proposed (58).

The underlying approach is based upon a statistical
analysis of a database of the carcinogenic potencies of a
large number of chemicals calculated on the basis of a
linear extrapolation from the dose (TD50) estimated to
give a 50% tumour incidence. The probability distribu-
tion of the potencies was used to identify a threshold
concentration which had a high probability of negligible
risk (59, 60). The threshold is thus a pragmatic concen-



