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Abstract
Chronic bioassays for over 500 chemicals have been conducted under the auspices of the National Cancer Institute and/or the
National Toxicology Program (NTP) to screen chemicals for carcinogenicity, providing a wealth of information about bioassays.
Typically, chemicals are administered for two years to both sexes in each of one strain of rats and mice generally at the maximum
tolerated dose (MTD), MTD/2, MTD/4 (in recent years), as well as unexposed control animals. In an attempt to ascertain the sensitivity of this bioassay to detect animal carcinogens tested at the MTD for the current experimental design, the false negative rate
(failure to detect increased tumor rates) was investigated. This was accomplished by examining the tumor incidences from over
150 NTP bioassays and estimating the probability that a statistically signiﬁcant (P 6 0.01) dose–response trend would be obtained
at one or more tissue sites in either sex of rats or mice if 200, rather than 50, animals were used per dose group. This provides an
estimate of the proportion of chemicals that were not declared high-dose animal carcinogens due to the limited sample size of 50 animals per species–sex–dose group. In this series of chemicals tested, 97/156 (62%) were identiﬁed by the NTP to show some or clear
evidence of carcinogenicity. With an increase of the number of animals per dose group from 50 to 200, it is estimated that 92% of these
chemicals would show statistically signiﬁcant (P 6 0.01) dose–response trends at one or more tissue sites in either sex of rats or mice.
Many of these chemicals are not genotoxic. Some chemicals had no structural alerts for carcinogenicity, but were tested because of
potentially high human exposure. This analysis suggests that almost all of the chemicals selected would produce a statistically significant increase in tumor incidence at the MTD with larger sample sizes. Hence, this MTD bioassay screen is not distinguishing between
true carcinogens and non-carcinogens. Rather, the screen is simply failing to detect the weaker carcinogens at the MTD. More than
30% of chemicals tested failed to detect statistically signiﬁcant dose–response trends for tumors because of inadequate sample sizes of
50 animals per dose. Presumably, little or no action would have been taken to regulate exposures to these chemicals as potential carcinogens due to lack of a positive test result. This analysis does not suggest that most chemicals are carcinogenic at human exposure
levels nor does it suggest that more than 50 animals should be tested per dose group. With an MTD that may produce a diﬀerence (up
to 10%) in weight gain between treated and control animals, there quite possibly is cytotoxicity at the MTD. Increased carcinogenicity
would be expected from increased opportunities for mutagenic activity during regenerative cell replication to compensate for cytotoxicity. Since it appears that almost all chemicals tested adequately at the MTD will demonstrate carcinogenicity, it is tempting to
surmise that this is due in large part to one or more nearly universal modes of action, such as, regenerative cell replication at the MTD
rather than due to some unique carcinogenic property of a chemical. That is, the current bioassay possibly is just primarily a screen for
the more potent cytotoxins at the MTD, rather than a screen speciﬁcally for carcinogenicity. This issue should be examined and suggests that cytotoxicity and cell proliferation should be considered in setting the MTD, particularly for non-genotoxic (non-DNA reactive) chemicals. From a public health view, it is prudent to assume that most chemicals could demonstrate increased tumor incidence
rates at the MTD in rodents. The current standard NTP bioassay provides suﬃcient data to estimate a benchmark dose associated
with a speciﬁed low tumor incidence to be used as a point-of-departure for cancer risk assessments. The question that should be investigated by a bioassay is not whether a chemical is a carcinogen at the MTD, but what is the relationship between dose and cytotoxicity
and/or other modes of action that could produce an excess of tumors?
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1. Introduction
One purpose of US National Toxicology Program
(NTP) chronic bioassay testing program is to evaluate
chemicals for carcinogenic activity. Chemicals are generally administered for two years following weaning in
both sexes of rats and mice. Usually 50 animals per
group are tested at the maximum tolerated dose
(MTD), MTD/2, MTD/4 (in recent years), and unexposed control animals. This test was devised to have reasonable power to detect moderate increases in tumor
incidence at high doses without using an inordinately
large number of test animals. Over 500 chemicals have
now been tested under the auspices of the NTP, providing a wealth of information on chronic bioassays.
Because of the large number of tissue sites examined,
some with background tumor incidence rates high enough to produce spurious higher rates in dosed animals
due to inherent chance experimental variation, there is
concern about the false positive rate for chemicals tested
in the standard NTP bioassay (Fears et al., 1977). Haseman (1983) indicated that the NTP tended to use a statistical signiﬁcance level of P 6 0.05 for rare tumors
(historical background rates of less than 1–2%) and required P 6 0.01 for more common tumors. Using these
rules, Haseman (1983) calculated the false positive rate
for carcinogenicity to be about 8% for the NTP bioassay. This appears to be a reasonable level.
Haseman (1983) acknowledges that although his paper deals primarily with false positives, examination of
the statistical properties of the standard bioassay would
be incomplete without consideration of the false negative rate. Haseman (1984) provides a table that shows
the false negative rate to be 30% for a chemical that induces a rare tumor in 13% of animals at the high dose.
For a chemical that doubles the tumor incidence for a
common tumor from 30% in the controls to 60% at
the high dose, the false negative rate is also 30%. The
false negative rate would be even higher for chemical
carcinogens producing fewer tumors. Fears et al.
(1977) show that 5-fold increases in rare tumors are
not likely to be detected. Crump et al. (1996) indicate
that there are more liver carcinogens than are detected
by the NTP bioassay. In an overview of NTP results,
Huﬀ and Haseman (1991) state that: ‘‘unfortunately, little is known about the false negative rate, which is of
more importance to public health.’’ Haseman and Elwell
(1996) state that it is diﬃcult to assess false negative
rates because of the limited sensitivity of the NTP bioassay to detect subtle carcinogenic eﬀects.

The primary purpose of this paper is to estimate the
statistical false negative rate for carcinogenicity based
on a retrospective analysis of tumor incidence rates
observed in a series of standard NTP 2-year chronic
rodent bioassays and an evaluation of the eﬀect of using
a sample size of 50 animals per group at the MTD.
From the wealth of information provided by the NTP
tests, the following questions can be addressed: (1)
should the sample size be changed, (2) should the
MTD be re-deﬁned, and (3) are chronic bioassays similar to the NTP test that are being conducted around the
world by government agencies, private industry, and
academic institutions telling us what we need to know
about chemical carcinogenicity? Several authors have
suggested that testing chemicals at high doses produces
cytotoxicity that results in regenerative cell replication
that provides additional opportunities for cancerous
mutagenic events to occur (e.g., Ames and Gold,
1990a,b; Clayson et al., 1989; Cohen and Ellwein,
1990; Conolly and Lutz, 2004; Counts and Goodman,
1995; Lutz, 1998; Schulte-Hermann et al., 1991).

2. Methods
A false negative decision about the carcinogenicity of
a chemical occurs when the bioassay fails to produce a
statistically signiﬁcant increased tumor incidence when
in fact the chemical truly causes an increase in the tumor
incidence at the doses tested. This is a statistical limitation resulting from the number of animals (generally 50)
used per species–sex–dose group.
Using the estimate of the dose–response trend obtained from past NTP studies for each speciﬁed tumor
type/tissue site in males or females of rats or mice and
the standard error of the trend, it is possible to estimate
the approximate probability (power) of detecting a statistically signiﬁcant trend as a function of the sample
size. For example, the Cochran–Armitage dose–response trend test (Armitage, 1971) is of the form
Z ¼ slope=ðstandard error of the slopeÞ;
where Z is a standard normal deviate with a standard
deviation of one. Suppose the test for a dose–response
trend produced a one-sided P value of 0.09, i.e.,
Z = 1.34, with 50 animals per dose group. Based strictly
on the statistical test, this would be considered lack of evidence for carcinogenicity, i.e., categorized as non-carcinogenic. However, if more animals had been used per dose
group, the standard error of the slope would have been

130

D.W. Gaylor / Regulatory Toxicology and Pharmacology 41 (2005) 128–133

reduced by a factor proportional to the square root of the
sample size. If 200 animals had been used per dose group,
the standard error of the dose–response slope would have
been reduced by a factor of two giving an expected value
of Z = (2 · 1.34) = 2.68, which indicates a statistically
signiﬁcant trend with P < 0.01. Now, the chemical likely
would be categorized as carcinogenic, not because its carcinogenic potential changed, but because the sample size
changed. Because of inherent experimental variation, the
value of Z would not necessarily double with a quadrupling of the sample size. For the above example, the probability is 63.7% that the approximately normal trend test
with an expected value of Z = 2.68 exceeds the P 6 0.01
critical value of Z = 2.33.
Hence, for each existing statistical trend test from the
published bioassay results it is possible to estimate the
probability that a statistically signiﬁcant trend would
be detected with a larger sample size. Assuming independence of tests, which certainly is the case for dose–response trends occurring in diﬀerent species and/or sexes
for a chemical, the power {1  (false negative rate)} of
statistical tests to detect one or more dose–response
trends can be estimated as a function of sample size for
each chemical tested. For example, suppose for a chemical there are two tissue sites that could produce a statistically signiﬁcant dose–response trend where the estimated
probability of detecting a statistically signiﬁcant trend is
0.8 for one tissue site in rat males and 0.6 for one tissue
site in female mice with 200 animals per dose group and
relatively small probabilities of detecting a signiﬁcant
trend at other sites. The probability of not detecting a signiﬁcant trend for both sites is (1  0.8) · (1  0.6) =
0.08. The probability of detecting a statistically signiﬁcant trend for at least one site for the chemical is at least
{1  (1  0.8)(1  0.6)} = 0.92 with 200 animals per
group. Thus, based on the results from testing a chemical
with 50 animals per group, the probability of at least one
tissue site with a statistically dose–response trend can be
estimated for a chemical with a speciﬁed larger sample
size, e.g., 200 animals per group. Haseman and Lockhart
(1993) indicate relatively few correlations between chemically related site-speciﬁc carcinogenic eﬀects.
Similar to NTP procedures, testicular tumors in male
rats are not considered. In the analysis in this paper, preneoplastic eﬀects were not used to provide additional
support for carcinogenicity. Obviously, it is not possible
to know what decisions would have been reached on a
case-by-case basis by NTP reviews. With 200 animals
per group, even rare tumors with a spontaneous 1% tumor incidence rate could occur with a frequency adequate to occasionally lead to false positive test results.
To protect against a high false positive rate with 200 animals per group, statistical signiﬁcance of P 6 0.01 was
required for all tissue sites in the following analyses.
Early NTP Technical Reports did not contain enough
detail to estimate the power of statistical tests. The

power analysis was conducted in this paper for NTP
chemicals published in Technical Reports No. 250–
450. Only chemicals tested in both sexes of rats and mice
were examined resulting in 156 cases. Two trend tests
were routinely conducted by the NTP, one assuming
all tumors in dead and moribund animals were fatal
and the other assuming all tumors were non-fatal (incidental). If there were no indication of the more appropriate test, to remain conservative the least signiﬁcant
test was used here.

3. Results
In the series of NTP Technical Reports No. 250–450,
a total of 156 chemicals were tested in both sexes of rats
and mice. In these bioassays, generally 50 animals were
used per dose group. Among these chemicals, the NTP
determined that 97/156 (62%) were positive (some or
clear evidence of carcinogenicity). This may reﬂect, in
part, the ability of the chemical selection committee to
choose mostly carcinogens for testing based on genotoxicity and/or structure activity relationships. However,
many chemicals are selected for testing because of
potentially high human exposures without any suspected
carcinogenic structural alerts. Many chemicals without
suspected potential for carcinogenicity were animal carcinogens at high doses.
Because of inherent experimental variation not all of
the chemicals deemed carcinogenic in the standard 50
animal per group bioassay would necessarily produce
a statistically signiﬁcant dose–response trend at the
P 6 0.01 level if 200 animals per dose group had been
used. The estimated expected number of these 97 chemicals that would produce statistically signiﬁcant
P 6 0.01 dose–response trends at one or more tissue
sites is at least 95.1. Similarly, of the 23 chemicals
tested with 50 animals per dose group that the NTP
indicated provided only equivocal evidence of carcinogenicity, it was estimated that at least 22.5 of these
chemicals would produce statistically signiﬁcant
(P 6 0.01) dose–response trends with 200 animals per
dose group at one or more tissue sites. It is not surprising that increasing the sample size would increase the
evidence for carcinogenicity from equivocal to positive
for most of these chemicals. Of the 36/156 (23%) chemicals considered by the NTP as not showing any evidence of carcinogenicity, with 200 animals per dose
group it is estimated that at least 26.0 of these chemicals would produce statistically signiﬁcant (P 6 0.01)
dose–response trends at one or more tissue sites. The
above results are summarized in Table 1. Overall, it
is estimated that at least 92% of all chemicals tested
at the MTD would produce a statistically signiﬁcant
(P 6 0.01) dose–response trend at one or more tissue
sites.
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Table 1
Estimated number of positive chemicals expected to produce statistically signiﬁcant (P 6 0.01) dose–response trends at one or more tissue
sites with 200 animals per dose group
Original NTP carcinogenic
category with 50 animals
per dose group

Estimated number of
Total
chemicals based on 200
animals per dose group
Negative

Negative
10.0
Equivocal
0.5
Positive (some or clear evidence) 1.9
Total
a

Positivea
26.0
22.5
95.1

36 (23%)
23 (15%)
97 (62%)

12.4 (8%) 143.6 (92%) 156
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one statistically signiﬁcant (P 6 0.01) dose–response
trend with 200 animals per dose group. The probability
could be slightly higher since there were other tissue sites
that could produce a dose–response trend, but were not
included because of their relatively low probabilities.
Thus, rotenone contributes 0.863 to the expected number of positive chemicals with 200 animals per dose
group that were classiﬁed as equivocal in the original
test with 50 animals per dose group. A similar analysis
was conducted for each of the 156 chemicals to compile
the results listed in Table 1.

Expected number likely to be at least this large.

5. Discussion
4. Example
To illustrate how the expected numbers of chemicals
listed in Table 1 for statistically signiﬁcant (P 6 0.01)
dose–response trends with 200 animals were compiled
across chemicals, one case (Rotenone) is illustrated.
The results of the standard bioassay are presented in
the NTP Technical Report Series No. 320, Toxicology
and Carcinogenesis Studies of Rotenone in F344/N Rats
and B6C3F1 Mice; January, 1988. The evidence for carcinogenicity of rotenone was considered equivocal by
the NTP. For follicular cell adenoma or carcinoma of
the thyroid gland in male rats a dose–response trend
was reported with a non-signiﬁcant P = 0.139. This corresponds to a standard normal Z-score of 1.085. A quadrupling of the sample size to 200 animals per dose
group would
pﬃﬃﬃ be expected to increase the Z-score by a
factor of 4 ¼ 2 to 2:17. The probability that a Z-score
with an expected value of 2.17 exceeds 2.33 required for
statistical signiﬁcance of P 6 0.01 is 0.436. Similarly, in
male rats for parathyroid adenoma the dose–response
trend test with 50 animals per dose group had a
P = 0.119 or Z = 1.18. With 200 animals per dose group
a Z-score of (2 · 1.18) = 2.36 would be expected with a
probability of 0.512 for achieving statistical signiﬁcance
(P 6 0.01) with a Z-score exceeding 2.33. In female rats,
sarcoma, ﬁbrosarcoma, or myxosarcoma of subcutaneous tissue produced a dose–response trend test with
P = 0.121 corresponding to a Z = 1.17. With 200 animals per dose group the expected Z = 2.34 has a probability of 0.504 of producing a statistically signiﬁcant
(P 6 0.01) dose–response trend. No other tissue sites
in either sex of rats or mice showed marginal evidence
of a dose–response trend. Thus, for rotenone three sites
showed equivocal evidence of carcinogenicity, but none
approached statistical signiﬁcance (P 6 0.05) required
for rare tumors with 50 animals per dose group. The
probability that at least one of these three tumor types
would produce a statistically signiﬁcant (P 6 0.01)
dose–response trend is [1  (1  0.436) (1  0.512)
(1  0.504)] = 0.863. That is, there is at least an 86.3%
chance that rotenone would have produced at least

In an attempt to ascertain the false negative rate (failure to detect carcinogenesis) for the current NTP experimental protocol, based on the tumor incidence data
compiled by the NTP for 156 chemicals tested in both
rats and mice with 50 animals per dose group, the probability was estimated of obtaining one or more statistically signiﬁcant (P 6 0.01) dose–response trends by
increasing the number of animals to 200 per dose group
for these 156 chemicals. Sixty-two percent of these
chemicals were declared carcinogens by the NTP with
50 animals per dose group. With 200 animals per dose
group, 92% of these chemicals are predicted to produce
a statistically signiﬁcant (P 6 0.01) dose–response trend
at one or more tissue sites. This provides an estimate
that at least 30% of the chemicals tested with the standard protocol failed to detect carcinogenesis due to the
limited number (50) of animals used per dose group.
Clearly, an even higher proportion of chemicals would
produce statistically signiﬁcant dose–response trends
when tested near the MTD as the sample size increases.
This supports the contention of Ashby and Purchase
(1993) that most chemicals would be carcinogenic if typical bioassays were conducted in enough strains of
animals.
This does not imply that the NTP miscalculated the
carcinogenicity of these chemicals under the conditions
of the test protocol. Rather, this analysis demonstrates
the lack of the power of the standard bioassay with 50
animals per dose group to detect carcinogens at the
MTD. It is disturbing that more than 30% of chemicals
tested with the NTP protocol fail to detect carcinogenicity. High false negative rates can be expected in similar
chronic bioassays conducted around the world by government agencies, private industry, and academic institutions. Unfortunately, concern for carcinogenicity
would be minimal or not be considered in risk
assessments of non-genotoxic carcinogens that fail to
unequivocally produce carcinogenicity in bioassays. Presumably, concern for genotoxic chemicals might remain
even if carcinogenicity were not demonstrated in a
bioassay.
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If tested in an adequate number of animals, it appears
that almost all chemicals would demonstrate carcinogenicity at high doses. An artiﬁcial category of carcinogenic or non-carcinogenic for chemicals that is based
on an inadequate sample size of 50 animals per dose
group is misleading. Since the standard bioassay cannot
adequately distinguish between carcinogens and noncarcinogens tested at the MTD, it would appear prudent
from a public health standpoint to assume that all chemicals may be carcinogenic at the MTD in animals. Since
it appears that almost all chemicals are carcinogenic at
high doses in rodents, this negates the value and need
for a chemical screening test at the MTD. It is not being
recommended here that sample sizes should be increased
to verify the apparent outcome that almost all chemicals
are carcinogenic at the MTD. The important question is
not: is a chemical a carcinogen? Rather, the question
that needs to be answered is: at what dose does a chemical cause cancer? The important issue to be addressed
by a bioassay is not a statistical test for carcinogenicity.
Rather, the important issue to be addressed with bioassay data is estimation of the relationship between dose
and tumor incidence or precursors to cancer.
Presumably, for genotoxic chemicals that are DNA-reactive and depending on the pharmacokinetics, extremely
low doses may cause some cancer. Since it appears that almost all chemicals cause cancer at the MTD in rodents,
including non-genotoxic chemicals, one hypothesis is that
at high doses cytotoxicity results in regenerative cell replication that provides additional opportunities for cancerous mutagenic events to occur (Ames and Gold, 1990a,b;
Clayson et al., 1989; Cohen and Ellwein, 1990; Conolly
and Lutz, 2004; Counts and Goodman, 1995; Lutz,
1998; Schulte-Hermann et al., 1991). Should the MTD
be based on cytotoxicity? Should the bioassay be designed
to examine the relationship between dose and cytotoxicity? These are questions that should be addressed that
are beyond the scope of this paper.
Clearly, assuming that most chemicals are carcinogenic at the MTD does not imply that most chemicals
cause cancer at much lower human exposure levels. Various indices of carcinogenic potency have been based
upon the estimated low-dose tumor incidence slopes or
using linear extrapolation from higher experimental
doses estimated to produce a speciﬁed excess tumor incidence (e.g., TD50, TD25, TD10, or TD01). For ranking
potential carcinogenic hazards, Ames et al. (1987) developed the HERP index, which is the ratio of the expected
human exposure level relative to the TD50 (dose that induces cancer in 50% of otherwise tumor-free animals in
a standard lifetime). This appears to be useful for establishing levels of concern and setting priorities for further
investigations and research. A relatively quick estimate
of the TD50 can be obtained from the MTD established
in a 90-day study (Gaylor and Gold, 1998). This can
provide a basis for a preliminary cancer risk assessment

of a chemical that has not been studied in a 2-year bioassay. Ashby and Tennant (1991) accurately predicted
carcinogenicity for about 80% of 301 NTP studies based
on structural alerts and the Salmonella test.
There appears little need to test chemicals in 2-year
bioassays to establish carcinogenicity at or near the
MTD. However, bioassays are needed to provide a
dose–response relationship between dose and carcinogenic events to perform cancer risk assessments. Current
EPA (1999) carcinogen risk assessment guidelines suggest a benchmark dose with a low excess tumor rate
(1–10%) as a point-of-departure for cancer risk assessment. As a default value, the lower 95% conﬁdence limit
on an extra tumor incidence of 10% (BMDL10) is used
as a point-of-departure. For genotoxic chemicals, linear
extrapolation from the BMDL10 to zero generally is
used for low-dose cancer risk assessments. For chemicals with established nonlinear dose–response curves in
the low dose range, the BMDL10 is divided by uncertainty factors to arrive at a reference dose presumed to
have negligible, if any, carcinogenic activity. This process requires tumor incidence dose–response data to estimate the BMDL10. Tumor incidence dose–response
relationships can be established from the data provided
by the standard NTP bioassays. This is a necessary and
valuable contribution of the NTP bioassays. The current
NTP bioassays with three doses (generally the MTD,
MTD/2, and MTD/4) plus controls with 50 animals
per dose group in both sexes of rats and/or mice provide
suﬃcient data for calculating benchmark doses. In the
absence of even a weakly signiﬁcant dose–response
curve an estimate of the BMDL10 may not be obtainable. In such cases, the MTD could serve as a conservative point-of-departure for cancer risk assessments. For
non-DNA reactive chemicals, perhaps the MTD should
be based upon cytotoxicity or some other eﬀect depending on the mode of carcinogenic action. Also, pharmacokinetics need to be considered in establishing
benchmark doses.

6. Conclusions
The current NTP bioassay in rats and mice with doses
at or near the MTD with 50 animals per dose group is
not adequate to distinguish between rodent carcinogens
and non-carcinogens. Over 92% of chemicals tested
would be expected to produce statistically signiﬁcant
(P 6 0.01) dose–response trends for tumor incidence at
one or more tissue sites if 200 animals per dose group
had been used. Many of these chemicals are not genotoxic. It is surmised that cytotoxicity at high doses near
the MTD could result in regenerative cell replication that
provides an increased opportunity for carcinogenic
mutations to occur (Ames and Gold, 1990a,b; Clayson
et al., 1989; Cohen and Ellwein, 1990; Conolly and Lutz,
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2004; Counts and Goodman, 1995; Lutz, 1998; SchulteHermann et al., 1991). Presumably, this mode of action
would not be present, or at most negligible, at low chemical doses. Hence, the current bioassay possibly is primarily a screen for the more potent cytotoxins at the
MTD in rodents, rather than a screen speciﬁcally for carcinogenicity. This issue should be examined and suggests
that cytotoxicity and cell proliferation should be considered in setting the MTD, particularly for non-genotoxic
(non-DNA reactive) chemicals.
Since most chemicals appear to be carcinogenic in rodents at the MTD with adequate sample sizes, there appears to be little need to screen chemicals in 2-year
chronic bioassays for carcinogenicity at the MTD. However, bioassays are needed to provide a dose–response
relationship between dose and carcinogenic eﬀects for
use in cancer risk assessments. Current EPA (1999) carcinogen risk assessment guidelines utilize a benchmark
dose associated with a low excess tumor incidence rate
(1–10%) as a point-of-departure for cancer risk assessment. The standard NTP bioassay with three doses (generally the MTD, MTD/2, and MTD/4) plus controls with
50 animals per dose group in both sexes of rats and/or
mice provides suﬃcient data for calculating benchmark
doses. For this critical information, it is not recommended
that the number of doses or the number of animals per
dose should be changed for the NTP bioassay.
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