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Abstract

The NTP lifetime rodent bioassay (LRB) is the ‘‘gold standard’’ for predicting human carcinogenicity. Unfortunately, little

attempt has been made to validate it against human carcinogenicity. Here we show that the extremely limited data available do not

support either of the two common interpretations of LRB results. If a risk-avoidance interpretation is used where any positive result

in a sex/species combination is considered positive, 9 of the 10 known human carcinogens tested are positive, but an implausible 22%

of all chemicals are positive. If a less risk averse interpretation is used where only chemicals positive in both rats and mice are

considered positive, only 3 of the 6 known human carcinogens tested are positive. In either interpretation, some known human

carcinogens are not positive in the LRB, potentially allowing widespread human exposure to misidentified chemicals. Improving the

predictive accuracy of the LRB and other tests for human carcinogenicity requires that test results be validated against the known

human carcinogenicity of chemicals. This will require redirecting available resources from screening chemicals to validating car-

cinogenicity tests as well as a substantial investment in epidemiology to identify more known human carcinogens and presumed

human non-carcinogens.

� 2003 Elsevier Science (USA). All rights reserved.
1. Introduction

Cancer is a dread disease; one in four Americans will

develop cancer in his or her lifetime. Lifestyle changes,

particularly quitting smoking, have the greatest poten-

tial to reduce premature deaths from cancer. However,
prevention efforts have also concentrated on identifying

chemicals that can cause cancer, even though chemical

exposures probably contribute at most a few percent of

the total cancer occurrence (Gold et al., 2002). Exposure

to synthetic chemicals is uncontrollable, involuntary,

inequitable, unfamiliar, not observable, and scientifi-

cally controversial, all factors known to increase public

outrage (Slovic, 1999).
If society cared only about detectable cancer risks,

prevention would focus on the 87 agents, viruses, mix-

tures or circumstances identified as known human car-

cinogens by the International Agency for Research on
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Cancer (IARC, 2002). However, epidemiology is limited

in its ability to detect effects, and can only find disease

resulting from past, usually poorly measured, exposures

(Huff, 1999). Society wants to reduce exposures both to

existing and new carcinogens, even when exposures are

too low to be detected by epidemiology.
The experimental approach to detecting carcinogens

has been to expose animals, mainly rats and mice, to a

chemical to determine whether tumors develop (Rall,

2000; Roe, 1998). The past two decades have seen

vigorous debate over the utility of the tests (Davies

et al., 2000; Gold et al., 2002; Gori, 2001; Haseman

et al., 2001; Johnson, 2002; Tomatis, 2002, and refer-

ences cited therein). The result has been a bifurcation in
perception. Toxicologists are generally skeptical about

the biological and statistical relevance of the rodent

bioassay to human cancer risk (Davies and Monroe,

1995; Gold et al., 2002; Gori, 2001; Haseman, 2000;

Miller and Davis, 2001) ‘‘In the face of these short-

comings, many experts believe the scientific value of the

2-year bioassay is highly limited—barely worth the in-

vestments in personnel, animals, money, and time’’
reserved.
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Table 1

Data from Johnson (2001) on the results of the NTP LRB for the 10

known human carcinogens tested

Known human

carcinogen

Carcinogenicity

in rats

Carcinogenicity

in mice

Thiotepa + +

Benzene + +

Benzidine and dyes + +

1,3-Butadiene Not tested +

Ethylene oxide Not tested +

8-Methoxypsoralin + Not tested

Nickel compounds + )
Asbestos + Not tested

Talc + )
Aspirin/phenacetin/

caffeine (APC)

) )
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(Schmidt, 2002) At best, the LRB should be used out of
prudence for lack of a better alternative (Huff, 1999;

Rall, 2000; Ruden, 2002; Tomatis, 2002; VanDoren,

1996).

The general public, however, tends to consider the

animal tests to be highly reliable (Slovic et al., 1997). A

recent formulation acknowledges that the rodent bio-

assay does give many false positives (chemicals that

cause cancer in rodents but not so in humans). However,
it asserts that these false positives may be identified by

consideration of mode of action (Ettlin and Prentice,

2002) and that the high sensitivity at least gives confi-

dence in a negative result (Barlow et al., 2002; Rall,

2000). A few false positives have been identified by

probable mode of action (a-2-lglobulin) but most
modes of action are unknown. False negatives also oc-

cur (Johnson, 2001; Lave et al., 1988), which identify
carcinogenic chemicals as benign, leading to human

exposure and cancers. The only way to eliminate false

negatives would be to classify all chemicals as carcino-

genic, depriving society of many valuable pharmaceuti-

cals and other chemicals. In deciding how to interpret a

positive or negative outcome from a LRB, the decision

maker needs to know the accuracy of the test (Johnson,

2001).
2. Calculations of the accuracy of the rodent bioassay

Defenders of the rodent bioassay, including advo-

cacy groups, offer two principal justifications: (1) all

known human carcinogens cause cancer in rodents and

(2) only 5–10% of all chemicals are rodent carcinogens
(CCHE, 2002; Rall, 2000; Tennant et al., 2001). Un-

fortunately, these two justifications interpret ‘‘cause

cancer in rodents’’ differently. A LRB produces myriad

data with different interpretations (Ashby, 2001; Byrd,

1988; Crump et al., 1999; Haseman et al., 1996;

Johnson, 2000; Tennant et al., 2001). Most discussions

either consider the result positive (i.e., capable of

causing cancer in humans) if any rodent group tested is
a positive or insist that only trans-species carcinogens

are positive (Davies and Monroe, 1995; Fung et al.,

1995; Johnson, 2002; Kodell et al., 1999). In the NTP

data, 22% of chemicals are positive if any positive is a

positive, and 6.8% are positive if only trans-species

chemicals are positive (Fung et al., 1995). Not all

chemicals were tested in both rats and mice, which

lowers the positive rate. Whatever its limitations, this
dataset is representative of how chemicals are actually

tested.

Johnson (2001) lists only 10 known human carcino-

gens among the hundreds of chemicals tested by the

NTP. Only three of the six tested in both species

caused cancer in both; one caused cancer in neither (see

Table 1).
Many known human carcinogens have been tested in
non-NTP lifetime rodent bioassays. (Davies et al., 2000;

IARC, 2002). Of those tested adequately, all were po-

sitive in at least one test, with the possible exception of

arsenic (Tennant et al., 2001). This result says more

about the persistence of toxicologists than about the

ability of a standard protocol to predict human carcin-

ogenicity. Bioassays using strains other than those used

by the NTP give discordant results, i.e., positives in one
system are frequently negative in another (Ettlin and

Prentice, 2002; Fung et al., 1995; Johnson, 1999). Thus,

switching protocols might change which known human

carcinogens are false negatives, but, short of identifying

all chemicals as positive, none is able to eliminate all

false negatives.

Validating the LRB has not been important to the

NTP, since only 10 of the hundreds of chemicals tested
were known human carcinogens. Assessing the accuracy

of the NTP LRB on the basis of 10 chemicals is prob-

lematic, but these are the best data available. Assuming

a positive in any sex/species rodent group is a positive in

humans, 9 of the 10 chemicals were positive, a sensitivity

of 90%. This interpretation still leads to 10% false neg-

atives but more troubling is classifying 22% of the

chemicals tested as positive (Fung et al., 1995). Re-
quiring a trans-species response to classify a chemical as

a human carcinogen, 3 of the 6 chemicals are positive, a

sensitivity of 50%, leading to 50% false negatives. Of all

chemicals tested, 6.8% are positive in both species (Fung

et al., 1995).

To assess the overall accuracy of the NTP LRB, we

must also know its specificity (percent of true negatives

among known human non-carcinogens). Specificity
cannot be estimated directly, because epidemiologic

studies can only give an upper limit on potency, not

prove a lack of carcinogenic effect (Huff, 1999). How-

ever, prevalence puts a lower limit on the specificity,

because the sum of false positives and true positives is

equal to the prevalence: The percentage of false positives

must be less than or equal to the prevalence. If the 133



Table 2

The accuracy of the LRB for predicting human carcinogens assuming

any positive rodent bioassay result is positive (sensitivity¼ 90%,
prevalence¼ 22%, see text) for a 10% prevalence of human carcinogens

Humans ) Humans + Total

Rodents ) 77 1 78

Rodents + 13 9 22

Total 90 10

ig. 1. The probabilities that a chemical is a human carcinogen as a

unction of the percent human carcinogens among the set of chemicals,

iven for positive LRB results (– –) and negative LRB results (- - - -),

ompared to the before-testing probability (—). Scenario is any posi-

ive rodent bioassay result is positive, sensitivity¼ 90%, preva-
nce¼ 22% (see text).

Fig. 2. Same as Fig. 1 except scenario is only trans-species results are

positive, sensitivity¼ 50%, prevalence¼ 6.8% (see text).
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chemicals Fung et al. (1995) used to estimate prevalence

contained no real human carcinogens, the minimum

value for the specificity is one minus the prevalence; and
any real human carcinogens it contained would increase
the specificity. Thus, if the prevalence is 22% (any po-
sitive is positive), the specificity is 78% or higher, and if
the prevalence is 6.8% (only trans-species are positive),
the specificity is 93% or higher. The sensitivity and
specificity of rats towards mice (and mice towards rat)
carcinogenicity are all 70–75% (Johnson, 2001; Lin
et al., 1995). The responses between rodents and humans
are unlikely to be more similar than the responses be-
tween rats and mice (Lave et al., 1988). However, we will
show that even with these possibly inflated sensitivity
and specificity estimates, the LRB has limited value to
regulators.
Without testing, each chemical�s probability of being

a carcinogen equals the percentage of carcinogens in the

group. The information value of a test is the increased

likelihood that a chemical is a carcinogen, given the test

outcomes. Example calculations for the LRB are given

in Tables 2 and 3 and overall results are shown in Figs. 1

and 2. If any positive in a rodent group is considered

positive (Fig. 1), a negative result in the LRB reduces the
initial probability of carcinogenicity by a factor of 8

(e.g., 10/100 before testing reduces to 1/78); a positive

result in the LRB increases the initial probability by a

factor of 4 (e.g., 10/100 before testing increases to 9/22).

For requiring both species to be positive to be consid-

ered positive (Fig. 2), a negative result in the LRB re-

duces the initial probability by a factor of 2 (e.g., 5/100

before testing reduces to 2.5/93); a positive result in the
LRB increases the initial probability by a factor of 7

(e.g., 5/100 before testing increases to 2.5/6.8).
Table 3

The accuracy of the LRB for predicting human carcinogens consid-

ering only trans-species results positive (sensitivity¼ 50%, preva-
lence¼ 6.8%, see text) for a 5% prevalence of human carcinogens

Humans ) Humans + Total

Rodents ) 90.7 2.5 93.2

Rodents + 4.3 2.5 6.8

Total 95 5
F

f

g

c

t

le
3. Discussion

Tables 2 and 3 show a disturbingly large proportion

of incorrect predictions. If we accept any positive as a

positive, the sensitivity appears to be high (90%), but

10% of the human carcinogens are still false negatives.

This assumption implies that at least 22% of chemicals

tested will be positive in the LRB, an implausibly high
number, as well as one that identifies too many positive

chemicals for effective priority setting. For example,
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40% of marketed drugs and food additives are rodent
carcinogens (Davies and Monroe, 1995; Johnson, 2002).

If we define only trans-species results as positive, then

we miss half of known human carcinogens.

The current tests would be better at predicting human

carcinogenicity if toxicologists had focused on that goal.

They would have calculated the predictivity of each test

and examined how best to interpret test results. The key

to developing better tests is validating assays for human
carcinogenicity. The first step is a rigorous examination

of the sensitivity and specificity of each available test for

human carcinogenicity. Judging some tests to be inferior

because they cannot predict rodent carcinogenicity is a

serious mistake (Zeiger, 1998). But the human carcino-

genicity or non-carcinogenicity of too few chemicals is

known (many of the substances listed in IARC Group A

are human viruses, radioisotopes, mixtures, or exposure
circumstances not amenable to testing). The second step

is rigorous epidemiologic studies to add to the list of

known human carcinogens that are available to be tes-

ted in assays. Currently, the majority of epidemiologic

studies for carcinogens are being performed on sub-

stances already known to be human carcinogens

(Karstadt, 1998). More challenging will be to establish

criteria for probable human non-carcinogens, to assess
the specificity of assays directly. The 16 used in the ILSI-

HESI Alternative to Carcinogenicity Testing (van der

Laan and Spindler, 2002) is a good start. We must

identify chemicals to which humans have been exposed

at high dosage over several decades with no indication

of increased cancer incidence. The NTP must determine

criteria for the presumption that a chemical is not a

human carcinogen, e.g., the estimated upper bound of
potency gives less than a 10�6 lifetime risk at a reason-
able maximum exposure. The goal is to develop a vali-

dation set with at least 50 human carcinogens and 50

human non-carcinogens (or carcinogens of very low

potency).

We are under no illusion that epidemiological studies

will be easy, inexpensive, or even conclusive in most

cases (Gori, 2001; Ward et al., 2003). However, the need
for validation is recognized for new assays such as en-

docrine disruption, transgenic assays, and reproductive

toxicity (Ashby, 2001; Reicke and Stahlmann, 2000;

U.S. EPA, 1999; van der Laan and Spindler, 2002). Our

analysis shows an equally urgent need for validation of

the LRB for cancer, as well as other tests that may have

been discarded for lack of agreement with the LRB

(Zeiger, 1998). This can proceed in parallel with the
epidemiologic studies, starting with Group A carcino-

gens, many of which have not been tested in the NTP

LRB or other tests, and continuing with newly identified

human carcinogens and presumed non-carcinogens.

Without validation on human carcinogens, there is no

scientific data supporting the superiority of new car-

cinogenicity tests, such as transgenic rodents.
Collecting new data for validation is preferable to
massaging existing data. Genotoxicity, pharmacology,

site and mode of action have been proposed as alter-

natives to considering only trans-species carcinogens a

human threat (Davies et al., 2000; Ettlin and Prentice,

2002; van der Laan and Spindler, 2002). Applying these

proposals to the 10 known human carcinogens (John-

son, 2001) and the subset of 133 chemicals used to de-

velop the prevalence information (Fung et al., 1995)
would yield different estimates for sensitivity and

prevalence, but cannot escape the inevitable trade-off

between sensitivity and specificity. Expanding the data-

set for validation will cover more types of human car-

cinogens and non-carcinogens, making modifications to

the design and interpretation of all assays more likely to

be applicable to unknown chemicals.
4. Conclusions

What should society do until there is a carcinoge-

nicity test with demonstrated high sensitivity and spec-

ificity? Companies and regulators already recognize the

deficiencies of the LRB and have found other answers.

For example, many identified animal carcinogens con-
tinue to be used in drugs, pesticides and food additives

(Davies and Monroe, 1995; Johnson, 2002; Rakitsky

et al., 2000). Interestingly, the vast majority of these

animal carcinogens were non-genotoxic, indicating that

lack of genotoxicity is being used to cast substantial

doubt on the relevance of rodent carcinogenicity in the

commercialization of new chemicals (Kowalski, 2001;

MacGregor et al., 2000). Quantitative exposure limits
can be calculated for chemicals known to be genotoxic

and assumed, but not known, to be carcinogenic (Fiori

and Meyerhoff, 2002). Until a satisfactory test is found,

chemicals could be regulated as carcinogens if they are

genotoxic, or based on their non-cancer toxicity if they

are not genotoxic.

The fundamental difficulty with screening chemicals

for carcinogenicity has been the lack of feedback, or
incorrect feedback. The failure to validate the NTP LRB

against human carcinogens means that no one knows

the accuracy of this test. Accuracy was assumed to be

high by some toxicologists without data. Many toxi-

cologists were skeptical but had no better alternative.

The problem was compounded by then discarding

theories and other tests because they failed to predict

rodent carcinogenicity.
The small amount of available data suggests that the

NTP LRB produces many false positives and false

negatives. The social cost of three decades of reliance on

the NTP LRB is hundreds of potentially valuable

chemicals that were discarded because they are rodent

carcinogens as well as human exposure to perhaps tens

of chemicals that were not positive in the LRB, but are
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human carcinogens. Toxicology must focus on the goal,
human carcinogenicity, not surrogates. When we have a

set of chemicals with known human carcinogenicity,

toxicology will be able, for the first time, to focus on the

right goal, instead of pouring hundreds of millions of

dollars into tests whose accuracy was unknown and later

shown to be low.
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