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Long-Term Chemical Carcinogenesis
Experiments for Identifying Potential
Human Cancer Hazards: Collective
Database of the National Cancer Institute
and National Toxicology Program
(1976-1991)
by James Huff* and Joseph Haseman*

The carcinogenicity database used for this paper originated in the late 1960s by the National Cancer Institute (NCO) and
since 1978 has been continued and made more comprehensive by the National Toxicology Program (NTP). The extensive
files contain, among other sets of information, detailed pathology data on more than 400 long-term (most often 24-month)
chemical carcinogenesis studies, comprising nearly 1600 individual experiments having at least 10 million tissue sections
that have been evaluated for toxicity and carcinogenicity. Using this data set we have a) deternmned the concordance in
carcinogenic responses between rats and mice to be 74% and between sexes to be 85% (rats) to87% (mice); b) discovered
that using male rats and female mice would have identified correctly 95% of the positive or no evidence chemical car-
cinogenicity results obtained using the more extensive protocol; c) established a historical control file oftumor incidence
data; d) evaluated the false positive rate in the interpretation of carcinogenesis studies, concluding that this rate is pro-
bably no more than 7 to 8%; e) compiled listngs ofchemicals having like carcinogenic target sites for each ofthe 37 organs
or systems for which histopathoo diag s have been recorded routinely;J) demonstrated that evaluation of site-specific
carcinogenic effects are preferable to doing analyses based on overall (all sites combined) tumor rates; g) learned that few
chemicals cause only benign tumors or only liver tumors, the most common target site for chemically induced cancers;
h) identified key sources ofvariability in tunor rates in long-termcarcinogenesis studies; i) asertained that corn oil gavage
or gavageperse exhibits little, ifany, adverse impact on long-term studies;J) showed that the Salmonella multistrain assay
was as good as a battery of four short-term in vitro tests for predicting in vivo carcinogenicity, yet was only 66% concor-
dant with an89% positive predictvity and a55% negative predictivity; k)iN i the reationship between chemically
induced toxicity and chemicaly associated carcinogenicity, finding that few chemicals cause tumors only at the highest
exposure concentration. These (and other) derived compilations are most useful for maintaining a historic and objective
perspective when evaluating the carcinogenicity ofcontemporary experiments and for identifying potential carcinogenic
hazards to humans.

Introduction
Since the introduction ofexposing animals to chemicals in 1918

by Yamagiwa and Ichikawa for detecting chemical carcinogens
(1,2), much has been learned about the relevance of these fin-
dings for possible effects in humans. Likewise, an enormous
amount ofknowledge has been gained over the years on how to
design, conduct, monitor, evaluate, and interpret the data col-
lected from these carcinogenesis studies (3-7). Evaluating
chemicals in laboratory rodents as surrogates for potential human
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health hazards remains the cornerstone for identifying those
chemicals most likely to cause cancer in humans (8-14).
Other than human experience and epidemiological investiga-

tions, long-term studies in laboratory animals are the most
validated and universally accepted means to determine car-
cinogenic hazards to the public health and to the environment
(e.g., 5,6,8-22). The major public health attribute ofthese long-
term chemical carcinogenesis experiments is to allow better risk
assessment (5,9,10) and risk management decisions (23,24) to be
made for reducing, preventing, or eliminating exposures to those
chemicals identified as constituting real risks to humans (25-27).
The findings from these long-term studies assume a major role
in the key first step in the risk assessment-risk management pro-
cess and a contributory part in the second step of the process
(9,23,24) (Table 1).
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National Research Council/National
Academy of Sciences, 1983 (23)
Hazard identification: determination
of whether a particular chemical is
or is not causally linked to par-
ticular (adverse) health effects.

Dose-response assessment: deter-
mination of the relation between
the magnitude of exposure and the
probability of occurrence of the
(adverse) health effects in question.

Exposure assessment: determination
of the extent of human exposure
before or after application of
regulatory controls.

Risk characterization: description of
the nature and often the magnitude
of human risk, including attendant
uncertainty.

Task Force on Health Risk
Assessment, 1986 (24)
Hazard identification: qualitative in-

dication that a substance/condition
may adversely affect human
health.

Hazard characterization: qualitative
and quantitative evaluation of the
nature of the adverse effects, inclu-
ding their expression as functions
of the amount of exposure (dose).

Exposure characterization:
qualitative and quantitative evalua-
tion ofthe degree of human ex-
posure likely to occur.

Risk determination: integration of
these steps into a scientific deter-
mination of the level of risk as a

basis for policy consideration.

As illustrative and important examples ofpreventive medicine,
the International Agency for Research on Cancer (25,28,29)
periodically re-evaluates all those chemicals or agents having
available human data, and these consensus findings and rationale
are published in supplements that contain groupings ofchemicals
and agents considered to be carcinogenic, probably carcinogenic,
or possibly carcinogenic to humans, along with those chemicals
not classifiable or probably not carcinogenic to humans (25).
Similarly, and as mandated by the U.S. Congress, the Depart-
ment of Health and Human Services via the U.S. National Tox-
icology Program (NTP) evaluates the available data and places
chemicals into one oftwo categories: known human carcinogens
and those reasonably anticipated to be human carcinogens (27).
Once these are identified by either ofthese organizations, other
state, national, and international agencies, as well as public and
private interest groups, assess the possible adverse health impact
these agents may have on exposed persons. Various actions may
be taken to reduce or eliminate exposures to the identified
hazard, to locate and study relevant human cohorts for possible
carcinogenicity, and to attempt further studies to better
characterize the identified potential risk to humans (8,10,12,13).

In the middle 1960s and early 1970s, the National Cancer In-
stitute (NCI) initiated an extensive carcinogenesis bioassay
screening program and published in 1976 the first of 200
technical reports (30,31). The NTP continues these efforts, and
about 250 more technical reports have been issued or are in press
(11,32). These data and various subcombinations form the bases
for this overview paper. Parts of this overview come from our
previously reported and published analyses and interpretations.
For readers wanting more details and perhaps larger bibliog-
raphies, please consult the references given at the end of this
paper. Most ofthe papers authored by us or the individual printed
technical reports on the chemical carcinogenesis studies are
available upon written request.
The overriding aim for doing these individual and collective

analyses comes from the never-ending need to more complete-
ly understand the fundamental biological principle that ex-

trapolation ofexperimental and epidemiological findings among
the mammalian kingdom is sound science. The ulfimate value of
these data and resultant interpretations will continue to allow
more knowledgeable public, occupational, and environmental
health decisions.

Materials and Methods
The chemical carcinogenesis data given in this paper come

from the NCI andNTP Technical Reports Series, which describe
the results oflong-term studies in rodents (11,32). Compared to
others who compile information about carcinogenicity of
chemicals, our program is unique in that we design, conduct, and
evaluate our own experiments, whereas others typically record
the results and conclusions made by the various investigators
reporting their data in the literature. Further, and most impor-
tandy, our data and interpretations are peer-reviewed in public
sessions before the technical reports are finalize and made ready
for printing and distribution. In total, the database used for this
paper comprises 379 long-term chemical carcinogenesis studies
involving 1394 individual experiments: male rats, female rats,
male mice, and female mice (5,10).
These toxicology studies are typically carried out using both

sexes oftwo species ofrodents divided randomly into sets of50
to 60 animals per group; a control group and two or three ex-
posure concentrations are graduated down from a carefully
selected top level (3,5,6,11,19,33-35). The species most often us-
ed by the NTP are the inbred Fischer 344 rat and the hybrid
B6C3F, (C3H x C57B16) mouse. Duration of exposure is
generally 2 years (or about 2/3 the life span of these rodent
species). The data, results, evaluations, and interpretations are
peer reviewed in public meetings, and this chemical-specific in-
formation is made available in theNTP Technical Reports Series
(11 )

Results and Interpretative Observations
Long-Term Chemical Carcinogenesis Studies

A continuing evaluation of the NCI/NTP database of long-
term chemical carcinogenesis studies has resulted in a number
ofuseful scientific findings, several ofwhich are summarized in
this section. Nearly 450 chemical-specific studies have been
reported, most often involving groups of male and female rats
and mice exposed to a chemical for 2 years (11,30-32,36,37). The
collated findings are evaluated, interpreted, and presented in
public meetings to a nongovemment peer review panel ofexperts
in chemical carcinogenesis.
Each sex-species experimental grouping is given an overall

level ofevidence ofcarcinogenicity selected from five categories:
two positive levels (clear evidence and some evidence), one
uncertain but not negative (equivocal evidence), one for no
observed response (no evidence), and one for seriously flawed
experiments (inadequate experiment) (38-41).
Roughly one-half of the chemicals induced a positive car-

cinogenic response in at least one of the several experiments
(Table 2). Only 43 of the 313 chemicals (13.7%) studied ade-
quately in male and female rats and in male and female mice
caused cancer in all four experimental groups, and 25 (8.0%)
produced cancer in one or more sites in three of the four ex-
periments (Table 3). These findings will generally cause a

chemical to be placed into the sufficient evidence of car-

cinogenicity category (25,26) and into the group of substances
reasonably anticipated to be carcinogens (27). A prime value of
these results permits identification ofthose chemicals considered

Table 1. Risk assessment: comparative definitions.
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Table 2. Sumnary results from 379 carcinogenicity studies in rodents (49).

Study
result
Positive
Equivocal
No evidence

Totals

By experiment
Male Female Male Female
rats rats mice mice Total
127 107 102 123 459
41 36 35 20 132
183 211 204 205 803
351 354 341 348 1394

By chemical
Rats Mice Overall
146 137 198
48 35 53
162 178 128
356 350 379

Table 3. Carcinogenicity results for 313 chemical studies in rodents (49).'
Proportion
of positive Male Female Male Female Number of studies
studies rats rats mice mice with these results %
4/4 + + + + 43

Subtotals 43 13.7
3/4 + + + -

+ + - + 11
+ - + + 7
- + + + 6

Subtotals 25 8.0
2/4 + + - - 19

+ - + - 2
+ - - + 7
- + + - 2
_ + - + 3
- - + + 23

Subtotals 56 17.9
1/4 + - - - 17

- + - - 4

-
_ + - 9

-
_ - + 8

Subtotals 38 12.1
0/4 - _ - - 151

Subtotals 151 48.2
Totals 313 100

aIncludes only those long-term studies considered adequate in all four sex-
species experiments. Equivocal evidence (or marginal) results are considered
to be between a positive response and no evidence of a response; these results
were placed into the no evidence category.

most likely to be potentially carcinogenic to humans, and thus
epidemiological investigations having adequate cohorts could be
initiated. As an example, the carcinogenicity of 1,3-butadiene
was first determined in animals, and a subsequent epidemio-
logical investigation revealed a positive association between ex-
posure and cancers (8).

Species Correlations
In these studies, similar results are observed in both species

74% of the time, and the concordance between sexes within a
species ranges from 85% (rats) to 87% (mice) (Table 4) (42). To
maintain the important contribution ofhormonal influence on the
carcinogenesis process, we conducted a retrospective evaluation
on this question: For how many of the outcomes would we have
found the same (a simple qualitative yes [+I or no [-]) result if
we had used a reduced protocol ofonly one-halfthe experimental
groups? Using male rats and female mice, the answer was that
96% ofthe chemicals would have been correctly matched to the
positive or negative result of the more extended experimental
protocol (10). Importantly however, 13 chemicals causing single
sex-species positives in either female rats (four) or in male mice
(nine) would have been missed, as would 2 chemicals causing
carcinogenic effects in both female rats and in male mice (Table

Table 4. Intra- and intespecies concordance in carcinogenic responses in 379
chemical carcinogenicity studies in rodents (49).a

% Concordant
Observed response (+/+ or-/-)

Comparison +/+ +/- -/+ -/- responses
Male rats vs. female rats 88 38 16 207 84.5 (295/349)
Male rats vs. male mice 54 54 40 169 70.3 (223/317)
Male rats vs. female mice 70 41 41 169 74.5 (239/321)
Female rats vs. male mice 53 38 42 185 74.8 (238/318)
Female rats vs. female mice 65 28 47 183 76.8 (248/323)
Male mice vs. female mice 88 14 31 206 86.7 (294/339)

Ratsvs. mice 82 40 40 151 74.4 (233/313)
aEquivocal evidence (or marginal) results are considered to be between a

positive response and no evidence ofa response; these results were placed into
the no evidence category.

3). For all 15 chemically associated responses, there were only
single target organs per sex-species (not considering here
equivocal responses), and for only one chemical was the target
site sex-specific (uterus).
The major questions that arise from this retrospective evalua-

tion center on whether using this modified protocal in the future
on the next group of400 equally diverse chemicals would a) per-
mit the same percentage ofcorrect responses and b) allow us not
to miss any potential carcinogenic hazards to humans. While we
contemplate answers to these questions, perhaps one could con-
sider using a modified protocol for certain structural certainties;
that is, if an organization had to study a certain nitrosamine, a
benzidine or anthraquinone dye, or an aniline compound, for ex-
ample, then a modified protocol could be possible. For "un-
known" chemicals, one would be wise to remain with the
historically and currently acceptable paradigm ofboth sexes of
two rodent species.

Historical Control Tumor Data
Although when evaluating long-term chemical carcinogenesis

experiments, the most appropriate control group for comparative
and interpretative purposes is always the concurrent control,
there are instances in which the use ofhistorical control informa-
tion can aid an investigator in the overall evaluation oftumor in-
cidence data. One example is for rare (or uncommonly occur-
ring) tumors; another is for a tumor type that shows a marginally
significant chemically related increase relative to concurrent
controls.
The NTP historical control tumor data file is a "moving win-

dow" of studies conducted within approximately a 4 to 5 year
time period, and it is updated approximately twice a year. Thus,
as new data are entered, the oldest data are removed (but of
course not discarded). Periodically, control tumor rates are
published for informational purposes (43-45).
The extensive NTP database is an important and frequently

used source ofinformation on historical control tumors, and in
some respects differs from others in that a) typically the tumor
diagnoses and therefore incidence data have been verified by
comprehensive quality assurance and pathology review pro-
cedures, b) tumor diagnostic nomenclature and criteria across
experiments and laboratories are consistent, and c) these data
come from one source (albeit several laboratories conduct the
studies and record the initial tumor diagnoses), whereas other
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available tumor databases often come from myriad locations. In
each NTP Technical Report, the relevant historical control tumor
incidence data are given for all tumors showing possible
chemically related effects. Most important are relatively recent
studies carried out at the particular study laboratory. In-
vestigators from industry and other governmental agencies also
frequently request use ofthe historical control database so that
they can better interpret and compare the background tumor data
of their own studies.

False Positive and False Negative Rates
In long-term chemical carcinogenesis studies, approximate-

ly 30 to 40 different tissues or organs are examined for possible
carcinogenic effects in male and female rats and mice. Under
these conditions it is not unusual to find statistically significant
changes in tumor incidence that merely reflect random variabili-
ty. Our database provides a unique opportunity to examine the
pattern and frequency of site-specific tumor incidences, and to
estimate the likelihood offinding statistical differences by chance
alone.
For example, Haseman (46) examined the false positive rate

in NTP studies by deriving a statistical decision rule that close-
ly approximated the complex scientific judgment process used
in the evaluation of these studies. This "rule" (useful as a
guideline, but should not be applied rigidly) is to declare an in-
crease in the incidence in a commonly occurring tumor to be
biologically significant ifthe uppermost exposure level incidence
compared to controls is significantly different at thep < 0.01
level. For an uncommonly occurring tumor (background rate
less than 1 or 2 %), a p < 0.05 increase is typically required.
From this evaluation, the false positive rate associated with this
decision rule was demonstrated to be no more than 7 to 8%, im-
plying that the false positive rate in NTP studies is reasonably
well controlled. Coupled with biological significance, possible
mechanistic relevance, an overall historical perspective, and
public peer review, we believe that false positives results have
been minimized in our program. A more difficult public health
issue that has rarely been considered is the false negative rate
within these relatively insensitive assays. Perhaps this will
receive more attention in the future.
The NTP database is also quite valuable for the study of

statistical decision rules, particularly those that require
knowledge ofthe incidence and variability ofhistorical control
data. Although such rules should not be rigidly applied, as noted
above, these statistical methods may be useful in that they employ
a formal multiple comparisons adjustment to limit the overall
false positive rate. For a discussion of statistical decision rules
that might be used in the evaluation of laboratory animal car-
cinogenicity studies, see Haseman (47).
While attention is often focused primarily on controlling false

positive rates, one must remember that rodent carcinogenicity
studies with only 50 to 60 animals per group are relatively insen-
sitive for detecting weak to moderate carcinogenic responses.
Thus, this insensitivity must also be considered when deciding
how to guard against false negative outcomes. For example, as
mentioned below, we demonstrated that analyses based on overall
(all sites combined) rather than site-specific tumor rates would
have resulted in a marked increase in the false negative rate. That
is, several chemicals showing positive results evaluated using

site-specific comparisons would not have been identified using
total numbers of tumor-bearing animals (48). Thus, the inter-
pretative emphasis should continue to be on site-specific effects.

Site-Specific Neoplasia
Using the NCI/NTP data set we have compiled listings of

chemicals having like carcinogenic target sites for each ofthe 34
organs or systems for which histopathology diagnoses have been
recorded routinely (49). The most common tumor site is the liver
(15% of all experiments) (50), followed in rank order by lung;
hematopoietic system and kidneys; mammary glands; fore-
stomach; thyroid glands; Zymbal glands; urinary bladder; and
skin and uterus (Table 5) (49). These compilations are most
useful for maintaining a historic perspective when evaluating the
carcinogenicity ofcontemporary experiments. Equally impor-
tant, the chemical-tumor-organ connection permits an evalua-
tion ofhow well chemically induced cancers in a particular organ
in one sex or species will predict or correlate with the other sex
or species. Using liver cancers as an example,the overall in-
terspecies concordance is 80%. Likewise, target-site predictions
can be made for chemicals selected for study that may be similar
to those already evaluated; thereby experimental protocols could
be adjusted to allow for example more extensive pathology on
preselected target organs (i.e., serial sections ofthe kidney). Fur-
ther from these observations, one could decide to use two strains
ofmice to evaluate a short-chain chlorinated aliphatic compound
or to study a human carcinogen in a sex-species known to
develop chemically induced tumors in the same site observed in
humans. Structural classes ofchemicals having a propensity for
certain organs can be easily identified from these data. Sex-
species responders to particular chemically induced cancers,
such as the kidney in male rats, can be recognized at a glance.
Like humans, the top 10 sites ofcancer are somewhat different

between the sexes of rodents. Yet when compared among the
mammalian species in general (including humans), the sites and
rankings are remarkably similar (10,12,20,49).

Site-Specific versus Total Tumors
Using a subset of 81 carcinogenicity studies, we evaluated the

issue ofinterpreting the tumor incidence results based on the pro-
portion ofanimals with primary tumors (all sites) or the propor-
tion of animals with malignant neoplasms (all sites) compared
to analyses of site-specific carcinogenic effects (48). Less than
half of the 45 chemicals considered to have induced a car-
cinogenic response in at least one site in one sex-species experi-
ment showed a significant increase in the incidence ofprimary
tumors combined (22 chemicals) or malignant tumors combin-
ed (21 chemicals). Among the 29 chemicals interpreted as not
carcinogenic based on site-specific effects, two showed signifi-
cant increases in overall tumor incidence. Thus, consideration
ofoverall tumors rates seemingly masked several important site-
specific effects, while identifying only two additional chemicals
apparently missed by using site-specific analyses. These latter
two "carcinogenic responses" were not considered to be bio-
logically relevant (48).

In our opinion, at least two major problems are associated with
an evaluation based on overall (all sites) tumor rates: combining
tumor types of varying morphologies and topographies is
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Table 5. Organs/systems most frequently observed in rats and nice with chemically induced site-specific carcinogenic effects from 379 long-term chemical
carcinogenesis studies (49).

Rats Mice Rats and mice
No. positive No. positive No. positive

Site studies Site studies Site studies
1. Liver 44 Liver 86 Liver 104
2. Kidney 28 Lung 23 Lung 30
3. Mammary glands 22 Forestomach 17 Hematopoietic system 29
4. Zymbal glands 18 Hematopoietic system 15 Kidney 29
5. Thyroid glands 17 Circulatory system 11 Mammary glands 27
6. Hematopoietic system 17 Thyroid glands 9 Forestomach 23
7. Forestomach 15 Mammary glands 9 Thyroid glands 19
8. Skin 15 Ovary 8 Zymbal glands 18
9. Urinary bladder 14 Harderian glands 7 Urinary bladder 16

10. Clitoral glands 10 Uterus 7 Uterus or skin 15

biologically unsound and scientifically questionable, and pool-
ing various tumor types reduces study sensitivity for detecting
chemically related increases in site-specific tumor incidences.
Further, most national and international guidelines for studying
chemicals for carcinogenicity in rodents (or in humans) em-
phasize site-specific effects (6). Thus, despite purported advan-
tages ofanalyses based on overall tumor rates (e.g., simplicity;
reducing occurrence of filse positive and perhaps false negative
results), primary emphasis should continue to be placed on site-
specific analyses.

Benign Tumors
The importance and relevance of benign neoplasia in evalu-

ating the carcinogenic potential ofa particular chemical remains
an area ofactive discussion, even though few ifany chemicals on-
ly cause benign neoplasia. To explore this issue we evaluated the
long-term carcinogenesis results for the 143 chemicals reported
by the NTP: 81 of these showed neoplastic responses in one or
more of the 524 sex-species experiments (51). Of these 81
positive studies, 60 (74%) were considered positive based on
malignant neoplasia; 16 (20%) were positive due primarily to
benign neoplasia, but had supporting evidence of malignant
neoplasia in the same organ/tissue; and 5 (6%) were positive
based on benign neoplasia alone. Ofthe 200 chemicals evaluated
by NCI, only 2 were considered to be positive based primarily
on benign tumors.

Thus, only 5 of the 143 chemicals evaluated induced benign
neoplasia alone (3.5 %), and those observed benign neoplasms
are known to progress to malignancy (51,52). Accordingly, we
consider chemically induced benign neoplasia to be an impor-
tant indicator ofa chemical's carcinogenic potential in rodents,
and believe these should continue to be made an integral part of
the overall weight-of-the-evidence evaluation process for iden-
tifying potential human health hazards.

Sources of Variability

A major advantage of an extensive historical control database
is that it allows an examination oftrends in tumor incidence (and
other potentially changeable biological parameters) over time
and within and between laboratories, thereby permitting the
identification of important sources of variability. This informa-
tion is useful in the design of long-term chemical carcinogenesis
studies and may allow the investigator to address what would

otherwisebeconfounding factors in the evaluation and interpreta-
tion ofthe data. Potential sources ofvariability includethe animal
room environment, longevity and survival patterns of animals,
dietary factors, and differences related to pathology (4,53).
For example, we learned that the Fischer 344 rats used in our

program have shown a steady increase in the background rate of
certain commonly occurring neoplasms (e.g., leukemia, and for
certain glandular organs such as pituitary, mammary, thyroid,
and adrenal glands), together with a decreased survival and an
increased body weight (54). A review of slides from early and
relatively recent studies identified possible reasons for these
shifts. (Every slide from every study is kept in a security archives
that allows these historical comparisons and also permits others
to view slides to verify our diagnoses; for at least 10 years after
a study is reported, the tissues and remaining organs from each
animal are retained in case new slides are needed.) The
possibilities include a) changes in histopathology diagnostic
criteria over time, b) changes in the amount oftissue examined,
c) intra- and interlaboratory variability, and d) dietary factors;
i.e., the incidence of certain neoplasms (particularly endocrine
system and mammary gland tumors) are known to be positively
correlated with body weight; differences in protein content in-
fluence kidney lesions in the rat.
A similar investigation in B6C3FI mice (55) did not reveal the

same striking time-related changes as seen in rats. The only
notable change was an increased incidence of pituitary gland
neoplasms in female mice in the more recent studies, which may
have been associated with increases in the amount of pituitary
gland tissue examined. Additional investigation revealed that
liver tumor incidence in mice (particularly in females) was
highly correlated with body weight (53). Another factor that
might have influenced body weight (thereby perhaps indirectly
affecting liver tumor incidence) was a program change in pro-
tocol made in 1984 that resulted in mice being housed individual-
ly rather than in groups (56).
Our investigationofsources ofvariability will likely lead to cer-

tain other suggested changes in experimental protocol or design.
For example, an alternative diet containing (among other
modifications) less proteinandmore fiber is being studied and will
probably beadopted in the near future. This should improve sur-
vival and reduce tumor rates by limiting the weight gain of the
animals, as well as reducing the amount and severity ofprotein-
associated lesions inthe rodentkidney. Wehavealsogainedabetter
understanding ofthe valueand limitations ofhistorical control data
in the overall assessment oftumor incidence (mentioned earlier).
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Routes ofExposure

The optimum route of exposure for chemical carcinogenicity
experiments should be one that most closely mimics the major
human exposure route; this is not always possible, but the attempt
should be made. Historically, chemicals have been administered
by a single route ofexposure: usually in the feed (60% ofthe time
for the data base ofthe nearly 400 studies we evaluated), but also
by oral intubation (27 %), by inhalation (5 %), by application to
the skin (3 %), by intraperitoneal injection (3 %), or in drinking
water (2 %) (10). Intubation is generally used for administering
unstable, volatile, or reactive chemicals. Microencapsulation is
a newly developed technique for administering these agents in
feed and will generally be used to replace the gavage technique
(57,58). This database permits an evaluation of the possible ef-
fects of route of administration on carcinogenic response.

Since oral gavage frequently employs corn oil as the vehicle,
a question ofparticular interest was whether or not corn oil af-
fects tumor incidence. To answer the question, a comparison was
made oftumor rates in untreated (or basal diet) controls and corn
oil gavage controls, taking into account any interlaboratory
variability and time-related trends. Haseman et al. (44) found
that corn oil has no apparent effect on tumor incidence in male
and female B6C3F, mice or in female F344 rats. In male F344
rats, however, corn oil was associated with a decreased incidence
ofmononuclear cell leukemia from approximately 27 to 14% and
an increased incidence ofacinar cell tumors ofthe pancreas from
approximately 0.2 to 4.4%. These changes appeared related to
corn oil rather than to the gavage technique itselfbecause con-
trols from gavage studies using water as the vehicle showed a
tumor response for leukemia and pancreatic acinar cell tumors
similar to that observed for untreated basal diet controls. In-
terestingly, acinar cell tumors ofthe pancreas were not affected
uniformly because contemporary controls administered corn oil
from the identical batch did not show similar increases. Further,
ifthe two control groups with the largest average body weights
are removed from the analysis, the difference for pancreatic
tumors between basal and corn oil controls is no longer sta-
tistically significant.
A long-term study was designed to evaluate the influence of

various levels of corn oil and of select other oils (sesame seed,
sunflower seed, and tricaprylin) on the carcinogenic potential in
F344 rats. Preliminary results strongly confirm both of the ef-
fects noted above. Our increased understanding ofthe impact (or
in most cases, the lack of impact) ofcorn oil gavage on tumor in-
cidence increases our confidence in the interpretation of studies
using corn oil as the vehicle (and gavage as the route of ad-
ministration). These results may also have implications concer-
ning possible dietary changes to increase the survival ofF344 rats
(leukemia is the leading cause of death in these animals).

Predicting Carcinogenicity with Genetic
Toxicity Assays
Four widely used in vitro genetic toxicity assays mere evaluated

to determine their individual and collective concordance with the
carcinogenicity of a number of chemicals. The end points and
short-term assays were mutagenesis in Salmonella typhimurium
and in mouse lymphoma cells and chromosome aberrations and
sister chromatid exchanges in Chinese hamster ovary cells. The

Table 6. Pattern of short-term in vitr test results and long-term in vivo
carcinogenesis reults for 114 chemicals.

Short-term in vitro test and results Rodent carcinogenicity results
SAL ABS SCE MLA Positive Negative

4/4 + + + + 22 3
Subtotals 22 3

3/4 + + + - 0 0
+ + - + 2 0
+ - + + 4 1
- + + + 8 6

Subtotals 14 7
2/4 + + - - 0 0

+ - + - 0 0
+ - - + 2 0
- + + - 2 3
- + - + 0 0
- - + + 7 12

Subtotals 11 15
1/4 + - - - 2 0

- + _ 1

_ _ + 3 1
- - - + 3 6

Subtotals 9 8
0/4 - - - - 11 14

Subtotals 11 14
Totals 67 47

Abbreviations: SAL, Salmonella typhimurinum; ABS, chromosome aberra-
tions (CHO cells); SCE, sister chromatid exchanges (CHO cells); MLA, mouse
lymphoma.

original investigation with 73 chemicals (59) has been followed
up with an additional 41 chemicals (60-63).

Results from both studies were similar and are summarized in
Table 6 for the combined 114 chemicals. Salmonella performed
best among the four short-term tests, achieving a 66% (75/114)
concordance, an 89% (32/36) positive predictivity, and a 55%
(43/78) negative predictivity of carcinogenicity. Chromosome
aberrations also showed a significant association with rodent car-
cinogenicity, but none was observed for the sister chromatid ex-
change or mouse lymphoma assays.
Although the performance of individual short-term tests was

ofinterest, the primary focus ofthe investigation was whether the
performance of individual short-term tests for predicting car-
cinogenicity could be improved by using a battery oftwo or more
tests. Importantly, these data demonstrate, at least for these
assays and for this particular 114 chemical data set, that there was
no evidence ofcomplementarity among the four short-term tests,
and no combination constructed from these assays improved
substantially the performance over the Salmonella multistrain
assay alone.
These results led our program to adopt Salmonella as the

primary in vitro short-term assay to identify mutagens. Use ofthe
three other short-term tests noted above has been curtailed. The
NTP is now evaluating in vivo tests for chromosome aberrations
and micronuclei as a possible means of predicting or confirm-
ing in vitro mutagenicity and in vivo carcinogenicity.

Chemical Toxicity and Carcinogenicity
The possible interrelationships between toxicity (histo-

pathological observations), genotoxicity (i.e., Salmonella), and
chemical carcinogenicity in laboratory rodents was investigated
using information obtained and reported from 2-year studies in-
volving 99 chemicals (64). Although target organ toxicity and
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carcinogenicity occurred together in some studies (particularly
for the nasal cavity and kidney), many chemicals produced carcin-
ogenic effects in organs showing no evidence oftoxicity, and con-
versely, toxicity was frequently observed in organs showing no
chemically related carcinogenic effects. The data suggested that
only 7 ofthe 53 chemicals causing cancer in at leastone organ of
one sex ofone species exhibited the types oftarget organ toxicity
that might have been the cause of all the observed carcinogenic
effects.
Of the 127 positive sex-species experiments that used multi-

ple doses, 54 (43%) produced statistically significant increases
in tumor incidence only at the top dose. However, in78% (42/54)
ofthese experiments the incidences of site-specific tumors in the
lower-dose groups were also numerically elevated relative to
controls and were considered to be biologically relevant. Thus,
only 9% (12/127) of the carcinogenic effects appeared to reflect
a "high-dose only" response. Moreover, no apparent difference
in mutagenicity as measured by the Salmonella assay was observ-
ed between high-dose only carcinogens and the entire set of
chemical carcinogens. In a subsequent correlational analyses of
an additional 31 chemicals, the results substantiate those sum-
marized above (65,66).
Although cell proliferation and its possible impact on car-

cinogenic response were not assessed directly, these results never-
theless suggest that only a relatively small percentageofchemical
carcinogens can be identified as possibly acting through an in-
direct or secondary mechanism. Thus, any attempt to develop
generic regulatory policy for chemical carcinogens based solely
on the use of2-year rodent studies to differentiate between "pri-
mary" and "secondary" carcinogens will likely be ineffective
and/or inaccurate unless specifically backed by relevant
mechanistic studies (64).
Melnick (67) evaluated the available information on the in-

fluence ofcell proliferation (or mitogenesis) on the carcinogenic
process in rodents. Although cell proliferation has long been
known to have a role in chemically induced tumor development,
Melnick (67) concluded that a correspondence between sustained
cellular proliferation and carcinogenic response has notbeen de-
monstrated adequately to support the hypothesis that chemically
induced cell proliferation causes liver cancer. Further, theproli-
ferative response resulting fromexposuretomany "nongenotoxic
" carcinogens is not at all well sustained, yettheelicitationofacar-
cinogenic response by these chemicals often requires aprolong-
ed exposureduration. Thus, muchmore research needs tobe ac-
complished before any basic axiomsabout this important issuecan
be established (68).

Deductive Conclusions
Long-term chemical carcinogenesis studies mustbe properly

designed, adequately conducted and monitored, subjected to
multi-tier pathology diagnoses review, and objectively evaluated
and interpreted. In addition to having these essential scientific
characteristics, NTP studies undergo a unique peer review pro-
cess that is conducted inopenandpublic sessions. Inourview, this
makes the findings and results from these long-termchemical car-
cinogenesis experiments even more useful and valuable for iden-
tifying potential carcinogenic hazards to public health. In addition
toalertingus topossibly new chemical concernsandsubstantiating
epidemiological observations, the collective data are valuable and

useful fora myriad ofother scientific purposes. Some have been
given in this paper. Others used or developed by us have been
publishedorareatvarious stagesofbeing published. Inoneman-
neror anothermost ifnot all allow us to bring further knowledge
toand support for increasing confidence in extrapolating results
from animals to humans. The knowledge extends from the clear
awareness that all of the chemicals known to induce cancer in
humans also cause cancer in adequate long-term animal studies
(8,10,12) tothe increasing awareness thatoncogene activation pat-
terns inhumanandanimaltumors are stikingly similarand repre-
sent evolutionary conservation (e.g., 69-71 ).

In our opinion, the data from these studies together with our
experience over the years permit us to make the following con-
clusions (not given in any particular order):

1. Carcinogenicity findings from experiments in laboratory
animals are logical and scientifically reasonable for iden-
tifying and predicting potential carcinogenic effects to
humans.

2. Most chemicals are not carcinogenic.
3. Chemicals considered to be carcinogens may differ

significantly with regard to the strength ofthe induced car-
cinogenic response, and for practical purposes can be divid-
ed into qualitative groups based on empirical indicators of
potency, i.e., exposure concentrations, number ofpositive
experiments, multiplicity oftumor sites, numbers oftumors
per site, common versus uncommon tumors, site cor-
respondence across sexes and species, magnitude of in-
cidence rates, dose response patterns, latency, metastases,
preneoplastic lesions (see Table 3 for examples).

4. Malignant and benign tumors ofthe same site and/or type
should be combined for interpretation. However, combin-
ing biologically unrelated tumors for statistical evaluation
should be avoided.

5. Benigntumors inducedby chemicals are relevantforjudging
carcinogenicity; few chemicals produce only benign tumors.

6. Site-specific tumor analyses should be used for determin-
ing carcinogenic effects.

7. Liver tumors are appropriate and valid for identifying
chemical carcinogens and for determining potential cancer
hazards to humans.

8. Cellular toxicity and resultant sequelae are not uniformly
associated with chemically induced carcinogenicity. Many
chemicals produce carcinogenic responses in organs show-
ing no evidence of toxicity, and, conversely, toxicity fre-
quently occurs in organs exhibiting no chemically related
carcinogenic effects.

9. Most chemical carcinogens do not cause cancer only at the
highest exposure used.

10. Mechanisms of action are not yet considered to be under-
stood well enough to become significant factors in the
evaluations ofchemically induced carcinogenesis, but cer-
ainly all relevant biologic information (oncogene activation
and tumor suppressor genes, pharmacology and phar-
macokinetics, hormonal influences, andDNA damage and
repair, among others) should be considered when deciding
a single level of evidence of carcinogenicity.

11. Cell replication (proliferation, mitogenesis) is an important
factor in chemical carcinogenesis, yet scientific data do not
sustain the hypothesis that enhanced cellular proliferation
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in a particular organ associates consistently with an in-
creased induction of neoplasia.

12. The route ofexposure has little or no effect on the inherent
carcinogenicity ofa chemical, although the specific sites of
carcinogenicity may vary with the route ofadministration
used.

13. Corn oil has little or no influence on whether or not a
chemical is or is not a carcinogen.

14. Interspecies concordance in carcinogenic response is good,
yet at least two species should in most cases continue to be
used for identifying chemical carcinogens.

15. Salmonella mutagenicity has a relatively low concordance
with rodent carcinogenicity.

16. Cage location and related factors have no important impact
on chemical carcinogenicity.

17. Chemical structure in general does not allow for cancer
prediction in rodents or humans.

18. False positive rates associated with evaluating chemically
induced carcinogenic effects in rodents are low. Unfor-
tunately, little is known about the false negative rate, which
is of more importance to public health.

In conclusion, much has been learned from these largely
observational studies that permits us to make the above state-
ments, all ofwhich are based on the data and facts garnered from
the extensive chemical carcinogenesis database developed in se-
quence by the National Cancer Institute and by the National Tox-
icology Program. This database is unique in the sense that not
only is it the single largest available collection of program-
generated chemical carcinogenesis facts and figures, but it is
perhaps the only system containing carcinogenesis (and other)
data obtained from experiments that have been conducted and
evaluated using a reasonably consistent core ofdesign protocols,
histopathological diagnostic criteria, and interpretational
guidelines (all of which have been established and honed by us
over the years to keep reasonable pace with new and relevant
scientific advancements).
Another unique character of our data collection and com-

plementary pathology archives of tissue specimens and histo-
pathology slides is that we make the original data and slides
available to others to use in any way they wish. We also invite
individuals and organizations to study and scrutinize the raw
data and tissue specimens and sections that represent the ac-
tual experimentally generated information sources of the
database.

Staff consistency and balanced scientific standards, together
with a public peer review process and a keen awareness of the
public health ethos must also be considered unique, desirable,
and supportive of the value of this particular data collection.

We thank and dedicate this paper to David Rall, who has recently retired from
the U.S. Public Health Service after an exemplary career as a physician and scien-
tist. We appreciate his leadership, his public health and environmentally oriented
conscience, and his beliefand practice that good research comes from good scien-
tists who not only must be supported but who must also be allowed to pursue their
research efforts unencumbered and with resolute freedom.
We also thank Jef French and Chris Portier for reviewing this manuscript and

for offering valuable suggestions. Donna Mayer was most helpful throughout the
preparation of this paper.
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