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Preface 

Toxicology, the science of poisons and poisonous ac- 
tivities, is an applied science. It describes chemical 
and biological interactions that have acute and 
chronic health-threatening effects, particularly on hu- 
mans. It aims at quantifying these effects in order to 
detect, treat, and possibly prevent any damage. Thus, 
this discipline is challenged to make a significant sci- 
entific contribution to preventive medicine. ("The ul- 
timate goal in medicine is to achieve to die young as 
late as possible," E. Wynder.) This was not always the 
case. The Greek words for bow and medicinal drug 
are "toxon" and "pharmakon';  hence, arrow poison 
is "toxon pharmakon." The historian Herodotus used 
the word "toxikon" for poison arrow. Combining this 
with "logos" for science gives the term "toxicology." 

The study of poisons was an aspect of many an- 
cient cultures (e.g., Egyptians--cardiac glycosides; 
Chinese--opium alkaloids; Incas--coca and stry- 
chnos alkaloids; Greeks--hemlock), and toxicology 
thus was descriptive and empirical. In contrast, mod- 
ern toxicology, with an emphasis on mechanisms of 
action and toxicokinetics, is a fundamentally new sci- 
ence that is influencing medicine and greatly improv- 
ing society. The 1990s particularly have seen a rapid 
expansion of knowledge regarding the biological ba- 
sis of toxic reactions in response to exposure to xeno- 
biotics. Molecular and cell biology have revealed a 
wealth of information on cellular mechanisms, such 
as signal pathways, as well as an increasing under- 
standing of the consequences of loss of these controls. 
Emerging techniques, such as the use of transgenic 
animals, promise to stimulate continued progress. 
However, while toxicology has developed beyond de- 
scribing reactions to compounds and is increasingly 
successful in unraveling the cellular and molecular 
bases of such reactions, the methods and practices of 
health risk assessment are mostly underdeveloped 
and have made little specific use of the mechanistic 

approaches to toxicology. Nevertheless, the ultimate 
goal of toxicological research is to provide a rational 
basis for judgments with regard to the potential 
health hazards of chemical exposure for humans and 
the environment. Because risk assessment is a process 
that has an impact on society at large, it must be based 
on a foundation as sound as possible, and the lack of 
incorporation of mechanistic insights, which in addi- 
tion are often rather weak  must be of utmost concern 
to all toxicologists. 

Toxicology is one of the few scientific disciplines 
that increase our knowledge in ways that might find 
major and often immediate public responses. The 
fears of chemical hazards to human health and the 
environment are important public issues--at  least in 
our highly industrialized societies. The fear of chemi- 
cals is not new. As Pliny the Elder commented in the 
first century BC: "We use so many poisons to adjust 
the wine to our tas te- -and then we wonder why this 
does not do us any good." However, the massive 
"intrusion of chemistry into the human habitat" can 
no longer be denied. It forces us to confront the issue. 

In future history books, the second half of the 20th 
century will be recorded as the era of synthetic chem- 
istry. Beginning in the 1940s, we witnessed an explo- 
sive development of new industrial technologies and 
an integration of synthetic chemicals into our personal 
lives. In the United States alone, almost 600,000 chem- 
ical products are in use. About 70,000 of these prod- 
ucts surround us daily, and the numbers are rising 
continuously. These substances have qualitatively and 
quantitatively different effects that may threaten our 
health. Initially, this type of chemistry was viewed 
positively as a benefit to our lives. Society has become 
more suspicious, however, due to wake-up calls such 
as Rachel Carson's book The Silent Spring (1962). Al- 
though people in the industrialized parts of the world 
enjoy much longer and qualitatively richer lives, the 
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public no longer sees science and technology only as 
valuable allies; rather, they view them, at least in part, 
as enemies of nature. 

Public pressure has led to strict legislation with 
respect to chemical exposure, both in the environment 
and in the work place. Naturally, we all should wel- 
come this development and demand that human wel- 
fare and the environment be protected. However, it is 
also uncontested that industry must be encouraged to 
invest in research to develop new materials and prod- 
ucts that will be beneficial to all of us. The toxicologi- 
cal risk assessment--the evaluation of risks to human 
health and the environment from exposure to chemi- 
c a l s - i s  more and more a matter of sitting on the 
fence between these two postulates; it also stands on 
shaky scientific ground. On the one hand, chemical 
analytical techniques are capable of determining uni- 
maginably small trace amounts of most chemicals, 
both synthetic and natural. The analytical results are 
often linked to symptoms induced by large doses of 
the respective compounds--without  considering that 
analytical data and disease-related doses possibly dif- 
fer by several orders of magnitude. Without such 
quantitative considerations of effect and risk assess- 
ment, however, the analytical findings are meaning- 
less. On the other hand, toxicology does not always 
keep pace with advances in analytical technology. De- 
spite huge gains in knowledge during the 1990s, it is 
unquestionable that, despite impressive progress, 
both our understanding of the mechanisms of toxicity 
and particularly our ability to assess risks quantita- 
tively are very limited. 

One can certainly quarrel over whether the increase 
in the use of chemicals--cosmetics, laundry deter- 
gents, food preservatives--is necessary, but this de- 
bate is irrelevant. These products are part of our lives 
and will stay with us into the forseeable future. The 
responsibility of toxicology is to ensure that humans 
are not subjected to unnecessary risks through expo- 
sure to these chemicals. 

The foundation of toxicology is and will be for the 
forseeable future animal experiments that can point 
out potential hazards for the purpose of preventive 
health protection. For years, alternative methods have 
been advocated to replace intact animals by applying 
test systems other than intact organisms. However, 
these methods are valuable tools for special studies, 
but nothing more. The development of defined breeds 
of laboratory animals, as well as methods for their 
maintenance, has made it possible to carry out repro- 
ducible experiments. This must be viewed as the real 
beginning of experimental toxicology. 

The most important principle of toxicology is the 
realization by Paracelsus that there are no toxic sub- 
stances, only toxic dosages (applications) of com- 

pounds. In his third Carinthian Defence, Paracelsus 
made it quite clear that poison cannot be defined as a 
substance per se; rather, the same substance might be 
both poisonous and nonpoisonous: "Only the dose 
determines when a thing is not a poison." According 
to Paracelsus, we should define poison as a mecha- 
nism of action that is associated with both the chemi- 
cal compound and the dose. Toxicologists are there- 
fore confronted with the fact tha t - -wi th  exception of 
genotoxic compounds- -any  chemical is toxic above a 
certain threshold concentration (even 100 g of sodium 
chloride may be deadly), but not toxic at all below a 
threshold. This problem can only be solved by care- 
fully analyzing the underlying mechanisms of action 
and the conditions that lead to toxicity. Threshold 
concentrations such as the no adverse effect level 
(NOAEL) are derived from toxicological investiga- 
tions and, under the consideration of factors of 
(un)certainty, lead to human exposures that are toler- 
able from a toxicological point of v iew-- tha t  is, 
threshold values or guidelines such as the accepted 
daily intake (ADI). 

The priority of modern toxicology is the detection 
of possible health hazards caused by the contamina- 
tion of water, soil, air, and food. This poses especially 
difficult problems, as we are dealing here with biolog- 
ical activities of substances present in minute quanti- 
ties. Initially, toxicology treated cases of acute poison- 
ing after relatively high levels of exposure (Orfila, 
1814). The clinical picture is characterized by more or 
less typical symptoms, a characteristic course of dis- 
ease, and an obvious chronological relationship be- 
tween intake of a compound and beginning of the 
disease; the effects are to a large extent reversible and 
the threshold values described above are applicable. 
Since the 1950s, toxicology has been mainly concerned 
with assessment and treatment of chronic intoxication 
and long-term effects of exogenous substances taken 
up in trace amounts. This development is due mainly 
to the identification of a new type of toxic effect, 
namely, the interaction of chemicals with genetic ma- 
terial. 

The damage caused by these genotoxic effects-- 
mutagenicity and carcinogenicity--is to a large extent 
irreversible and possibly occurs even with exposure 
to minute concentrations. The (often only theoretical) 
possibility that long-term exposure to minute doses 
might induce cancer has caused public fear and uncer- 
tainty. However, we all know very well that chemi- 
cals are acutely poisonous in high doses. 

1. Five of 100,000 children die every year from acci- 
dental poisoning, especially from household 
chemicals. This risk is commonly accepted. 

2. Most of our fellow citizens, however, are afraid of 
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a 1:1,000,000 risk (probability), if it exists at all, of 
developing cancer from exposure to asbestos in 
schools and demand a "cleanup," although it is 
exactly this measure that may cause the real asbes- 
tos threat. 

Assessing the potential dangers of carcinogens is 
especially difficult. Presumably, there are multiple 
reasons that a normal cell may be transformed into a 
cancer cell. The underlying mechanisms of action are 
mostly unknown, and the test assays are inadequate 
in many ways. Nevertheless, there are certain basics 
of risk assessment. According to Paracelsus, exposure 
to concentrations below a threshold value is harmless. 
At present, such threshold values cannot be defined 
for carcinogens that interact with genetic material. 
Here, the experimentally unproven principle of sto- 
chastic effects is valid. It says that the probability of 
damage by a foreign compound declines with de- 
creasing concentrations but will never be zero as long 
as a single molecule is still present. However, for a 
large number of nongenotoxic carcinogens in our en- 
v i ronmentnsuch  as saccharin or some chlorinated 
hydrocarbons--there is no reason that we should not 
follow the rule of Paracelsus. We can no longer watch 
passively as it is declared reasonable that test results 
obtained with exorbitantly high dosages are extrapo- 
lated to the ppb or ppt range (1 part per billion or 
trillion) of normal environmental concentrations 
(comparable to a cube of sugar dissolved in Lake 
Geneva, Switzerland). If the one molecule hypothesis 
of carcinogenesis were correct, we all would be dead 
from cancer at an early age: Natural carcinogens occur 
normally in food at levels 10,000 times higher than 
those of residues of synthetic chemicals, and carcino- 
gens are produced in food by ordinary cooking pro- 
cedures. Furthermore, each cell normally contains 
elements that are carcinogenic, such as arsenic, 
cadmium, and uranium. Obviously, the toxicological 
assessment of both the chemicals and the specific sit- 
uations in which humans are exposed to chemicals 
requires expert knowledge and great experience. The 
simple extrapolation of data from animal experiments 
to humans without considering the differences be- 
tween species and mechanisms of action and without 
considering dose-response relationships inevitably 
leads to great uncertainties. "Extrapolation is more 
than using carbon paper" (A. F. Rahde). The assess- 
ment of the health risks from the exposure to chemi- 
cals must be based on established scientific knowl- 
edge. We can no longer tolerate irrationality when 
dealing with chemicals. Chemophobia, which is so 
much in the limelight, is often far from scientific real- 
ity: "Alarm is sounded long before it is clear what 

exactly we must be warned abou twand  those who 
paint the gloomiest pictures are trusted the most" (H. 
Riidiger). 

Humans are exposed to xenobiotics when using 
compounds with both beneficial and toxic effects 
(drugs) or to chemicals that have only toxic potentials. 
Xenobiotics generally show dose-dependent toxicity. 
The huge diversity in the use of and exposure to these 
potentially toxic xenobiotics has resulted in the coop- 
eration of scientists from many disciplines with inevi- 
tably differing approaches. Thus, the study of toxicol- 
ogy can be divided into various fields, such as food, 
occupational medicine, environmental studies, and 
drug development. 

Experimental toxicology collects data that are partly 
descriptive, but which also contribute to an under- 
standing of the mechanism of the toxic effects ob- 
served. Thus, toxicological studies are performed not 
only in laboratories of the chemical and pharmaceuti- 
cal industries, but also in research institutes con- 
cerned with biochemistry, physiology, pharmacology, 
cell biology, and pharmaceutical research. 

Regulatory toxicology assesses the results of toxico- 
logical investigations with regard to the potential risk 
to humans and the environment. The existence of reg- 
ulatory toxicology has resulted in the establishment 
of a large number of standardized or core study pro- 
tocols. The quality of the data generated is maintained 
and guaranteed by the implementation of GLP (good 
laboratory practice) rules and the certification of the 
relevant laboratories by the responsible authorities. 
Standardization and the transparent documentation 
of the methods, animal strains, cell lines, and bacterial 
strains used are necessary to guarantee comparability 
of the data. Regulatory toxicology estimates the po- 
tential risk of exposure to xenobiotics of humans or 
the environment. Often only animal data are available 
for extrapolation to define an acceptable safety margin 
for public health. Risk represents the probability that 
a given xenobiotic will induce adverse effects or even 
severe damage; it is the reciprocal of safety. In other 
words, safety corresponds to the expectation of an 
acceptable risk under specified exposure conditions. 
The acceptable risk, however, must be defined on a 
case by case basis. 

Thus, for example, an extremely toxic xenobiotic 
handled in a well-controlled manner will be less dan- 
gerous than a moderately toxic material released 
without appropriate control or assimilated in an un- 
controlled manner. The assimilation of the material is 
a function of the exposure route and the physico- 
chemical properties of the compound, which will 
have a major effect on the amount of compound ab- 
sorbed and the exposure time. Toxicokinetic studies 
provide information about bioavailability, distribu- 
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tion to target organs, metabolism, and elimination. 
Investigation of the metabolism of a compound can 
give valuable insights into the mechanism of toxicity, 
such as in the case of the hepatotoxicity of acetami- 
nophen or the porphyrinogenic effect of lead. 

When toxicology is considered in depth, it becomes 
clear that the old concept of "toxicology is the phar- 
macology of high doses" is incomplete. In contrast, 
numerous actions and methods employed in toxicol- 
ogy have no relevance in pharmacology, examples 
being mutagenicity and carcinogenicity. These actions 
are, however, of the utmost importance in evaluating 
new chemical entities before their human exposure 
can be considered. 

As a rule, the effects of xenobiotics are a function 
of dose, duration, and frequency of exposure. Toxicol- 
ogy discriminates among four categories of exposure, 
independent of the route of administration: (i) acute, 
(ii) subacute, (iii) subchronic, and (iv) chronic. Acute 
uptake indicates a single exposure lasting less than 24 
hours, whereas the other categories describe repeated 
administrations. A subacute exposure describes re- 
peated administrations of up to 28 days. Subchronic 
exposure reflects repeated administrations between 1 
and 3 months. Exposure for more than 3 months is 
designated chronic. 

Symptoms observed after repeated exposures may 
differ substantially from those observed after a single 
dose. For example, acute benzene exposure results in 
effects on the central nervous system, whereas leuke- 
mia is the prominent adverse event after prolonged 
exposure. Another well-known example is ethanol 
(ethyl alcohol, or alcohol), which after a single over- 
dose mainly shows central nervous effects, for in- 
stance, disturbance of movements, euphoria, and un- 
consciousness, in addition to nausea, vomiting, and 
even death. Chronic abuse of alcohol results in liver 
cirrhosis, polyneurophathia, liver cancer, and addic- 
tion. Furthermore, symptoms resulting from acute 
toxic effects may be delayed, being observed only af- 
ter several days, such as in the case of acetaminophen 
intoxication. This time lag can result in an acute intox- 
ication being underestimated or even not being rec- 
ognized by a practitioner. 

Test strategies and requirements vary considerably 
according to the intended use of the compounds un- 
der consideration, whether for human use (e.g., drugs, 
food additives, and cosmetics) or bulk industrial pro- 
duction. Regulatory authorities have well-defined tox- 
icological requirements for both classes of com- 
pounds. 

Repeated or continuous exposure to xenobiotics 
may result in tolerance, that is, reduced effects due to 
prior exposure to the same or a chemically related 

compound. There are two possible causes of tolerance: 
the target organ is presented with a less toxic metab- 
olite of the parent compound following modulation 
of metabolism, or the susceptibility of the target organ 
is reduced. The detailed mechanisms for these phe- 
nomena often need to be elucidated. Tolerance is ob- 
served for both drugs and other xenobiotics such as 
carbon tetrachloride. In the latter case, the trichloro- 
methyl radical, the reactive metabolite responsible for 
hepatotoxicity, is formed to a lesser extent after re- 
peated exposure. The heavy metal cadmium provides 
another example. Repeated uptake results in the in- 
duction of a cadmium-binding protein called metal- 
lothionein. As long as the concentration of free cad- 
mium ions is practically zero, the symptoms of 
cadmium poisoning generally remain absent. 

A further aspect of the toxicity of a compound is 
its reversibility, as shown by two classes of insecticides, 
carbamates and alkylated phosphates. For example, 
carbamate intoxication leads to reversible inhibition 
of acetylcholinesterase activity; however, the enzyme 
is reactivated after a few hours. In contrast, alkylated 
phosphates bind irreversibly to the same enzymes. 
The symptoms are identical in both intoxications. 
However, in the latter case, the acetylcholinesterase 
cannot be reactivated, and de novo erythropoesis is 
necessary. Consequently, the symptoms will persist 
much longer in the case of alkylated phosphate intox- 
ication and therapeutic measures must be substan- 
tially different. 

The interaction between two or more compounds 
can play an important role. Interaction can result in 
either an increase or a decrease in the toxic effects of 
a compound. A toxic effect is additive if, after simulta- 
neous administration of two or more xenobiotics, it is 
the sum of the individual effects; this occurs, for ex- 
ample, after exposure to two different organophos- 
phates. A synergistic effect will produce more severe 
symptoms than would be expected from the toxicities 
of the individual compounds; this is observed in the 
hepatotoxicity of carbon tetrachloride when it is given 
in the presence of ethanol. Potentiation occurs when a 
compound showing little or no toxicity markedly in- 
creases the toxicity of a second compound. As an ex- 
ample, isopropanol alone shows no hepatotoxicity; 
however, co-administration of isopropanol and car- 
bon tetrachloride provokes hepatotoxic effects much 
more severe than would be expected from carbon tet- 
rachloride alone. 

Two compounds can interact to antagonize one an- 
other's effects. This phenomenon is the basis of anti- 
dote therapy. If two compounds counteract one an- 
other with regard to physiological effects, but not 
necessarily by the same mechanism of action, a func- 
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tional antagonism is involved. For example, several 
classes of compounds induce convulsions, which are 
antagonized by diazepam, but diazepam does not 
necessarily compete for the same binding site or re- 
ceptor as the convulsant. Chemical antagonism occurs if 
a well-defined chemical reaction inactivates the toxic 
xenobiotic. Dimercaprol (British Anti-Lewisite, BAL) 
chelates arsenic, lead, and mercury ions, producing a 
nontoxic metal complex. By this simple chemical re- 
action, the chelating agent withdraws the toxic metal 
ions from the target organ and facilitates excretion. 
Competition for bonding to the same receptor is 
called receptor antagonism; an overdose of morphine 
can be antagonized by naloxone, and an overdose of 
benzodiazepam by flumenazil, as in each case both 
compounds are competing for the same receptor. In 
practice, however, the antagonist must be shown to 
have no deleterious pharmacodynamic effect. An an- 
tidote acting through a receptor antagonism does not 
necessarily compete with the xenobiotic directly. At- 
ropine can be used to treat organophosphate poison- 
ing, which causes accumulation of the neurotrans- 
mitter acetylcholine, by blocking the acetylcholine 
receptor. 

As a result of developing strategies in drug re- 
search, such as combinatorial chemistry and high 
throughput screening (HTS), toxicology has devel- 
oped an additional focus, involving mainly mechanis- 
tically oriented in vitro screening. These new pharma- 
cological screening strategies allow the testing of 
several hundred thousand new chemical entities each 
year per laboratory. Consequently, an increasing de- 
mand for new test systems for use in early qualitative 
decision making in the development of new chemical 
entities can be expected. These screening systems will 

probably be focused mainly on mechanistically ori- 
ented toxicology with clearly defined target organs. 
Predictive in vitro toxicology should fulfill at least five 
criteria: 

1. Target-related toxicity should correlate with the 
structure of the compounds and potential effects, 
for example, organ toxicity or metabolic effects. 

2. Prediction of targets for epigenetic risk factors for 
carcinogenicity should be achieved. 

3. A good correlation between results from in vitro 
and in vivo test systems should be demonstrated. 

4. Test systems should have a low incidence of false 
negatives results. 

5. An automatization of toxicological in vitro screen- 
ing should be possible. 

Much effort will be required to meet these goals. 
However, substantial progress is expected. 

The responsibility that toxicology as a science has 
to humanity and the technological achievements of 
the chemical industry should encourage us to develop 
this discipline further, using great care and critical 
expertise. It is essential that any risk assessment be 
based on the best science available. The dramatic de- 
velopments in toxicology and the substantial progress 
in cell and molecular biology must be integrated into 
toxicological risk assessment. Above all, the critical 
information must be communicated to the general 
public. More than ever before, physicians, chemists, 
and other scientists must become familiar with toxi- 
cological knowledge and the principles of toxicologi- 
cal safety assessment. This book is dedicated to this 
goal. 

H. Marquardt, S. G. Schfifer, R. McClellan, F. Welsch 
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Introduction 

BRUCE N. AMES, LOIS SWIRSKY GOLD 
Division of Biochemistry and Molecular Biology and National Institutes of Environmental Health Sciences Center, University of California at Berkeley, 

Berkeley, California 

In this introductory essay we raise four issues in the 
fuzzy interface between toxicology, nutrition, public 
health, and government regulations. 

PARACELSUS TO PARASCIENCE: 
THE DOSE/TRACE MAKES THE P O I S O N  

About 50% of all chemicals--whether natural or 
synthetic n that have been tested in standard, high- 
dose animal cancer tests are rodent carcinogens (Table 
1). What are the explanations for this high percent- 
age? In standard cancer tests, rodents are given a 
chronic, near-toxic dose: the maximum tolerated dose 
(MTD). Evidence is accumulating that cell division 
caused by the high dose itself, rather than the chemi- 
cal per se, can contribute to cancer in these tests. High 
doses can cause chronic wounding of tissues, cell 
death, and the consequent chronic cell division of 
neighboring cells, which is a risk factor for cancer. 
Each time a cell divides, the probability increases that 
a mutation will occur, thereby increasing the risk for 
cancer. At the low levels to which humans are usually 
exposed, such increased cell division does not occur. 
In addition, tissues injured by high doses of chemicals 
have an inflammatory immune response involving 
the activation of white cells in response to cell death. 
Activated white cells release mutagenic oxidants (in- 
cluding peroxynitrite, hypochlorite, and hydrogen 
peroxide). Therefore, the very low levels of chemicals 
to which humans are exposed through water pollu- 
tion or synthetic pesticide residues may pose no or 
minimal cancer risks. 

Is the high positivity rate due to selecting more 
suspicious chemicals to test, which is a likely bias 
because cancer testing is both expensive and time- 
consuming, and it is prudent to test suspicious com- 
pounds? One argument against selection bias is the 
high positivity rate for drugs (Table 1) because drug 
development tends to select chemicals that are not 
mutagens or expected carcinogens. A second argu- 
ment against selection bias is that the knowledge 
needed to predict carcinogenicity in rodent tests is 
highly imperfect, even now after decades of testing 
results have become available on which to base pre- 
dictions. For example, a prospective prediction exer- 
cise was conducted by several experts in 1990 in ad- 
vance of the 2-year NTP bioassays. There was a wide 
disagreement among them on which chemicals would 
be carcinogenic when tested and the level of accuracy 
varied by expert, thus indicating that predictive 
knowledge is highly uncertain. 

It seems likely that a high proportion of all chemi- 
cals, whether synthetic or natural, might be "carcino- 
gens" if administered in the standard rodent bioassay 
at the maximum tolerated dose, primarily due to the 
effects of high doses on cell division and DNA dam- 
age. Without additional data on how a chemical 
causes cancer, the interpretation of a positive result in 
a rodent bioassay is highly uncertain. The induction 
of cancer could be the result of the high doses tested. 

In regulatory policy, the virtually safe dose (VSD), 
corresponding to a maximum hypothetical risk of one 
cancer in a million, is estimated from bioassay results 
using a linear model that assumes cancer causation is 
directly proportional to dose and that there are no 
unique effects of high doses. To the extent that carci- 
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Proportion Percent 

Chemicals tested in both rats and mice a 
Naturally occurring chemicals 
Synthetic chemicals 

Chemicals tested in rats and/or mice a 
Chemicals in Carcinogenic Potency Database 
Natural pesticides 
Mold toxins 
Chemicals in roasted coffee 

Innes negative chemicals retested ~ 
Physician's Desk Reference (PDR) 

Drugs with reported cancer tests c 
FDA database of drug submissions a 

330/559 (59%) 
73/127 (57%) 
257/432 (59%) 

668/1275 (52%) 
35/64 (55%) 
14/23 (61%) 
19/28 (68%) 
16/34 (47%) 

117/241 (49%) 
125/282 (44%) 

aFrom Gold, L. S. et al. (1997). 
bThe 1969 study by Innes et al. is frequently cited as evidence that the proportion of carcinogens is low, as only 9% of 119 chemicals 

tested (primarily pesticides) were positive. However, these tests, which were only in mice with few animals per group, lacked the power 
of modem tests. Of the 34 Innes negative chemicals that have been retested using modem protocols, 16 were positive. 

CDavies and Monro (1995). 
aContrera et al. (1997). 140 drugs are in both the FDA and PDR databases. 

nogenicity in rodent bioassays is due to the effects of 
high doses for the nonmutagens and a synergistic ef- 
fect of cell division at high doses with DNA damage 
for the mutagens, then this model is inappropriate. 

EVEN R A C H E L  C A R S O N  W A S  M A D E  OF 
C H E M I C A L S :  N A T U R A L  V E R S U S  

S Y N T H E T I C  C H E M I C A L S  

About 99.9% of the chemicals humans ingest are 
natural. The amounts of synthetic pesticide residues 
in plant foods are insignificant compared to the 
amount  of natural pesticides produced by plants 
themselves. Of all dietary pesticides that humans eat, 
99.99% are natural: they are chemicals produced by 
plants to defend themselves against fungi, insects, and 
other animal predators. Each plant produces a differ- 
ent array of such chemicals. 

On average, Americans ingest roughly 5000 to 
10,000 different natural pesticides and their break- 
down products. Americans eat about 1500 mg of nat- 
ural pesticides per person per day, which is about 
10,000 times more than they consume of synthetic 
pesticide residues. 

Even though only a small proportion of natural 
pesticides have been tested for carcinogenicity, 35 of 
the 63 tested are rodent carcinogens. Naturally oc- 
curring pesticides that are rodent carcinogens are 
ubiquitous in fruits, vegetables, herbs, and spices 
(Table 2). 

Cooking foods produces about 2000 mg per person 
per day of burnt material that contains many rodent 
carcinogens and many mutagens. By contrast, the res- 
idues of 200 synthetic chemicals measured by FDA, 
including the synthetic pesticides thought to be of 
greatest importance, average only about 0.09 mg per 
person per day. In a single cup of coffee, the natural 
chemicals that are known rodent carcinogens are 
about equal in weight to a year's worth of synthetic 
pesticide residues that are rodent carcinogens, even 
though only 3% of the natural chemicals in roasted 
coffee have been adequately tested for carcinogenicity 
(Table 3). This does not mean that coffee or natural 
pesticides are dangerous but rather that assumptions 
about high-dose animal cancer tests for assessing hu- 
man risk at low doses need reexamination. No diet 
can be free of natural chemicals that are rodent carcin- 
ogens. 

Gaining a broad perspective about the vast number 
of chemicals to which humans are exposed can be 
helpful when setting research and regulatory priori- 
ties. Rodent cancer tests provide little information 
about how a chemical causes cancer or about its ef- 
fects at a low dose. The assumption that synthetic 
chemicals are hazardous has led to a bias in testing, 
such that synthetic chemicals account for 77% (432 of 
559) of the chemicals tested chronically in both rats 
and mice (Table 1). The natural world of chemicals 
has never been tested systematically. One reasonable 
strategy is to use a rough index to compare and rank 
possible carcinogenic hazards from a wide variety of 
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Carcinogens (N = 35) 
Acetaldehyde methylformylhydrazone, Allyl isothiocyanate, Arecoline.HC1, Benzaldehyde, Benzyl acetate, Caffeic acid, Catechol, 
Clivorine, Coumarin, Crotonaldehyde, Cycasin and methylazoxymethanol acetate, 3,4-dihydrocoumarin, Estragole, Ethyl acrylate, 
N2-~Glutamyl-p-hydrazinobenzoic acid, Hexanal methylformylhydrazine, p-Hydrazinobenzoic acid.HC1, Hydroquinone, 
1-Hydroxyanthraquinone, Lasiocarpine, D-Limonene, 8-Methoxypsoralen, N-Methyl-N-formylhydrazine, c~-Methylbenzyl alcohol, 
3-Methylbutanal methylformylhydrazone, Methylhydrazine, Monocrotaline, Pentanal methylformylhydrazone, Petasitenine, Quercetin, 
Reserpine, Safrole, Senkirkine, Sesamol, Symphytine 

Noncarcinogens (N = 28) 
Atropine, Benzyl alcohol, Biphenyl, D-Carvone, Deserpidine, Disodium glycyrrhizinate, Emetine.2HC1, Ephedrine sulphate, Eucalyptol, 
Eugenol, Gallic acid, Geranyl acetate,/~-N-[~/-l(+)-Glutamyl]-4-hydroxy-methylphenylhydrazine, Glycyrrhetinic acid, p-Hydrazino- 
benzoic acid, Isosafrole, Kaempferol, DL-Menthol, Nicotine, Norharman, Pilocarpine, Piperidine, Protocatechuic acid, Rotenone, Rutin 
sulfate, Sodium benzoate, Turmeric oleoresin, Vinblastine 

Rodent carcinogen sources 
Absinthe, Allspice, Anise, Apple, Apricot, Banana, Basil, Beet, Broccoli, Brussels sprouts, Cabbage, Cantaloupe, Caraway, Cardamom, 
Carrot, Cauliflower, Celery, Cherries, Chili pepper, Cinnamon, Cloves, Cocoa, Coffee, Collard greens, Comfrey herb tea, Coriander, 
Corn, Currants, Dill, Eggplant, Endive, Fennel, Garlic, Grapefruit, Grapes, Guava, Honey, Honeydew melon, Horseradish, Kale, 
Lemon, Lentils, Lettuce, Licorice, Lime, Mace, Mango, Marjoram, Mint, Mushrooms, Mustard, Nutmeg, Onion, Orange, Paprika, 
Parsley, Parsnip, Peach, Pear, Peas, Black pepper, Pineapple, Plum, Potato, Radish, Raspberries, Rhubarb, Rosemary, Rutabaga, Sage, 
Savory, Sesame seeds, Soybean, Star anise, Tarragon, Tea, Thyme, Tomato, Turmeric, Turnip 

aFungal toxins are not included. Reprinted from Gold et al., In Food Chemical Risk Analysis (D. Tennant, ed.), pp. 267-295, �9 1997 Aspen 
Publishers, Inc. 

chemical exposures at levels that humans typically 
receive, and then to focus on those that rank highest. 
Ranking is a critical first step that can help to set 
priorities for selecting chemicals for long-term cancer 
tests, studies on mechanism, epidemiological re- 
search, and regulatory policy. Although one cannot 
say whether the ranked chemical exposures are likely 
to be of major or minor importance in human cancer, 
it is not prudent to focus attention on the possible 
hazards at the bottom of a ranking if, using the same 
methodology to identify hazard, there are numerous 
common human exposures with much greater possi- 
ble hazards. Our analyses are based on the HERP 

~~~..~j@~i~'- ~ " " l ~ ~ h . i i ~  ~ ~ !;~":'~;~"~:'~:~ ....... ~'~~':~:~'~::~""~~::i. :~ ~":;~ "'*'~"~...,..~:'.,"i! : ~P'*~!~I .~i ~':~'~ ........... ~a~'~'~;~."~!i~'~"~*'~.~.i~i.  "*. ~"~:"~':~"~;"~;,~i~i~i i ~i~!iii~ii~li!~!~iJjliiiii i 

Positive (N = 19) 
Acetaldehyde, Benzaldehyde, Benzene, Benzofuran, 
Benzo[a]pyrene, Caffeic acid, Catechol, 1,2,5,6-Dibenzanthra- 
cene, Ethanol, Ethylbenzene, Formaldehyde, Furan, Furfural, 
Hydrogen peroxide, Hydroquinone, Limonene, Styrene, Tol- 
uene, Xylene 

Not positive (N = 8) 
Acrolein, Biphenyl, Choline, Eugenol, Nicotinamide, Nico- 
tinic acid, Phenol, Piperidine 

Uncertain: Caffeine 

Yet to test: -~ 1000 chemicals 

aGold et al. (1997). 

index (Human Exposure/Rodent Potency), which in- 
dicates what percentage of the rodent carcinogenic 
potency a human receives from a given daily lifetime 
exposure. A ranking based on standard regulatory 
risk assessment would be similar. 

Overall, the analyses have shown that HERP values 
for some historically high exposures in the work place 
(e.g., butadiene and tetrachloroethylene) and some 
pharmaceuticals (e.g., clofibrate) rank high, and that 
there is an enormous background of naturally occur- 
ring rodent carcinogens in the average consumption 
of common foods that casts doubt on the relative im- 
portance of low-dose exposures to residues of syn- 
thetic chemicals such as pesticides. A committee of 
the National Research Council of the National Acad- 
emy of Sciences, recently reached similar conclusions 
about natural vs synthetic chemicals in the diet and 
called for further research on natural chemicals. 

The possible carcinogenic hazards from synthetic 
pesticides are minimal compared to the background 
of nature's pesticides, though neither may be a hazard 
at the doses consumed. Analysis also indicates that 
many ordinary foods would not pass the regulatory 
criteria used for synthetic chemicals. Caution is nec- 
essary in drawing conclusions from the occurrence in 
the diet of natural chemicals that are rodent carcino- 
gens. It is not argued here that these dietary expo- 
sures are necessarily of much relevance to human can- 
cer. The data call for a reevaluation of the utility of 
animal cancer tests in protecting the public against 
minor hypothetical risks. 



4 Ames and Gold 

It is often assumed that because natural chemicals 
are part of human evolutionary history, whereas syn- 
thetic chemicals are recent, the mechanisms that have 
evolved in animals to cope with the toxicity of natural 
chemicals will fail to protect against synthetic chemi- 
cals. This assumption is flawed for several reasons: 

1. Humans have many natural defenses that buffer 
against normal exposures to toxins and these are usu- 
ally general, rather than tailored for each specific 
chemical. Thus they work against both natural and 
synthetic chemicals. Examples of general defenses in- 
clude the continuous shedding of cells (the surface 
layers of the mouth, esophagus, stomach, intestine, 
colon, skin, and lungs are discarded every few days); 
DNA-repair enzymes, which repair DNA that was 
damaged from many different sources; and detoxifi- 
cation enzymes of the liver and other organs, which 
generally target classes of chemicals rather than indi- 
vidual chemicals. That human defenses are usually 
general, rather than specific for each chemical, makes 
good evolutionary sense. The reason that predators of 
plants evolved general defenses is presumably to be 
prepared to counter a diverse and ever-changing ar- 
ray of chemicals in plants in an evolving world; if a 
herbivore had defenses against only a set of specific 
plant pesticides, it would be at a great disadvantage 
in obtaining new food when favored foods became 
scarce or evolved new chemical defenses. 

2. Various natural toxins, which have been present 
throughout vertebrate evolutionary history, neverthe- 
less cause cancer in vertebrates. Mold toxins, such as 
aflatoxin, have been shown to cause cancer in rodents 
and other species, including humans (Table 1). Many 
of the common elements are carcinogenic to humans 
at high doses (e.g., salts of cadmium, beryllium, 
nickel, chromium, and arsenic) despite their presence 
throughout evolution. Furthermore, epidemiological 
studies from various parts of the world show that 
certain natural chemicals in food may be carcinogenic 
risks to humans; for example, the chewing of betel 
nuts with tobacco caused oral cancer. 

3. Humans have not had time to evolve a "toxic 
harmony" with all of their dietary plants. The human 
diet has changed markedly in the last few thousand 
years. Indeed, very few of the plants that humans eat 
today (e.g., coffee, cocoa, tea, potatoes, tomatoes, corn, 
avocados, mangoes, olives, and kiwi fruit) would 
have been present in a hunter-gatherer 's  diet. Natu- 
ral selection works far too slowly for humans to have 
evolved specific resistance to the chemicals in these 
newly introduced plants. 

4. DDT is often viewed as the typically dangerous 
synthetic pesticide because it concentrates in tissues 
and persists for years, being slowly released into the 

bloodstream. DDT, the first synthetic pesticide, eradi- 
cated malaria from many parts of the world, includ- 
ing the United States. It was effective against many 
vectors of disease such as mosquitoes, tsetse flies, lice, 
ticks, and fleas. DDT was also lethal to many crop 
pests and significantly increased the supply and low- 
ered the cost of food, making fresh nutritious foods 
more accessible to poor people. DDT was also of low 
toxicity to humans. A 1970 National Academy of Sci- 
ences report concluded: "In little more than two dec- 
ades DDT has prevented 500 million deaths due to 
malaria, that would otherwise have been inevitable." 
There is no convincing epidemiological evidence, nor 
is there much toxicological plausibility, that the levels 
of DDT normally found in the environment are likely 
to be a significant contributor to human cancer. DDT 
was unusual with respect to bioconcentration and, 
because of its chlorine substituents, it takes longer to 
degrade in nature than most chemicals; however, 
these are properties of relatively few synthetic chemi- 
cals. In addition, many thousands of chlorinated 
chemicals are produced in nature and natural pesti- 
cides also can bioconcentrate if they are fat soluble. 
Potatoes, for example, naturally contain the fat-solu- 
ble neurotoxins solanine and chaconine, which can be 
detected in the bloodstream of all potato eaters. High 
levels of these potato neurotoxins have been shown to 
cause birth defects in rodents. 

5. Since no plot of land is immune to attack by 
insects, plants need chemical defenses--either natural 
or synthetic--to survive pest attack. Thus, there is a 
trade-off between naturally occurring pesticides and 
synthetic pesticides. One consequence of the dispro- 
portionate concern about synthetic pesticide residues 
is that some plant breeders develop plants to be more 
insect-resistant by making them higher in natural tox- 
ins. A recent case illustrates the potential hazards of 
this approach to pest control. When a major grower 
introduced a new variety of highly insect-resistant cel- 
ery into commerce, people who handled the celery 
developed rashes when they were subsequently ex- 
posed to sunlight. Some detective work found that the 
pest-resistant celery contained 6200 parts per billion 
(ppb) of carcinogenic (and mutagenic) psoralens in- 
stead of the 800 ppb present in common celery. 

ERRORS OF OMISSION: TOXICITY OF 
INSUFFICIENT M I C R O N U T R I E N T S  

Hormonal factors, dietary imbalances, infection 
and inflammation, and genetic factors, none of which 
involve a carcinogenic chemical, are major contribu- 
tors to cancer. 
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Fraction of studies show- Median relative risk of 
ing significant cancer pro- low-quarter vs. high- 

Cancer site tection quarter consumption 

Epithelial 
Lung 24/25 2.2 
Oral 9 / 9 2.0 
Larynx 4/4  2.3 
Esophagus 15 / 16 2.0 
Stomach 17/19 2.5 
Pancreas 9/11 2.8 
Cervix 7/8 2.0 
Bladder 3/5 2.1 
Colorectal 20/35 1.9 
Miscellaneous 6 / 8 

Hormone-dependent 
Breast 8 / 14 1.3 
Ovary, endometrim 3 / 4 1.8 
Prostate 4 / 14 1.3 

Total 129/172 

aBlock et al. (1992). 

The high consumption of fruits and vegetables is 
associated with a lower risk of degenerative diseases 
including cancer, cardiovascular disease, cataracts, 
and brain dysfunction. Over 200 epidemiological 
studies have been reviewed that show, with great con- 
sistency, an association between the low consumption 
of fruits and vegetables and cancer incidence (Ta- 
ble 4). 

The quarter of the population with the lowest di- 
etary intake of fruits and vegetables has roughly twice 
the cancer rate of the quarter with the highest intake 
for most types of cancer (lung, larynx, oral cavity, 
esophagus, stomach, colorectal, bladder, pancreas, 
cervix, and ovary). In the United States, 80% of chil- 
dren and adolescents and 68% of adults did not meet 
the intake recommended by the National Cancer In- 
stitute and the National Research Council of five serv- 
ings of fruits and vegetables per day. 

Publicity about hundreds of minor hypothetical 
risks, such as pesticide residues, can result in a loss of 
perspective about what is important: half the public 
does not know that fruit and vegetable consumption 
is a major protection against cancer. Fruits and vege- 
tables are of major importance for reducing cancer; if 
they become more expensive because of reduced use 
of synthetic pesticides, then consumption will decline 
and cancer is likely to increase. People with low in- 
comes eat fewer fruits and vegetables and spend a 
higher percentage of their income on food. 

Folic acid deficiency, one of the most common vi- 
tamin deficiencies among people consuming few di- 
etary fruits and vegetables, causes extensive chromo- 
some breaks in human genes. Approximately 10% of 
the U.S. population has a folate level lower than that 
at which chromosome breaks occur. In two small 
studies of low-income (mainly African-American) el- 
derly and adolescents done nearly 20 years ago, 
nearly half had folate levels this low although the 
issue should be reexamined. The rate of chromosome 
breaks in humans is reduced by folate administration. 
Chromosome breaks could contribute to the increased 
risk of cancer and cognitive defects associated with 
folate deficiency in humans. Folate deficiency also 
damages human sperm, causes neural tube defects in 
the fetus, and causes about 10% of U.S. heart disease. 
Diets deficient in fruits and vegetables are commonly 
low in folate, antioxidants (e.g., vitamin C), and many 
other micronutrients, and result in DNA damage and 
higher cancer rates. 

Antioxidants, such as vitamin C (whose dietary 
source is fruits and vegetables), vitamin E, and sele- 
nium, protect against oxidative damage from normal 
metabolism, smoking, and inflammation. Because ra- 
diation causes oxidative damage, insufficiency of di- 
etary antioxidants is a radiation mimic. 

Deficiency of any one of nine dietary micronutri- 
ents--folic acid, niacin, iron, zinc, selenium, and vi- 
tamins B6, B12, C, and Emappear  to act as radiation 
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mimics in breaking DNA and chromosomes or caus- 
ing oxidative damage to DNA or both. Some of these 
micronutrients come from fruits and vegetables and 
could account for a good part of their protective effect 
against cancer. 

Many other micronutrients whose main dietary 
sources are other than fruits and vegetables, also are 
likely to play a significant role in the prevention and 
repair of DNA damage, and thus are important to the 
maintenance of long-term health. Deficiency of vita- 
min B12 (found in about 10% of U.S. elderly) causes a 
functional folate deficiency, the accumulation of hom- 
ocysteine, a risk factor for heart disease, and probably 
chromosome breaks. Strict vegetarians are at in- 
creased risk of developing a vitamin B12 deficiency. 
Niacin contributes to the repair of DNA breaks. As a 
result, dietary insufficiencies of niacin (15% of some 
populations are deficient), folate, and antioxidants 
may act together to increase DNA damage. There is 
also evidence that low intake (~50% recommended 
daily allowance) of zinc, iron, selenium, or vitamin B6 
(7-20% of the U.S. population is low in each) can lead 
to DNA damage. Half of the U.S. population may be 
low in at least one of these nine micronutrients. Opti- 
mizing micronutrient intake (through better diets, for- 
tification of foods, or mul t ivi tamin-mineral  pills) can 
have a major impact on health at a low cost. Increas- 
ing research in this area and efforts to increase micro- 
nutrient intake and more balanced diets should be 
high priorities for public policy. 

D A M A G E  BY D I S T R A C T I O N :  
R E G U L A T I N G  L O W  

HYPOTHETICAL RISKS 

Synthetic hormone mimics have become an envi- 
ronmental issue. Hormonal factors are important in 
cancer, as mentioned above. The book Our Stolen Fu- 
ture (Colburn et al., 1996) claims that traces of syn- 
thetic chemicals, such as pesticides with weak hor- 
monal activity, may contribute to cancer and reduce 
sperm counts. The book ignores the fact that our nor- 
mal diet contains natural chemicals that have estro- 
genic activity millions of times higher than that due 
to the traces of synthetic estrogenic chemicals and that 
lifestyle factors can markedly change the levels of en- 
dogenous hormones. The low levels of human expo- 
sure to residues of industrial chemicals are toxicolog- 
ically implausible as a significant cause of cancer or of 
reproductive abnormalities, especially when com- 
pared to the natural background. In addition, it has 
not been shown convincingly that sperm counts are 

declining, and even if they were there are many more 
likely causes, such as smoking and diet. 

Because there is no risk-free world and resources 
are limited, society must set priorities based on bene- 
fits and cost-effectiveness in order to save the most 
lives. The EPA projected in 1991 that the cost to soci- 
ety of U.S. environmental regulations in 1997 would 
be about $140 billion per year (about 2.6% of the gross 
national product). Most of this cost is to the private 
sector. Several economic analyses by others have con- 
cluded that current expenditures are not cost-effec- 
tive; that is, resources are not being used so as to save 
the most lives per dollar. One estimate is that the 
United States could prevent 60,000 deaths per year by 
redirecting the same dollar resources to more cost- 
effective programs. For example, the median toxin- 
control program costs 146 times more per year of life 
saved than the median medical-intervention program. 
This difference is likely to be greater because cancer- 
risk estimates for toxin-control programs are worst- 
case hypothetical estimates, and the true risks at low 
dose are often likely to be zero. Rules regulating air 
and water pollution are necessary (e.g., it was a public 
health advance to phase lead out of gasoline) and 
clearly cancer prevention is not the only reason for 
regulations. However, worst-case assumptions in risk 
assessment represent a policy decision, not a scientific 
one, and they confuse attempts to allocate money ef- 
fectively for public health. 

Regulatory efforts to reduce low-level human ex- 
posures to synthetic chemicals because they are ro- 
dent carcinogens are expensive; they aim to eliminate 
minuscule concentrations that now can be measured 
with improved techniques. These efforts are distrac- 
tions from the major task of improving public health 
through increasing scientific understanding of how to 
prevent cancer (e.g., what aspects of diet are impor- 
tant), increasing public understanding of how lifestyle 
influences health, and improving our ability to help 
individuals alter their lifestyles. 

Why has the government focused on minor hypo- 
thetical risks at huge cost? A recent article in The 
Economist (December 20, 1997) had fairly harsh judg- 
ment: 

Predictions of ecological doom, including recent ones, have 
such a terrible track record that people should take them 
with pinches of salt instead of lapping them up with relish. 
For reasons of their own, pressure groups, journalists and 
fameseekers will no doubt continue to peddle ecological ca- 
tastrophes at an undiminishing speed . . . .  Environrnental- 
ists are quick to accuse their opponents in business of having 
vested interests. But their own incomes, their fame and their 
very existence can depend on supporting the most alarming 
versions of every environmental scare. 'The whole aim of 
practical politics,' said H.L. Mencken, 'is to keep the popu- 
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lace a la rmed- -and  hence clamorous to be led to safe ty--by 
menacing it with a series of hobgoblins, all of them imagi- 
nary.' Mencken's forecast, at least, appears to have been 
correct. 

Aaron Wildavsky discusses worst-case risk assess- 
ment in his book But Is It True: A Citizen's Guide to 
Environmental Health and Safety Issues. 

We should be guided by the probability and extent of harm, 
not by its mere possibility. The search for possibilities is 
endless and it trivializes the subject. There is bound to be 
great diversion of resources without reducing substantial 
sources of harm. Consternation is created but health is not 
enhanced . . . .  Weak causes are likely to have weak effects. 
Our search should be for strong causes with palpable effects, 
like cigarette smoking. They are easier to find and their ef- 
fects are much more important t o  control . . . .  The past 
necessity of proving harm has been replaced by a reversal of 
causality: now the individuals and businesses must prove 
that they will do no harm. My objection to this . . . is pro- 
found: our liberties are curbed and our health is harmed. 
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History of Toxicology 

DIETRICH MILLES 
Center for Social Policy Research, University of Bremen, Bremen, Germany 

It has been known for centuries that substances affect 
the human body. From earliest times, people have 
wanted to know which substances support which 
bodily functions, whether they calm or paralyze them, 
lead to healing or death, and how they do so. It was 
established that the effects of a substance depended 
on its state: liquid or powder, in work or building 
materials or in foodstuffs, or through radiation. A 
long-lasting argument flared up as to whether sub- 
stances are inherently effective or only in specific 
quantities. There was research into why different sub- 
stances work differently on different people, in differ- 
ent environments, in different combinations. History 
supplies us not only with much evidence about the 
most important problems of toxicology, which vary 
with time, but also about the continuing efforts to 
approach its tasks in a responsible way, both scientif- 
ically and practically. The following introduction can 
deal with only some of the more important endeavors. 

T O X I C O L O G Y - - T H E  SCIENCE 
OF P O I S O N  

The word "toxicology" comes from the Greek word 
for poison (toxicon) and scientific study (logos) and 
was coined in the 17th century. To begin with, toxi- 
cology developed as an empirical science linked to 
medicine. The great turning point for the science came 
through Paracelsus, who worked on chemical pro- 
cesses in life functions and who emphasized the im- 
portance of the quantity of a substance: "Was ist das 

Allein die Dosis macht, daft ein ding gifft ist" ("Is 
there anything that is not poison? Everything is poi- 
son, and nothing is without poison. The dose alone 
makes a thing poisonous"). 

Toxicology was originally an empirical science, and 
did not evolve into a volumetric science until the 
emergence of chemistry and analytical science. The 
disciplines of pharmacy, chemistry, and toxicology 
branched off from medicine with the development of 
methods. At the University of Leiden in the Nether- 
lands, Hermann Boerhaave, in a pathbreaking move, 
combined the chairs of medicine, botany, and chem- 
istry from 1718 to 1729, while H. M. Bracken at the 
University of Minnesota subsumed under the subject 
of medical remedies ("materia medica'),  phramacog- 
nosy, pharmacology, toxicology, and pharmacy in 
1859. Towards the end of the 19th century, the disci- 
plines of pharmacology and toxicology, linked until 
then, were separated due to the growth of the chemi- 
cal industry and chemical products. 

The distinct object of scientific inquiry in the an- 
cient and the medieval world was "pharmakon," and 
there was no differentiation between cure and poison. 
In more modern times, we find in Zedler's universal 
encyclopedia (1735), under the heading "poison," 
"that which is very damaging, if not necessarily fatal, 
to the human body, when body parts come into con- 
tact with it, internally or externally." Louis Lewin, a 
distinguished chronicler in this field, differentiated in 
1907 among four main types of poison: (1) inflamma- 
tory or caustic poisons, (2) poisons causing metabolic 
disturbance, (3) poisons of the nervous system, and 
(4) poisons of the blood. Through this differentiation 
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of the types of poison, he attempted to define the 
subject matter of toxicology as regards causes and 
effects. 

Leading figures who from the end of the 19th cen- 
tury onwards defined the outlines in the field of toxi- 
cology typified the close relationships that extended 
beyond the boundaries of the subject. Lewin belonged 
to this generation (as did K. B. Lehmann, J. Abel, R. 
Kobert, T. H. Legge, L. Teleky, and others), who, at 
an intersection between medicine, pharmacology, 
pharmacy, chemistry, ergonomics, and technology, 
combined exact research into effect through analysis 
of cause and preventative reasoning. Thus, the Zurich 
toxicologist and forensic medical expert Heinrich 
Zangger, with the chlorine-gas attacks of the First 
World War still fresh in his mind, demanded in 1920 
that guaranteed levels of safety be achieved through 
scientific identification of risk and through statistical 
examination: "Risk and its scientific control must re- 
main in step." Medicine could then encourage and 
keep pace with technological advancement without 
undue risk, in particular without "scientifically estab- 
lishable, chronic, permanent, unseen, degenerative 
damage to mankind." Meeting this challenge, toxicol- 
ogy has taken up its place in the ranks of the acknowl- 
edged sciences. 

EARLY F U N D A M E N T A L  DEVELOPMENTS 

The use of poisons and active substances dates 
from the earliest days of human evolution. Primitive 
man certainly instinctively avoided poisonous sub- 
stances just as animals do and particularly feared the 
bite of poisonous animals. From such an animal in- 
stinct we can also infer the use of remedies taken 
internally; naturally occurring substances could be 
taken to help maintain physical and spiritual balance. 

Primitive peoples used laxatives, emetics, enemas, 
fumigants, medicinal baths, and sudorifics. Narcotics 
are among the first plant-based active substances for 
which there is evidence. The first collections of infor- 
mation about the effects of compounds from various 
plants (among them aconite, arsenic, and opium) were 
made in Persia and China. The Ebers Papyrus lists 
over 800 substances used in Egypt 2000 years ago. In 
the 16th century B.C. opium, hyoscyamus (henbane), 
scilla, aloe, mint, calamus, juniper, cassia, sandal- 
wood, myrrh, styrax, wine, honey, antimony, verdi- 
gris, iron, and animal organs, and secretions were 
used as medical remedies. Reports from the Trojan 
War (12th century B.C.) mention the use of wine laced 
with opium for the wounded. 

The conditions for recovery or harm attributed to 
remedies and poisons lay beyond people's lives. The 
particular effects of substances could be easily under- 
stood as mystical concepts. "Harmful magic" was 
used to explain symbolic poisons and remedies, and 
"foreign bodies" their effects. This kind of under- 
standing is illustrated by their attitudes toward plants 
surrounded in mystery, like mandrake (containing the 
alkaloids scopolamine, atropine, and hyoscyamine), 
which was as famous as it was poisonous; the same 
applies to opium poppies and hemlock. 

Within the framework of primitive magic ideas of 
taboo, the concepts of poison and sin fused together. 
Both of these led to contagion and poisoning. 
Through efforts to purge sin, through cleansing such 
as blood-letting, the attempt to combat disease finally 
became a rational and logical act. In ancient Greece 
there was no strict dividing line between poisons and 
cures. Instead, an additional classification, such as 
"harmful" or "fatal," was necessary. Not until the 
writings of Hippocrates is there a stricter differentia- 
tion between pharmakon (collections of herbal or plant- 
based remedies, e.g., anaesthetizing sponges) and 
foodstuffs. 

Significant experiments with medical remedies 
were made by Heraclides of Tarentum (1st century 
B.C.). At this time various minor tyrants were ex- 
tremely interested in research into poisons and their 
antidotes, which could put the life of a dictator at risk 
or save it. The most famous of these was King Mith- 
ridates VI of Pontus (132-63 B.C.), who not only stood 
up to the Romans, but who tested out poisons on 
condemned criminals and tried to achieve immunity 
for himself by repeated small doses. An antidote 
named after him (Mithridatium, an electuary) was 
still being used in the Middle Ages. Important discov- 
eries were made by Pedanios Dioscorides (64 A.D.) 
who knew lead chloride (Chlorblei), zinc oxide, so- 
dium carbonate, sulphide of arsenic, and indigo, and 
who described the process by which mercury is ob- 
tained from cinnabar and the manufacture of lead 
acetate, limewater, and copper sulphate. 

But there was another specialized use for toxic 
properties: In Athens, drinking the juice of hemlock 
was chosen as the death penalty for political crimi- 
nals. In the 16th century we find aconite being used 
for an execution in the presence of Pope Clement VII. 
The most horrific effects of poison (Zyklon B) were 
seen in the gas chambers of the German concentration 
camps. Even today in some states of the U.S. (in Utah 
and Delaware, for example), the death penalty is car- 
ried out with lethal injections, in others with gas. 

Greek doctors, whom the Romans at first de- 
nounced as quacks, disseminated medical knowledge 
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throughout the Roman Empire with the support of 
Julius Caesar. The earliest preserved compilation on 
the subject of medical remedies from the first century 
A.D. handed down to us over 1000 remedies. Particu- 
larly worthy of mention is Galenos of Pergamon (129- 
199 A.D.), who in his comprehensive review of medi- 
cal knowledge in the ancient world also described 
pharmaceutical preparations in the form of tinctures, 
extracts, ointments, and so on, which were kept in 
stock. His doctrines were based on the theory of the 
pathology of the humors, according to which illnesses 
are caused by evil fluids, the humors, and can be 
treated according to the principle of opposites as well 
as by cleansing of the body, mainly through enemas 
and blood-letting. His theories were fundamental, too, 
to monastic medicine and remained unchanged until 
the advent of Paracelsus. 

FROM ALCHEMY TO THE 
DEVELOPMENT OF A PURE SCIENCE 

The early history of toxicology can be written as 
the history of pharmaceutics, but also as the history 
of forensic medicine. Priests and rulers, villains and 
assassins--all used poisons and were interested in 
the effects of poison from the point of view of perpe- 
trator and victim. Sure knowledge and the correct 
diagnosis were, however, dependent on detection of 
the poison. But the examination of corpses was bound 
up in ancient times with religious and mystic taboos; 
the corpus iuris civilis (439 A.D.) did not permit obduc- 
tion. It was not until the 15th century that the Catholic 
church allowed postmortem examinations for scien- 
tific purposes; in practice the taboos mentioned are 
still in effect today. As the numbers of murders by 
poisoning and the pursuit of the, mainly female, poi- 
soners increased, and citizens increasingly felt the 
need to feel secure, there finally grew too the public 
desire for cases of poisoning to be cleared up. 

To begin with, substances were used in many com- 
binations based on Greek and Arab traditions--this 
continued into the Middle Ages. Along with henbane, 
mandrake, opium, and hemlock, alcohol gained in im- 
portance. Early mixtures consisted of powdered 
plants and heavy metals, in particular mercury and 
arsenic. The recipes for these mixtures were handed 
down to more recent times and took on new signifi- 
cance in the battle against syphilis, which spread 
through Europe like an epidemic after the return of 
Christopher Columbus. A further contributor to its 
spread was the army of the French king, Charles VIII. 
The treatment of the condition was as disastrous as it 
was ineffective. Arsenic compounds played a leading 

pharmaceutical role for a long time. Even Hippocrates 
recommended a paste containing arsenic sulfide in the 
treatment of excrescences. The infamous Aqua Tofana 
(white arsenic boiled with lead and antimony), was in 
its time a favorite with murderers. 

Alchemy, which held sway in the Middle Ages and 
which came originally from Arabia, was strongly 
linked to metallurgy. It was thought that mercury 
could be changed into gold using the "philosopher's 
stone," and "elixirs of life" were concocted from 
heavy metals. In the course of such experimentation 
tin chloride was discovered in 1604 by Andreas Liba- 
vius. In 1662 tartar emetic was discovered by Adrian 
v. Mynsicht, and at the beginning of the same century 
Johann R. Glauber (1604-1670) discovered Glauber's 
salt. He named the sodium sulfate, which he was the 
first to create, "sal mirabile" - -  the wonder salt. 

The transition to the chemical synthesis of effective 
medical remedies took place in the Renaissance and 
was linked to Theophrastus Bombastus von Hohen- 
heim (1493-1541), known as Paracelsus. His work 
was not based on juices and their balance, but on 
effective natural elements and analogous chemical 
principles: salt (solid, permanent), sulfur (inflamma- 
ble), quicksilver (pertaining to Mercury---changeable, 
active). Paracelsus recommended treating the sick 
body with compensatory metal salts such as subli- 
mate, lead acetate, silver nitrate, arsenic sulfide, and 
also salts of antimony, bismuth, zinc, and gold. Anti- 
mony in particular was vehemently argued over in 
the 16th and 17th centuries. In disputes of this kind, 
people eventually became convinced that it was fea- 
sible to use artificially manufactured substances for 
medical purposes. Paracelsus viewed the human or- 
ganism as a kind of laboratory that took in food and 
other substances, processed them, and excreted them. 
Extracts and tinctures were therefore investigated to 
see how they would work in this "laboratory." In this 
way he developed the concept of effective quantities, 
still valid today--"dosis  sola facit venenum" ("the 
dose alone makes a thing poisonous"). 

Up until this time, folk medicine had been of great 
daily and practical significance. Persons who were in 
contact with nature and who observed animals were 
considered to be knowledgeable about the efficacy of 
different herbs, and this knowledge was recorded and 
passed on. Luther spoke strongly in his "Tischreden" 
(Colloquia Doct.): "I am astonished that God has set 
such high and noble medicine in dung; for we know 
from experience that pig manure stops the flow of 
blood. Horse manure can be used for pleurisy. Hu- 
man dung heals wounds and hemorrhagic smallpox. 
Donkey manure is needed, among other things, for 
bloody dysentery, and cow dung with preserved 
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roses can be used for epilepsy in children." Luther 
was referring to a dubious increase in the wealth of 
available remedies that owed their existence to the so- 
called "Drecksapotheke" (filthy pharmacy) of Kristian 
Frantz Paullini (1696). 

At that time universities were extended in the di- 
rection of natural sciences. While the earlier medical 
colleges (the first of which was set up in Salerno, by 
Naples) worked essentially from collections of books 
and translations, that is to say with the received wis- 
dom of classical and Arab medicine, analytical en- 
deavors now began. In 1533 the first chair of botany 
or materia medica was established in the medical fac- 
ulty at the University of Padua. In 1609, Moritz, 
Landgrave of Hesse, appointed his personal physi- 
cian, Johannes Hartmann (1568-1631), to the new 
professorship of "Chymiatrie" and thus established 
chemistry as an academic discipline, initially within 
the medical faculty. Such initiatives met with initial 
apprehension that chemical experiments and products 
could lead to health problems for local residents and 
neighbors, and corresponded to the unpleasant expe- 
riences that the common man (as opposed to the 
members of the noble ruling classes or the well-off 
middle classes) had undergone during medical treat- 
ment at the hands of contemporary physicians. 

The results of scientific research and the develop- 
ment of more accurate methods led gradually, how- 
ever, to an acceptance of scientific procedure, from 
which medicine also eventually profited. In 1628 Wil- 
liam Harvey discovered the circulation of blood. In 
1661 Robert Boyle (1627-1691) published his treatise 
"The Sceptical Chymist," in which he took a critical 
view of the accuracy and conclusiveness of many ex- 

periments. Georg Ernst Stahl (1659-1734), after mak- 
ing his own investigations, accused the alchemists of 
sloppy science and laid down precise methods of 
chemical research. The new developments took on 
visible form with the founding of the University of 
Halle in 1694, in which philosophy and natural sci- 
ences were brought together on the principle of free- 
dom of thought and freedom of instruction. 

A further thrust in the development of the sciences 
came through the discovery of America. While it is 
not clear whether the syphilis which raged through 
Europe in 1495, and which increased the importance 
of mercury, was brought by Columbus, some effica- 
cious medical remedies were the result of his discov- 
e ry - i pecac  and cinchona, for example, were brought 
to Europe and promoted the demand and trade in 
pharmaceutical substances. In this period, which was 
ushered in by Paracelsus and which was character- 
ized by the success of scientific modes of thought, 
toxicology was consolidated as a distinct field. 

A C A D E M I C  Q U A L I F I C A T I O N  A N D  THE 
PRACTICAL A P P L I C A T I O N  OF 

T O X I C O L O G I C A L  K N O W L E D G E  AT THE 
B E G I N N I N G  OF THE I N D U S T R I A L  AGE 

, 

The success of scientific modes of thought brought 
with it a demand for scientific-academic qualifica- 
tion. The trend in the Age of Enlightenment was that 
academic qualification should mean above all, train- 
ing people to be socially and vocationally useful. In 
connection with this new direction in society towards, 
among other things, the advancement of trade and 
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industry, there followed the founding of university 
chairs. Under the influence of Justus von Liebig 
(1803-1873), the investigation of the causes of natural 
phenomena came to the foreground; chemistry in par- 
ticular promoted the study of cause and effect. 

In the 18th century, toxicology developed in the 
context of chemistry as a pure science and in the con- 
text of pharmacy as an applied science. It was taught, 
for example, by Georg Augustin Bertele (1767-1818), 
professor of pharmacy, toxicology, pharmacology, 
and the study of chemical formulae at the medical 
faculty in Landshut (which was later moved to Mu- 
nich) and by his successor, Johannes Buchner (1783- 
1852). In the British colonies in North America, toxi- 
cology continued to be subsumed under the rubric of 
materia medica until 1765, when the first medical 
school was established at the College of Philadelphia. 

At the level of practice and business, mechanical- 
economical chemistry developed. Under cameralism, 
the theory and practice of a well-ordered community 
at the end of the 18th century, manufacturing and 
factories took on great social significance. The profit- 
able application of chemical principles to arts and 
crafts was at the center of this development. In the 
association between medicines produced for business 
profit and the health risks of particular trades, toxicol- 

ogy found a new emphasis. Henceforth it could be 
seen as an applied science, moving in step with the 
rapid industrial boom. 

In occupational toxicology significant connections 
became apparent, which went along with very obvi- 
ous risks and health impairment. This was so in 
mines, particularly in the case of carbon monoxide 
poisoning, but also in metal-processing industries (es- 
pecially for lead and mercury). The Italian physician 
Bernardo Ramazzini (1633-1714) described in 1700 
the diseases of craftsmen and artists so thoroughly 
and systematically that his work was translated into 
five languages and remained a textbook of occupa- 
tional hygiene for a century. 

Laurent Lavoisier (1743-1794) continued to con- 
centrate on working empirically with substances and 
developed chemical research mainly on the basis of 
speculative experimental research (in the manner of 
Isaac Newton) and following the axiom of the conser- 
vation of matter. His "Trait6 E16mentaire de Chimie" 
appeared in 1789 and was to remain into the 19th 
century a shining example of what a chemistry text- 
book should be. 

The industrial manufacture of Glauber's salt from 
rock salt and sulfuric acid used materials and their 
actions to a specific end. In the process, the technique 
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of making soda from sodium sulfate and coal was 
discovered. Along with sulfuric acid, soda was an all 
purpose material whose principal source was the soda 
lakes in Egypt. Now in 1790, with Nicolas Leblanc 
(1724-1806) and the process he developed, there be- 
gan a chapter that is often described as the conquest 
of chemical discovery. The physician Leblanc, how- 
ever, was a successful practical chemist for a short 
time only--only  until his patrons were condemned to 
death and his soda factory was confiscated by a revo- 
lutionary tribunal. Leblanc committed suicide in the 
poorhouse. 

In 1813 Mathieu J. B. Orfila summarized the results 
of specific toxic effects, added what was known to be 
possible in the way of precise detection of poison and 
in his "Trait6 de toxicologie g6n6rale" made a system- 
atic compilation of the level of knowledge at the time. 

CHEMISTRY A N D  THE C H E M I C A L  
I N D U S T R Y  IN THE 

N I N E T E E N T H  CENTURY 

With technical production and the control of chem- 
ical activity, pharmacology became a new pure sci- 
ence. It kept pace with the most important advances 
that were being made in experimental physiology, es- 
pecially under the influence of Johannes M~iller 
(1801-1858) and his assistants. Unlike medicine, the 
methods of pharmacology were not dependent on in- 
vestigations made at the sickbed. In 1802 the associa- 
tion between medical theory and pharmacology took 
an important step forward when the French apothe- 
cary Jean-Francois Derosne isolated the first crystal- 
line "opium salt" (as a mixture of at least two alka- 
loids). The apothecary Friedrich Wilhelm Sertfrner 
from Paderborn (1783-1841) created morphium from 
opium in 1804 and recognized in 1817 that the alka- 
line product is the physiologically active constituent 
of opium. At the beginning of the 19th century Pari- 
sian pharmacists (among them Pierre-Joseph Pelletier 
and Joseph-Bienaim6 Caventou) discovered the sub- 
stances chlorine, bromine, and iodine, and isolated 
quinine, caffeine, codeine, strychnine, and others. The 
state of learning was summarized by the physiologist 
Francois Magendie (1783-1855) who at the same time 
influenced research into the specific effects of sub- 
stances in clinical medicine via his pupil Claude Ber- 
nard (1813-1878). 

An important turning point, although it cannot be 
precisely dated, was the systematic pharmacological 
screening of synthetically produced molecules. In this 
way, pharmacologically effective substances could be 
made available in the form of preparations for thera- 
peutic purposes, such as, for example, Serullass iodo- 

form (1829) chloroform, obtained by both Soubeiran 
and Liebig at the same time in 1831. 

As the importance of medicine and pharmacology 
grew, so did that of toxicology as an applied science. 
One of the influences on this development, along with 
pharmacy, continued to be the analytic impulse com- 
ing from forensic medicine. 

Throughout history there has been an abundance 
of spectacular cases of murder through poison, from 
the female poisoner Locusta, who worked for Nero, 
to Teofania di Adamo, who was executed in Palermo 
in 1633 for murders using her Aqua Tofania (white 
arsenic boiled with lead and antimony), to Gesche 
Gottfried, who killed at least fifteen people and in 
1831 was the last female criminal to be publicly be- 
headed in Bremen. During the 19th century most of 
the world-famous cases of systematic poisoning on a 
grand or a small scale involved the use of arsenic 
compounds, above all arsenious acid. As late as 1926 
a nurse who had poisoned twelve people with arsenic 
was executed in Paris. J. Marsh took a significant step 
forward in 1832 when he invented an apparatus to 
show the level of arsenic present and was thus able to 
prove the use of the poison before an English court. 
The court, however, refused to recognise his evidence. 
It was not until 1840 that the Marsh apparatus given 
long-lasting recognition when it was used by the Par- 
isian forensic medical expert Orfila in a sensational 
murder-by-poison trial in France. 

Forensic medicine was initially taught, for example 
by Johann Peter Frank (1745-1821) in Pavia and Vi- 
enna, along with surgery. Around 1770 the Vienna 
School developed pharmacological and clinical exper- 
iments (Anton de Haen worked with opium, bear- 
berry (arctostaphylus uva ursi), and cinchona). In 1804 
it set up a separate professorship in a historical com- 
bination of state medicine and pharmacology, and in 
1818 it established its own institute within the general 
hospital. The most important impetus came from 
Franz C61estin Schneider (1812-1897) who succeeded, 
for example, in separating out arsenic in 1851 and 
who, like Pettenkoffer, worked towards combining 
chemistry and medicine. Out of this too grew the tox- 
icological orientation of forensic medicine, for which 
Graz (Adolf Schauenstein 1827-1891) and Vienna 
(Ernst Ludwig 1842-1915, full professor of medical 
chemistry, 1874) were the main centers. In Zurich, in 
contrast, the disciplines were in competition, and as a 
consequence physiological chemistry was not offered 
until 1887 and Max Cloetta was not made associate 
professor of pharmacology until 1901. Cloetta repre- 
sented a group of subjects, among them toxicology. 

With Sert~rner's isolation of pure morphine there 
began a new phase in cases of poisoning in which 
arsenic was supplanted by alkaloids, whose presence 
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in a corpse could not at first be proved. The number 
of possible poisons rose rapidly, while their detection 
during a postmortem examination grew ever more 
difficult. Carl Remigius Fresenius (1818-1897), on the 
other hand, was already demanding in 1844 that con- 
tradictory scientific presentations of evidence should 
be standardized and improved on. A spectacular trial 
took place in Belgium in 1851 (Count Bocarm6 had 
poisoned his brother-in-law with nicotine) during 
which Jean Servais Stas succeeded in separating the 
alkaloids from body tissue by the removal of protein 
by alcohol and by ether extraction. Subsequently de- 
tection methods for countless alkaloids were devel- 
oped. This "isolation of the poisonous substance" re- 
mained one of the cornerstones of forensic medicine 
and toxicology. 

At the end of the 17th and beginning of the 18th 
century, a stricter scientific training for pharmacists 
was considered increasingly important. As early as 
1779, the apothecary Johann Christian Wiegleb 
founded an institute for the teaching of pharmaceutics 
in Langensalza; more were established in the follow- 
ing years. The private institute of Johann Bartholo- 
m~ius Trommsdorf in Erfurt (founded 1795) was fa- 
mous; it served as a model for other institutes. In 1826 
Liebig founded a private pharmaceutical-technologi- 
cal school in Gieflen. Out of the larger pharmacies the 
first factories grew; Trommsdorf set up the first chem- 
ical-pharmaceutical factory in Erfurt in 1813, and his 
pupil Merck did the same in Darmstadt in 1827. 

There was a close and fruitful connection between 
the academic science of the universities and commer- 
cial practice, illustrated, for example, by the relation- 
ship between Justus Liebig and Heinrich Emanuel 
Merck in the 1830s. In 1827 Merck began the factory 
production of morphine using the dried latex of 
opium poppy capsules. In the same year the Prussian 
government issued an edict that allowed doctors and 
pharmacists to obtain from factories medicines that 
were difficult to make. In England in 1844, William 
Brockedon compressed tablets out of a dry powder; 
shortly afterwards the pharmaceutical trade began to 
deal in gelatin capsules and coated tablets, followed 
by ampoules. There was a significant boom in the 
industrial production of medicines after 1870. 

The development of pharmacology was one of the 
main reasons for an expansion in toxicology at univer- 
sity level in the second half of the 19th century. In 
1847 Rudolf Buchheim founded his pharmacological 
laboratory in Dorpat, initially on a private basis, and 
introduced experimentation on animals. In the foot- 
steps of Buchheim, who in 1860 set up the state insti- 
tute for pharmacology, followed Rudolf Boehm, Hans 
Horst Meyer, and Rudolf Kobert. The center of em- 
phasis shifted later with Oswald Schmiedeberg (1838- 

1921) to the newly established model university of 
Strasbourg. Out of private institutions, which were 
called "laboratories" until the 1870s, developed pro- 
fessorates and institutes in all the larger universities, 
in which toxicological approaches and concerns were 
also taken into account. S. Weir Mitchell, under the 
influence of Claude Bernard, carried out in 1858 a 
series of experimental studies on the toxicology of 
snake venoms and arrow poisons. 

In the mid-1880s the systematic linking up of uni- 
versity scientific research with industrial laboratory 
work began. The intensity of research and specializa- 
tion towards the end of the 19th century posed new 
problems for the integration of toxicology, particu- 
larly as a result of the growing independence of chem- 
istry and pharmacology. As far as practical applica- 
tion was concerned, the scientific fields of pharmacy, 
toxicology, and food chemistry were integrated in cer- 
tain pharmaceutical institutes, like the one in Mar- 
burg, which was developed by Robert Wilhelm Bun- 
sen (1811-1899). In the USA, similar research 
institutes were founded based on the German exam- 
ple, beginning with Johns Hopkins University's 1876 
Chair in Experimental Pharmacology. 

In the latter third of the 19th century, a marked 
advance took place in mathematical and natural sci- 
ence teaching and research. The Chemistry Congress 
in Karlsruhe in 1860 stimulated an economic, scien- 
tific, and technical thrust forward that was scientifi- 
cally strengthened by the benzol theory of 1865. The 
foundations of the theory, laid by August Kekul6 
(1829-1896), opened up the way for empirical, meth- 
odological searches for new dyestuffs. Certain scien- 
tific advances were influenced by the laboratories of 
the chemical industry. Hoechst, for example, ap- 
pointed in 1883 the university professor A. Lauben- 
heimer, who carried out bacteriological and serologi- 
cal research in close association with Emil A. Behring 
(1854-1917) and Paul Ehrlich (1854-1914). In 1876 the 
American Chemical Society was founded. In the wake 
of conflicts during the 1890s between more academi- 
cally and more industrially oriented chemists, this 
body developed into four specialized organizations: 
the Division of Industrial and Engineering Chemistry 
(1907), the American Society for Pharmacology and 
Experimental Therapeutics (1908), the American Soci- 
ety for Agricultural and Food Chemistry (1908), and 
the American Oil Chemists Society (1909). In addition, 
an American Institute of Chemical Engineers was 
founded. 

The toxicological implications of the revolutionary 
scientific and industrial developmental tendencies 
were already apparent at the end of the 19th century, 
but a blind eye was turned in the hope of manufactur- 
ing effective substances synthetically and systemati- 
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cally. John J. Abel (1857-1938) studied in Germany 
under Carl Ludwig in Leipzig and Oswald Schmie- 
deberg in Strasbourg and became a founding father of 
pharmacology in the USA. Rudolf Kobert summa- 
rized the developments that had taken place in phar- 
macological knowledge at the end of the 19th century 
in two important textbooks, in which he emphasized 
the metabolic changes in the human organism 
through resorption, neutralization, oxidation, reduc- 
tion, fission, conjugation, synthesis, secretion, and 
excretion. In his opinion, pharmacology was the fun- 
damental science that was the impetus behind 
the applied branches of toxicology and pharmaco- 
therapy. 

SUBSTANCE EFFECTS---USES 
A N D  LIMITS 

In the field of applied medical science, Charles 
Turner Thackrah (1795-1833) was the first to fashion 

an overview of studies in industrial hygiene, "The 
Effects of Arts, Trades and Professions on Health and 
Longevity" (1831), a pathbreaking study of worker 
health risks in England. A more useful and practical 
development arose from the association between 
chemistry, pharmacology, toxicology, and hygiene, as 
practiced by Max Pettenkofer (1818-1901). In 1852 the 
pharmacist and physician became a full professor of 
medical chemistry in Munich and in 1865 was ap- 
pointed to the first professorship in experimental hy- 
giene, also in Munich. Working in collaboration with 
Carl Voit, he began research on the exchange of gases 
between the organism and its environment. 

Commercial developments augmented toxicologi- 
cal knowledge, which went beyond the knowledge of 
pharmacological agents and included all procedures. 
Hermann Eulenberg published the first summaries of 
results of experimental research on harmful and poi- 
sonous gases in 1865 and 1876, but had to admit that 
in practice one had to rely more on one's sense of 
smell than on chemistry. Ludwig Hirt (1844-1907) 
published in the 1870s the first modern standard work 
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on occupational medicine, which took as its starting 
point substances harmful to health. 

The varying intensity and duration of cases of poi- 
soning directed speculative attention to the difference 
between the substance itself and the affected individ- 
uals. In this regard Pettenkofer and his followers were 
particularly interested in the connection between the 
quantity of the substance and the body's processing 
of it. "Limits of toxicity," and "limits of tolerance," 
and the first limits for dangerous concentrations were 
calculated, among them the carbon dioxide concentra- 
tion established in 1883 by Max Gruber. Karl Bern- 
hard Lehmann (1858-1940) began in 1884 his research 
into the most important industrial gases. His institute 
in Wtirzburg (founded in 1887) became the foremost 
center of toxicological research. Up to the beginning 
of the Second World War he established the limits of 
concentration of over one hundred substances. Leh- 
mann recognized, among other things, that in some 
gases relative habituation can occur, while others can 
cause increasingly severe reactions. In the USA, lists 
of harmful concentrations of gases had been estab- 
lished in 1912 and 1921. In 1927 the American Chem- 
ical Society published limits for 25 noxious gases con- 
cerning acute toxic affects and the "maximum 
concentration allowable for prolonged exposure." In 
1946, the American Conference of Governmental In- 
dustrial Hygienists established 144 threshold-limit 
values for specific vapors, dusts, fumes, and mists. 

At the turn of the century, pharmaceutical products 
became increasingly important in the development of 
the chemical industry. The manufacture of drugs 
shifted from the pharmacies to the factories and re- 
quired precise analysis. As late as the beginning of the 
19th century, the preferred method was experimenta- 
tion on a small range of animals, the effects of which 
were as accurately described as possible, followed by 
a conclusion based on analogy with humans. Changes 
in behavior and secretions were noted. The tendency 
of the development was away from application ac- 
cording to symptoms and empirical discovery and 
toward systematically creating compounds and test- 
ing them. 

The close association between commerce and med- 
icine was henceforth influential in encouraging a 
connection, based on practical application, between 
toxicology and pharmaco-therapy. There was, for 
example, a collaboration between the firm of Hoechst 
and Paul Ehrlich, who was engaged in research into 
nontoxic arsenic compounds at the turn of the cen- 
tury. Chemotherapy, too, is linked with Ehrlich's 
name. His motto was: "Corpora non agunt, nisi fix- 
ata." In the 1880s Ehrlich was the first to establish the 
classification of leucocytes using a dye technique that 

is still in use today, and he was the founder of modern 
hematology. Ehrlich developed together with John N. 
Lanlay the drug-receptor theory, which in the 1930s 
was further developed by A. J. Clark. 

In addition to the rapid developments in the field 
of pharmaceutics, important discoveries were made 
in the 19th century regarding the manufacture of in- 
digo, sulfuric acid, ammonia, and chlorine, which in- 
fluenced toxicology from the standpoint of occupa- 
tional hygiene. From the 1890s onwards, chlorine was 
one of the keystones of organic synthesis. It made 
possible the use of chlorinated substances in the form 
of solvents, synthetic materials, wood preservatives, 
insecticides, herbicides, and so on. The decisive step 
for the future importance of pesticide toxicology was 
taken. Also decisive was the fact that the largescale 
availability of hydrogen chloride paved the way for 
the production of thermoplastic synthetic sub- 
stances - -  polyvinyl chloride and polyvinyl acetate. 
The toxicity of these substances did not become sig- 
nificant until much later. 

Many of the substances that were needed for indus- 
trial production were known to be dangerous, those 
used in the production of fuchsin, for example. At the 
Hoechst works in 1867, no less than 2.15 tons of 70% 
arsenious acid were processed. One could, however, 
according to Carl Duisberg, not only take measures to 
combat the dangers, but even remove them entirely, 
if the appropriate apparatus were used. Nevertheless, 
in 1903, more than 50 cases of aniline cancer were 
diagnosed among the workers at Badische Anilin- 
und Soda-Fabrik (BASF). 

Thus the chemical industry at an early stage inte- 
grated medical knowledge and medical experts into 
the production to protect and select the workforce. 
Carl Knaps became the first factory physician at BASF 
in 1866; Wilhelm Grandhomme was appointed to the 
Hoechst works in 1874. These doctors assessed the 
toxicity of the raw materials, the factory buildings and 
installations, and the intermediate and the end prod- 
ucts. The doctors of the large-scale chemical industries 
were of profound importance for the state of knowl- 
edge and the setting up of the areas of responsibility 
of the occupational hygiene authorities. In 1908, for 
example, the chemical industry set up the medical 
wing of BASF, out of which grew the "institute for 
occupational hygiene and toxicology." In collabora- 
tion with the employers' liability insurance associa- 
tion of the chemical industry, an occupational toxicol- 
ogy institute for research into and treatment of 
occupational disease was set up within the Ludwigs- 
hafen city hospital. In the context of the laws govern- 
ing social insurance, in particular the laws regarding 
accident insurance (e.g., the U.S. Occupational Haz- 
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ards Act of 1889 and the British Workman's Compen- 
sation Act of 1906), toxicological questions had to be 
settled by expert opinion. The experiences of the First 
World War reinforced efforts of this kind, which 
found their expression in the inclusion of coverage for 
occupational d i seaseua t  first mainly occupational 
poisoning--in accident insurance. In England and the 
U.S., this authority lay predominately with govern- 
ment agencies (e.g., in the U.K., the Chief Inspector of 
Factories, created in 1896 and headed by Thomas 
Legge; and in the USA the Office of Industrial Hy- 
giene and Sanitation, set up in 1919). The strengths of 
these agencies lay in field research and statistics rather 
than in laboratory research. In the Public Health Ser- 
vice, studies on industrial toxicology were carried out 
from 1919. In particular, Alice Hamilton conducted 
exemplary studies, for example, of the lead industry 
and of mercury poisoning in the felt hat industry. In 
1919, she became the first female faculty member at 
Harvard University. 

In Germany, toxicology experts, for example Louis 
Lewin, were caught in the sociopolitical struggle be- 
tween labor and capital. Louis Lewin (1850-1929), 
assistant to Voit and Pettenkofer in Munich, qualified 
as a lecturer in pharmacology, toxicology, and hy- 
giene in Berlin in 1881. His Jewish background was a 
particular hindrance to his career. He delivered his 
lectures in an apartment, which he had converted into 
an institute of pharmacology and toxicology. In addi- 
tion to pharmacology and the effects and side effects 
of the newest drugs, he was engaged in toxicological 
work, which included occupational poisoning and 
how to prove a case of poisoning before a court. 
Lewin was one of the first teachers at an institute of 
higher learning to regularly take his students on visits 
to factories, in particular to chemical plants. 

The International Association for the Statutory Pro- 
tection of Workers, predecessor to the International 
Labor Office, acting on the advice of the occupational 
hygiene expert Theodor Sommerfeld, in particular, 
drew up a "List of Poisons" with the following aims: 
the obligation of doctors and hospitals to inform the 
authorities in the event of occupational poisoning, the 
preservation of the independence of company doc- 
tors, the obligatory registration of the production and 
use of commercial poisons, the institution of special 
morbidity identification papers for persons working 
with poisons, the promotion of toxicological research 
and teaching in medical science, the institution of spe- 
cial training for toxicologists, the expert supervision 
of work where poisons are used, and the institution 
of rules regarding hours of work for those employed 
in this field. 

In these practical functions of occupational toxicol- 
ogy, findings were often made that were of far-reach- 
ing importance but that were only properly appreci- 
ated in other contexts. Thus the blister-like swellings 
in workers using fuchsin in an aniline factory had 
been described, but L. Rehn in 1895 traced these to 
the workers' exposure to aniline and fuchsin. For the 
first time the specific organotropic carcinogenic effects 
of chemical substances had appeared at a distance 
from the point at which they were caused. The first 
investigation of asbestos cases was conducted in 1906 
by Montague and Murray, but did not bear policy 
consequences. The gap between initial scientific anal- 
yses and definite assessment in terms of occupational 
hygiene remained a practical difficulty for toxicology. 
K. B. Lehmann, for example, could give as early as 
1898 a clinical picture of the disease chlorine-related 
acne among chemical workers involved in electroly- 
sis. Later, after accidents in the 1950s, this was recog- 
nized as a symptom of massive exposure to dioxin. 

Noise, vibration, air pollution (through smoke, 
soot, dust, foul smells, and toxic gases), ground pol- 
lution (through residue and wastewater) continued to 
be analyzed and assessed following Pettenkofer's tra- 
dition. The law "aerum corrumpere non licet," laid 
down by the corpus iuris civilis in the 17th century, 
was always relevant and topical in the period of in- 
dustrialization, with its smoke from foundry chim- 
neys, smog, and, above all, the toxic gases and vapors 
from factories. 

In the field of food hygiene, too, we find important 
developments in the 19th century. A continual prob- 
lem was, of course, alcohol. Earlier considered in 
many respects a remedy (to aid digestion), alcohol 
came to be seen from the 17th century onwards as a 
symbol of immoral behavior. Both public houses and 
pharmacies were now forbidden to sell brandy and 
beer on Sundays between and after the church ser- 
vices. Coffee, too, was originally considered a medical 
remedy, but its inclusion in the books of the apothe- 
caries was short-lived. Soon it was being denounced 
as a new vice, was subject to taxes, and at the end of 
the 18th century was forbidden entirely. Looking at 
the matter from the point of view of economics, Fred- 
erick the Great considered it better to let the popula- 
tion re-accustom itself to beer. Food hygiene became 
increasingly important in Germany in the 1860s and 
1870s, especially in the context of increasing amounts 
of "fake" foodstuffs, which became easier to detect 
with more effective methods in the 1830s. In 1879 the 
German Reich issued a decree concerning commerce 
in foodstuffs, alcohol, tobacco, stimulants, and uten- 
sils involved in food preparation. Initial attempts at 
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standardization in the U.S. occurred, for example, 
from 1901 at the Bureau of Standards, which made 
progress with the use of accurate methods of analysis. 
Under the auspices of the Pure Food and Drug Act, 
the Department of Agriculture began in 1906 to re- 
search toxicological questions. During the 1930s, 
above all in association with the mass production of 
canned goods, the Department of Agriculture's Food 
and Drug Administration carried out studies of the 
toxicity of substances used as food additives or that 
occurred as impurities in foods (e.g., insecticide resi- 
dues). This was the beginning of broad-based cam- 
paigns, including among others the 1936 long-term 
project on the chronic toxicity of lead and arsenic and 
the Food, Drug, and Cosmetic Act of 1938. 

Towards the end of the 19th century, research that 
was done into the problems of alcoholism and also 
into toxicomania took into account the aspect of ad- 
diction as well as that of depravation and underlined 
the connection between hygiene and efforts to im- 
prove public health. 

Toxicology contributed to the recognition and min- 
imization of several causes of danger to health present 
in foodstuffs. Food toxicology gained international 
recognition through scandals, when, for example, the 
hygienic conditions (or lack of them) in the meat- 
processing plants in Chicago became known. Another 
example is that of meat preservation. Until the begin- 
ning of the 20th century, meat was cured with a mix- 
ture of salt and saltpeter. J. Haldane established in 
1901 that the desired red coloring of meat could be 
achieved by reducing the added nitrate to nitrite. The 
meat curers now began to use salt mixtures with pure 
nitrite. After curing salt with sodium nitrite came on 
the market in 1916, there were cases of poisoning, 
including a case of mass poisoning of 34 people, in- 
cluding a child who died, in Leipzig. Thereafter, the 
use of nitrite in curing was banned in Germany. The 
1927 law relating to foodstuffs was drawn up on the 
basis of a list of prohibited additives, the criminally 
negligent use of which was punishable by law. The 
list was amended in 1958 to contain a "positive list" 
of all the specifically admissible substances. 

There were difficulties with the analysis of those 
threats to health that have a long period of latency 
and complex causes. The carcinogenic effect of arsenic 
on humans was known because of its frequent use 
and was described as early as 1822. After the First 
World War, winegrowers combated the larvae of the 
grape moth with sprays containing arsenic. The risk 
of exposure was, however, limited to a period of a 
few days, and the toxicity of the related copper-arse- 
nic compounds was known both to industry and to 

the authorities. In 1924 there were numerous reports 
from the Kaiserstuhl area of cases of arsenic poisoning 
and also of cancer. Franz Koelsch (1876-1940) pon- 
dered the question why workers in metallurgical 
plants and chemical factories, with greater exposure 
to these substances, almost never suffered from carci- 
nomas or diseases of the liver. Severe chronic arsenic 
poisoning was also found among coopers, publicans, 
and winetasters. Only years later was the significance 
of the latency period recognized, when H. von Pein 
established in 1943 that 15 years or more can elapse 
between hyperkeratosis and the emergence of cancer, 
and that chronic arsenic poisoning can increase the 
organism's tendency to develop cancer. The assess- 
ment of arsenic poisoning in winegrowing remained 
a problem for toxicologists, however, because of the 
possibility of the misuse of alcohol. 

Another famous example was the synthesis of di- 
chlorodiphenyl-trichloroethane (DDT), which was 
carried out by the German chemist O. Zeidler as early 
as 1874, although the practical uses of the substance 
were not recognized until the Second World War 
when it was used as an insecticide. For this, the Swiss 
scientist Paul-Hermann Miiller won the Nobel Prize 
for Physiology and Medicine in 1948. In 1972 special 
legislation was introduced to ban the use of the sub- 
stance as an insecticide because of its unusual biolog- 
ical half-life. It had been realized that DDT (DDE) 
accumulates in the food chain. The scientific assess- 
ment of its practical application and use, missing in 
this case, became the central task of toxicology. 

The seedtime of American industrial laboratories 
was the 1920s. The chemical industry, regarded as 
either a sort of glorified drugstore or as the producer 
of cheap and nasty substitutes, suddenly became the 
creator of new values. New close contacts between the 
chemical industry and the universities helped im- 
prove the heretofore somewhat suspect reputation of 
the drug industry. The chemical indus t ry- -and  
within it applied toxicologymdeveloped in two 
spurts in the mid 20th century. First, the experience of 
the significance of Germany's poison gases and pat- 
ented chemical technologies during the First World 
War, as well as the lessons learned from the analysis 
of and often dangerous application of petroleum in 
the booming interwar oil industry, boosted the impor- 
tance of hygiene engineers and toxicologists in the 
U.S. Second, after the Second World War, in connec- 
tion with the economic expansion, a boom in indus- 
trial hygiene and research into public health occurred, 
for instance, the Controlling Chemical Hazard reports 
conducted from 1945 to 1947 by the Bureau of Labor 
Studies. This development, in which German exiles 
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also participated, culminated in the Occupational 
Safety and Health Act of 1970. 

From the middle of the 20th century onwards, ex- 
perimental research on isolated organs and cell cul- 
tures was growing. This required specialized knowl- 
edge and made the practical generalization of the 
results difficult. Especially in regard to the statistical 
evaluation of the experiments, the quality of experi- 
mental planning and the collection and biometric pro- 
cessing of data have become an increasingly signifi- 
cant methodological problem. This is reflected today 
in the guidelines on "Good Laboratory Practice" 
(GLP). 

A qualitatively new problem for toxicology arose 
with the discovery of radioactivity by H. Becquerel. 
Soon after this "sensational discovery," loss of hair 
and a decrease in the size of tumors were noticed 
among its biological effects. Once radium had been 
isolated by Marie and Pierre Curie, research into ra- 
diation and radioactive damage went hand in hand. 
The great attraction of X-rays and radioactivity ini- 
tially masked the harmful effects of ionized radiation, 
to which Marie Curie herself fell victim. Safety pre- 
cautions were called for as early as 1906, and in 1929 
the International Commission on Radiological Protec- 
tion was formed. The dosimeter for ionized radiation 
was originally developed for therapeutic purposes 
and later extended to cover all radiation effects. It was 
recognized early on that special limitations were nec- 
essary in the case of radiation damage to skin (Hol- 
thausen, 1936), to prevent genetic mutation in living 
creatures (Regaud and Dubreuil, 1908; Muller, 1927) 
and to avoid inducing cancer (Marie, 1910; Hesse 
1911). In 1956 in the USA a threshold was set for 
genetic risk in the population (10 R in the first 30 
years of life). The risks of radiation have become par- 
ticularly significant in recent years, for sociopolitical 
reasons. 

It must be borne in mind that there have been 
spectacular incidents in industrial production that 
have put great social pressure on toxicology, such as 
the mining disaster at Courri6rs in 1906, the chemical 
explosions in Ludwigshafen-Oppau in 1921 and in 
Buna in 1925, the smog disaster in the Maastaal in 
1930, the mass poisoning due to a drug containing 
diethylene glycol in 1937, the fish poisoning in the 
Japan Kiushu due to industrial mercury residues 
dumped in the sea in 1953, the fetal poisoning caused 
by thalidomide from 1958-1961, the Santa Barbara oil 
spill in 1969, the trichlorphenol (dioxin) accident in 
Seveso in 1969, Love Canal in 1978, Three Mile Island 
in 1979, the poisonous gas explosion in the pesticides 
plant in Bhopal in 1984, the Institute of West Virginia 
in 1985, the admixture of diethylene glycol into Aus- 

trian wines in 1985, the introduction of 400 liters of 
herbicide into the canals and the Rhine river in Basel 
in 1986, and Tschernobyl in 1986. This pressure is not 
always conducive to good science. 

Pharmacologists have always been interested in 
poisons, but in recent decades toxicology has become 
a separate discipline entirely, mainly on the basis of 
physiological and biochemical foundations. Still to- 
day, the subject of toxicology is found above all in the 
realm of biochemistry. 

In forensic medicine, toxicological examinations are 
done in institutes of legal medicine and also in vari- 
ous bureaus of criminal investigation run by the 
German Bundesl~inder. There was reciprocal action 
among the demands of judicial presentation of evi- 
dence, analytic methods, and the quality of the insti- 
tutes in which forensic toxicological work was being 
carried out. 

In Zurich the medicolegal laboratory set up by 
Heinrich Zanggers became an official part of the uni- 
versity when he was appointed to an associate pro- 
fessorship there in 1906. In addition, there was the 
biochemical institute founded by Johann Bonifaz 
Flaschentr~iger (1894-1957). 

Independent departments of toxicology were not 
established in universities until the 1960s. Environ- 
mental problems, above all, brought about the realiza- 
tion that the harmful effects of impurities on a healthy 
organism must be independently recognized, as- 
sessed, and prevented. 

THE SCOPE OF T O X I C O L O G Y  IN 
HISTORIC TERMS 

. . . . . . .  

"The question why is the mother of all science," 
said the philosopher Arthur Schopenhauer in 1813, 
and thus was formulated the guiding principle for the 
methodology of toxicology. The history of toxicology 
is the account of the endeavors made to answer that 
question qualitatively and quantitatively in a causal 
analytic way. It must be said, however, that the over- 
lapping interpretations and evaluations of toxic effects 
are not part of the actual field of toxicology but rep- 
resent indications and questions that toxicology must 
pass on to the fields of medicine, hygiene, or politics. 

Oswald Schmiedeberg differentiated strictly be- 
tween the "effects" and the "consequences" of sub- 
stances. This differentiation characterizes the system- 
atic orientation of toxicology. In its fundamental 
research into effects, toxicology was oriented towards 
medicine (physiology), chemistry and pharmacology. 
In the practical applied research into consequences, 
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toxicology w a s  o r ien ted  t o w a r d s  p h a r m a c y ,  forensic  
medic ine ,  the chemica l  indus t ry ,  a n d  hygiene .  

In a good  historical  s u r v e y  wr i t t en  in 1925, Louis  
L e w i n  desc r ibed  toxicology in the w i d e s t  sense  as the 
s t u d y  of life u n d e r  the condi t ions  tha t  are k n o w n  to 
cause  illness. H e  be l i eved  tha t  there  w e r e  n u m e r o u s  
var ia t ions  in the  condi t ions  tha t  cause  i l lness a n d  their  
c o r r e s p o n d i n g  phys ica l  mal func t ions .  The  specific 
k n o w l e d g e  a n d  exper ience  that  toxicology has  devel-  
o p e d  can be u s e d  in the appra i sa l  of the impac t  of 
these  i l lnesses f rom a chemical ,  physical ,  and  med ica l  
s t andpoin t .  D i s t i ngu i shed  exponen t s  classified the 
field of toxicological  w o r k  as the c o m m o n  responsibi l -  
i ty of civi l ized beings.  As Lewin  p u t  it in 1922, "Any-  
one w h o  is in the  possess ion  of an object w h i c h  could  
be h a r m f u l  to o thers  is obl iged to r educe  or r e m o v e  
the possibi l i ty  of that  h a r m . "  
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PRINCIPLES 

This chapter covers the use of biostatistical meth- 
ods in toxicology. Toxicology as a science is multifac- 
eted; therefore, the methods presented are limited to 
regulatory toxicology studies. These studies are usu- 
ally conducted according to national or international 
guidelines for the proof of safety for new drugs or 
chemicals. The problems are discussed from a biosta- 
tistical point of view. Selected simple statistical meth- 
ods are described and demonstrated in small teaching 
examples, without need of computer programs. 

At the end of a toxicological study, a decision about 
whether the new drug or chemical is harmless, harm- 
ful, or harmless up to a specified dose is made. Deci- 
sion making requires a confirmatory type of statistical 
method given by the following criteria: 

�9 A priori definition of an experimental design (fre- 
quently chosen according to guidelines). 

�9 A priori definition of the necessary number of ani- 
mals or sample sizes (frequently determined ac- 
cording to recommendations). 

�9 A priori definition of the statistical test to be used 
and the upper limits of false positive (type I error 
c~) and false negative (type II error/3) decision 
rates. 

The statistical methods can be classified into estima- 
tion (e.g., the estimation of LDs0) and testing (e.g., 
high dose versus negative control). The latter repre- 
sents the emphasis of this chapter. 

According to standard statistical techniques, the 
traditional null hypothesis of no difference in the ef- 
fect between the treated and negative control group is 
tested. 

Null hypothesis 
H0: effect of control group ~ effect of dose group 

Alternative hypothesis 
HA: effect of control group K effect of dose group 

Failing to reject the null hypothesis (i.e., when the p 
value is greater than 0.05), often leads to the conclu- 
sion that the evidence is in favor of safety (harmless). 
However, the most frequent testing theory is based 
on the falsification principle. Therefore, how the deci- 
sion rule is set up in terms of the null and alternative 
hypotheses makes a big difference. Two approaches 
have to be distinguished: proof of hazard (null hy- 
pothesis of no difference) and proof of safety (alter- 
native hypothesis of no relevant difference). In the 
first approach, the probability of erroneously conclud- 
ing hazard (the producer's risk) will be controlled and 
in the second the probability of erroneously conclud- 
ing safety (the consumer's risk) is limited. For drug- 
safety assessment, the consumer's risk (i.e., errone- 
ously overlooking a toxic effect) should be controlled 
primarily. However, some difficulties still exist, for 
example, the a priori definition of the minimal rele- 
vant safety difference in a multiple endpoint case, and 
the approach represents a break from tradition. There- 
fore, the classical proof of hazard will be described 
here. However, a toxicological study must have a rea- 
sonable chance of detecting a relevant treatment ef- 
fect. Consequently, the sample size should be based 
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on the type I and type II errors, and underlying vari- 
ability, and the specific size of effects considered ap- 
propriate by the toxicologist. Moreover, in the case 
that the test failed to reject the null hypothesis, the 
type II error (or the power = 1 type II error) has to be 
reported. 

Experimental design before the start of a study is 
important. Two aspects will be discussed here: sample 
size estimation, and choice of the many-to-one layout. 
However, in regulatory toxicology a minimum de- 
mand for sample size and number of dose groups is 
recommended by the guidelines. Another major objec- 
tive of experimental design is dose selection. This is a 
very difficult task in real toxicological studies, and is 
not only dependent  on statistical arguments. There- 
fore, this will not discussed here. 

Sample Size Estimation 

For a defined design and test the relationship be- 
tween type I error cr and type II error/3 is 

/3 = f(ni, a, 0-, c~), 

where 3 denotes the minimal relevant difference, n/ 
the sample size per group, and 0 -2 the variance. Type 
II error increases with smaller sample sizes nj a n d / o r  
increasing variance 0- a n d / o r  smaller relevant differ- 
ence 3 a n d / o r  smaller c~ levels. As a simple example, 
sample-size estimation is demonstrated for the t test 
with assumed Gaussian distribution and equal sample 
sizes and variances: 

nj = (20-2 /  t~2)(z1_a -ff z1_/3) 2 
withzl_~ . . . (1 - a) 

quantile of normal distribution. 

Sample-Size Estimation for a Subchronic 
Toxicity Study 

For the serum variable, alkaline phosphatase (AP) 
in Wistar rat is known from historical controls to have 
a coefficient of variation (CV) equal to 36.5% (variance 
0 -2 = 71). Assuming a relevant safety difference 3 = 
4.2 (i.e., 50% of the standard deviation) one-sided test- 
ing for an increase, sample sizes nj are necessary for 
several levels of type II (0.05, 0.10, 0.25) and type I 
error (see Fig. 1). 

In practice, such a blind sample-size estimation is 
often impossible because an unrealistically large sam- 
ple size number would be calculated. A more prag- 
matic approach is the estimation of the type II error 
or the minimal detectable difference based on the 
sample sizes recommended by guidelines. Moreover, 
for each animal, multiple endpoints with different 
variances are measured. Based on the idea that acom-  

2 O 0  I- - -  0 . 0 5  
0.1 . . "  

150 
el iw=, =alp al=e 

1 0 0  . . . . . . . . . . . . . .  

5 0  

0 I .... I I I = 

0.1 0.05 0.025 0.01 0.005 0.001 
Type I error 

parable type II error rate is important, the estimation 
of an endpoint-specific type I error rate is also possi- 
ble. For the different endpoint (e.g., serum protein), 
an cr level of 1.1% instead of 5% would have to be 
used to ensure the same/3 level. 

Sometimes, the direction of the effect is known a 
priori; that is, only an increase of tumor rates repre- 
sents the experimental question in a carcinogenicity 
study. Two minimize type II error, one-sided testing 
should be performed. If a two-sided test is used, a 
marked increase in sample size is necessary. In the 
above example, non,-sided = 32, but ntwo_side d = 44 is 
necessary. 

In the many-to-one design, an increase in the sam- 
ple size of the control will be used according to the 
statistical optimality rule nK = ~ riD, where k denotes 
the number of dose groups. However, this rule holds 
true only in the case of variance homogeneity (which 
is questionable in toxicological studies, a priori) and 
the exact ~ rule is not necessary. For the typical 
three- or four-dose experiment, simply doubling the 
sample size is sufficient. Thus, the control sample size 
can be divided into two independent randomized 
controls, possibly stratified on pretest conditions (e.g., 
body weights). In the case of dichotomous data, such 
as mortality or tumor rates, the sample size ni also 
depends on the spontaneous rate of the controls Pc 
(see Fig. 2). 

Therefore, detection sensitivity increases with 
lower spontaneous rates. The minimum sensitivity oc- 
curs when is Pc = 0.5. In a carcinogenicity study 
based on a balanced false-positive-false-negative ra- 
tio, animal strains with the spontaneous rate of the 
target tumor greater than zero and smaller than about 
10% should be selected. Unfortunately, the target tu- 
mor seldom can be defined a priori, because numer- 
ous tumors with rather different spontaneous rates 
must be taken into account. Therefore, an animal 
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strain with an average small spontaneous rate across 
all tumor types should be selected. 

Experimental Design 

The many-to-one design t r e a t m e n t s  v e r s u s  n e g a t i v e  
c o n t r o l  (i.e., k + 1 experimental groups) is applied to 
all toxicological studies, with the exception of acute 
toxicity studies. Usually, this one-way layout is in- 
cluded in a factorial design with the factors of litter, 
sex, and time. Assuming an interaction between these 
factors in advance, an independent analysis is done 
for a dose effect by each factor separately. Therefore, 
only methods for the one-way design are described 
here and the following types can be distinguished: 

�9 Unrestricted design: C-, T~, . . . , Tk, with Tj de- 
noting different treatments (e.g., different sub- 
stances, application forms, or combinations of 
substances). 

�9 Dose-response design: C - ,  D1 . . . .  , Dk,  with Dj 
denoting different doses; C- = 0 < D 1 ~ . . .  ~ Dk 
(k not too large, i.e., E {2, 3, 4}). 

�9 Extended design including a positive control: C-, 
D 1, . . . , D  k , C + .  

�9 Complex design: C - ,  C ~ SA (D1,  �9 �9 �9 , Dk),  
SB (D~, . . . , Dk) ,  C +, where C o denotes an empty 
control (without any administration), and SA,B de- 
note several substances. 

For the first type, comparisons of treatments versus 
negative control (many-to-one procedures) are used. 
For the second type, the following can be distin- 
guished: 

�9 Dose-response analysis based on selected complex 
models (e.g., single hit model) and testing selected 
model parameters. Unfortunately, there is no possi- 
bility for the separation of model and lack-of-fit. 
According to the slogan "all models are wrong, 
some are helpful," independent model selection for 
the typical three- or four-dose design is difficult 
and the routine use of this approach cannot be rec- 
ommended. 

�9 Dose-response analysis with comparison proce- 
dures for ordered alternatives. A priori assumption 
that the rejection of the null hypothesis will be ac- 
cording to an increasing trend only: 

H0: /~c =/~D1 =/~D2 . . . . .  /~Dk 

HA: / ~ c -  /~D,- /~D2 ~ ' ' " -  /~D~ 
with at least/~c < /~Dk 

Weaker assumptions are used (monotonic increas- 
ing, without knowledge of the kind of shape); 
therefore, this method is more robust. 

Comparison Procedures "Control versus k 
Treatments or Doses" 

In several publications, numerous statistical ap- 
proaches for many-to-one designs in toxicology were 
described. Two concepts should be distinguished: 

�9 Pairwise tests (t tests, u tests) "control versus group 
j," each independent at level a. Here, the principle 
of an experimental type I error rate is violated and 
no order information is used. Independent of the 
number of groups, a minimum type II error rate is 
guaranteed. 

�9 Multiple comparison procedures guarantee an ex- 
perimental type I error rate, but depending on the 
number of groups, the type II error rate will in- 
crease. If a priori monotonicity of the dose-re-  
sponse can be assumed, either procedures for order 
restriction or trend tests within the closure test 
principle should be used to decrease the type II 
error. 

However, the following 
avoided: 

approaches should be 

�9 Pairwise tests "each against each other" using t or 
u tests, because the experimental c~ level will be 
strongly violated. 
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Endpoint Example Two-sample test 

Parametric, homogeneous variances 
Parametric, heterogeneous variances 
Nonparametric, continuous 
Nonparametric, discrete with ties 
Dichotomous 

Hemoglobin 
Erythrocytes 
ASAT 
Number of micronuclei 
Mortality rate 

t test 
Welch t test 
u test, asymptotic version 
u test, permutative version 
Fisher's or Barnard's test 

�9 All-pair comparisons procedures (e.g., the well- 
known Tukey procedure) because the many-to-one 
structure is ignored and type II errors increase dra- 
matically. 

�9 "Omnibus"  global tests (e.g., Kruskal and Wallis 
(1952) test or F test) because the rejection of the null 
hypothesis only shows heterogeneity among the 
groups in an unknown  structure. 

�9 Test hierarchies consisting of test on distribution, 
omnibus test, and procedures because, from the 
viewpoint  of type II error, they are not free of con- 
tradiction. 

The choice depends  on the type of endpoint,  which 
is shown for pairwise tests in Table 1 and many-to-  
one procedures in Table 2 (the tests and procedures 
used are explained in the examples). 

Stepwise modifications of most procedures are now 
available. They guarantee smaller type II errors. How- 
ever, no simultaneous confidence intervals are gener- 
ally available. Until now, only "mean value statistics" 
(e.g., t test or Dunnet t ' s  procedure) have been consid- 
ered in this paper. Frequently in toxicological studies, 
a r e sponde r -non re sponde r  behavior can be observed. 
Tests on means are based on the principle of 100% 
responders.  For cases where  responders  are less than 
100%, tests for Lehmann alternatives can be used. In 
this case, we assume that the t reatment  consists of a 

proport ion of p nonresponders  (i.e., the same behavior 
as control group animals) and a proport ion (1 - p) of 
pathologically reacting animals. Such a mixing distri- 
bution can be detected by larger variances, which is 
exactly what  is frequently observed in toxicology 
studies: increasing variances with increasing effects 
(see Conover and Salsburg, 1988). 

R o b u s t n e s s  

The tests and procedures should be robust against 
violation of their assumptions,  that is, no increase of 
type I or type II error rates due to real data problems. 
Real data are characterized by violations of the Gaus- 
sian distribution a n d / o r  the variance homogenei ty  as- 
sumption. Unfortunately,  in small-sample-size stud- 
ies, a reliable test for a distribution is impossible. 
Either such a test can be performed on historical con- 
trols or a nonnormal  distribution is assumed a priori, 
leading to nonparametr ic  methods.  However ,  numer-  
ous investigations have revealed that under  different 
distribution types usually observed in toxicology, the 
parametric tests and procedures  are relatively robust. 
In contrast, both parametric  and nonparametr ic  meth- 
ods are very sensitive to heterogenous variances, es- 
pecially when  combined with unbalancedness (high 
variances and unequal  small sample sizes). Variance 

Without restriction of the 
Endpoint alternative hypothesis Ordered alternative hypothesis 

Parametric 

Nonparametric 

Dichotomous 

Dunnett (1955) procedure 

Steel (1959) procedure 

Passing (1984) procedure 

A priori ordered procedure based on t tests 
or contrasts 

A priori ordered procedure based on u 
tests or Jonckheere (1954) trend tests 

A priori ordered procedure based on 
Fisher tests or Armitage (1955) trend 
tests 
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heterogeneity can be simply tested on the concurrent 
s tudy (e.g., using the F test or the Levene 1960 test). 
The Levene test has the added benefit of being robust 
under  skewed distributions and hence is recom- 
mended.  If the variance homogenei ty  is markedly vi- 
olated, procedures based on common mean-square er- 
ror should not be used. Simply c~-adjusted Welch t 
tests can be used instead. 

R e p o r t i n g  o f  " S i g n i f i c a n c e s "  

The results of significance tests or procedures can 
be reported as: 

�9 Significant or not significant as a dichotomous deci- 
sion. 

�9 Symbols (e.g., * p ~ 0.05, ** p ~ 0.01, *** p ~ 0.001). 
�9 p values (the smallest possible empirical type I er- 

ror rate). 
�9 Confidence intervals for the differences control ver- 

sus treatment j. 

While p values are the shortest representation and 
are now up-to-date, parametric confidence intervals 
[Xlower; Xupper] contain the most  information. The dis- 
tance from zero is a measure of the magni tude  of 
violation of the null hypothesis; the width  is a mea- 
sure of variance, sample size, dimension k, and type I 
error c~. Confidence intervals are scale variant (end- 
point-specific interpretation is easy) and can be used 
in the safety approach (a posteriori defined minimal 
relevant difference 3). For Dunnet t ' s  procedure (see 
the section on Chronic Toxicity) the two-sided (1 - c0- 
confidence interval is 

[Xj - -  X--C - -  dk ,  v, Pc j , l - c~  xfs2(1/nj -+- 1/nc); 

Xj - -  X--- C "Jr- dk ,  v, Pcj, 1 _ o~ % / $ 2 ( 1  / n~ + 1 / nc)], 

where dk,~,pcj,l-~ denotes the (1 - cO-quantile of the mul- 

tivariate t distribution with correlation Po" Selected 
quantiles are given in Table 3 (calculated using the 
PROBMC function in SAS). 

D e s c r i p t i v e  S t a t i s t i c s  

Not only should the results of significance tests or 
procedures (p values or confidence intervals) be re- 
ported, but  also group-specific location, scale mea- 
sures, and sample sizes. Either parametric statistics 
(mean and standard deviation) or nonparametric (me- 
dian and percentiles) should be chosen. 

A C U T E  T O X I C I T Y  

The objective of an acute toxicity s tudy is the esti- 
mation of the toxicity of a compound  after the single 
administrat ion of increasing doses to estimate, among 
others, the lethal dose for 50% of the animal popula-  
tion: LD50. A randomized one-way design (indepen- 
dent for each sex) with the factor dose at the levels 
D1 < D2 < ' ' '  ~ Dk will be used. The endpoint  is the 
number  of dead animals rj in group j after a prede- 
fined observation time (e.g., 48 h) in relation to the 
number  of animals at risk (e.g., group sample size nj). 
This mortali ty rate p; = r~/n~ represents a dichoto- 
mous  variable and the statistical problem consists in 
the estimation of the dose - response  relationship with 
the following steps: 

�9 Transformation of pj into an approximate normally 
distributed variable y# 

�9 Logarithmic transformation of the dose Dy into 

x~ = ~og G 
�9 Parameter estimation in the linear model  

yy=a + bx/. 
�9 Estimation of the LD50 by inverse transformation: 

..... i iii iiliil iiii#iiji~Jiiiii#iiii~ii!i iiii~i~i~ i ~iii iiii~ii;i~ i ii ~,~ ii i iiiiiiiiii iii~i~ iii~i iiiiiiiil iiiiiiiii i iiiiiiiiiiiii iiii!ii iiiiiii~iii iii iiii iii ii i i~i iiiiiiiiliiii~iii i i~liiii ~ii ~ iii ~,iii!ii iii{iiiiii !iiiii 

One-sided Two-sided 

Degree of freedom v k = 2 k = 3 k = 2 k = 3 

10 2.15 2.34 2.57 2.76 
15 2.07 2.24 2.44 2.61 
20 2.03 2.19 2.38 2.54 
30 1.99 2.32 2.15 2.47 
60 1.95 2.10 2.27 2.41 

120 1.93 2.08 2.24 2.38 
(multivariate normal distribution) 1.92 2.09 2.21 2.35 
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pj ----* 0.5 (= 50%) ~- yj = 0 �9 xj ~ LDs0. 

�9 Estimation of the two-sided (1 - c~) confidence in- 
terval for LDs0. 

In the statistical literature, the problem of different 
transformations of dichotomous variables is dis- 
cussed. However, for the estimation of a central pa- 
rameter like LD50, the choice is not critical because 
well-known transformation methods, such as 

Probit: 

Logit: 

Angular: 

probit(%/nj) -- cb-l(%/nj) 
with ~-1 inverse of normal distribution, 

logit(%/nj) = ln[(%/nj)/1 - (%/nj)], and 

angular(%/nj) = arcsin ~/%/nj, 
differ markedly only for pj < 0.1 and pj > 0.9. Because 
of the simple numerical property of the logit transfor- 
mation, we will describe its use. Parameters can be 
estimated by the iterative maximum likelihood 
method, the method of moments, and the weighted 
least-square method. The last is simple and will be 
demonstrated here. A correction of the transformation 

yj = In ( r j + n j / 4 0 )  
n~- r~ + nj/40 

is necessary because pj = 0 and t% = 1 are possible. 
Because var(yj)~ pj(1 - pj)/nj, the variance homoge- 
neity assumption is violated and hence the weighted 
least-squares estimation with the weights wj = nj(pj + 
nj)(1 -p~)  should be used with the asymptotic esti- 
mators 

a = y - b s  
with~ = (j=~ wjyj)/( j=~ wj) 

and x-= (,=~1 wjy,) /( /=~ wj) 

where 

b-(j=~l wj(yj--y)(xj- X'-))/(j=~l Wj(Xj--X-~2). 
The estimation for the LDs0 is simply LDs0 = exp(-  
a/b). The two-sided (1 - c0 confidence interval of the 
LD50 is the quotient of two variables a/b and is given by 
Fieller's theorem: 

a 
CI(LD50) = e x p ( - ~  + Zl_a/2 ~/Var(LDs0)) 

with 

Var CD 0  I, d 1 = + LDs0-  k /b2 
wj ~ wj(xj- ~)2 

j=l  

Numerous computer programs are available to 
produce these computations. Other relevant practical 
methods are nonparametric and sequential ap- 
proaches for the estimation of approximate toxicity 
limits that reduce the number of experimental animals 
needed. 

C H R O N I C  TOXICITY 

Introduction 

The objective of a repeated toxicity study is to esti- 
mate the toxicity and side effects of a new substance 
after repeated administration of increasing doses. 
Multiple comparisons of all the endpoints in treated 
groups versus the negative control group C-  deter- 
mines the toxicological effects. The duration of admin- 
istration varies from 10 days to 2 years, depending on 
the objective in relation to clinical trials and interna- 
tional regulatory recommendations. 

The usual design is the completely randomized 
three-factorial layout: 

SUBSTANCE • SEX • TIME 
(where • denotes cross classification) 

As levels for the factor substance, either treatments Tj 
(e.g., different substances, different application 
routes) or dose groups Dj are used in a many-to-one 
design: 

C - , T 1 , . . . , T k  or C - , D 1 , . . . , D k  
As levels of the factor time, the measurement time 
points tl, t 2  . . . .  , t T are used; these are frequently 
nonequidistant. A typical characteristic of chronic tox- 
icity studies is the simultaneous estimation of differ- 
ent measurements and findings for each individual 
animal (e.g., body weight, hematology, clinical chem- 
istry parameters, urine analysis, organ weights, and 
clinical and histopathological findings). Although a 
multivariate analysis is possible, the state of the art is 
the univariate analysis done separately for each end- 
point. 

The primary problem for statistical analysis is the 
proof of substance effect by comparing the effect of 
the dose or treatment group with that of the negative 
control group. Although the three-way layout can be 
analyzed by standard analysis of variance methods, 
including the interactions dose x time and dose • 
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0 10 m g / k g  50 m g / k g  100 m g / k g  

N u m b e r  of  a n i m a l s  d e a d ,  r~ 0 1 6 8 

N u m b e r  of  a n i m a l s  a t  r i sk ,  nj 40 20 20 20 

M o r t a l i t y  ra te ,  pj 0.10 0.05 0.30 0 .40 

r . =  19 

n. - 100 

sex, many-to-one comparisons frequently will be per- 
formed separately for each time point and sex. 

Analysis of Mortality 

Two types of mortal i ty data can be distinguished: 
one with time dependence and the other without  t ime 
dependence.  The first case typically occurs in long- 
term studies (i.e., comparison of survival functions), 
while the second one occurs in short-term studies. In 
the last case, both the number  of dead animals at the 
end of the s tudy r / and  the number  of animals at risk 
n /a re  recorded (Table 4). The comparison of the pro- 
portion of the negative control Pc = rc/nc with the 
proport ion in the t reatment  groups p/ can be per- 
formed with the many-to-one procedure.  Assuming a 
monotone dose - r e sponse  relationship, the trend test 
can be used within a closure test principle according 
to Marcus et al. (1976). 

Many-to-One Comparison Procedure for 
D i c h o t o m o u s  Variables  (Passing,  1984) 

dpy = ( p~. - Pc)/ 
r.(1 - r./n.)(1/n/+ 1/nc)(n . / (n . -  1)) 

for e a c h j E { 1 ,  . . . ,k} 

with 

p~ = r~/n~ r. = ~ k = c r j a n d  n. = ~ k _ c n  ~ 

~iiiiii#ii~ii~ii~i~iii~i~i!,~ ,~ii ~: ~!  ii~ iiil" ~ii'" ~I!~~ ~ i~~':i~ ii~;'~:" ~!~c Iii~ :'~ '~ "r ~~ i~  '~ ":~':if~,~i!i~l~,~:~:~:~ ~ ~ !~i~:~ii~:~ii!~ ~!i~:~ ~i~i::~i~i~t~i!iii!i~i~!~Iiiii~i!I~ii#i!i 

v O n e - s i d e d  T w o - s i d e d  

12 1.782 2.179 

14 1.761 2.145 

16 1.746 2.120 

18 1.734 2.101 

20 1.725 2.086 

40 1.684 2.021 

60 1.671 2.000 

oo ( n o r m a l  d i s t r i b u t i o n )  1.6449 1.9600 

and 

dplomg/kg = ( 0 . 0 5  - -  0.10)/ 
x/(19(1 - 19/100)(1/20 + 1 / 4 0 ) ( 1 0 0 / 1 0 0 -  1) 

= - 0.46 

and 

dp5omg/kg = 1 . 8 5  

dploomg/kg- -  2 . 7 8  

The null hypothesis  of equality of the mortal i ty rates 
of the t reatment  groups in comparison to the nega- 
tive control will be rejected if the test statistic is larger 
than the quantile of the multivariate t distribution 
tk, one/two_sided, l_  a (see Table 3). Only d p l o o m g / k g - - 2 . 7 8  
is larger than the quantile tk=S,one_sided,1_a=0.95 "~-2.09,  
and hence we can conclude that there is an increase 
of mortal i ty in the 100 m g / k g  group. 

Trend Test For D i c h o t o m o u s  Variables  
(Armitage, 1955) 

ta -= 

k 
Dj(rj- (njr./n.) 

j=C  

ta -- 

~ r . ( n .  - r.)/(n.(n. - 1) 

x ~ - - c  nj(Dj  - (~k=cnjDj/n. 

0 + 10(1 - 20 X 19/100) 
+ 50(6 - 20 X 19/100) 
+ 100(8 - 20 X 19/100) 

t )  2 

= 3.29. 

(19(100 - 19)/100 x 99) (40(0-  32) 2 
+ 20(10 + 32) 2 4- 20(50 - 32) 2 
+ 20(100 - 32) 2 

The null hypothesis  of equality of the mortal i ty rates 
will be rejected if the test statistic is larger than the 
quantile of the normal  distribution Zl_~ (see Table 5). 
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 !i!ii! iii!i!  iiii i i!i!  
Body weight/g 

t Control Dose 

0 203, 206, 201,196, 201 177, 183, 209, 189, 185 
1 239, 243, 244, 239, 251 205, 209, 221, 191,207 
4 302, 291,287, 291, 315 233, 251,268, 227, 251 
8 388, 371, 383, 371,413 277, 322, 357, 270, 329 

13 411, 391,401,399, 390 355, 299, 391,311, 351 

Because ta  = 3.29 is larger than the quantile z0.95 = 

1.6449, the null hypothesis can be rejected and a dose 
trend in mortality can be assumed. The closure prin- 
ciple can be used here to detect the minimum effective 
dose simply by conditional step-down testing of k, 
k - 1, k - 2, . . . , 1 dimensional trend tests, each at 
level c~ (if the null hypothesis in the jth dimension can 
be rejected, the ( j  - 1) dimensional trend test can be 
tested; otherwise, the procedure stops and the mini- 
mum effective dose is j). In the example for the 
four-dimensional trend test (global test) the null hy- 
pothesis can be rejected. The test statistic for the three- 
dimensional trend test is 2.27 and again larger than 
1.6449. Therefore, the two-dimensional trend test can 
be conducted and because this test value is 0.65, the 
minimum effective dose is 50 mg/kg.  

Analysis of Body Weight 
Two types of body weight data can be distin- 

guished: (1) only a few measurements (e.g., weekly in 
a 4-week study) and (2) growth curves based on nu- 
merous measurements (from a 2-y carcinogenicity 
study). In the first case, individual differences from 
the baseline are calculated and separate tests at each 
time point are appropriate. This approach could also 
be used in the second case; however, the large number 
of tests will increase the global false-positive rate. 
Body weight-versus-time relationships are important 
in long-term studies because this noninvasive simple 
method has a large predictive value for potential toxic 
effects. The problem is the comparison of the growth 
curve of the negative control versus those of the treat- 
ment or dose groups under the conditions of nonequi- 
distant measurements and, dose- and time-dependent 
drop out due to mortality. Three simple approaches 
will be recommended here: 

�9 Fitting a nonlinear growth curve model with the 
smallest possible number of parameters and testing 
between selected parameters for treatment effects. 

�9 Assuming the repeated measures are multivariate 
vectors and using multiple endpoint test in its sta- 
bilized version. 

�9 Transformation into an univariate individual vari- 
able in the sense of an integral measure of the 
growth curve using the area-under-the-curve 
(AUC) technique for the global time interval (0,T) 
or selected time intervals (tl, t2). AUC can be com- 
puted simply by trapezoidal rule. 

In Table 6, the t test and the AUC approach are 
demonstrated for a small number of real data. Only a 
part of the raw data from a 90-day study on female 
rats is presented. The test is one-sided for a decrease. 

t Test for Differences to Baseline 

Differences in week 4; 

Control: 99, 85, 86, 95, 114 

Dose: 56, 68, 59, 39, 66 

The p value of the t test is 0.0004 and the null hypoth- 
esis can be rejected. 

A UC Approach 

Individual AUC estimation using trapezoidal rule 
between to and tend (0th and 13th weeks)" 

AUC ~ ( too(t1 - to) + m l ( t 2 -  to) 
q- m2(t3- tl) + - - - +  mend(tend- tend-l)/2- 

For the first animal in the control, the AUC is 

(203"1 + 239*4 + 302*7 + 388*9 + 411"5)/2 

For all other animals, the AUCs are: 

Control: 

Dose: 

4410, 4254.5, 4319, 4261.5, 4538.5 

3448, 3584.5, 4068.5, 3263.5, 3743 

Group nj Alkaline phosphatase Mean SD 

Control 12 17.3, 23.0, 22.5, 10.0, 21.6, 20.317 2.216 
19.7, 17.7, 20.0, 17.9, 20.9, 
24.3, 19.9 

Dlow 12 23.9, 19.2, 24.1, 19.1, 17.4,  21.358 2.660 
21.9, 24.1, 24.0, 20.7, 21.9, 
23.1, 16.9 

Dhig h 10 24.2, 31.3, 30.7, 17.4, 27.9, 24.290 4.939 
25.7, 18.1, 21.9, 25.9, 19.8 
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Now the mean values and standard deviations from 
these transformed values are calculated. Because the 
variance is heterogeneous, the Welch t test was used. 

X D  - -  X C  t =  
X/sa/nD + s a / n c  

with 

(s2 /nD + s2/r/c) 2 

( s 2 / n D ) 2 / ( n D -  1) + ( s 2 / n c ) 2 / ( n c -  1) 

With the modified degrees of freedom 1, = 5, a p value 
of 0.0021 results; that is, the integral of the body 
weight - t ime relationship from the beginning to the 
end is significantly reduced. 

Analysis of Continuous Variables 

The choice of the procedure depends on the type 
of design, type of endpoint, and the possibility of 
order restriction. In Table 7, the endpoint alkaline 
phosphatase was measured in a many-to-one design. 

Parametric Many-to-One Procedure (Dunnett, 1955) 

9~ - -  X C 

= for both j (i.e., Dlow, Dhigh) 
d/ x/19ISE(1/nj + 1/nc) 

k 

i x,2.: 
j = c ' =  

n~ 
with MSE = k 

( n j -  1) 
j = C  

k 

and 1,= ~ ( n i - 1 )  
j = K  

and ,oc~ = 1/~/n~/(nc  + nj) 

!:.i]i i]iliJjjijiji!i, ,lijiJi]]iij]!]j, iji ii]!]!i]iil, !i i 
Value f 

Sample size of 
historical controls p = 90% p = 95% 

30 1 1 
50 2 1 

100 5 2 
200 13 5 
300 22 9 
400 30 13 
500 39 17 

aAccording to Hahn and Meeker, "Statistical Intervals," 
Copyright �9 1991. Adapted by permission of John Wiley & Sons, 
Inc. 

The null hypothesis for group j is rejected if d / >  
where d k  vone/two sided -" 1 a, de- d k , ~ , o n e / t w o - s i d e d , P c j , 1  - a l  , , - ,pc  j ,  - 

notes the quantile of the multivariate t distribution 
with degree of freedom v and correlation coefficients 
Pc/(see Table 3). The values of the statistics are 

(24.29 - 20.317) 
= = 2.74 dDhigh ~/11.33(1/12 + 1/10) 

and 

dDlow ---- 
(21.358 - 20.317) 

x/11.33(1/12 + 1/12) 

= 0.756 (with MSE = 11.33) 

Because dk=2, v-31,one_sided, p=.707;O.74,1_a=0.95-- 1.983 (esti- 
mated by the PROBMC function in SAS; the approxi- 
mate table value is 1.99; see Table 3), the high dose is 
increased with respect to control. The stepwise proce- 
dure is as follows: (1) first order the test statistics dj, 
(2) then compare the largest test statistics with the 
quantile dk,~,,one/two_sided,pcj,l_a, (3) if and only if this null 
hypothesis is rejected, compare the next largest test 
statistics with the quantile dk_l,v, one/two_sided,Pcj,l_ a (i.e., 
compare with the k, ( k -  1), ( k -  2), . . . .  one-di- 
mensional quantile instead of only the k-dimensional 
quantities). This approach decreases the type II error. 

Nonparametric Many-to-One Procedure (Steel, 1959) 
Pairwise Ranking {C, Di}, Asymptotic Version: 

s Rq - nj(nj + nc + l ) / 2 
dsj = ,=1 

x/-ncn/(nj + nc + 1)/12 

with Rq . . . pairwise ranking of C and Dj 

The null hypothesis is rejected for group j if dsj > 
dk ~-~ one/two-sided- �9 1 - a  (see Table 3). The pairwise rank- 
ing-vvorks for ti~erlow dose with respect to the control 
group as follows: (1) rank the pooled sample from 1 
to (nc + n/) (mid-ranks for equal values): 

C: 3.0, 18.0, 17.0, 1.0, 14.0, 9.0, 5.0, 11.0, 6.0, 13.0, 
24.0, 10.0 

Dlow: 20.0; 8.0, 22.5, 7.0, 4.0, 15.5, 22.5, 21.0, 12.0, 
15.5, 19.0, 

(2) For the low dose, the rank sum is 169, (3) the test 
statistic is: 

169 - 1 2 . 2 5 / 2  
dSD~ow ~ /12 .12 .25 /12  = 0.87 

and 
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146 - 10 .23 /2  
m 

dSDlow x/12- 10.23/12 - 2.04, 

(4) with the quantile d2,~,0.9 5 -- 1.92, the null hypothesis 
can be rejected for the comparison with the high dose 
only. 

Assuming a priori monotonic ordering, a simple 
procedure on ordered t tests (each at level a) should 
be demonstrated (so-called pairwise contrasts)" 

m 

x j  m X c  

tj x/MSE(1/nj + 1/nc) 

tD~ow = 0.756; tDhig h = 2.744 

The procedure starts with tDhig h. If tDhig h ~ tv, l _ a ,  pro- 
ceed with the next lower dose; otherwise the proce- 
dure stops. Because tD~g h - -  2.744 ~ 1.696, the global 
null hypothesis can be rejected and we proceed with 
D~ow. Because t~o w = 0.756 ~ 1.696, the procedure 
stops. This procedure guarantees experimental type I 
error and can be extended to any kind of pairwise 
contrast, that is, to nonparametric or dichotomous 
ones. 

Moreover, we describe a simple score test for Leh- 
mann alternatives for the groups C and Dhig h briefly. 
First the raw data are ranked into Rj~ and transformed 
into 

Yji = ( R j i / ( N  + 1))4, 

where N =/'/1 + n2 denotes the global sample size. 
For example, the first value of Dhig h group is 

R1,D~g, = 16 ~ Yl,D~ = (16/23) 4 = 0.234. 

Using this transformed value, simple t tests are per- 
formed. In the example YD~gh = 0.330, SE~gh = 0.307, 
and Yc--0.068, sc = 0.093, and a p value of 0.0082 
results. In this example, no mixing distribution of 
"responder and nonresponder" seems to exist because 
the p value of the t test on the raw data results in the 
same magnitude (p = 0.0063). 

(e.g., for the allometric function of organ weight = 
a - b o d y  weight b, different values were observed for 
brain b = 0.16 and for prostate b = 2.13). Several al- 
ternative approaches have been published, including 
the analysis of covariance (with the covariate body 
weight). However, the simple concept of relative or- 
gan weights mentioned is routinely used. 

Analysis of the Recovery Period 

In some chronic studies, the test of reversibility 
becomes an important objective. Therefore, a subpop- 
ulation of at least one high-dose group and the control 
group are observed for some period of time (e.g., the 
recovery period) after the end of substance adminis- 
tration. For noninvasive measures (e.g., body weight 
and hematology parameters) paired tests should be 
used for the comparison between dosing and recovery 
periods in the same animals. 

Analysis of Histopathological Findings 

A biostatistical analysis of macroscopic and micro- 
scopic findings is frequently not done. However, se- 
lected histopathological findings may represent the 
primary endpoints. Moreover, a basic contradiction 
can be observed; the predictive value of easy and 
precise measurable variables is low, but it is high for 
the findings with the lowest possible information con- 
tent: yes or no. Most of the findings are irreversible, 
but some clinical findings are reversible. For the latter, 
either the time of the first observation or the time 
period of the occurrence can be analyzed. The major- 
ity of the other findings can be analyzed as simple 
proportions. Here, the methodology of mortality rates 
(see the preceding section) or crude tumor rates (see 
the subsection Carcinogenicity Studies) can be used. 
Sometimes, histopathological findings are graded. 
Here, special tests for ordered categorical data should 
be used, preferably permutative versions. 

Analysis of Organ Weights 

The specific problem in the analysis of organ 
weights is that changes in organ weights can be ef- 
fected by changes in body weight (e.g., a decrease in 
liver organ weight can be caused by the test substance 
or by a decrease in body weight). The pragmatic so- 
lution for this problem is the analysis of both absolute 
and relative (organ weight /body weight) organ 
weights. From a statistical point of view, the analysis 
of this quotient assumes a linear relationship between 
the organ-versus-body weight and variance propor- 
tionality. Frequently, however, this is not the case 

Use of Reference Values 

An inherent problem in the application of statistical 
significance tests in toxicology is the sometimes occur- 
ring contradiction between statistical significance and 
biological relevance. Several controversial approaches 
are discussed in the literature to overcome this prob- 
lem. A simple approach is the additional use of refer- 
ence or normal values. The rule is simple: first char- 
acterize what is "normal" and then classify the 
individual values into normal and nonnormal catego- 
ries. A large proportion of nonnormal values will sup- 
port the statistical significance. 
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Litter 

1 2 3 4 5 6 7 8 9 10 

C rc~ 2 2 1 0 0 1 1 0 1 0 
ncg 12 14 11 12 13 9 10 12 13 14 

D rDi 5 3 3 2 7 3 1 4 
nDi 6 13 12 13 11 10 15 11 

Transformation t o y  j i =  Di/nji 
1 2 3 4 5 6 7 8 9 10 

C Yci 0.167 0.143 0.091 0 0 0.111 0.100 0 0.07 

D YDi 0.833 0.231 0.250 0.154 0.636 0.300 0.067 0.364 7 

In regulatory toxicology, relatively good conditions 
exist for the estimation of normal values, since a large 
number of negative control animal data are available 
under standardized conditions (e.g., animals' hous- 
ing, and analysis devices). From a statistical point of 
view, reference values can be categorized into those 
for a single future value, for a group (e.g., by the 
median) and for s values out of nj of a group. 

Here, only nonparametric reference values will be 
considered since the well-known parametric ones 
[x-- 3s; x- + 3s] are very sensitive to a violation of the 
normal distribution assumption. A two-sided non- 
parametric referenceregion, including with ( 1 -  a) 
probability p100% of the single values Xji of an actual 
experiment, is 

IX(f),  X(n_f+ 1)]" 

The parameter f can be found in Table 8 and the X() 
represents the ordered single values of the historical 
controls from the smallest to the largest. The reference 
region is simply the f-smallest and the ( n - f  + 1)- 
largest value of this sample. The decision nonnormal 
is simply if Xji "~ Xq) or Xj/> X(n-f+ 1) occurs. 

R E P R O D U C T I V E  T O X I C O L O G Y  

For simplicity, the scheme of the most widely used 
teratogenicity study for estimation of blasto- and em- 
bryotoxic and teratogenic effects is presented in Fig. 
3. From this scheme, some particularities found in 
comparison to the other toxicological studies follow. 

�9 A hierarchical design: female D litter D fetus find- 
ing. 

�9 The experimental unit "female" is not completely 
randomized according to the procedure of mating. 

�9 The application of the substance occurs to the ran- 
domized sample unit "female," but most of the 
findings are on the fetuses. 

�9 Numerous interactions occur (e.g., between the fe- 
tuses within a litter or concurrence between fetal 
mortality and the malformation rate, that is, the 
malformation rate could be biased by a large mor- 
tality rate). 

�9 The primary endpoints are only discrete (e.g., the 
number of malformed fetuses per global number of 
fetuses). 

Three statistical approaches can be distinguished 
according to these particularities: 

�9 Per fetus analysis: Assume the fetus is the experi- 
mental unit. The independence assumption is vio- 
lated and the false-positive rate is increased 
dramatically because of the pseudo increase in 
sample size. This approach should not be recom- 
mended. 

�9 Per litter analysis: Assume the litter as the experi- 
mental unit, taking into account the interactions be- 
tween the fetuses. This approach fits the biological 
background; however, the statistical methods (e.g., 
beta-binomial model) are complicated and fre- 
quently not robust. 

�9 Quasi per litter analysis: This simple compromise is 
based on the transformation of the findings per lit- 
ter Yji = rj//nji, followed by a nonparametric test. 
Table 9 demonstrates this approach for the number 
of resorptions rji in relation to the number of im- 
plantations per litter (for control and high dose 
only). According to the transformed values yq, the 
permutative u test was used and a one-sided p 
value = 0.001 was found; that is, the rate of resorp- 
tions in the high dose is significantly increased 
with respect to the control. 
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Coupled females 

Survived 

Nongravid "~"/ 1 
Gravid 

section, e.g. 21 d. p.c. 

# Resorptions ~" # Corpora lutea # Implantations 

# Dead fetuses ~ # Live fetuses 

# Visible malformations # Skeleton malformations # Organ malformations # Wilhout malformations 

M U T A G E N I C I T Y  S T U D I E S  

To determine a potential mutagenic effect of a test 
substance, a testing battery consisting of several as- 
says (e.g., salmonella-microsome (Ames), micronu- 
cleus, chromosome aberration, or HGPRT) is used. 
The most commonly used standardized assay is the 
salmonella-microsome (Ames) assay; hence its statis- 
tical analysis will be discussed as an example. 

The objective of this assay is the determination of a 
potential gene-mutagenic effect of a substance after 
the single administration of several doses on histi- 
dine-free agar plates with specially modified Salmo- 
nella typhimurium bacteria strains. The numbers of 
grown visible colonies (revertants) of the dose groups 
are compared with those of the negative and positive 

j Dose Revertants 

0 0 80, 83, 79 80.7 
1 0.01 92, 88, 78 86.0 
2 0.02 96, 102, 98 98.7 
3 0.04 104, 103, 95 100.7 
4 0.08 94, 97, 99 96.7 
5 0.16 93, 87, 91 90.3 

controls. Several strains are used with different sensi- 
tivities for the different DNA mutagenic mechanisms, 
for example, base change mutation (TA 100 strain) or 
frameshift mutation (TA 98 strain). 

The design is a completely randomized one-way 
layout [ C - ,  D 1,  . . . , D k ,  C +] ,  where the number of 
doses is between 3 and 6. Because the false-negative 
rate increases dramatically with too-low doses, the 
doses must be selected so that a nonmonotonic dose -  
response relationship occurs due to the interaction of 
mutagenic and cell-toxic effects. Therefore, the shape 
of the dose-response  must be assumed to be an "um- 
brella." 

Three statistical approaches can be distinguished: 

�9 A formal twofold rule. That is, the effect is relevant 
if the mean values of two consecutive doses or the 
highest nontoxic dose are greater than 2 • the 
mean of the negative control (see, e.g., Cariello and 
Piegorsch 1996). 

�9 A dose-response  model. An example is the "single 
hit model," 

p(Dj) = (1 - exp( -  (a I + a2Dj)))exp(- a3Dj), 

where the parameters al, a2, and a 3 are to be esti- 
mated from the data. 

�9 A suitable trend test that is robust against nonmon- 
otonicity at high doses as well as the distribution of 
the revertants. 
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N u m b e r  of  g r o u p s  ( incl .  C) n = c o n s t  = 3 n = c o n s t  = 4 n = c o n s t  = 5 

3 22 36 54 
4 4O 67 100 
5 62 104 160 
6 90 154 234 

aLehmann (1975). 

In several publications,  the dis tr ibut ion of the n u m b e r  
of revertants  is used in parametr ic  models.  However ,  
even for the historical controls, this is difficult. There- 
fore, we use nonparametr ic  tests for the discrete (in- 
cluding tied) endpoints  wi th  small sample  sizes, 
called permuta t ive  versions. Simpson and Margol in  
(1986) publ ished a Jonckheere t rend test wi th  a pre- 
de te rmined  change point,  while  a simple partial  order  
procedure  using u tests can be found in Neuh/ iuser  
and  Hothorn  (1995). 

Both the twofold and  Simpson and Margol in  (1986) 
approaches  wi th  Sa lmone l l a -mic rosome  (Ames) as- 
say data are demons t ra ted  in Table 10. For the two- 
fold rule there is no effect because there is no mean  
x / >  161.4 (= 2 .80.7) .  For the Simpson and Margol in  
(1986) approach,  the change point  q is calculated as: 

i ii!iiiiiiiiiiii!i!iiiiiii~iill i!~iii~i!ii ii~iliiiiiiiiiiiiii!iiiiiiiiiiiii~i 

I C o n t r o l ,  no = 50 Dhigh~ no = 50 

W e e k  D i e d  Wc(t) W e e k  D i e d  W~(t) 

0 m 1.0 
52 1 0.98 
53 1 0.96 
63 2 0.92 
75 1 0.90 
94 2 0.86 
99 3 0.80 

101 1 0.78 
102 4 0.70 
103 2 0.66 

0 m 1.0 
44 3 0.94 
53 4 0.86 
56 1 0.84 
62 1 0.82 
63 2 0.78 
75 3 0.72 
76 1 0.70 
83 2 0.66 
91 2 0.62 
94 4 0.54 
95 1 0.52 
99 3 0.48 

101 1 0.46 
102 1 0.44 
103 4 0.36 

aControl and high dose only. 

J 
q =  max k>-- 1: ~ Uhj>Cj  

h<-j<~k h=C 
with  cj = 0.5rljNj_ 1 

where  Uhj denotes the M a n n - W h i t n e y  counts for 
g roup  h vs g roup  j and Nj = nj. 

j U ~, Uhj Cj Result 

1 Ucl 3 4.5 
2 UC2 q- U12 18 9 
3 UC3 + U13 + U23 24 13.5 
4 UC4 + U~4 + U24 + U34 23 18 
5 Uc5 + U~5 + U25 + U35 + U45 15 22.5 

max j 

Here, the change point  is q = 4. The Jonckheere t rend 
test until  q is 

q-1 q 
JTq = ~ ~ Uq 

i=C j=i+l 

JTq = Uc1 + Uc2 + Uc3 + Uc4 + U12 + U13 + U14 

+ G3 + G4 
= 3 + 9 + 9 + 9 + 9 + 9 + 9 + 6  

+ 3 + 2 = 6 8 .  

This test value mus t  be compared  wi th  the quanti le 
l'k=5,n=3,1_a=o.95 = 61. Selected values for the quantiles 
of the Jonckheere t rend test are given in Table 11. 
Because JTq = 68 > 62, the null hypothesis  is rejected 
(p value of the permuta t ive  test p = 0.004). If the 
Jonckheere t rend test had  been used for all doses, 
ignoring the nonmonotonic i ty ,  

k-1 k 

JT = i~_cj=~i+l Uij 

JT = Uc1 + Uc2 + Uc3 + Uc4 + Uc5 + U12 
+ U13 + U14 + U15 + U23 + U24 + U25 
+ G4 + GB ~ + G5 

= 3 + 9 + 9 + 9 + 9 + 9 + 9 + 9 + 6  
+ 6 + 3 + 0 + 2 + 0 + 0 = 8 3  

the null hypothesis  wou ld  not be rejected (quantile 

Yk=6,n=3,1-c~=0.95 : 90; see Table 11). 
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C 1 mg/kg 3 mg/kg 10 mg/kg 

YtLeydig cell tumor 1 4 3 5 
no 100 50 50 50 
nautolysi s 1 0 0 0 
ndied before 6 months 2 1 0 2 
n~dert~morr~k 97 49 50 48 

C A R C I N O G E N I C I T Y  S T U D I E S  

The objective of a carcinogenicity study is the esti- 
mation of a carcinogenic effect over a lifetime admin- 
istration of a substance. The long life is accomplished 
by the use of specific pathogen-free animals, germ- 
free environment, standard diet, constant tempera- 
ture, and constant moisture in animals' housing. In 
this discussion, only terminal killing will be assumed. 
Whereas serial sacrifies allow for more precise conclu- 
sions, the statistical methodology is complicated and 
beyond the scope of this discussion. 

The carcinogenic effect can be determined by: 

�9 Comparing the tumor incidences (or t umor - t ime  
relationships) between dose and control groups 
(primary objective). 

�9 Comparing the survival functions between dose 
and control groups (secondary objective). 

�9 Comparing additional measures, like body weight, 
food consumption, hematology, clinical chemistry, 
and nonneoplastic histopathological findings (terti- 
ary objective). 

We will only discuss the primary and secondary ob- 
jectives. The analysis of the additional measures can 
be done in analogy to the chronic studies. 

3. Killed according to the study protocol 
4. Died not according to the study protocol (e.g., arti- 

facts or erroneous manipulation during narcosis or 
gavaging) 

Animals of category 4 will be removed before the 
analysis; animals of categories 2 and 3 are censored 
(i.e., nominal date of death :/: unknown spontaneous 
date of death). The statistical problem consists in the 
comparison of the survival functions between dose 
groups and the control. Frequently, a dose trend can 
be assumed. Model-based (e.g., proportional-hazard 
model) or model-free (e.g., nonparametric tests for 
censored data using generalized Wilcoxon statistics) 
assumptions can be used. 

Graphical representation of the product - l imi t  esti- 
mator of the survival functions (and if possible the 
confidence curves) is helpful (Table 12). Statistical dif- 
ferences between these survival-time functions can be 
estimated by confidence intervals or special tests for 
censored data. 

Kaplan and Meier (1958) Estimator 

W/(t) = I~ (1 - Xjk/njk) 

where t denotes the different times tk (e.g., 52, 53, 
or 63 weeks), Xjk is the number of death in group j 
at time tk, and njk is the number of animals in group 
j at risk of dying at tk. For example, for the high- 
dose-group results until week 44, WD~gh(1) = 
(1 -- 3/50) = 0.94; until week 53, Wr)~gh (2) = 
0.94"(1 -- 4/47) = 0.86. 

Analysis of Tumors 

The principles of tumor development can be illus- 
trated by 

Analysis of Mortality 

On the one hand, dose-dependent mortality is a 
criterion for substance effect; on the other hand, mor- 
tality and tumor growth are correlated; that is, mor- 
tality is the inherent effect of extensive tumor growth, 
but non-tumor-caused mortality is a competitor to tu- 
mor formation. 

First for all animals, the cause of death must be 
evaluated (sometimes by histopathological examina- 
tion): 

1. Died according to the study protocol 
2. Killed in extremes (moribund) 

K4(t) Animal with visible tumor 

Animal without tumor --- hi(t) Animal with tumor 

K3(t) K21(t) )~22(t) 
Animal dies Animal dies with tumor Animal dies 
without tumor due to competing risk because of tumor 

where ~i(t) denotes the probabilities from one level to 
another. The definition of "carcinogenic risk" is a mul- 
tisource problem. 

�9 Increased incidence of a dose group with respect to 
the negative control (increased tumor risk ~l(t)). 
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�9 Increased prevalence of a dose group with respect 
to the negative control, where prevalence is the 
probability (tumor exists I animal is living). 

�9 Reduction of latency time of a tumor of a dose 
group with respect to the negative control where 
latency time is t l ~(t) = 0. 

�9 Increased incidence of visible tumors (i.e., increased 
risk of ~4(t)) .  

�9 Observation of untypical tumor sites for the used 
strain. 

�9 Increased degree of metastazation or multiple tu- 
mors within one site. 

Tumors should be classified as: 

�9 Mortality-independent tumors (e.g., tumors that are 
visible or found palpation). The latency time can be 
predicted with more or less precision. 

�9 Internal tumors found during macroscopic or mi- 
croscopic examination. 

1. fatal tumors (i.e., cause of the animal's death) 
2. incidental tumors (i.e., not the cause of the ani- 

mal's death) 

Competing risks could be other tumors, non-neoplas- 
tic reasons, or preprotocol sacrifice. Other classifica- 
tion criteria are 

�9 Benign tumors. 
�9 Malignant tumors. 
�9 Tumors of an organ system (e.g., tumors in the sex- 

ual system). 
�9 Tumors of an organ (e.g., liver tumors). 
�9 Tissue-specific organs (e.g., bronchial adenoma). 

These tumor findings can be analyzed using mortal- 
ity-unadjusted (crude proportions) or mortality-ad- 

Time interval Defini t ion C Dlow Dhigh 

81-104 Number  of tumors 0 0 2 
weeks 

Terminal 
sacrifice 

Number  of 15 14 19 
animals at 
tumor  risk 

Number  of tumors 0 1 0 

Number  of 
animals at 
tumor  risk 

37 31 26 

justed methods. Independent of the magnitude of the 
global mortality differences, a mortality-adjusted 
analysis is necessary. Crude proportions (percentages) 
can be used; however, the statistical results might be 
biased. 

Analysis of Tumor Incidences without 
Mortality Adjustment 

Here, the data of a 2 • (k + 1) contingency table 
are analyzed. 

Control  Dose1 . . .  DOSek Total 

Number  of animals with tumor  rc rD1 " "  rDk r. 
Number  of animals without  a tumor  Oc oD1 "-- ODk O. 

= animals under  tumor  risk nc nD1 " "  nDk n. 

Usually, separate pairwise comparisons of treated an- 
imals versus the negative control are performed by a 
one-sided approximate X 2 two-sample test for propor- 
tions with continuity correction. Because of the small 
sample sizes and tumor rates, an exact test should be 
done (e.g., Fisher's or Barnard's test). Even more ap- 
propriate are many-to-one procedures for propor- 
tions; see the Passing (1984) procedure. 

The correct definition of the number of animals 
under tumor risk is important. Normally, from the 
initial sample sizes no, the number of animals that 
died very early (i.e., before a predefined time, such as 
12 months or before the first tumor was observed will 
be subtracted). This will also be done for the animals 
that are not autopsied (because, e.g., of autolysis or 
cannibalism). Therefore, the organ-specific number 
under risk is normally different. 

Because the decision for a biologically relevant tu- 
mor effect is valid if a monotonic dose-response 
exists, a trend test should be used. Here again, the 
Armitage (1955) trend test can be used. Tumor 
incidences are analyzed in this way (Table 13). Be- 
cause of small animal and tumor numbers, the exact 
version of the Armitage (1955) trend test was used. 

The one-sided p values is' 0.016; hence a dose-de- 
pendent increase of Leydig cell tumor can be as- 
sumed. 

In a carcinogenicity study, multiple tumor sites are 
to be analyzed simultaneously. Up to about 30 to 50 
sites are examined because an a priori definition of a 
target tumor site is seldom possible. Therefore, a mul- 
tiple-testing problem exists. Some statistical proce- 
dures exist to treat this problem, but a simple decision 
rule according to Haseman (1983) can also be used: A 
relevant effect is valid if the p value is less than 0.05 
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for a common tumor (spontaneous rate ~ 1%); the p 
value should be less than 0.025 for a rare tumor (spon- 
taneous rate < 1%). 

Tumor findings can also be reported as total num- 
ber of tumors, number of benign tumors, number of 
malignant tumors, number of tumors of an organ sys- 
tem, and the number of tumors in an organ. Again, 
the increased false-positive rate should be taken into 
account. 

Mortal i ty-Adjusted Tumor Analysis  

For fatal tumors, the null hypothesis assumes that 
the risk of dying is equal to the risk of developing a 
tumor and that this risk is the same for all groups. 
Therefore, all surviving animals and animals that died 
because of a competing risk are censored. Data should 
be simply arranged in a stratified 2 • (k + 1) contin- 
gency table, where the strata represent the order of 
mortality time (e.g., as experimental weeks). The re- 
sponder rj; is the number of animals with a selected 
fatal tumor (i.e., tumor-site specific or pooled) and nji 
is the number of animals at tumor risk in this time 
interval. 

The risks of mortality for animals without a tumor 
and those with an incidental tumor are assumed to be 
equal. The null hypothesis is: All animals within a 
selected time interval have the same probability of an 
incidental tumor regardless of the treatment. There- 
fore, an analogous stratified table similar to the fatal- 
tumor table exists. However, the number of animals 
at tumor risk in a particular time period is the number 
of animals that died or were sacrified in that time 
period. Suitable time intervals should be chosen so 
that the number of animals at tumor risk is not zero 
for any treatment group. This can be accomplished by 
methods that are data-driven (ad hoc runs according 
to Peto et al. 1980) or with an a priori definition (e.g., 
for rats, time intervals should be defined according to 
the National Toxicology Program (NTP) into 0-12, 
12-18, 18-20, 20-22, and 22-24 months and terminal 
sacrifice intervals). The latter is much simpler and 
more reproducible, and is recommended. Combined 
analysis of both fatal and incidental tumors is also 
possible. In Table 14, a real data example is analyzed 
in this way. The animals at tumor risk in the time 
interval are those animals that died or were killed. 
Because of the small number of animals at risk and 
the small number of tumors, a permutative test is 
recommended. Here a stratified Armitage (1955) trend 
test was used and a p value of 0.07 (asymptotic ver- 
sion) was calculated by the program STATXACT 
(Metha et al., 1995). Combined analysis of both fatal 
and incidental tumors is also possible. 

BIOSTATISTICS IN 
R E G U L A T O R Y  T O X I C O L O G Y  

The good laboratory practice (GLP) regulations 
have had a deep influence on the conduct of regula- 
tory toxicology studies. The major principles, stan- 
dard operating procedures (SOPs) and validation, are 
also applicable to the statistics. Hence, for biostatisti- 
cal analysis, SOPs should be worked out and only 
validated software should be used. 
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Principles of Toxicokinetics 
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INTRODUCTORY REMARKS 

The effects of any foreign compound (xenobiotic) 
acting on the body of man or animals depend on 
the pharmacodynamic and pharmacokinetic proper- 
ties of the substance. Pharmacodynamics (Greek 
~o~pla, aKOV = drug, poison; 3v~,oqa,~o-= strength, 
power) deals with the effects that a substance exerts 
and the mechanisms of action, and thus describes 
"what a substance does to the body." Both the mag- 
nitude and the time course of effects also depend on 
the fate of a substance in the body. Pharmacokinetics 
(Greek K~vE~v = to move) deals with the time course 
of the concentrations of a substance in the body, 
which is the net result of the interplay between ab- 
sorption, distribution, and elimination. Pharmacoki- 
netics thus describes "what the body does to the sub- 
stance." 

What Is Toxicokinetics? 

According to Case (1993), the term "toxicokinetics" 
was apparently first used in a paper published by a 
Russian author in 1937. Since then, the term toxicoki- 
netics has gained in popularity, but its use has not 
been very consequent (see the examples given in Ta- 
ble 1). In recent years, there appears to be a tendency 
to restrict its use to preclinical toxicology studies. It 
may be questioned, however, whether the peculiari- 
ties of these studies, such as the use of different ani- 
mal species and rather high doses, merit toxicokinet- 
ics being regarded as a special discipline. For instance, 
kinetic aspects may be of importance also in toxico- 

logical studies concerned with the effect of low doses 
of environmental chemicals in humans. One should 
not lose sight of the fact that toxicokinetics - -  in any 
form-- is  essentially based on pharmacokinetic prin- 
ciples that apply to any xenobiotic, be it a drug used 
for therapeutical purposes or a toxicant. In order to 
avoid possible embarrassment, in the present chapter 
we will largely rely on the neutral term "kinetics." 

Pharmco(toxico)kinetic Parameters 

The fate of a drug (or any xenobiotic) in the body 
may be characterized by the LADME scheme (Fig. 1.) 
If a drug is administered in a drug product, it must 
be liberated first. If not injected directly into the cir- 
culation, a drug must be absorbed from an absorption 
site (e.g., gastrointestinal fluid or intramuscular or 
subcutaneous injection site). After entering the sys- 
temic circulation, the drug is distributed via the blood 
stream to the tissues and will eventually reach its 
site(s) of action. To a certain extent, most substances 
become reversibly bound to plasma proteins and/or  
tissue constituents. A substance may be degraded by 
metabolism (biotransformation) and ultimately it is 
excreted from the body. During the processes of ab- 
sorption, distribution, metabolism, and excretion, a 
drug has to permeate biological membranes. Drugs 
cross membranes mainly by passive diffusion. Ac- 
cording to Fick's law, the diffusion rate is directly 
proportional to the concentration gradient across a 
membrane. Furthermore, it depends on the lipid sol- 
ubility of the substance in question. For an ionizable 
drug, lipid solubility depends on its pKa value and 
the pH of body fluids. Obviously, the fate of a sub- 
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