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Avoided and avoidable risks of cancer

Lorenzo Tomatis1,7, James Huff1,8, Irva Hertz-Picciotto 2, primary prevention is of particular relevance for lethal diseases
Dale P.Sandler1, John Bucher1, Paolo Boffetta3, like cancer, where reductions in mortality are largely achieved
Olav Axelson4, Aaron Blair 5, Jack Taylor1, through a reduction in incidence. Public health programs to
Leslie Stayner6 and J.Carl Barrett 1 prevent diseases have a long and successful history. Primary

prevention of non-malignant diseases (e.g. infectious diseases,1National Institute of Environmental Health Sciences, PO Box 12233,
silicosis) have been generally easier to document and evaluateResearch Triangle Park, NC 27709–2233, USA;2School of Public Health,

Division of Epidemiology, University of North Carolina at Chapel Hill, than cancer prevention programs. Even in cases where interven-
Chapel Hill, NC, USA;3International Agency for Research on Cancer, tion strategies for cancer prevention are highly effective,
69372 Lyon, Cedex 08, France;4Department of Occupational Health, such as in occupational settings, these have not always beenUniversitet Linkoping, S-58183 Linkoping, Sweden;5National Cancer

accurately documented (1,2).Institute, Environmental Epidemiology Branch, 6130 Executive Blvd., MSC
7364, Bethesda, MD 20892–7364, USA;6National Institute of Occupational Primary prevention of human cancer can be accomplished
Safety and Health, Cincinnati, OH, USA in two ways: (i) avoiding the introduction of carcinogenic
7NIEHS International Scholar on Environmental Health. Permanent address:agents into the environment; and (ii) eliminating or drastically
Istituto per l’Infanzia, Via dell’Istria 65/1, 34137 Trieste, Italy reducing exposure to carcinogenic agents that are already in

our environment. The first approach can be most effectively8To whom correspondence should be addressed
implemented by identifying carcinogenic substances beforeDespite the considerable efforts and funds devoted to
they are introduced into the environment in any sizeablecancer research over several decades, cancer still remains
amount (3). Although theoretically effective, it is difficult, ifa mainly lethal disease. Cancer incidence and mortality
not impossible, to quantify precisely how much primaryhave not declined at the same rate as other major causes
prevention has been or can be achieved by such measures.of death, indicating that primary prevention remains a

The second approach involves actions aimed at reducing ormost valuable approach to decrease mortality. There is
eliminating occupational or other exposures to carcinogens.general agreement that environmental exposures are vari-
Suitable examples are the disappearance of an occupationously involved in the causation of the majority of cancer
where a carcinogenic exposure occurs, such as that of mule-cases and that at least half of all cancers could be avoided
spinners in cotton mills in England or banning the productionby applying existing etiologic knowledge. There is dis-
and use of carcinogenic chemicals such as certain aromaticagreement, however, regarding the proportion of cancer
amines (3), and the regulatory standards set by the Occupationalrisks attributable to specific etiological factors, including
Safety and Health administration (OSHA) aimed at reducingdiet, occupation and pollution. Estimates of attributable
exposures to carcinogens in the workplace and general environ-risks are largely based today on unverified assumptions
ment. However, some argue that primary prevention effortsand the calculation of attributable risks involves taking
aimed at reducing cancer mortality associated with exposuresvery unequal evidence of various types of factors and
to environmental agents are likely to have little impact ontreating them equally. Effective primary prevention
overall mortality and cannot be accurately quantified, especiallyresulting in a reduction of cancer risk can be obtained by:

(i) a reduction in the number of carcinogens to which when either few people are exposed or when environmental
humans are exposed; or (ii) a reduction of the exposure exposures are low. Historical experience in eliminating carcino-
levels to carcinogens. Exposure levels that could be seen as gens, including those in the workplace and tobacco smoking,
sufficiently low when based on single agents, may actually however, suggests the contrary. The drastic reduction in
not be safe in the context of the many other concomitant incidence and mortality for gastric cancer, even if its exact
carcinogenic and mutagenic exposures. The list of human cause(s) have not been precisely identified, is likely due to the
carcinogens and of their target organs might be quite elimination of environmental carcinogens and/or the acquisition
different if: (i) epidemiological data were available for a of protective factors through improved living standards, that
larger proportion of human exposures for which there is include efficient methods for storage and distribution of food.
experimental evidence of carcinogenicity; (ii) more atten- Although primary prevention of occupational carcinogens
tion was paid to epidemiological evidence that is suggestive must logically result in lowered cancer rates, such reductions
of an exposure-cancer association, but is less than suffi- are not easily documentable in quantitative terms because most
cient, particularly in identifying target organs; and (iii) of the published reports on the subject are limited to predicting
experimental evidence of carcinogenicity, supported by declines in cancer risk. Such predictions are generally based
mechanistic considerations, were more fully accepted as on assumptions about exposure–response curves and not on
predictions of human risk. actual observations on changes in risk after exposure reduction.

Unfortunately there are few follow-up studies designed to
determine whether cancer rates actually declined as a result

Introduction of preventive measures taken. This absence of documentation
may reflect disinterest on the part of researchers, lack ofThe aim of primary prevention is to reduce mortality and

disability by reducing the incidence of disease. The role of funding for studying ‘non-events’ resulting from successful
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prevention, and few opportunities for ‘before–after’ studies increase in incidence for certain sites. In Europe, among men,
only four relatively uncommon cancer sites (namely, testis,where the only change is the preventive measure taken.

A possible source of information on the effects of interven- larynx, penis and Hodgkin’s disease), have a 5-year survival
.50%. In women the situation is more favorable with eighttion are studies of occupational cohorts that include some

individuals employed before and others only after changes in sites, including breast and cervix, having survival rates
.50% (14).exposure have occurred. Unfortunately, it is difficult to identify

reductions in mortality or attribute changes to the interventions, Analyses of time trends in cancer incidence and mortality
have been accompanied by contradictory interpretationsbecause workers hired after intervention will invariably be

younger and will have had both fewer years of exposure and (15,16). To a considerable extent the disagreements stem from
the different emphasis placed on tobacco-related cancers, anda shorter follow-up period. Furthermore, if reducing exposure

to an agent leads to protracted latency, an apparent reduction in particular on lung cancer. Changes in lung cancer mortality,
however, are not completely explained by changes in tobaccoin risk might be overestimated. Conversely, the absence of an

apparent reduction in mortality could be due to prior exposures smoking. Based on models aimed at removing the contribution
of changes in smoking habits (17,18), it appears that otherin workers that pre-date the intervention.

A well documented case is that of tobacco smoking. The factors, operating during the same time period as the increase
in smoking, may have increased rates of lung cancer, althoughindustrial production of cigarettes began at the middle of the

last century (the first cigarette factories opened in Havana, this effect is largely obscured by the predominance of smokers
among persons with lung cancer. Concomitant occupational asCuba in 1855, in London, England in 1857 and in Richmond,

Virginia in 1863) (4) and expanded, in parallel to the chemical well as environmental exposures (e.g. indoor radon exposures)
may also have played a role, but the separate contributions ofindustry, spreading first within the industrialized and then to

the developing countries, a trend that continues today. The smoking and other factors are difficult to ascertain, especially
because exposures may be correlated. For example, smokingdecreasing risk of cancer in individuals who have quit smoking

provides strong evidence that the elimination of exposure may be more common among certain occupational groups
whose work exposures may also be carcinogenic.results in reduction of risk (5).

Lung cancer rates decrease with exposure reduction (number It is often claimed that in most countries cancer mortality
would show a clear downward trend, if it were not for theof cigarettes per day or duration of smoking) and time since

stopping smoking (6). Indeed, the decreasing mortality from continuing rise in smoking related lung cancer incidence.
Trends in total cancer mortality are dominated by the trendslung cancer in males from successively younger cohorts in the

UK, USA, Finland and possibly other countries is largely, in the most frequent types of cancer. For instance, age-adjusted
cancer mortality rates between 1970–1990 in Europe havealthough not exclusively, linked to the decreasing proportion

of smokers among the young (7). increased by 8.7% in men and decreased by 1.4% in women.
However, without lung cancer, the age-adjusted mortality rateTo demonstrate that primary prevention of environmentally

induced cancer is highly relevant and feasible, we will discuss for all other cancers still shows an increase in men of
5.7%, although for women non-lung cancer mortality shows athe following points: (i) cancer incidence and mortality have

not declined at the same rate as for other major causes of decrease of 5.4%. If we also exclude stomach cancer, the
incidence of which is steadily decreasing, age-adjusteddeath, indicating that both primary prevention and advances

in cancer treatment are required to decrease mortality; (ii) mortality rates for all remaining cancers show an increase
between 1970–1990 of 17.6% in men and of 5.2% in womenattributable risks calculated for the entire population, often

with a large margin of uncertainty, may influence decisions on (19).
Conclusions may also depend upon the method used topriorities for intervention toward changing life styles, which

ignore the importance of measures aimed at reducing exposure assess cancer trends (7). Cancer risk is strongly related to age,
and cohort effects may lead to apparent trends. Cancer trendsto environmental agents; (iii) experimental and epidemiological

approaches play a complementary role in the identification of may vary across age groups. Following a reduction in an
environmental exposure with long latency, rates may decreasehuman carcinogens; (iv) of dose–response relationships and

thresholds may have important implications for primary in young age groups and still increase in old age groups. Since
different measures of cancer occurrence give different weight toprevention; and (v) low levels of exposure to multiple carcino-

gens may seriously impact cancer burden in the general the various age groups, they may yield seemingly contradictory
results. For instance, the trend in age-adjusted cancer mortalitypopulation.
rates truncated at age 64 in two neighboring countries, the
USA and Canada, is leveling off among males in the USATrends in cancer mortality and incidence
but not in Canada, whilst mortality among females is increasing
slightly in both countries. On the other hand mortality trendsDespite the enormous efforts and funds devoted to cancer

research, improvements in cancer survival and incidence have, in successive birth-year cohorts point to a decrease in mortality
in younger ages of each sex in both countries (7). Whileon the whole, been small (8–11). The emphasis on cancer

treatment has also been seen as diverting attention from obviously encouraging, it is uncertain whether this downward
trend will persist with the aging of the cohorts. Trends in USAthe identification and control of important non-carcinogenic

hazards (12). While mortality from cardiovascular and ischemic mortality rates for the years 1973–1991 show a slight decrease
among people under 65 but an increase among those aged 65heart diseases is decreasing, mortality from cancer is still

increasing (13). Progress in cancer therapy, although consider- and over, and the trends in incidence rates show an increase
at all ages, more pronounced at ages 65 and over (20–22). Anable for certain forms of neoplasia such as Hodgkin’s

lymphoma, testicular tumors and various childhood cancers, additional worrisome observation is the apparent slight, but
continuous, increase in incidence of childhood cancer inhave been as a whole limited. Overall improvements in survival

have been relatively modest and are counterbalanced by an industrialized countries (20,22–26).
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Cancers showing a strong decline in mortality in most of cancers to tobacco and 10–70% to diet (29). The key to the
prevention of most human cancers has therefore been claimedindustrialized countries are stomach, endometrial and cervical

cancer (7). These trends are largely not explained by therapeutic to be the adoption of lifestyle factors associated with low cancer
risks, such as those followed by Seventh-day Adventists (16).advances. The decline in cervical cancer mortality is mainly

due to screening programs established in many countries and Although tobacco and diet play a relevant role in the
occurrence of cancer, the importance of other preventableis possibly related to improved hygiene. The reasons for the

decrease of stomach and endometrial cancer mortality are factors is underemphasized. The weakness of the personal
choice argument lies in the fact that the calculation ofnot well understood but may be related to socioeconomic

improvements and dietary changes for stomach cancer, and attributable risks involves taking very unequal evidence for
various factors and treating them equally. While conclusivefor endometrial cancer to a decrease in the therapeutic use of

estrogen. epidemiological studies supporting a causal relationship
between an agent and human cancer is usually considered aThe conclusions drawn from considering trends in cancer

incidence and mortality are that: (i) no evidence of declines necessary requirement for declaring an agent carcinogenic to
humans, tables of attributable risks are based on circumstantialin incidence or mortality is apparent for cancer as a whole,

nor can a decline be predicted for the near future; (ii) efforts or less than conclusive epidemiological evidence of a causal
relationship. The evidence of causal associations betweenand funds spent on improving diagnostic and therapeutic

interventions have been successful for some cancers but have numerous occupational and environmental agents and cancer
is generally strong, whereas the evidence regarding the dietaryhad little impact on others; (iii) cancer remains a lethal disease;

and (iv) primary prevention is and remains a highly relevant contribution to cancer burden is mostly circumstantial and in
some instances rather weak. Furthermore, the attribution ofapproach to further reduce mortality.
the majority of cancer cases to lifestyles, interpreted as
being mainly related to personal choices, overemphasises theAttributable risks
individual’s responsibility, drawing attention away from the
insufficient commitment and/or the lack of interest of govern-There is general agreement that at least 50% of all cancer

cases could be avoided if existing etiologic knowledge were ments toward public health (37).
applied (27–33). There is disagreement, however, regarding
the proportion of cancer risks attributable to specific etiologicalIdentification of human carcinogens
factors, including dietary constituents, occupational exposures
and pollution. The multifactorial origin of most tumors makes Until the early 1970s, the most authoritative source of informa-

tion on the causes of human cancer was a World Healthit particularly difficult to measure the role and to quantify the
contribution of single agents. Estimates of attributable risks Organization report on Prevention of Cancer (38). A tentative

list of 16 recognized human carcinogens can be extracted fromare largely based on unverified assumptions. Most assessments,
therefore, of the percentage of cases that could be avoided by this report in which atmospheric pollution was considered an

important etiologic factor for lung cancer, and commercialintervening on single factors contain a considerable amount
of uncertainty. The proportion of cases attributable to diet in benzol was mentioned as a suspected human carcinogen.

The relevance of experimental carcinogenesis and long-termthe USA, for instance, has been estimated at between 10 and
70%, with a ‘best estimate’ of 35% (29). The concept of carcinogenicity testing was strongly emphasized, with the clear

implication that experimental results could serve as a basis forprevention is further complicated because attributable risk is
widely misunderstood to mean the proportion of all cases of preventive measures.

When in the late 1920s, using a technique developed inthe disease that are caused by an individual exposure. It is in
fact inappropriate to view the sum total of disease burden as Japan (39), tumors of the skin were induced in the mouse with

soot extracts (40) the results were greeted as final confirmationdivisible into a set of mutually exclusive subsets, each having
a different cause. For any given case of cancer, multiple factors of the observations made by Pott a century-and-a-half before

of an excess of scrotal cancer among chimney sweeps (41).may have operated, thus the sum of all attributable risks may
exceed 100%. The implicit recognition of the importance of an experimental

confirmation of a clinical observation marked the beginning ofMuch of the early understanding of the etiology of human
cancer originated from studies of occupational groups exposed an era, which lasted several decades, during which experimental

chemical carcinogenesis played a prominent role in cancerto high concentrations of chemical carcinogens, the human
equivalent to the high dose long-term experimental carcino- research.

In the late 1960s, not long after the publication of the WHOgenicity tests (34). Many occupational carcinogens can also
be found in the general environment where they will not report, the confidence in experimental results for the prediction

of human risks began to decline. A severe limitation of thenecessarily cease to be carcinogenic when present at lower
concentrations than in the working environment. One such experimental approach in the identification of etiologic factors

was that, having elaborated a convincing hypothesis (42,43),example is asbestos (35).
Some authors argue that the role of environmental and adequate methods were not developed for identifying and

evaluating the different protagonists in a multistep, multifactor-occupational carcinogens has been overemphasized and that
the majority of cancer cases are explained by life-styles, ial carcinogenesis process. As a consequence, in spite of wide

acceptance of the notion of a multifactorial origin of mostinterpreted as personal choices (36). In this vision, occupational
and other unintentional exposures to environmental agents tumors, the tendency to search for the origin of cancers

attributable to single factors persisted. Confidence in experi-play a minor role because between 20–40% of cancer cases
are attributed to dietary factors, at least 35% to tobacco smoke mental results was additionally undermined by the inability to

reproduce in experimental animals the striking epidemiologicaland 5% to alcoholic beverages (16). An earlier assessment of
the preventable causes of cancer attributed between 25–40% observations of the carcinogenicity of tobacco smoke in
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exposure. Third, when human exposure is erratic and occurs
Table I. Human carcinogens identified by IARC, 1972–1996 at levels that do not dramatically alter disease rates, or occurs

primarily in conjunction with other exposures, the traditional
Industrial processes 13 morbidity and mortality studies will often not be large enoughChemicals or chemical mixtures identified in the 20

to detect risks. For example, increases in risk of, 20% are,working environment
Medical drugs 25 in most instances, below the limits of what epidemiology can
Cultural habits 5 detect. Alternative approaches will be necessary to identify
Biological agents 7 an agent as carcinogenic. It will always remain essential,
Total 70

however, that an evaluation of carcinogenicity is based on
the available data in order to avoid the temptation of askingSource: IARC, 1972–1996.
for missing data before taking public health action. To wait
for epidemiological data when sufficient evidence for a cancer
risk based on experimental results exists, can only resulthumans. In view of these apparent limitations of the experi-

mental approach, epidemiologists and statisticians developed in avoiding or delaying the implementation of preventive
measures.criteria for assessing causation of chronic diseases that included

biological plausibility, but relied primarily on epidemiological Epidemiological criteria for establishing causality for chronic
diseases, such as cancer, are stringent and demanding (44,48),evidence (44). After the acceptance that epidemiological results

could by themselves alone provide evidence of a causal although they were not originally intended to be interpreted
rigidly. Whilst they have protected epidemiologists fromrelationship, epidemiological evidence was often considered

as the only acceptable proof. falling into the trap of false positive results, they may also
have allowed false negative findings and impeded theFollowing the WHO publication (38) the International

Agency for Research on Cancer (IARC) has officially recog- adoption of public health measures. It is also unfortunate
that doubtful or negative epidemiological observations arenized, on the basis of epidemiological evidence, 70 agents

or exposures as human carcinogens on the sole basis of inappropriately taken as more persuasive than positive results
in rodent tests (49). In many instances results of traditionalepidemiological evidence (with the only exception of ethylene

oxide) where mechanistic considerations played a determining animal tests preceded and predicted similar effects in humans
(e.g. 4-aminobiphenyl, DES, vinyl chloride, 1,3-butadiene,role (45). Of these, 13 are industrial processes and 20 are

chemicals found carcinogenic in the working environment, 25 aflatoxin) (50–52).
Few single occupational cohorts are large enough to identifyare medical drugs, five are cultural habits (prominent among

which is tobacco smoking), and seven are biological agents risks for all cancer sites. Furthermore few cohorts include
women. Thus over-reliance on epidemiological findings gives(Table II). On the basis of the combined human and experi-

mental data 57 additional chemicals or chemical mixtures the impression that other cancer sites (e.g. those common in
women or those with a small number of expected tumors) areare considered by IARC to be probably and 224 possibly

carcinogenic to humans. The proportion of chemicals that have not related to occupational or environmental carcinogens. The
strength of a study is, in addition, largely a feature of itsentered our environment and have been submitted to chronic

toxicity testing remains rather low (46). Although the majority sample size. Exposures that occur in small industries are thus
not well covered by epidemiological research. Quality ofof the untested chemicals are probably not carcinogenic,

for the simple reason that those most highly suspected of exposure assessment and exposure misclassification can also
affect the power of a study. The main target organs for the 70carcinogenic activity have already been tested, it is likely that

some of them may be found carcinogenic (47). agents evaluated by IARC as being carcinogenic to humans
are, in descending order, lung (target of 23 complex exposuresMuch of the testing of chemicals for carcinogenicity, is

today performed by the US National Toxicology Program or chemicals), lymphopoietic system (13), urinary bladder
(11), skin (7), liver (5), nasal sinuses (3), oral cavity (2),(NTP). The criteria for selection of a chemical for study by

the NTP include a strong suspicion of carcinogenicity or a pharynx (2), larynx (2), esophagus (2), pleura (2), cervix (2),
pancreas (1), breast (1), endometrium (1) and peritoneum (1).large production and widespread human exposure. Analysis of

the results of 450 chemicals tested to date, shows that 65% At first look it would therefore appear that some of the most
common cancers, such as gastric cancer (the second mostof the chemicals selected on the basis of ana priori suspicion

of being carcinogenic were in fact carcinogenic, while only common tumor world-wide), colon–rectum, ovary, brain and
prostate are not among these target organs, whilst breast, the20% of those selected on the basis of exposure criteria were

carcinogenic (47). Within the IARC program on the evaluation most common tumor in women, is the target of only one
known carcinogenic agent. However, if more attention wereof the carcinogenic risk to humans, 70 (9%) of the 821 agents

and occupations evaluated were considered carcinogenic to paid to epidemiological evidence that is suggestive but less
than sufficient, then there would be clear indications that thehumans, whilst 57 (7%) were considered as probably carcino-

genic to humans (45). digestive tract, brain, prostate and breast are also targets for a
number of carcinogens.The inclusion of an agent on the list of recognized human

carcinogens usually indicates that adequate epidemiological The decreased acceptance of the capacity of experimental
results (in particular of long-term rodent carcinogenicity tests)data are available for evaluation and that sufficient evidence

of a causal relationship exists. The emphasis on human data to predict similar effects in humans, has not completely
undermined the use of these data to promote the adoption ofis problematic for several reasons. First, it demands human

cancer cases prior to taking preventive action. Second, because precautionary measures. The IARC, for instance, has taken
the official stand that ‘in the absence of adequate data onmost cancers have long latency periods before onset of disease,

many additional cases will be diagnosed long after recognition humans, it is biologically plausible and prudent to regard
agents for which there is sufficient evidence of carcinogenicityof a problem and implementation of measures to restrict
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in experimental animals as if they presented a carcinogenic part of the 20th century. In a study from the Netherlands,
individuals first employed after 1940 had considerably lowerrisk to humans’ (53). OSHA regulates exposures in the

workplace on the basis that agents for which there is sufficient relative risks than those first entering the industry earlier (55).
No case of nasal cancer was found among wood workers firstexperimental evidence of carcinogenicity are considered as

human carcinogens. EPA adopted a similar policy, but the exposed after 1941, when exposure to wood dust was reduced.
This would not appear to be a short latency problem becauseimplementation of preventive measures concerning the

general environment encounters considerable opposition from the 40–50 years of follow-up seems more than adequate to
observe an effect. Risk of lung cancer among chloromethyleconomic interests potentially affected by such regulation.

The list of human carcinogens and their target organs, might ether workers has diminished among recently exposed indi-
viduals (56), where exposures are considerably lower. In thisbe quite different if: (i) epidemiological data were available

for a larger proportion of human exposures for which there is case, however, workers first employed in the late 1970s may
not have had sufficient time to fully display the effect (3).experimental evidence of carcinogenicity; (ii) more attention

were paid to epidemiological evidence that is suggestive of It is somewhat surprising, given the potential importance of
the control of workplace exposures as a means to reducean exposure–cancer association, but is less than sufficient,

particularly in identifying target organs; and (iii) experi- cancer, that more direct data on the effectiveness of exposure
intervention are not available. The lack of such studies maymental evidence of carcinogenicity supported by mechanistic

considerations, were more fully accepted as predictions of have several explanations. Public health policy tends to view
the intervention as the final step in the disease reductionhuman risk.
process. When this step is taken the evidence between exposure
and disease is strong and prevention of disease is assumedEffectiveness of reduction of exposures
from reduction of exposure. Research funding may be more
difficult to obtain for studies to demonstrate the effectivenessDespite the clear expectation that primary intervention for

occupational exposures should reduce cancer rates, this is not of preventive actions than for investigations to identify etiology
factors. Finally, not enough time may have elapsed for interven-a research area that has received much attention. The time that

must elapse after intervention before a reduction in cancer risk tions on many recently identified occupational exposures to
observe a reduction in cancer rates.can be observed may be one explanation for the absence of

such data. For many occupational carcinogens the latent period Primary prevention of smoking related diseases has been
implemented at the individual level and at the societal levelis up to 20 or more years. In the USA, where control of

workplace carcinogens has primarily been implemented since (e.g. regulations on smoking in public places), whereas
responsibility for primary prevention of occupational or otherthe 1970s and 1980s, it is perhaps too early to observe a

reduction in cancer rates. Data on smoking and lung cancer environmental exposures may necessarily rest with industry.
The tobacco industry has fought efforts to legislate primaryindicate that the relative risk of lung cancer among persons

who stopped smoking did not begin to decline until 5 years prevention measures at every level. It is only through public
pressure and personal responsibility that smoking preventionafter cessation and 50% reduction is not achieved until 15 or

more years after stopping (6). The timing in the reduction in has been successful. In industry, however, individual workers
are often powerless to take measures to prevent themselvesrisk of lung cancer also appears to be related to the duration

of smoking, i.e. the longer individuals have smoked the greater from being exposed, except in the instance in which proper
and consistent use of protective clothing and equipment islength of time after cessation is required before significant

reduction in risks are observed. Men who had smoked for possible. Thus primary prevention must be implemented by
society or by organizations that may have a vested interest inless than 20 years experienced a 60% reduction in relative

risk 5–9 years after cessation. Individuals who smoked for 50 maintaining the status quo.
years or more experienced only a 7% decrease 5–9 years after
cessation. The need for a lengthy period before reduced cancerDose–response and threshold
risks can be observed for occupational exposures is also
suggested by the evaluation of incidence and mortality rate As most carcinogens exhibit a dose–response relationship, a

simple corollary is that low exposures are likely to result infor mesothelioma. Despite a significant reduction in high
exposures to asbestos, rates for mesothelioma do not yet show low excess risk and that lowering of exposure levels will result

in a reduction of risk. Experimentally it has been demonstratedsignificant declines. Most analyses predict that declines from
intervention will not begin until well into the 21st century (54). that lower doses of a chemical carcinogen result in a lower

tumor incidence and in a delayed time of appearance of tumorsThere are several methods, other than direct evaluation of
cancer risks after reduction of exposure, that provide informa- (57). In the absence of a threshold, reduction even at the low

end of the exposure range will have public health benefits thattion of the effectiveness of exposure abatement, including:
reductions in disease incidence when occupational exposures can be quite large where large segments of the population are

affected. Recognized carcinogens with demonstrated dose–disappear; decreased risk among workers who leave an occupa-
tion; changes in risks with decreased exposure levels over response relations are, among others, hexavalent chromium

(58), radiation (59,60), benzidine (61,62), cadmium (63),time within a cohort; lower risks among those employed when
exposures are lower; and decline in occupational cancer in tobacco smoke (4,6), asbestos (64,65), ethylene oxide (2) and

benzene (66). For arsenic, dose–response curves are not linear,routine statistics (e.g. scrotal cancer in England and Wales)
(3). All three approaches support the effectiveness of exposure with a rise in risk that is sharper at lower than at higher

exposures (67–70).reduction in reducing disease risk. For example, trends in
relative risks for nasal cancer point to the influence of effective Thresholds appear plausible for acute toxicity effects and

animal data are used to establish doses below which no acuteexposure control. High rates of nasal cancer were associated
with employment in the wood furniture industry in the early adverse effects are expected to be observed (e.g. the No
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Observable Adverse Effect Level or NOAEL). It is uncertain calculated for each single agent, the tacit assumption is made
that there is no other carcinogen present and/or no synergisticwhether the threshold assumption can be justified for chronic

effects, including cancer and non-cancer endpoints. Levels effect on human cancer. This implies, however, that a level of
exposure evaluated as ‘safe’ when based on single agents,initially thought to provide safety are often proven to cause

more subtle effects when agents are well studied. The case of may not be safe when the risk is calculated within the context
of risks from exposures to other carcinogens (79,80).lead is an example where, as more data accrue, the likelihood

of threshold for neurological effects has become less plausible. The best known example of a complex carcinogenic mixture
is tobacco smoke, which has been called ‘the most deadlyFor induction of cancer the standard assumption is that there

is no threshold. Although this assumption has been challenged human carcinogen’ (81). It is composed of a great variety of
chemicals, many of which are carcinogenic and/or mutagenic(16,71,72), its critics have not offered a clear method to

identify any hypothesized threshold with reliability. In contrast, (4) and occur in tobacco smoke at relatively low concentrations.
Tobacco smoke provides the most convincing circumstantiala theoretical understanding of the molecular basis of carcino-

genesis would argue in favor of the non-threshold assumption, evidence of an effective interaction between carcinogens,
mutagens and possibly other modulating agents, at levels ofin particular by the fact that both solid tumors and leukemias

carry, and possibly are the results of, multiple sequential exposure that, taken individually, may not represent a measur-
able hazard. Moreover, tobacco smoke probably does not ceasealterations of the DNA of single cells and their progeny (73–

75). These alterations may occur spontaneously or may be the to be carcinogenic when it is inhaled passively at concentrations
that are considerably lower than those actively inhaled (82).result of the damaging action of a carcinogen. In addition, the

rate of spontaneous mutations may be accelerated or increased By analogy it may be expected that there are other situations
in which exposure to a variety of carcinogens/mutagens at lowby agents that induce cell proliferation (76). It appears prudent,

as well as biologically plausible, to also extend the non- concentrations is responsible for an increase in cancer risk.
A case in point is exposure to atmospheric pollutants, whichthreshold assumption to non-genotoxic carcinogenic com-

pounds (77,78). include several carcinogens at concentrations much lower than
those at which their carcinogenicity was originally ascertained.The question of threshold is closely intertwined with the

reversibility of damage and the related capacity of repair. The They also include agents that do not act directly on DNA and
would not traditionally be identified as chemical carcinogens,ability to repair DNA damage differs widely among individuals

and may therefore be overwhelmed following different levels but were shown experimentally to increase the incidence of
lung tumors through induction of chronic inflammation and aof exposure to a damaging agent. Furthermore, an individual’s

threshold is unlikely to remain constant and may fluctuate high concentration of free radicals (83). There is growing
epidemiological evidence that even common levels of airwith stage of development, age, health status and other

exposures. pollution are associated with acute and chronic adverse effects
on health, in particular on the respiratory tract, and include anInherited genetic susceptibility may also affect possible

threshold effects. This is clearest in the case of polymorphic increased risk of lung cancer (17,84–91). Public health action
generally is not taken because of an alleged lack of biologicalcarcinogen metabolism genes that are responsible for both

activation and detoxification of carcinogens. Because of vari- plausibility based on the inability to confirm in the laboratory
the epidemiological finding of long-term adverse effects of airable expression in different tissues and the variety of substrates

acted upon, inheritance of a particular allele may place one at pollution. As in other instances the small effect seen in the
epidemiological studies has been interpreted as ‘no evidence’increased risk of one type of cancer or exposure, while

decreasing the risk for a different type of cancer. Common and equated with no effect, with the clearly negative repercus-
sions that such attitude has on public health, unavoidablyinherited polymorphisms in other genes, e.g. those coding for

DNA repair genes, receptors, and the normal homologues delaying the adoption of preventive measures based on the
reduction of exposure levels.of oncogenes and tumor suppressor genes may also affect

susceptibility to environmental exposure and thus affect risk The time when it was particularly difficult to confirm
experimentally the striking epidemiological evidence of thein a variety of ways. As more susceptibility genes are identified,

we may eventually be able to identify susceptible subpopula- carcinogenicity of tobacco smoke has apparently been forgot-
ten, as has the difficulty of confirming by experimental studiestions and measure with some accuracy the varying risks

associated with environmental exposure. the epidemiological evidence of a risk for cancer from passive
smoking.Regardless of the actual shape of the dose–response (linear,

supra linear, sublinear), a non-threshold relation implies a
positive health benefit from reduction of exposures. The publicConclusions
health benefit from reducing any exposure is a function of: (i)
the number of persons exposed; (ii) the magnitude of the Despite the enormous efforts and funds devoted to cancer

research over several decades, improvements in cancer occur-exposure changes; and (iii) the shape of the dose–response
relationship. The steeper the dose–response curve, the greater rence and survival, have, on the whole, been small. Cancer

still remains a mainly lethal disease. Primary preventionthe benefit for the same size population undergoing the same
decrease in exposure. remains the most relevant approach to reduce mortality

through a reduction in incidence.
There is general agreement that environmental exposuresComplex mixtures and low levels of exposures

are variously involved in the causation of the majority of
cancer cases and that at least 50% of all cancers could beEnvironmental exposures are usually studied individually, but

we are actually exposed to a multitude of carcinogens, at once avoided by applying the existing etiologic knowledge. How-
ever, decisions on measures of primary prevention depend onor in sequence. In a minority of cases only the causal association

with a single agent can be reasonably claimed. Thus as risk is many factors, including economic interests that may be given
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manuscript and Martha Taylor, Sandra Sandberg and Ashley Woods for theiran equal or sometimes greater weight than the scientific
assistance in the preparation of the manuscript.evidence for a potential health risk to humans.
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