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Epidemiology — identifying the 
causes and preventability of cancer?
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Abstract | It has been almost 25 years since Doll and Peto performed their landmark 
analysis of epidemiological data to identify the causes of cancers and possible 
modes of cancer prevention. Since then, there have been many additional studies 
of cancer incidence using various epidemiological techniques. These studies 
revealed expanded opportunities for cancer prevention through approaches that 
include vaccination, increased physical activity, weight control and avoidance of 
post-menopausal hormone therapy.

In 1981, Richard Doll and Richard Peto 
published a landmark study of the causes of 
cancer that was based, in part, on a review 
of cancer incidence across many countries. 
As early as 1964, an expert committee of the 
World Health Organization had concluded 
that common fatal cancers arise as a result 
of lifestyle and other environmental fac-
tors, including environmental carcinogens, 
hormonal factors and dietary deficiencies, 
and are therefore potentially preventable1. 
However, Doll had used international vari-
ation as a pointer to cancer preventability2. 
The comprehensive 1981 study by Doll and 
Peto was undertaken to refine and clarify the 
evidence for the existence of factors that, if 
avoided, could reduce cancer burden in the 
United States3 or England4. By comparing 
the rates of cancer mortality in the United 
States with those of other countries, they 
estimated the degree to which cancer inci-
dence and mortality could be reduced in the 
United States5.

Based on the epidemiological observa-
tion that migrants tend to acquire the 
cancer rates of their new country, Doll and 
Peto concluded that differences in cancer 
rates can be attributed, in part, to envi-
ronmental factors such as smoking, diet, 
reproductive behaviour, sexual behaviour, 
infection and occupational exposures. This 
was a bold conclusion because most cancer 
research at the time was focused on specific 
occupational exposures or genetic factors. 

This work, the most comprehensive analysis 
at the time of evidence on the risk (BOX 1) 
and preventability of cancer, improved 
understanding of the range of factors that 
can affect cancer incidence.

Drawing on epidemiological surveil-
lance data, Doll and Peto compared the 
rates of different cancer types in high and 
low incidence populations, and estimated 
the proportion of cancers that could be 
attributed to non-genetic factors. As shown 
in TABLE 1, the ratio of highest rate to low-
est rate of cancer was as high as 100-fold 
or more. Connecticut was used as the 
reference population for the United States 
because it has a longstanding population-
based cancer registry that has recorded all 
cancer diagnoses in the state since the early 
1940s. Based on comparisons of high and 
low incidence regions, Doll and Peto con-
cluded that 75–80% of cancers diagnosed 
in the United States in 1970 theoretically 
could have been avoided.

What made the US population dif-
ferent from low-risk populations? The 
environmental (non-genetic) factors that 
differ between the United States and low-
risk populations are many and diverse, 
and include factors such as birthweight, 
age at puberty, lifelong patterns of diet, 
weight gain, alcohol consumption, use of 
tobacco, use of pharmacological agents, 
and reproductive factors. This conclusion 
was provocative as, at the time, there was 

only a limited amount of data from rigor-
ously performed epidemiological studies 
that related diet, obesity and alcohol intake 
to cancer risk. Other commonly studied 
environmental exposures, such as differ-
ences in air, water and food contamination 
between the United States and other popu-
lations, were also thought to be involved 
in determining cancer risk, but to a lesser 
extent than previously assumed (FIG. 1).

There were many criticisms of the Doll 
and Peto studies, such as that they placed 
too much emphasis on lifestyle factors — 
for example, smoking and diet — with too 
little emphasis on involuntary exposures 
such as occupational and environmental 
carcinogens6. In the United States, extensive 
epidemiological data had documented the 
carcinogenic hazards of workplace expo-
sures, including asbestos, benzene, arsenic, 
nickel, polycyclic hydrocarbons and vinyl 
chloride. As a result, there was much public 
concern about occupational exposures and 
their health impact, so the Occupational 
Safety and Health Administration was 
established in 1970, to ensure safe and 
healthy working conditions. Over time, the 
agency has had a positive impact, decreas-
ing cancer risk among industrial workers 
through reduced exposure to carcinogens7. 
However, as US workplaces have become 
less carcinogenic, the hazards of produc-
tion for products such as steel — which 
is associated with exposure to crystalline 
silica, polycyclic aromatic hydrocarbons 
and various other carcinogenic chemicals 
— have been largely exported to countries 
that have cheaper labour and lower produc-
tion costs8. Further studies are required to 
determine whether the global cancer risk 
associated with producing 1000 Kg of steel 
is the same today as it was in 1970, regard-
less of country. Although fewer US workers 
are exposed to occupational carcinogens, 
and industrial exposures have only a minor 
contribution to cancer in this country9, 
it is still important to understand the 
cancer risk associated with occupational 
exposures. By studying occupational as 
well as lifestyle factors that contribute to 
cancer incidence, it becomes possible to 
find ways to prevent cancer on many fronts, 
worldwide. The relative importance of 
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occupational and environmental factors 
will vary from country to country, as will 
lifestyle factors.

Doll and Peto acknowledged that their 
estimate that cancer rates could be reduced 
by 75–80% was a theoretical maximum, 
and that it was unlikely that society could 
change enough — even over many years 
— to decrease cancer incidence by this 
amount. Their analysis, however, provided 

an important starting point for subsequent 
studies of cancer causes and strategies for 
cancer prevention10,11, and has even led to 
some strictly defined timelines for reducing 
cancer incidence in the United States12.

In the past 25 years, many subsequent 
epidemiological studies have confirmed 
the contribution of specific lifestyle fac-
tors to the aetiology of cancers13 and have 
expanded the list of cancer risk factors to 

include obesity and lack of physical activ-
ity. Specifically, it is estimated that achiev-
able changes in the preventable causes of 
cancer now account for more than 50% 
of all cancer cases in the United States13. 
Evidence indicates that in the United 
States, tobacco use accounts for some 30% 
of all cancer cases, alcohol consumption 
for 4% of cancer cases, obesity for 15% of 
cancer cases, physical inactivity for 5% of 
cases, viruses for 3% of cases and poor diet 
for 10–25% of cases. Many prescription 
drugs have been associated with cancer 
risk through epidemiological studies 
(BOX 2). By contrast, Doll and Peto pro-
posed in their 1981 report that there could 
be a link between use of oestrogen and 
endometrial cancer, and they speculated 
that oestrogens might also increase breast 
cancer risk — this hypothesis has since 
been proven correct in recent studies14,15.

Epidemiological analysis of cancer
The most widely used scheme to identify a 
causal relationship between a lifestyle factor, 
such as smoking, and cancer is through 
structured-data summaries, meta-analyses 
and pooled analyses (BOX 1), which synthe-
size epidemiological data across multiple 
studies to draw unified conclusions about 
the causes of cancer. This is often done with 
consideration for differences in the design 
of the study because prospective studies are 
less susceptible to certain types of bias than 
retrospective studies (BOX 1). For example, in 
a case–control retrospective study, subjects 
with the cancer of interest (cases) are identi-
fied along with subjects without cancer 
(controls), and exposure data are recalled 
for a relevant time period before diagnosis. 
One of the most significant potential 
sources of bias in retrospective studies is 
in ‘differential recall’ — when cases are 
better than controls at remembering past 
exposures, particularly if they suspect that 
a certain exposure might have caused their 
disease. This type of bias (BOX 1) leads to the 
false appearance of differences in exposure 
frequencies in retrospective case–control 
studies.

Alternatively, prospective cohort studies 
are less susceptible to recall bias because 
the exposure or lifestyle data are recorded 
uniformly for study participants, who are 
followed over time to record incidence 
of cancer. The structured-data summary 
was developed during the preparation of 
the first report of the US Surgeon General 
on Smoking and Health in 1964 (REF. 16). 
The International Agency for Research 
on Cancer (IARC) performed similar 

Table 1 | Examples of ratio of highest versus lowest rate of cancer in men and women

Cancer type High incidence area Low incidence area Ratio of highest rate to 
lowest rate

Oesophagus Iran Nigeria 300

Lung England Nigeria 35

Stomach Japan Uganda 25

Prostate United States, African-
Americans

Japan 40

Breast (female) Canada Israel, non-Jewish 
population

7

Corpus uteri California, United States Japan 30
Data from REF. 5.

Box 1 | Epidemiology definitions

Risk
The most basic type of risk is absolute risk, which is simply a person’s chance of developing a specific 
disease over a certain time-period.

Structured-data summaries
Systematic reviews or structured-data summaries are conducted to address a clearly defined 
question, and involve the identification of all relevant primary research studies that address the 
question.

Meta-analysis
The statistical analysis of combined data as reported from a number of studies, identified through a 
systematic review of the literature101.

Pooled analysis
After obtaining the original data from the component studies in a systematic review, the reviewer re-
analyses the data using common analytical approaches.

Prospective studies
These studies follow people over time to relate exposure measures to subsequent risk of disease.

Retrospective studies
Individuals with disease are identified, and a comparison group without disease drawn from the same 
population is used to compare the odds of past exposure between the two groups.

Bias
Also known as systematic error, bias distorts an association that has been observed in an 
epidemiological study through a number of possible processes, such as differences between cases 
and controls in participant selection, information recall, or failure to continue the study until its 
conclusion.

Confounding
Refers to the mixing or muddling of effects that can occur when the relationship of interest is 
confused by the effect of something else102.

Randomized controlled trials
Randomization is used to ensure that the groups under study are as similar as possible at the start of 
the study, with the exception of the treatment or intervention under study.

Statistical power
The statistical power of a study is the probability that the study will detect an association of a 
particular size if it truly exists in the general population102.
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Tobacco
Alcohol
Diet
Food additives
Reproductive and 
sexual behaviour
Occupation

Pollution
Medicine and 
medical procedures
Geophysical factors 
(for example, sunlight)
Infection
Unknown

structured-data summaries to associate 
other lifestyle factors with cancer, and 
has classified these in a monograph series 
(BOX 3). These reviews have provided a great 
deal of information on the environmental 
factors that increase cancer risk — since 
1972, the IARC has published independent 
assessments of the carcinogenic risk posed 
to humans by more than 800 agents (see the 
IARC Press web site). Furthermore, since 
1997, a new series of handbooks on cancer 
prevention have complemented the assess-
ments of carcinogenic risk.

One challenge that epidemiologists face 
is that they cannot manipulate their systems 
— observational methods cannot certify 
results to the extent that is possible with 
laboratory experiments or randomized con-
trolled clinical trials. Ethics and feasibility 
preclude the application of the experimen-
tal method when the exposure is potentially 
harmful17, but epidemiologists do have a 
defined set of criteria that is considered suf-
ficient to conclude that a cause-and-effect 
relationship exists18. These include biologi-
cal plausibility (inhaling tobacco smoke 
into the lungs might cause cancer in those 
tissues), dose–response (heavier smokers 
have greater risks than lighter smokers), 
lack of temporal ambiguity (smoking pre-
cedes lung cancer) and coherence of all the 
evidence.

Consistency of findings across studies, 
and across study designs, also strengthens 
the case that exposure to a certain factor 
causes cancer. For example, recent data 
on breast and colon cancer incidence has 
been obtained from the Women’s Health 
Initiative randomized controlled trial of 
use of oestrogen plus progestin among 
post-menopausal women. This data shows  
increases in the risk of breast cancer and 
reductions in the risk of colon cancer, and 
supports similar conclusions that have 
been obtained from earlier epidemiological 
investigations19. Furthermore, several recent 
studies have shown that some observational 
studies of drug efficacy have had comparable 
results to those of randomized clinical tri-
als20,21. Epidemiological studies have also been 
essential in making the initial association 
between an environmental factor and cancer 
that could later be followed up and confirmed 
through laboratory analysis. For example, 
cancer rates differ dramatically between 
Western and Asian countries, as do differ-
ences in consumption of foodstuffs such as 
green tea. Based on this ecological correlation, 
laboratory studies have been done to evaluate 
whether green tea or some component of it 
can modify carcinogenesis22 (BOX 4).

Identifying causes of cancer
Tobacco. Doll and Peto were not the first 
to perform a large epidemiological analysis 
of cancer causes. In 1964, the US Surgeon 
General’s Report on Smoking and Health 
documented the causal relationship between 
smoking and lung cancer, and was the start-
ing point for the national reversal on smok-
ing within the United States and led to the 
ultimate reduction in the burden of cancer 
(FIG. 2). This report was based, in part, on 
the evidence from seven prospective studies 
that started as early as 1951. These studies 
documented 1,833 cases of lung cancer 
among smokers, a risk over 10 times higher 
than that of non-smokers. This strong asso-
ciation led the Surgeon General to conclude 
that smoking caused lung cancer16. These 
data were later supported by evidence from 
more than 20 retrospective studies.

From 1964 onwards, these epidemiologi-
cal findings were translated to a broad range 
of cancer prevention strategies that aimed 
to reduce the use of tobacco. For many 
cancers, the reduction in risk after cessa-
tion of smoking takes years to be detected. 
For example, lung cancer risk in former 
smokers approaches that of ‘never smokers’ 
only 15–20 years after the individual stops 
smoking23. Not surprisingly, it was from the 
1990s onwards that the incidence of smok-
ing-related cancers, including lung cancer, 
dramatically fell, particularly among men.

Prevention efforts to reduce tobacco use 
in the US population have been in existence 
for a long time and continue to expand. 
In parallel with the increasing focus on 
prevention of tobacco use among youth24 
and increasing cessation among adults25, 
researchers have identified the molecular 
mechanisms of tobacco-induced cancer26,27. 
Although such mechanisms could ultimately 
lead to new agents that increase or inhibit 
the carcinogenic mechanisms of tobacco, 
from a public health point of view, under-
standing the mechanism is less important 
than the knowledge that smoking causes 
lung cancer5. This is because it is always 
easier to prevent a disease through interrupt-
ing the root cause than to treat it through 
altering mechanistic processes. Although 
epidemiological studies have provided the 
information that is necessary to devise 
prevention efforts, data from studies such 
as the prospective American Cancer Society 
(ACS) Cancer Prevention Study II cohort 
study have been central to the estimation of 
the global burden of tobacco smoke28. Some 
3 million deaths a year are estimated to be 
attributable to smoking, and this number has 
been estimated to increase to 10 million a 
year in 30–40 years time29.

Radiation. Resounding evidence from 
studies of occupational exposure and of 
atomic bomb survivors has clearly shown 
a dose–response relationship between 
exposure to radiation and the risk of 
cancer30. More recently, solar radiation has 
been identified as a significant risk factor 

Figure 1 | Proportion of cancer deaths attributed 
to non-genetic factors. Estimated proportion of 
cancer in the United States that could have been 
avoided by changes in each category of non-
genetic cancer causes, as estimated by Doll and 
Peto. Data from REF. 5. 

Box 2 | Pharmaceuticals that modify cancer risk

• Oral contraceptives reduce the risk of ovarian cancer103 and endometrial cancer, and increase the 
risk of breast cancer in current users51

• Post-menopausal hormone therapy increases the risk of breast14 and endometrial cancers, but 
reduces the risk of colon cancer104

• Diethylstilbestrol increases the risk of vaginal cancer105

• Non-steroidal anti-inflammatory drugs decrease the risk of colorectal cancer106

• Tamoxifen increases the risk of endometrial cancer107
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for melanoma31, with worldwide incidence 
of this malignancy increasing rapidly32. 
Epidemiological methods continue to be 
applied to examine the potential asso-
ciation of other sources of radiation with 
cancer risk, such as the association between 
exposure to radiation or to power lines and 
leukaemia, or a correlation between electro-
magnetic radiation from mobile phones 
and brain tumours33. Additional studies 
are underway to understand whether 
some of the familial components of risk 
for tumours such as breast cancer might 
be due to increased sensitivity to radiation 
in individuals who carry certain genetic 
defects, such as mutations in ATM (ataxia 
telangiectasia mutated), BRCA1 (breast 
cancer 1) or BRCA2 (REF. 34). Observational 
epidemiological studies have made signifi-
cant contributions to our understanding of 
the influence that radiation has on cancer 
risk and have also provided clues into 
mechanisms of cancer pathogenesis.

Obesity and lack of physical activity. Trends 
in obesity over time are paralleled by 
increases in the rates of certain cancers35. 
Data from the National Health and Nutrition 
Examination Survey (NHANES), a nationally 
representative sample of US adults, shows 
that 65% of Americans are overweight or 
obese36 — more than twice the percentage 
of the population that was considered to be 
obese in 1960. In 2002, the IARC Prevention 
Report on Weight Control and Physical 
Activity listed “obesity and lack of physi-
cal activity” as causes of cancer incidence 
and mortality37. Specifically, obesity was 

described as a cause of oesophageal, colon, 
uterine, kidney and post-menopausal 
breast cancer. Data from the ACS Cancer 
Prevention Study II, which followed more 
than 1 million men and women for an 
average of 16 years, showed an additional 
link to cancers of the prostate and pancreas, 
as well as to non-Hodgkin lymphoma and 
myeloma38. That study concluded that 
16–20% of cancer deaths among women 
and 14% of cancer deaths among men were 
attributable to obesity39. Furthermore, the 
IARC monograph also reported that there 
was sufficient evidence to conclude that 
lack of physical activity increased the risk of 
breast and colon cancer — two of the most 
common cancers in the United States and 
Western Europe37. The ability of exercise to 
prevent these cancers is independent of the 
level of obesity. Given the epidemiology of 
obesity and growing understanding of the 
importance of obesity as a cause of cancer38, 
in the coming years epidemiological methods 
for refining assessment of exposures (such 
as energy balance in light of energy expendi-
tures versus dietary intake, or assessment of 
complex patterns of food consumption over a 
lifetime) will be developed.

Viruses and other infections. Viruses have 
long been known to cause certain types 
of cancer in animals, stimulating research 
into the role of infection in human cancers. 
Accordingly, there have been many studies 
of associations between infectious diseases 
and cancer, but these are often complicated 
because of confounding factors (BOX 1) 
and variations in laboratory assays. For 

example, although sexually transmitted 
viruses increase the risk for specific types 
of cancer, other diseases are also sexually 
transmitted. So, the effects of prevention 
strategies on cancer morbidity and mortal-
ity are not easily quantified.

Nonetheless, associations that were made 
through epidemiological studies led to the 
laboratory studies that eventually confirmed 
the causes of many cancer types. For exam-
ple, epidemiological studies in the 1990s 
were the first to show that cervical cancer 
was caused by human papillomavirus (HPV) 
infection40,41, and later studies associated 
HPV with vulvar, penile and anal cancers. 
Other epidemiological studies of viral 
infections followed suit — hepatitis B and C 
viruses were identified as a cause of hepato-
cellular cancer, and human lymphotropic 
virus type 1 was found to cause adult T-cell 
leukaemia. Epidemiological analyses helped 
establish the link between human immuno-
deficiency virus type 1 infection and Kaposi 
sarcoma or non-Hodgkin lymphoma, as 
well as between human herpes virus, Kaposi 
sarcoma and body-cavity lymphoma42,43.

Epidemiologists were also the first to 
associate Helicobacter pylori infection with 
gastric cancer44,45. Further studies led to 
new treatment and preventative strategies 
for this disease, as subsequent randomized 
trials showed that eliminating the H. pylori 
infection resulted in a modest slowing 
of the pre-cancerous process but did not 
prevent cancer46.

Efforts to contain the spread of viruses 
through sexual contact include behavioural 
and educational interventions (to modify 
sexual behaviour)47, biomedical interven-
tions (to develop and administer vaccines) 
and structural interventions through regula-
tory changes (to make contraceptives readily 
available). Epidemiology has been applied to 
evaluate prevention strategies after a cancer-
causing agent has been identified. For exam-
ple, through epidemiological analysis, it has 
been estimated that childhood administra-
tion of a vaccine against hepatitis B could 
reduce the global burden of liver cancer by 
60% (REF. 48). Compelling evidence shows 
that vaccines against HPV49 and hepatitis 
B50 offer opportunities for preventing two 
cancers that have significant global burden.

Hormones. In 1981, the role of hormones 
and other drugs in cancer aetiology was still 
widely debated. Since that time, compre-
hensive studies and combined analyses have 
confirmed that current use of oral contra-
ceptives increases the risk of breast cancer51 
and that use of post-menopausal hormones 

Box 4 | Observational studies compared with randomization? 

In studies of some drugs and behavioural interventions, investigators control the exposure and can 
randomly allocate participants to receive the therapy or a comparison (usually placebo) therapy. 
Through randomization, each group will be equally likely to develop cancer, so differences in risk can 
be attributed to the intervention. In observational studies, researchers record the exposures that are 
reported by participants and determine if they are associated with the development of cancer. For 
many exposures, such as oral contraceptive use, alcohol intake, occupational exposures, and so on, it 
is not possible to randomly allocate participants to receive the exposure of interest or a placebo. 
Through analysis, researchers must remove any differences in risk of cancer through stratification 
and multivariate adjustment.

Box 3 | How are carcinogens classified, using the current IARC system?

The International Agency for Research on Cancer (IARC) classification system states that a factor 
is considered to be a ‘definite’ carcinogen when an association has been established between 
exposure and outcome, and chance, bias and confounding can be ruled out with reasonable 
confidence. A factor is considered to be a ‘probable’ carcinogen when the association is 
established, but chance, bias and confounding cannot be ruled out with reasonable confidence. 
Finally, a factor is a ‘possible’ carcinogen when available studies are of insufficient quality, 
consistency, or statistical power to permit a conclusion of probable or definite association 
between the exposure and outcome108. 
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increases risk with increased duration of 
use14. Furthermore, hormone therapies that 
involve oestrogen plus progestin increase 
risk more than therapies that are based on 
oestrogen alone. Numerous other drugs 
have also been associated with increases and 
decreases in cancer risk (BOX 2). Continuing 
investigation is addressing formulations 
of post-menopausal hormones that might 
be less toxic to the breast, and the role of 
selective oestrogen receptor modulators to 
reduce the risk of breast and endometrial 
cancer. The impact of post-menopausal 
hormones on other cancers, such as ovarian, 
remains to be defined.

Genetic susceptibility
Although the potential for cancer prevention 
by simply modifying lifestyle, based on epide-
miological findings, was appealing, additional 
studies indicated that subgroups of the 
population might carry genetic susceptibility 
to certain cancers52. As early as 1922, experi-
mental evidence indicated that certain strains 
of mice were more susceptible to certain types 
of cancer53. Consequently, most population-
based studies in the 1930s and thereafter 
focused on the risk of cancer in relatives of 
patients with a specific type of cancer. For 
example, studies in the 1940s and 1950s 
indicated that breast cancer cases tended to 
cluster in families54,55. Compelling evidence 
for a genetic component to breast cancer 
came from the Cancer and Steroid Hormone 
Study. This multicentre, population-based 
case–control study, conducted by the Centers 

for Disease Control and Prevention, included 
4,730 histologically confirmed cases of breast 
cancer in patients aged 20–54 years, and 4,688 
controls. Initial analyses confirmed that cases 
were significantly more likely than controls to 
have a family history of the disease, especially 
cases who developed cancer at an early age56. 
A segregation analysis of the pattern of breast 
cancer in the case families provided evidence 
that the susceptibility was transmitted in a 
Mendelian manner57. Linkage analysis using 
DNA markers generated in the laboratory 
localized the first putative gene to a region of 
chromosome 17q21 (REF. 58), and BRCA1 was 
subsequently identified through positional 
cloning59. Li and colleagues drew on the 
National Cancer Institute’s (NCI’s) cancer 
family registry to identify 24 kindreds with 
multiple cancers in young patients60. From 
this epidemiological investigation, the 
Li–Fraumeni syndrome was defined and 
subsequent genetic investigation identified 
germline TP53 mutations. These few exam-
ples highlight the flow back and forth from 
epidemiology to laboratory investigation to 
refine understanding of aetiological pathways 
in cancer.

The successful mapping of the human 
genome has significantly improved our 
ability to map and identify additional cancer 
susceptibility genes. With the identification 
of additional cancer genes, we expect to 
increase the possibility of genetic testing 
and tailored interventions, such as screening 
or prophylaxis to match the genetic predis-
position of individuals. Although the risks 

and potential benefits of such ‘personalized 
medicine’ remain to be documented61, such 
a targeted approach could prove to be more 
cost-effective than a public health approach 
in which an intervention is applied to the 
whole population, if the exposures of inter-
est are of modest prevalence. For example, 
might colon cancer screening recommenda-
tions be based on an individual’s level of 
genetic predisposition to this cancer, rather 
than embarking on population-wide screen-
ing? Epidemiology studies can also be used 
to identify patients who are most likely to 
respond to certain therapeutic approaches.

So, observational epidemiological 
methods are particularly well-suited to 
examine the association between a particular 
genetic variation and cancer risk or response 
to therapy. Indeed, there are many large 
case–control and cohort studies underway 
to identify these associations. International 
consortia have been established to study 
the association between genetic factors and 
the risk of lymphoma, breast and prostate 
cancer, as well as many other cancer types. 
As humans have more than 30,000 genes, 
it is unrealistic to think that randomized 
controlled trials (BOX 1) can be conducted 
to correlate inherited genetic variation with 
outcomes, so we will increasingly need to rely 
on epidemiology to evaluate the promise of 
personalized medicine. 

Prevention strategies 
Knowledge of the causes of cancer does 
not guarantee that action will be taken to 
reduce exposure to carcinogenic factors or to 
increase preventive behaviours. Despite accu-
mulating evidence that indicates that most 
cancer cases could be prevented, few national 
prevention efforts have been launched. To 
bring priority and a commitment of funding 
to cancer prevention, the scientific evidence 
must be properly summarized and presented 
to garner allocation of funding to build 
prevention efforts62. Among these activities 
are the estimation of population burden of 
cancer and the proportion that is attributable 
to preventable causes28,63 (FIG. 1). Such esti-
mates derive from analytical epidemiological 
data and surveillance data on risk factors. 
Using scientific evidence to identify the 
causes of cancer, population scientists build 
prevention strategies to translate these asso-
ciations into further prevention strategies 
that require individual changes in behaviour, 
structural changes in society, and healthcare 
systems that sustain the adoption of lower 
risk behaviours across all members of society. 
Adoption of such strategies can reduce the 
risk of cancer64.

Figure 2 | Cigarette consumption in the United States. Per capita cigarette consumption among 
US adults from 1990–1999, and the major scientific, social and regulatory events that contributed to 
the decline in cigarette consumption. FDA, the United States Food and Drug Administration. Figure 
reproduced from REF. 109. 
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Although the history of cancer control in 
the United States is long65, tobacco studies 
have offered a unique window into the time-
course of prevention efforts. Estimates of the 
benefits of smoking cessation are based on 
the declining prevalence of smoking follow-
ing the 1964 Report of the Surgeon General. 
The prevalence of smoking among US adults 
was 42.4% in 1965, which decreased to 
23.3% in 2000. At the same time, the preva-
lence of past smokers increased from 24.3% 
of the population in 1965 to 49.6% in 1993, 
but flattened after that to remain at 48.8% 
in 2000 (REF. 66). Converting these changing 
patterns of cigarette smoking to reduced 
mortality, Warner has estimated that the 
reduction in smoking between 1964 and 
1985 resulted in the avoidance of 2.1 million 
smoking-related deaths between 1986 and 
2000 (REF. 67). Despite these reductions in 
cigarette smoking, it is estimated that more 
than 750,000 avoidable smoking-related 
cancer deaths occurred between 1995 and 
1999 (REF. 68). The decrease in risk after 
cessation from smoking spans decades, and 
substantial proportions of adults continue to 
smoke, which points to the need for continu-
ing efforts to speed cessation from smoking 
at all ages.

So, for epidemiology and basic science 
to have an impact on the burden of cancer, 
research findings must be coupled with 
prevention strategies that bring the scientific 
advances to the public through broad-scale, 
population-wide efforts; through clinical 
interventions; or through a combination of 
both. Greater attention to the analysis and 
dissemination of the scientific evidence 
will speed the transfer of research findings 
to prevention efforts. More data on the 
cost-effectiveness of cancer prevention 
can further accelerate the translation. For 
example, smoking cessation and relapse pre-
vention has been estimated to cost US$1,581 
and $83 per year of life saved, respectively69. 
By comparison, in terms of cost per year 
of life saved, flashing lights at rail crossings 
cost $42,000, annual mammography costs 
$190,000, an ejection system for a B-58 
bomber costs $1.2 million, and seat belts in 
school buses costs $2.8 million.

Epidemiology of early detection
A growing field for the application of epi-
demiological methods has been in screen-
ing and identifying biomarkers that can 
lead to earlier diagnosis. Although the only 
way to ensure that nobody dies from can-
cer is to prevent the disease from occurring 
in the first place, the magnitude of the bur-
den of cancer in the United States makes 

prevention of all cancers unattainable in 
the next 10 years. Cancers that are detected 
at early stages have a significantly better 
prognosis than those that are detected at 
advanced stages. The 5-year survival rates 
for patients with most cancer types is, on 
average, near 90% for patients who are 
diagnosed with stage I tumours, and is 
10% or less for patients who are diagnosed 
with stage IV tumours70. Screening strate-
gies are routinely performed for cancers 
of the breast, prostate, colon and cervix, 
even though randomized clinical trials 
that demonstrate efficacy are lacking or 
controversial71–73.

Unfortunately, a number of factors more 
broadly hinder the application of early 
detection. The sensitivity and specificity 
for approved tests are less than optimal. 
For example, even when mammograms are 
performed on state-of-the-art equipment 
and evaluated by expert radiologists, 5–10% 
of tumors are missed74,75, and it has been 
estimated that 95% of women who have 
abnormalities reported in screening mam-
mograms do not have breast cancer76. The 
Prostate Specific Antigen (PSA) test that is 
used to detect early prostate cancer is also 
less than ideal. One of the challenges is that 
it is difficult to identify a PSA concentration 
(cut-off point) that clearly separates men 
who probably have a prostate tumor from 
those who do not. For example, PSA con-
centrations vary by age and race of patients, 
and PSA concentrations are influenced by 
non-malignant processes such as benign 
prostatic hypertrophy77. Colonoscopy is 
considered the gold standard of an early 
detection test by gastroenterologists, but 
the procedure is not easy to apply, requires 
highly skilled personnel and is costly78,79.

The level of acceptance of these screening 
modalities by the general population varies 
considerably, despite extensive research and 
outreach efforts to increase their use80. As 
a result of this, there remains a significant 
need to develop and evaluate screening 
tests for cancer that are cheap, easy to apply, 
do not require highly skilled physicians to 
conduct them, have high sensitivity and 
specificity, and are appropriate for all can-
cers, not just a select handful. For example, 
more people will die from lung cancer than 
from breast, colorectal and prostate cancer 
combined, yet there remains no validated 
screening strategy for it despite the evidence 
that, similar to other cancers, stage is associ-
ated with mortality.

Significant advances in early detection 
will require a paradigm shift from the reli-
ance on imaging modalities that are capable 

of detecting tumors that have already 
reached a mass in the order of billions of 
transformed cells, to one that harnesses the 
fact that cancer is a process that reflects the 
accumulation of insults to cells, which are 
detectable years before the onset of clinical 
signs or symptoms — even as the tumour 
is too small to be imaged with existing 
technologies.

It is possible to exploit the discoveries into 
the molecular mechanisms of cancer that 
have been made over the past few decades 
to develop new early-detection assays81–83. 
Enabling technologies, such as gene-expres-
sion profiling84,85, proteomics86,87, methylation 
analysis88 and high-throughput genotying89,90, 
are beginning to unravel the secrets of 
malignant transformation. Processes such as 
lymphangiogenesis and angiogenesis occur at 
early stages of the disease, and are important 
disease markers91,92. This knowledge, along 
with the growing catalogue of mutational 
events and altered protein concentrations or 
structures that are found in cancer cells, now 
makes it possible to pursue novel early-detec-
tion strategies, based on analysis of blood or 
urine93–95. It is unrealistic to think that a ran-
domized trial will be conducted to evaluate 
every single potential early-detection biomar-
ker. However, with carefully collected healthy 
populations, properly stored and annotated 
biospecimens, and adequate periods of fol-
low-up to detect relevant outcomes (certainly 
cancer and mortality, but potentially also 
intermediate endpoints such as a colon pol-
yps), epidemiological methods can contribute 
significantly to the translation of biomarkers 
that are discovered in the laboratory into 
determinants of cancer risk and diagnostics.

Within the NCI Early-Detection 
Research Network (EDRN), the phases of 
development and validation of biomarkers 
that are suitable for early detection have 
been defined. This definition uses a logical 
progression from discovery to retrospec-
tive longitudinal evaluation, and then to 
prospective evaluation using banked blood 
samples to document the extent and charac-
teristics of disease that have been detected by 
the test, and the false-positive rates96. Studies 
that involve cohorts of stored samples, with 
subsequent follow-up and confirmation of 
incident cancers, will permit laboratory anal-
ysis of archived urine, blood or other tissues 
that were collected at a time before partici-
pants developed disease. These studies will 
permit discovery or validation of biomarkers 
that discriminate between subjects who 
remain cancer-free and those who develop 
cancer. The retrospective nature of such 
‘biorepositories’ significantly reduces the 
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length of time to complete epidemiological 
studies, compared with a purely prospective 
trial, as the outcomes have already occurred 
and the specimens were collected even 
before that. For example, the observational 
arm of the Women’s Health Initiative, which 
includes roughly 100,000 post-menopausal 
women and follow-up periods of 8–12 years, 
provides a powerful resource to examine the 
association of biomarkers of risk in combi-
nation with clinical and lifestyle data to test 
hypotheses, as does the biorepository of the 
Nurses’ Health Study97.

Since the first significant studies of 
cancer causes were performed by Doll 
and Peto, epidemiological methods have 
contributed greatly to our understanding of 
cancer pathogenesis and modes of preven-
tion. Contemporary studies will probably 
contribute further insights about how the 
distribution of risk varies by genotype and 
how biomarkers of disease might be used in 
early detection of cancer, when the promise 
for cure is greatest.

Future directions
Method development and method incor-
poration. The epidemiology of obesity and 
growing understanding of the importance 
of obesity as a cause of cancer demand 
new epidemiological methods for refining 
assessment of exposures such as energy 
balance. Disease classification, based on 
genetic markers rather than traditional 
morphological features, and new statistical 
methods for assessing the vast amounts 
of data that are generated by genetic or 
molecular epidemiological studies (such as 
whole-genome scans)98 will also change the 
scope of epidemiological research.

In many areas, however, advances in 
technology provide challenges for col-
laboration between the laboratory and 
epidemiological sciences. For example, 
through nanotechnology, pharmaco-
genomics, whole-genome scans, novel 
imaging techniques, and so on, epidemio-
logical questions can be addressed that 
were technologically impossible, infeasible 
or too slow and costly to be undertaken 
previously. However, many current studies 
neglect the epidemiological properties 
of these technologies, such as sensitivity, 
specificity, predictive value, variability and 
reproducibility, and so on99. Therefore, 
another line of research will involve how 
to best incorporate novel technological 
advances into epidemiological research and 
how to bring the principles of epidemiol-
ogy to the identification and refinement of 
new markers.

Aetiology and survivorship. There are 
multiple opportunities for epidemiology 
studies to extend from research into cancer 
pathogenesis, such as from studies to char-
acterize the role of the microenvironment 
in tumour progression and recurrence. 
Understanding the biological mechanisms 
of tumour formation is an essential step in 
cancer detection, treatment and preven-
tion. For example, in addition to the roles 
that epidemiology studies have in the 
validation of biomarkers for early detection 
and screening, biomarkers that are associ-
ated with tumour growth, progression, 
metastasis and response to therapy will 
also need to be validated in population 
studies.

The final important aspect of epidemi-
ology research is the ability to form con-
sortium studies — to combine data from 
different studies on different populations 
to form universal conclusions. Consortium 
studies are particularly important for 
rarer forms of cancer — most NCI-funded 
epidemiology investigations have been for 
research into breast, prostate, lung and 
colorectal cancer incidence, so studies into 
factors that cause less common cancers 
such as lymphoma and myeloma, brain 
cancers, and so on, could benefit from con-
sortium approaches. These types of studies 
require new methods for ultra-rapid 
case ascertainment to obtain data while 
subjects are healthy enough to participate. 
Nevertheless, for patients with both com-
mon and uncommon cancers, consortium 
studies can provide sufficient statistical 
power (BOX 1) to evaluate cancer suscepti-
bility, epigenetic factors, gene–environment 
interactions, gene–gene interactions, gene–
gene–environment interactions, and so 
on100. Epidemiological studies of the inter-
actions between behaviour, psychological 
and social mechanisms, and risk indicators 
could also fill large knowledge gaps in both 
aetiology and survivorship studies.
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Locus-specific mutation databases: 
pitfalls and good practice based on 
the p53 experience
Thierry Soussi, Chikashi Ishioka, Mireille Claustres and Christophe Béroud

Abstract | Between 50,000 and 60,000 mutations have been described in various 
genes that are associated with a wide variety of diseases. Reporting, storing and 
analysing these data is an important challenge as such data provide invaluable 
information for both clinical medicine and basic science. Locus-specific databases 
have been developed to exploit this huge volume of data. The p53 mutation 
database is a paradigm, as it constitutes the largest collection of somatic mutations 
(22,000). However, there are several biases in this database that can lead to serious 
erroneous interpretations. We describe several rules for mutation database 
management that could benefit the entire scientific community.

Progress has been made over recent years 
in the cloning of the genes involved in both 
monogenic and polygenic disorders, includ-
ing complex diseases such as cancer1. For 
each of these genes, numerous alterations 
of various types have also been described, 
ranging from point mutations to large dele-
tions. The future development of new high 
throughput methods for the detection of 
mutations will lead to an enormous increase 
in the detection of new mutations2. It is dif-
ficult to evaluate the number of mutations 
reported in the literature to date (more than 
50,000 have been collected in various data-
bases), but a similar number could remain 
unpublished. It is also impossible to predict 
how many new mutations will be detected 

over the next 10 years, and the reporting 
and analysis of these mutations will there-
fore constitute a major challenge for the 
future3,4. Nevertheless, a number of points 
can be predicted. First, knowledge of these 
mutations will be important for treatment 
decisions as well as for basic science. And 
second, changes in our environment will 
lead to variations in the mutational events 
that modify our genome. Such changes 
will alter the distribution and/or pattern of 
mutations leading to the discovery of new 
and specific hot-spot mutations, so data-
bases will need to be constantly updated. A 
good example of this is the specific muta-
tion of TP53 at codon 249 that is only found 
in hepatocellular carcinoma (HCC) that 

occurs in countries with a high exposure to 
the food contaminant aflatoxin B1. In these 
regions, the high specificity of the 249 muta-
tion has enabled the development of a very 
sensitive diagnostic procedure that should 
not be applied when exposure to aflatoxin 
B1 is not (or no longer) evident5.

The practical value of mutation analysis
All studies performed to date show that 
mutations are, in general, not randomly 
distributed. Hot-spot regions have been 
demonstrated, corresponding to a region of 
DNA that is susceptible to mutations (such 
as CpG dinucleotides), a codon encoding 
a key residue in the biological function of 
the protein, or both (BOX 1). Identification of 
these hot-spot regions and natural mutants 
is essential to define crucial regions in an 
unknown protein. In large genes such as 
neurofibromin 1 (NF1; 59 exons, 2,818 
amino acids), retinoblastoma 1 (RB1; 27 
exons, 928 amino acids), adenomatosis 
polyposis coli (APC; 15 exons, 2,843 amino 
acids), breast cancer 1 (BRCA1; 24 exons, 
1,863 amino acids) and the titin gene (TTN; 
363 exons, approximately 25,000 amino 
acids), detection of point mutations by direct 
sequencing analysis is difficult because of 
the size of the target gene. Identification of a 
hot-spot region allows analysis to be focused 
on this region, keeping in mind that a nega-
tive result should be viewed with caution.

It has also been clearly demonstrated 
that alterations in a single gene can cause 
various types of disorders. For example, 
mutations in RET are associated with mul-
tiple endocrine neoplasia types IIA6 and 
IIB7, familial medullary thyroid carcinoma8 
and a non-cancerous disorder known as 
Hirschsprung disease9,10. Mutations seem 
to be localized in specific domains of the 
protein for each of these disorders. The site 
of specific alterations at various positions 
in a given gene is also associated with 
different clinical features, as in the case 
of colon cancer and mutations in APC. A 
mutation in the C-terminus of the protein 
is specifically associated with a secondary 
abnormality, congenital hypertrophy of 
the retinal pigment epithelium11, whereas 
mutations in the N-terminus are associ-
ated with an attenuated phenotype12. 
Analysis of mutations can also lead to the 
definition of risk factors. For instance, 
von Hippel–Lindau (VHL) families with 
mutations in VHL that result in truncated 
proteins have an increased frequency of 
renal-cell carcinoma (83%) compared with 
families with VHL missense mutations 
(54%)13. In diseases that are characterized 
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