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Introduction

As authors, we have several features in common: a long

background as practicing surgeons; a decision to abandon

clinical work because ultimately cancer epidemiology—a

realm we entered haphazardly—appeared more exciting;

and a conviction that our many years as practicing surgeons

have served our life in science well as an inexhaustible

source of curiosity, hypotheses and wonder at Mother

Nature’s many secrets and the challenging task to uncover

them.

Now that we are both Emeritus Professors, it seems

timely not to celebrate victories, but rather to summarize

some of the many enigmas we stumbled upon without

solving them, to critically review some of the directions

our discipline has taken during the last decades, and to

outline promising avenues for future research. We do so

because prevention remains the most attractive, effective

and perhaps realistic approach to cancer control. But pro-

gress in cancer prevention requires scientific discoveries,

innovation and risk taking.

Enigmas

For some cancer sites, such as lung, liver and cervix, our

etiologic knowledge is so advanced, and the causes are so

preventable, that behavioral, implementation and policy

research rather than etiologic research needs prioritization.

Above all, we need political will and forceful action. If we

were able to eliminate tobacco—a perverse commercial

product that indiscriminately kills one out of two users—

reduce alcohol abuse and implement universal vaccination

against hepatitis B and oncogenic human papillomaviruses

(HPV), then available evidence suggests that we would

indeed ultimately eliminate a substantial proportion of the

current global cancer burden.

But for too many cancer sites, the predominant causes

remain elusive and prevention therefore continues to be

beyond reach. During many years as scholars, we have

indeed—often together and with no success—struggled

with these enigmas, some of which are briefly outlined

below. This list of enigmas could be easily expanded,

indicating that important discoveries are waiting for cre-

ative individuals to break new ground. But we share a

concern that the pace of discovery is slowing down rather

than accelerating, a fate that probably applies to medical

research in general [1]. And that harvesting the low-

hanging fruits remains more attractive to many cancer

epidemiologists—young and old—than to leave the com-

fort zone, enter new territory and undertake long-term,

high-risk projects attacking deep and complex questions.

This lack of boldness is attributable not only to personal

shortcomings of single researchers, but also to funding

agencies’ inclination to support mostly short-term projects

rather than the truly large undertakings. Only brave

approaches may finally bring epidemiologists on stage to

receive the Nobel Prize [2].
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Gender disparities

With surprising consistency, the age-specific incidence of

site-specific cancer is higher in men than in women, with

only three notable exceptions: cancers of the thyroid, gall

bladder and anus, which are more common in women. In a

recent global assessment of this phenomenon we found that

cancer incidence was statistically significantly higher in

men than in women at 32 of 35 sites, with disparities

greater than twofold for 15 sites and greater than fourfold

for five sites. The consistency of the sex ratio over calendar

time, among geographic areas and across GDP-groups as

well as ethnic groups, is intriguing [3].

For 13 cancer sites the disparity is attributable to a

documented higher prevalence of exposure to established

cancer causes among men. Alcohol, tobacco smoking and

occupational exposures are predominant. But for the

majority of cancer sites, existing knowledge provides no

conclusive explanation for the gender disparity. We

acknowledge the substantial challenges in attacking this

enigma. But if the causes of sex disparities were revealed

and could be eliminated, about one-third of all stomach

cancers, 28% of rectal cancer and 17% of all non-Hodgkin

lymphomas would be prevented, as well as many other

cancers with an unexplained male preponderance [3].

Esophageal cancer enigmas

Epidemiologic research has successfully revealed numer-

ous risk factors for esophageal cancer and established

distinct etiologies—with essentially no overlap—of the

two main histopathologic types, squamous cell cancer and

adenocarcinoma. In western populations, heavy alcohol

consumption combined with smoking addiction is associ-

ated with a more than 20-fold excess relative risk of eso-

phageal squamous cell cancer. And the excess relative risk

of esophageal adenocarcinoma is of the same magnitude

following long-term and severe gastroesophageal reflux,

with a substantial additive effect of obesity [4]. But each of

these distinct malignant phenotypes harbors profound epi-

demiologic enigmas.

It has been known for almost 50 years that esophageal

squamous cell cancer occurs endemically in the inner

Asian continent, with hotspots in Iran and China exhibiting

incidence rates up to 100 times higher than in low-risk

western populations. In these hotspots, instead of the three

to fourfold male predominance seen in western popula-

tions—attributed mainly to historically higher prevalence

proportions of smoking and alcohol use among men com-

pared with women—the male/female ratio varies between

1:1 and 2:1, and the relative risks associated with smoking

and alcohol use are typically less than two. Although less

detailed information is available, a similar esophageal

cancer belt exists in eastern sub-Saharan Africa, extending

down to South Africa. In fact, cancer registers in Malawi

and South Africa report a lifetime absolute risk of eso-

phageal cancer among men that is considerably higher even

than in the notoriously high-incidence Golestan Province,

Iran [5], and in stark contrast to the rest of Africa. Inter-

estingly, in eastern Africa, the male/female ratio is also as

low as 1.5:1 [6].

Repeated, serious efforts to understand the causes of the

striking excess of esophageal squamous cell cancer in Iran

and China have so far been largely unsuccessful [4].

Nonetheless, reductions in incidence observed in these

hotspots (by [2% per year) [7, 8] clearly indicate that

modifiable environmental factors have been in operation.

Factors linked to a low socioeconomic status and a family

history of esophageal cancer are the strongest and most

consistent risk factors in the Asian hotspots, suggesting

interactions between susceptibility genes and correlates of

low socioeconomic status. Nutritional deficiencies might

seem plausible, but it has been remarkably difficult—de-

spite numerous observational studies as well as randomized

intervention trials—to unambiguously determine the nature

of such deficiencies [4].

An alternative explanation could be an infection of some

kind; recent studies have implicated poor oral hygiene

[9, 10], gastric atrophy [11] (with a scope for gastric col-

onization of a broad range of microorganisms) [12], and—

with an unusually strong signal—contacts with ruminant

animals [13]. Epidemiologists and basic scientists should

increase their efforts to identify plausible microbial sus-

pects, and then go back to the field to test their hypotheses

in appropriately designed epidemiological studies.

In the past, esophageal adenocarcinomas accounted for

no more than a minute fraction of all esophageal cancers.

But towards the end of the twentieth century an almost

epidemic increase (in relative terms) occurred. With con-

siderable geographic variation in magnitude and timing, we

found a consistent increase in incidence between 1960 and

1990. The average annual increase ranged from 3.5% in

Scotland to 8.1% in Hawaii, with similar proportional

increase among men and women, but a maintained three to

sixfold higher incidence among men. We also found that the

onset of the epidemic varied considerably even between

neighboring countries such as Sweden and Norway [14]. An

increasing prevalence of established risk factors does not

convincingly explain this upward trend. For instance, while

the obesity epidemic began earlier in the US than in the UK,

the start of the adenocarcinoma epidemic in the UK seems to

have preceded that in the US by around two decades. A shift

in classification of tumors near the esophagogastric junction

has been practically ruled out as an explanation.

The incidence pattern, with abrupt rises taking place at

different points in time (but similar for men and women) in
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different countries, is consistent with the wide introduction,

country by country, of a strong causal factor. The epidemic

at first seemed to be confined to western countries, but

there are indications that esophageal adenocarcinomas are

now on the rise also in historical strongholds of squamous

cell carcinoma such as Iran’s Golestan Province [15] and

China [16]. Hence, novel and resolute approaches are

needed to reveal the causes of this upsurge, implement

preventive measures and ultimately turn the tide. The goal

of primary prevention is especially important because

therapeutic progress remains slow, if any, for this highly

fatal malignancy.

Stomach cancer paradoxes

The discovery of Helicobacter pylori (H. pylori) as a cause

of peptic ulcer and stomach cancer clearly fulfills the cri-

teria of a paradigm shift. This discovery also illustrates that

scientific breakthrough arises when unconventional think-

ing, open-mindedness and luck work together, rather than

as a consequence of strategic prioritization, career planning

and dreams of quick successes. But the story of stomach

cancer and H. pylori also offers two fascinating paradoxes.

Firstly, already a century before H. pylori was discov-

ered, the incidence of stomach cancer—until recently the

global leader among malignancies—began to decline in the

majority of countries with reliable cancer registration and

more recently also in Japan [17]. This ‘‘unplanned tri-

umph’’ in cancer control was not of trivial magnitude;

following a birth cohort pattern, Swedes born around 1960

had a 93% reduced risk compared with those born around

1910 [18]. Cross-sectional seroprevalence statistics, com-

bined with limited prospective data indicating a narrow

open window during childhood and adolescence when H.

pylori infection is typically contracted, strongly suggest a

birth-cohort-wise decline in the prevalence of the infection

in western populations. However, the evidence is only

circumstantial, and whether or not the timing of the pos-

tulated decline fits with the timing of the drop in stomach

cancer incidence, taking into consideration an induction

period of several decades, remains uncertain.

Despite the still continuously falling seroprevalence

proportions, the incidence of stomach cancer might again

be on the rise in low-risk western populations [19, 20].

Hence, although current or previous H. pylori infection

might be a necessary cause of stomach cancer, other

important factors are, no doubt, also in operation. Most

likely such factors strongly modify the carcinogenicity of

H. pylori, which is only partly understood. While eradi-

cation—or better, prevention—of the infection would seem

to predict stomach cancer prevention, the success of

intervention trials of H. pylori eradication in adulthood in

terms of preventing stomach cancer has so far been

disappointingly meagre. Failure to convincingly demon-

strate any major effect could conceivably—at least

partly—be explained by large subgroups of infected indi-

viduals being at low risk of stomach cancer. Therefore,

identification of component causes and effect-modifying

factors could lead to better risk stratification and overall

better efficiency of prevention programs. Further, a better

understanding of the transmission of H. pylori, notably why

the probability of transmission has fallen under the critical

level, below which the prevalence decreases, might be

translated into programs for prevention of the infection.

The relation between peptic ulcer disease and subse-

quent risk of stomach cancer offers a second, related

paradox [21]. H. pylori infection appears necessary for the

development of ulcer disease, both in the stomach and

duodenum. Hence, given the strong link between H. pylori

infection and stomach cancer, all patients with ulcer dis-

ease would be expected to have a high risk of stomach

cancer. But the relative risk of stomach cancer differs

drastically between patients with an ulcer in the duodenum

rather than the stomach; in the latter case it is increased

almost twofold, as expected, whereas it is permanently

reduced by 40% in the former [21]. H. pylori strains with

different oncogenic potential might determine the location

of the ulcer disease—or perhaps the effect of H. pylori is

modified by some other intrinsic or extrinsic factor. Both

theories await proper scientific testing. And the results

might be profoundly important not only for biological

understanding, but also for rational primary prevention

through H. pylori eradication or prevention, which would

be unjustified—or even risk-increasing—for some strains,

or some combinations of causal factors, hypothetically

associated only with duodenal ulcer.

Colorectal cancer becoming endemic in Norway

In the light of its high incidence and relatively favorable

prognosis, colorectal cancer should be easily amenable for

epidemiologic investigation. Yet, the number of estab-

lished causes remains limited. Even for diet, one of the

prime suspects, the lack of consistent associations is sur-

prising among large, prospective and well-conducted epi-

demiologic studies [22]. Although genetic factors

undoubtedly play a role [23], they cannot account for

striking temporal trends and are unlikely to explain the

substantial geographic variation in the incidence of this

malignancy.

Among the Nordic countries, Denmark had the highest

incidence—and indeed one of the highest in the world—

during several decades after the beginning of cancer reg-

istration in the mid-twentieth century. Incidence was low-

est in Finland and intermediate in Norway and Sweden,

with modestly increasing temporal trends in all four

Enigmas, priorities and opportunities in cancer epidemiology 1163

123



countries (Fig. 1) [24]. Since around the 1960s (when

cancer registration was fairly complete in all Nordic

countries) the age-standardized incidence has increased by

about 18% in Denmark, 60% in Finland and 42% in

Sweden. But in Norway, it soared by 250% with no evi-

dence of leveling off. This trend can have arisen only

following a dramatic increase in exposure to one or several

causes, old or new, of colorectal cancer during the middle

and latter half of the twentieth century.

This shift in exposure prevalence has generated thou-

sands of excess colorectal cancer cases and deaths in

Norway. Any similar increase in a deadly non-malignant

disease—let alone an outbreak of a lethal infectious dis-

ease—would likely have been considered alarming and

generated a loud call for public health action. But to the

best of our knowledge, no resolute initiative has been

undertaken to explain and prevent this Norwegian epi-

demic of colorectal cancer. Thus, a formidable challenge

and opportunity for discovery is waiting for action from the

international epidemiologic community.

Testicular cancer and descriptive epidemiology

as a benchmark

Fortunately, testicular cancer—a rare malignancy overall

but in many populations the most common among young

and middle-aged men—has become highly curable. Yet,

prevention of this malignancy would be even better, given

that it would eliminate stigma and the burdening side-ef-

fects and long-term sequelae of radiation and chemother-

apy. For few other malignancies does causal understanding

appear to be so within reach, yet so elusive. One

epidemiologic study after another has failed to extend the

list of established causes beyond cryptorchidism and a

positive family history. Although the hereditary component

of testicular cancer appears stronger than for most other

malignancies [25], the descriptive epidemiology convinc-

ingly documents a profound impact of environmental,

potentially modifiable causes. We have indeed devoted

repeated brainstorming sessions to generate promising

testable causal hypotheses, but failed blatantly. We hope,

therefore, that a new generation of cancer epidemiologists

will embrace the concept that the descriptive epidemiology

of testicular cancer offers a powerful benchmark for etio-

logic hypotheses.

The salient descriptive features of testicular cancer

epidemiology include the following: a tenfold variation in

incidence, respecting national borders with surprising

consistency, even between countries in the relatively

restricted Baltic area [26]; an increasing temporal trend

that follows a birth cohort pattern [27] and has lasted for

many decades; and an arrest of the increasing trend for

birth cohorts in Baltic countries least affected by the

Second World War, but not countries where the war took

place [27]. The birth cohort pattern and the incidence

peak already around age 30 further indicate that the eti-

ologically relevant period is early in life, perhaps already

in utero. Hence, one or several causal exposures, affecting

entire populations [26], increased dramatically over time

to generate an about 2–5% annual growth in incidence.

The level of exposure appears to vary substantially

between the otherwise homogenous Nordic populations,

which feature a more than twofold variation in incidence

(Fig. 2).

Fig. 1 Temporal trends in age-standardized incidence of colorectal cancer among women (Panel A) and men (Panel B) in the Nordic countries
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Priorities

Visionary foresight led Sir Richard Doll to initiate the

prospective British Doctors’ Study in 1951. A role model

for countless subsequent cohort studies around the world,

the long-term monitoring and elegant analyses of smoking

habits among doctors in Britain have probably taught us

more about the potential power of epidemiologic investi-

gation and the disastrous health effects of tobacco use than

any other study. Yet, until the 1980s, causes of human

cancer were investigated chiefly in case–control studies,

often of moderate size and many hospital- rather than

population-based. Since then, with the initiation of the

Nurses’ Health Study at Harvard in 1976 as a landmark, we

have witnessed an increasing prioritization of cohort

studies at the expense of case–control studies. Subse-

quently, we have seen exponential growth in the emphasis

on genetic studies and the search for informative

biomarkers of exposure, early malignant transformation

and phenotypic heterogeneity among cancer sites and

types. In our view, it has become timely to critically review

these developments and perhaps re-define the future

direction and priorities in cancer epidemiology.

Why not case–control studies?

During the last decades, the case–control study has become

increasingly dismissed because allegedly bias and

confounding make results untrustworthy. And we agree

wholeheartedly that the number of substandard case–con-

trol studies is staggering: underpowered, poorly designed,

plagued by low participation among eligible cases and

particularly controls, reliant on crude exposure assessment,

insufficiently controlled for confounding, and analyzed

with no prior plan, thereby entailing spurious findings and

over-interpretation. We also acknowledge that undertaking

a high-quality case–control study is challenging for many

reasons. The theoretical framework may appear mislead-

ingly simple but is in fact highly sophisticated; willingness

to participate in epidemiologic studies has declined in

many populations over time; and in some circumstances—

such as occupational studies—proper assessment of expo-

sures and confounders may be extremely difficult.

These difficulties notwithstanding, we believe that a

new emphasis on case–control studies is justified—with the

important spin-off effect that the coming generations of

epidemiologists must not be methodologically handicapped

by having hands-on experience only with cohort studies.

There are three main reasons for our proposal. First, many

malignant diseases are so rare that they become neglected

in cohort studies because the number of incident cases

accrued is never sufficient to allow analyses with adequate

statistical power. Second, many causal hypotheses are, or

should be, so specific and require such detailed exposure

assessment that no multi-purpose cohort study can

accommodate the needs. Salient examples include the role

Fig. 2 Temporal trends in age-

standardized incidence of

testicular cancer in the Nordic

countries
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of sexual practices and HPV infection in anal cancer [28]

and of gastroesophageal reflux in adenocarcinoma of the

esophagus [29]. Finally, we believe that high-quality case–

control studies can still be undertaken—in particular if they

are nested in existing or virtual cohorts where biological

samples have been taken before development of symptoms

[30]. Although less costly than large prospective cohort

studies, high-quality case–control studies still require

substantial resources, extensive planning, training of per-

sonnel and continuous effort during the entire fieldwork

phase to monitor quality indicators, maintain high stan-

dards, train and motivate data collectors, increase partici-

pation rate among cases and controls, and otherwise ensure

methodological rigor. [31]. Unless we can embrace these

challenges, many opportunities will be lost, numerous

discoveries will never see the light of day, and the etiology

of many cancer sites will remain obscure.

The basic research misconception

No sensible scholar would argue against basic research as

the central engine for discovery, biologic understanding,

shift in paradigm, creation of new diagnostic and thera-

peutic technologies—and ultimately improving our under-

standing of how humans are constructed and function when

they are healthy or ill. Yet, it is virtually impossible to

work, as we have done for decades, in faculty committees,

academies, awards assemblies, funding organizations and

study sections—or having conversations with colleagues

from the laboratory—without experiencing the miscon-

ception advanced by basic researchers that only experi-

mental laboratory research—as opposed to human clinical

or epidemiologic research—is ‘‘real’’ science, construed as

being more intellectually demanding and methodologically

rigorous than the alternatives. The prejudice that basic

research entails discovery whilst epidemiology generates

statistical associations is often part of the misconception,

thriving in isolation from the philosophy of science.

We have no intent to discuss whether basic or epi-

demiologic (both observational and clinical interventional)

research has so far saved more human lives. Future success

will likely emerge through close and respectful interaction

between these complementary approaches to scientific

discovery. Several of our examples above demonstrate that

when we as epidemiologists have seized upon a potential

discovery and need resolute engagement by basic scien-

tists, we are often hampered by the gap between the two

scientific subcultures. We believe that basic scientists—

probably more than they realize—also need the assistance

of epidemiologists to test hypotheses and to explore the

relevance of their discoveries in the population. It is worth

mentioning that vaccination against oncogenic viruses—

the only good example of basic research contributing

dramatically to current opportunities for cancer preven-

tion—was the result of basic scientists and epidemiologists

working in concert towards the same goal. Thus, we call

for an open discourse about the prioritization of resources

and the prevailing disconnect between competitive

advantages and resource allocation (Fig. 3).

Currently, the historical dominance of basic research is

perpetuated (Fig. 4) and, according to recent data from the

National Institutes of Health—the major federal source of

biomedical research funding in the US—heavily prioritized

with no mentioning of clinical research epidemiology or

chronic disease prevention [32]. Data from the Swedish

Cancer Society—the main funder of cancer research in our

country—is also informative; in 2015, only 12% of the

total amount was allocated to clinical, 8% to epidemiologic

and 1% to prevention research (Fig. 3). In practice, this

distribution of research support implies that large-scale

studies in cancer epidemiology are virtually impossible to

fund domestically, a situation that has prevailed for dec-

ades. Hence, it might be worth discussing if the yield of

funders’ and donors’ investments would increase if we

devoted more resources toward research areas—notably

epidemiology—where our competitive advantages in the

Nordic countries are globally unsurpassed [33], at the

expense of some reduction in basic research, where no such

advantage exists. A similar open discourse about optimal

use of available resources should be encouraged in every

country.

0

5

10

15

20

25

30

35

40

45

50

None Modest Remarkable Unique

Pr
io

rit
ie

s

Competitive advantage

Translational

Clinical

Basic

Epidemiological

Fig. 3 An approximate illustration of the disconnect between

research approaches’ (basic, translational, clinical, epidemiological)

natural prerequisites for informative studies (competitive advantage

compared to most non-Nordic western countries—none, modest,

remarkable, unique) and their prioritization in the funding of cancer

research in Sweden
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What have pooling studies discovered?

Modern computing capacity has allowed groundbreaking,

large or even gigantic pooling projects. Data from most or

all informative published studies have been harmonized

and analyzed with increasingly sophisticated statistical

methods. For a number of established cancer causes—such

as tobacco smoking [34] and menopausal hormone treat-

ment [35]—the enormous gain in statistical power has

allowed an impressively detailed dissection of various

dimensions of the exposure-cancer relationship. From these

efforts we have, for example, learned a lot about the

(beneficial) effects of quitting smoking or shortening the

duration of menopausal hormone treatment [34, 35].

Pooling projects have also provided precise risk esti-

mates for established causes of cancer and allowed us to

dismiss exposures suspected to cause certain cancers by

providing risk estimates close to unity with narrow confi-

dence intervals. The benefit is, however, more uncertain

when weak associations—say, in the range of 1.1–1.4—

become statistically significant. Before the era of pooling

studies, we usually agreed among epidemiologists that in

an observational study, the role of unrecognized bias and

confounding could not be ruled out with confidence for

such weak associations.

Needless to say, pooling projects are constrained by the

exposure data collected to test hypotheses that prevailed

when the original studies were launched, often many years

or even decades ago. The level of detail in exposure

assessment is often suboptimal, particularly in cohort

studies aimed to investigate many potential risk factors and

multiple outcomes. Moreover, pooling projects often are

forced to reduce exposure classifications to the lowest

common denominator—that is, to use the crudest exposure

categories shared in common across all included studies—

to enable data harmonization. Aligning exposure informa-

tion collected in different ways and in different contexts is

challenging and often leads to oversimplification. And

possible heterogeneity of the outcome disease may result in

confusion rather clarity; our example of divergent inci-

dence patterns for esophageal squamous cell carcinoma in

western populations and high-risk Asian populations sug-

gests that there might be two etiologically distinct

phenotypes.

But in the zero-sum game of research funding, fewer

resources remain for new, original epidemiologic studies to

test hypotheses using much more detailed exposure data.

Furthermore, a growing number of epidemiologists have

hardly ever designed an epidemiologic study and generated

the primary data; they thrive on analyzing ongoing cohorts

and pooling data collected by others. This clearly limits the

breadth of their competence, perhaps reducing their appe-

tite for entering new territory in etiologic research. Without

disregarding their important contributions, we ask our-

selves if any pooling project has discovered an important

new cause of human cancer. And the answer is not obvious

to us. Nevertheless, it goes without saying that they attract

an increasing share of available resources, human and

financial.

The harm of cancer alarm

No consumer of public media can escape exposure to

alarming news about suspected causes of cancer. And those

who follow the fate of such targets will find that continued

research rarely, if ever, transforms them to generally

accepted causes of human cancer. Hence, most of this public

alarm is just surface appearance and illusion. Salient

exceptions exist, such as the tragic effects, discovered

45 years ago in female offspring exposed in utero to

diethylstilbestrol [36]. Realization that many causes of

cancer likely remain to be revealed also calls for open-

mindedness and readiness to follow-up on even weak signals

of concern with stringently designed epidemiologic studies.

But the evidence base for a typical cancer alarm has

other features. Some emerge from uncritical extrapolation

Fig. 4 At the U.S. National Cancer Institute, the funded research

portfolio has remained about four–fold higher in basic than in

epidemiologic research (Panel A). In relative terms, basic research

has been affected by a less than 10% reduction from 2010 to 2013. In

contrast, there has been a downward trend in support for epidemi-

ologic research by about 20% over these 4 years (Panel B). No

adjustment for inflation
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of animal studies, as was the case when acrylamide was

proposed to cause a number of human cancers, a theory not

substantiated in subsequent epidemiologic studies [37].

Others emerge from small studies that are difficult to

interpret because false positive results tend to outnumber

the relatively few true positive results—small study size

thus undermines the positive predictive value of a claimed

discovery [38]. The most common source of alarm is

studies with suboptimal design, non-transparent analysis

plans—often with extensive subgroup analyses—and

findings uncritically promoted by the investigators. The

media attention increases when concerns pertain to large

segments of the population; this mechanism explains the

countless headlines crying out, for example, that cellular

phones cause brain cancer. It took more than a decade until

properly designed studies led to a more balanced view on

the possibly causal association [39] which brought media

alarms to an end.

We argue that the precautionary principle is no excuse for

undertaking under-powered studies with a cavalier design.

We also believe that cancer alarms may be harmful. False

alarms undermine the credibility of our discipline both in the

scientific community and among lay people. Most impor-

tantly, however, a stream of cancer alarms that gradually

disappear over time to become replaced by others may

counteract efforts to promote a healthy lifestyle based on

solid, well-established evidence; they likely promote a

nihilistic sense that everything or nothing matters. Hence,

even the giants in the cancer landscape—such as smoking

and obesity—may be accommodated less seriously. If so, the

paradoxical net effect of a seemingly noble referral to the

precautionary principle as an excuse for cancer alarms might

be harmful rather than beneficial to public health at large.

We call for a humble approach to our own research

findings and a balanced interaction with public media,

whereby research findings are preferably interpreted and

communicated by individuals with no vested interests. We

also need deeper appreciation of the fact that a much larger

proportion of our research findings than we would hope

turns out to be wrong [40] [41]. The philosophy of science

and the continued debate about the many complexities and

subjective components of causal inference call for a mod-

esty that would reduce the flow of cancer alarms.

Opportunities

Big Data

Typical for Big Data is that real-time, frequent or contin-

uous, quantitative measurements replace the standard

approach in epidemiologic studies of infrequent records of

people’s memories of past events. Is the concept of Big

Data [42] just a new bandwagon, a fashion soon to be

replaced by others? We believe that Big Data, similar to

other innovations, offers threats and opportunities and that

the balance between them is unpredictable. Hence, we

argue that the utility of Big Data for our discipline should

be thoroughly explored. The attraction, so far with little

empirical support, is based on the view that exposure

misclassification remains an Achilles heel and a barrier to

progress in epidemiologic research.

Consider fundamental characteristics of our lifestyle

such as physical activity, diet, occupational hazards,

ultraviolet radiation exposure, use of medications such as

NSAIDs and antibiotics, etc. All of these factors vary

among individuals, change over time and presumably are

often different during the etiologically relevant period

when malignant transformation of the first cancer cell took

place—typically decades ago or even in utero—compared

with the time when cancer surfaces clinically.

Notwithstanding the fundamental problem of exposure

assessment relevant for the time period when malignant

transformation began, an impressive list of causes of

human cancer has emerged. Several factors may have

contributed to this success. A few prospective studies—

such as the British Doctors’ and the Nurses’ Health

Study—have had the resources to repeatedly update

exposure data over several decades, thereby enabling them

to capture temporal changes. Some features of our lifestyle

remain stable over time and are easy to remember, such as

smoking. This habit is typically initiated during adoles-

cence and continued steadily until quitting. In some set-

tings, lifestyle may have remained stable over extended

periods of time, for example, when diet is constrained by

availability of foods or financial resources. And at least in

the Nordic countries, self-reported data can sometimes be

complemented or validated through linkage to population

registers.

But for the majority of suspected causes of cancer—and

perhaps the majority of unexplored ones—only new

methodologic approaches will reduce misclassification and

allow a deeper level of resolution. Currently, Big Data

generated chiefly by modern smartphones appears as the

most realistic alternative. Hence, novel environmental and

lifestyle factors that might cause human cancer would be

sought using the agnostic approach combined with repli-

cation that has been firmly established by genome-wide

association studies. For diseases with a long induction

time—such as most malignancies—longitudinal studies

with years or decades of continuous exposure assessment

and follow-up for outcomes would be needed before

informative analyses can be undertaken. Validation studies

nested in such longitudinal studies, along with sensitivity

analyses, might also improve exposure assessment in

contemporary case–control studies.
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Innovation

Without claiming any personal innocence, we are concerned

about the slow innovation in our discipline. The majority of

efforts and resources are devoted to pursue etiologic

hypotheses well-known to all of us years or even decades

ago, whilst too few investigators row against the flow of

ideas that surround us. Admittedly, we have successfully

abandoned some suspected causes of cancer and refined the

understanding of others. Even if we embrace the substantial

role of genetic factors, however, geographic disparities and

temporal trends in the incidence of most cancers indicate

that many environmental causes with a considerable

attributable fraction are awaiting scientific attack. And it

seems unlikely to us that the primary suspects we have

investigated so extensively already will ultimately explain

more than a tiny fraction of the unknown.

Hence, we call for innovation, closer interaction with

basic and clinical investigators, and willingness to initiate

high-risk, high-yield projects that may take many years to

mature. Unfortunately, the current funding climate seems to

drive us in the opposite direction, towards low-risk, low-

yield and short-term projects. However, recent evidence

generated by Big Data approaches might facilitate creativity

and innovation. Such research—sometimes called ‘‘Social

Physics’’ [43]—can help us understand the flow of ideas,

how to maximize the input from brainstorming, create suc-

cessful teamwork and make collective intelligence exceed

that of individuals. In an era when most of us spend our work

days in front of a computer screen, embracing the value of

social interaction might indeed be crucial for innovation.

Persistence

One salient lesson from our work in the Nobel Assembly is

that those ultimately awarded the Nobel Prize made their

discovery after many years of feverish struggle, failures,

re-considerations and creative teamwork finally leading to

a success. But many of them used experimental models

amendable to rapid modification, sometimes overnight,

with outcomes observable in the short term. In contrast,

epidemiologic investigations typically take many years to

plan, organize, fund, undertake and analyze. When results

finally are in print, few have the energy to start the whole

process again.

We believe that a new ethos, inspired by basic scientists,

is needed to accelerate the rate of discovery in epidemi-

ology. This ethos may be more urgently needed for case–

control studies than for longitudinal studies with resources

to collect new data and address novel hypotheses during

follow-up. But, as argued above, case–control and cohort

studies are complementary, not competing, strategies to

discover causes of human disease. And we would like to

see case–control studies undertaken sequentially with

abandoned, refined, and novel hypotheses addressed as

time goes by. At least in the Nordic countries, an infras-

tructure for an ongoing sequence of case–control studies

would be feasible and cost-effective.

The cancer screening conundrum

Screening for early diagnosis of invasive cancer and for

detection and removal of precursor lesions is considered

fundamental for improved cancer control. Great hopes are

indeed invested in the prediction that new imaging tech-

niques, development of biomarkers and genetic testing will

not only increase the benefit of screening, but also lay the

groundwork for individualized interventions. Meanwhile,

cancer screening remains perhaps the most polarized and

emotional area in contemporary medicine. Strong vested

interests—professional, financial, scientific and political—

seem to paralyze any rational approach to resolve the

controversy.

Whilst the evidence is compelling that removal of pre-

cursor lesions reduce the incidence of large bowel and

cervix cancer, mammography screening for breast cancer

and prostate-specific antigen (PSA) testing for prostate

cancer dominate the stage in the screening controversy. No

one questions that medical interventions can be ethically

justified only if the benefit is greater than the harm. In

mammography screening, however, the controversy esca-

lates due to growing uncertainty about the magnitude of the

mortality reduction in the current era of effective, wide-

spread systemic adjuvant therapy [44, 45]. At the same

time, the evidence of a substantial, 20–30% overdiagnosis

of invasive but non-lethal cancer—in addition to the

detection of ductal carcinoma in situ with an unknown

natural history but an imperative to often extensive treat-

ment—is accumulating [44, 46]. This evidence obviously

shifts the balance between benefit and harm.

Prostate cancer differs in a number of aspects from

mammography screening because the few randomized tri-

als are methodologically compromised and their findings

inconsistent. In addition, the amount of overdiagnosis of

non-lethal cancer is enormous and seemingly uncontro-

versial. And, to the best of our knowledge, no authoritative

body has advocated implementation of population-based

screening programs. Nevertheless, opportunistic PSA test-

ing continues in many western countries on an industrial

scale. Hence, the controversy over benefits versus harms

will predictably continue, as will the need for scrupulous

scientific assessment.

We believe that cancer epidemiologists could play a

pivotal role in protecting the population from harmful

interventions and supporting those that convey a clear net

benefit. Our proposal is based on the assumption that any
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new randomized trials assessing the efficacy and effec-

tiveness of mammography compared with no screening are

unlikely to see the light of day. The last trial was initiated

some 30 years ago and it is indeed surprising that numer-

ous authorities keep advocating mammography screening

by referring chiefly to randomized trials undertaken when

the treatments differed so markedly from those adminis-

tered today. It is also unlikely that the benefit of PSA

testing will be assessed in any new randomized trial.

As a corollary, only observational study designs can

expand the evidence base; high-quality ecologic and cohort

studies have indeed recently been considered the best

designs for investigating overdiagnosis [47]. In the context

of cancer screening, case–control studies in particular are

extraordinarily challenging to design, often plagued by

biases that generate profoundly misleading results. Hence,

this is an area in need of committed engagement,

methodologic development and critical validation led by

cancer epidemiologists. Such an endeavor would be rele-

vant for a growing part of the global population, and most

likely for future screening tools and for cancer sites other

than those that are currently under scrutiny.

Conclusions

In this essay, we have briefly outlined a few of the

intriguing enigmas, concerning priorities and unexplored

opportunities that we jointly agreed might be relevant for

the progress of our discipline. But as scholars, we are

driven by doubt and curiosity, not by conviction. Hence,

nothing is written in stone and we would rather welcome an

open, critical debate—louder than we have heard during

our life in science—about future directions. We disagree

with the common perception that all of the predominant

risk factors for cancer have been identified and that only

factors of modest or incremental importance remain to be

discovered. For example, the unexplained, more than

50-fold geographic variation in the incidence of esophageal

squamous cell cancer as well as nasopharyngeal carcinoma

[48], an approximately tenfold disparity in testicular cancer

around the Baltic and a 250% increase in colorectal cancer

in Norway make such pessimistic predictions unlikely.

Instead, we remain fascinated by the fact that important

discoveries remain unpredictable and never occur as results

of political decision, strategic prioritization, short-term

fashion or walking in others’ footsteps.
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