Epidemiology of Malignant Melanoma

David Whiteman and Adele Green

1.2.1 Introduction

Melanomas are common cancers arising from the pigment
cells of the skin. While in situ and locally invasive melano-
mas are curable by surgery, advanced disease is difficult to
treat and can be lethal, as reflected in the rising mortality
rates for these cancers [1]. Population-based strategies to
control the disease have largely focused on primary preven-
tion and early detection. For such strategies to be imple-
mented, it is imperative that the underlying epidemiology of
melanoma is understood. Emerging evidence from diverse
disciplines suggests that melanomas may arise through sev-
eral different causal pathways; characterizing these path-
ways is crucially important to developing rational approaches
for preventing and treating cutaneous melanoma. The aim of
this chapter is to briefly describe the patterns of melanoma
occurrence, before reviewing recent discoveries that have
changed our understanding of the way in which melanoma
arises.

1.2.2 Patterns of Melanoma Incidence
and Mortality

1.2.2.1 Geographic Variation

Cutaneous melanoma is a cancer mostly afflicting fair-skinned
Caucasian populations; however, the incidence of the disease
varies enormously depending upon the geographic location of
the population under study. Indeed, the variation in melanoma
incidence across populations is among the greatest observed
for any cancer [2], and this single fact remains the most
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persuasive evidence regarding the role of the environment
(notably, sunlight) in the causation of this cancer.

The “latitude gradient” for melanoma was first reported
by Lancaster [3, 4], and has been a consistently observed
feature of melanoma since reliable cancer registrations com-
menced around the world. Summaries of national melanoma
notifications provided to the International Agency for
Research on Cancer (IARC) (2002) demonstrate that the
highest reported national incidence rates for melanoma
occurred in the populations of Australia (39:100,000 per
year) and New Zealand (34:100,000 per year). The next
highest national melanoma rates were observed in the USA
(17:100,000 per year) followed by the Scandinavian coun-
tries with rates around 12-15:100,000 per year. Other
European populations (e.g., the UK, Germany, Netherlands,
Austria, France) reported melanoma rates in the range
4-10:100,000 per year. The predominantly non-Caucasian
populations of Africa, Asia, and the Pacific and the mixed
populations of Central and South America consistently
reported melanoma rates less than 3:100,000 per year.

National figures provide a basis for global comparisons
of melanoma incidence, but do not reveal the extremes
in melanoma incidence within populations having large
subgroups that are heterogeneous for melanoma risk (e.g.,
within the USA, New Zealand, Israel, and South Africa),
nor do they reveal variations in melanoma incidence
observed in those nations that span many degrees of lati-
tude (e.g., Australia). In all such jurisdictions, melanoma
rates are the highest among the fair-skinned residents
with European ancestry (e.g., “non-Hispanic whites” in the
USA; “Europeans” in New Zealand) and considerably
lower among those with darker skin (e.g., “Hispanics” and
“Blacks” in the USA; “Maoris” in New Zealand) [5, 6].
With respect to latitude, those residing at low latitudes tend
to experience higher rates of melanoma than those residing
at higher latitudes. For example, within Australia, residents
of predominantly tropical Queensland (capital city Brisbane,
latitude 27°S) have higher melanoma rates (65:100,000 per
year) than those residing in New South Wales (capital city
Sydney, latitude 34°S; 47:100,000 per year) or Victoria
(capital city Melbourne, latitude 38°S, 36:100,000 per year)
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[7]. Similar gradients have been observed within the USA,
New Zealand, Scandinavia, and other nations [8—10].

A latitude gradient for melanoma is not observed in all
regions however; for example, the Caucasian populations of
southern Europe (southern Spain, Italy, the Balkans) experi-
ence lower rates of melanoma than those prevailing in north-
ern Europe. This phenomenon has been described and
explored previously [11], and is widely assumed to reflect
the overall darker pigmentary characteristics that predomi-
nate within the populations of southern compared with north-
ern Europe.

1.2.2.2 Temporal Trends

1.2.2.2.1 Incidence

During recent decades, the incidence of melanoma has risen
rapidly around the world, withincreases in the age-standardized
incidence of at least 4—6% per annum reported in many fair-
skinned populations including Queensland [12], New South
Wales [13], the USA [14], Canada [15], Scotland [16],
Germany [17], Finland [18], France [19], and most other
European nations [20].

The rates of increase have not been uniform across popu-
lations however, and even within populations, there have
been notable differences in rates of change across anatomical
sites, age groups, and birth cohorts. These changes poten-
tially mask some important developments that may herald a
turning point in the “epidemic” of melanoma. Thus, in many
populations the rates of melanoma have risen more rapidly in
men than in women, particularly in older age groups [14, 16,
17]. There are encouraging signs, however, that the incidence
of melanoma among young people (<40 years) has stabilized
or even declined in several high-incidence populations.

An analysis of US SEER data reported annual percentage
changes (APC) for melanoma of +2.4% for men younger
than 40 years in the period 1974/75 through to 1988/89, but
—2.1% in the period 1990/91 through to 1996/97 [14]. By
way of comparison, for men aged more than 60 years, the
changes in melanoma incidence for the corresponding peri-
ods were +7.0% per annum and +5.2% per annum respec-
tively. These data indicate that while melanoma continues to
increase in older men, it would appear that the incidence may
be declining in younger men. Notably, melanoma incidence
in young US women increased in both time periods.

Melanoma incidence rates across Europe have changed
markedly during the past five decades. Recent analyses of
European data have identified up to tenfold increases in mel-
anoma incidence in the Scandinavian countries in the five
decades since the 1950s, with lesser but still sizeable
increases in western European nations [20]. It appears that

these trajectories have now leveled off in most northern and
western European nations, particularly among more recent
birth cohorts. In contrast, while the countries of southern and
eastern Europe have experienced relatively small increases
in incidence during the past five decades, there is no evi-
dence that the rate of increase has stabilized [20].

Similar to the recent experiences reported from the USA
and western Europe, registry data from Queensland and New
South Wales in Australia suggest that melanoma incidence
has plateaued among young people of both sexes [12, 21],
and may be declining [13].

Another notable feature of recent melanoma trends has
been the widespread observation of rapid rises in the inci-
dence of in situ, thin, and early-stage melanomas [12, 14, 16,
17, 19, 22]. Such increases have raised concerns about the
“over-diagnosis” of melanoma and resurrected the hypothe-
sis that much of the observed increase is due to the increas-
ing rates of diagnosis of a prevalent pool of “non-metasizing”
or clinically indolent melanomas [19, 23] (for a full discus-
sion of the concept, see Burton et al. [24, 25]).

1.2.2.2.2 Mortality

As melanoma incidence has risen rapidly in many parts of
the world, so has melanoma mortality, albeit at a slower pace.
For example, in the USA, melanoma incidence increased by
about fivefold between 1950 and 1990, whereas mortality
increased by slightly less than twofold during the same
period [26]. Similar observations have been made in western
and northern Europe [20, 27, 28].

There are data to suggest that melanoma mortality may
have peaked in the USA and parts of Europe [20, 26]. In
Australia, an analysis conducted in the mid-1990s demon-
strated that melanoma mortality was still climbing overall,
but that among the youngest birth cohorts, there were early
signs of a decline in mortality [29]. The most recent data
[30] suggest that between 1989 and 2002, overall melanoma
mortality stabilized in Australian males and declined in
females (—0.8% per annum). When examined by age, it was
found that mortality had declined significantly among those
less than 54 years and had stabilized among those aged
55-79 years, but continued to rise among those aged 80 years
and older.

1.2.2.3 Age and Sex Distributions

In all populations, melanoma is uncommon before the age of
40 years; thereafter the age-specific incidence climbs steadily
and peaks in the seventh and eighth decades [12, 14, 16, 31,
32]. When examined according to the anatomical site of the
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melanoma, consistent differences emerge, the implications
of which are discussed in more detail in Sect. 1.2.4.1 below.
In summary, most studies reveal that the peak incidence of
melanomas on the trunk occurs at younger ages (fifth to sixth
decades) than melanomas arising on the head and neck
(eighth decade) [31-35].

The sex distribution of melanoma has varied by popula-
tion, with high-latitude, low-incidence populations (e.g.,
Scotland, Canada) historically reporting substantially
higher rates among females (of up to twofold in Scotland)
[15, 36]. Recently, the patterns of occurrence of melanoma
have undergone striking change (see below), and the excess
of melanomas observed among females in previous genera-
tions in these populations has been ameliorated owing to
rapid increases in melanoma incidence among men [15,
16]. In contrast, in most mid- to low-latitude populations
(e.g., Australia, the USA), melanoma incidence appears
always to have been higher among men and remains so in
spite of recent increases in both sexes. In New Zealand,
however, melanoma incidence among women was previ-
ously higher than men [37], but rapid rises in melanoma
incidence among men have resulted in similar rates for men
and women.

1.2.2.4 Incidence by Anatomical Site

Early studies reporting on the anatomical distribution of
melanoma reported an excess of melanomas on the back and
shoulders in men and the lower limbs in women [38—41].
These data were often interpreted as evidence that melanoma
was associated predominantly with intermittent patterns of
sun exposure. Another approach to compare the incidence of
melanoma at different body sites is to adjust for the surface
areas of the sites being compared. In so doing, one is com-
paring the propensity for melanomas to arise per unit area of
skin. When this is done, the area-adjusted incidence of mela-
noma is found to be highest on the face in both sexes, and
then on the shoulders and back in males and the shoulders,
upper arms, and back in females [42]. Negligibly low rates
of melanoma are observed on the buttocks and the female
scalp [38, 43].

1.2.3 Analytical Epidemiology: Risk Factors
for Melanoma

During more than three decades of epidemiologic research,
investigators have identified a range of factors that have been
associated consistently with melanoma. For comparative

purposes, these are classified as environmental factors and
host factors.

1.2.3.1 Environmental Factors

Sunlight (and most particularly the ultraviolet (UV) spec-
trum of sunlight) is the only environmental factor that has
been compellingly implicated as a cause of melanoma. Data
from human studies may be summarized as follows:

1. Melanoma incidence is 10-20-fold higher among the fair-
skinned than the dark-skinned people [44].

2. Among fair-skinned people, melanoma incidence gener-
ally increases with proximity to the equator (some excep-
tions occur, particularly in continental Europe, where the
association is confounded by pigmentation).

3. Fair-skinned migrants from high- (e.g., the UK) to low-
latitude countries (e.g., Australia) have lower melanoma
rates than native-born residents, and vice versa [45].

4. People with xeroderma pigmentosum (XP) (a disorder in
which sufferers have a single gene mutation that abolish-
es their ability to repair sunlight-induced DNA damage)
have 1,000-fold higher risks of melanoma than the aver-
age population [46].

5. People with a past history of other types of skin cancer
(basal cell carcinomas and squamous cell carcinomas)
caused by high doses of solar UV radiation have threefold
higher risks of melanoma than the average population
[47, 48].

6. Phenotypic measures of sun sensitivity (such as fair skin,
freckling, and tendency to burn) confer approximately
twofold raised risks of melanoma in all populations [49].

In addition, there is mounting evidence from animal studies
that UV radiation is intimately involved in melanoma devel-
opment ([50]).

1.2.3.1.1 Opposition to the Sunlight Hypothesis

Despite these persuasive findings, the question continually
arises as to whether sunlight plays a role in melanoma devel-
opment (reviewed by Tucker [51]), with some concluding
that sunlight plays little, if any, role [52]. Opponents of the
“sunlight hypothesis” cite two observations which they
claim negate the role of sunlight in melanoma.

Firstly, opponents argue that since the majority of melano-
mas develop on body sites that are habitually covered by cloth-
ing (such as the back and shoulders in males and the lower
limb in females), as opposed to sun-exposed sites (such as the
face or hands), it follows that most melanomas cannot be
caused by sunlight. As described above, the rank order and
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magnitude of area-adjusted incidence rates for melanoma at
specific anatomical sites (see Sect. 1.2.2.4 above) would affirm
rather than preclude a role for sunlight in their causation.

The second line of argument against sun exposure as a
cause of melanoma has been that case—control studies have
typically reported modest associations between measures
of past sun exposure and melanoma risk, and a number of
meta-analyses have reported inverse associations between
measures of chronic or occupational sun exposure and mela-
noma risk [53].

To interpret the findings of case—control studies, it is
important to acknowledge that participants in such studies
need to be sampled from within a defined geographic area,
which implicitly matches cases and controls on their back-
ground level of exposure to ambient solar UV radiation. Thus
each separate case—control study is constrained to discrimi-
nate across limited ranges of sun exposure when assessed on
a global scale (the only exception being if the population has
a very high incidence of migration into the study area from
other latitudes). This problem is compounded by the lack of
reliable, objective methods to assess past exposure to the
sun, with consequent misclassification.

Because of these design limitations, a strong argument
can be made that ecological studies (demonstrating, for
example, the five to tenfold higher rates of melanoma in
Queensland than in the ethnically similar population of
Scotland [54], or that migrants from low to high solar envi-
ronments have substantially higher rates of melanoma than
pertain in their place of origin [55, 56]) constitute higher-
quality evidence than case—control studies for assessing the
relationship between sunlight and melanoma. In summary,
the case—control method is a strong design for identifying
markers of susceptibility for melanoma, but it has limited
utility for assessing those factors which are strongly deter-
mined by the geographic location of the study. (Analogous
observations regarding the limitations of the case—control
design have been made for studies attempting to identify
dietary factors associated with cancer. As for sunlight, the
dietary range within each population is small relative to the
range across populations [57].)

Accepting that solar UV is a determinant of melanoma,
several issues have been the subject of recent inquiry and
debate. These include the question of a “critical period” for
the development of melanoma, the role of different patterns
of sun exposure, and the role of artificial sources of UV
radiation.

1.2.3.1.2 The “Critical Period” Hypothesis
for Sun Exposure

There has been longstanding speculation that children may
be particularly susceptible to the carcinogenic effects of

sunlight, and that UV exposure during this time may have
more potent effects on the cells of origin for melanoma than
sun exposure at older ages. A recent systematic review of the
literature assessed the issue of childhood sun exposure by
compiling data on two separate groups of studies, ecological
(or descriptive) studies and analytical studies [45]. In the for-
mer, 20 studies were identified that assessed melanoma risk
in relation to measures of ambient sun exposure at different
ages; the latter comprised 13 case—control studies that
assessed melanoma risk according to recall of sun exposure
patterns at different ages. The two groups of studies yielded
strikingly different conclusions. Those studies comparing
measures of ambient sun exposure consistently reported that
the incidence of melanoma was significantly lower among
those whose childhoods were spent in environments of low
ambient insolation.

Most informative were the studies of fair-skinned migrants
from areas of high to low solar irradiance (e.g., from Africa
or Pacific Islands to northern Europe). For these migrants,
lifetime risks of melanoma remained significantly higher
than for native-born residents, despite decades of residence
in a low solar environment [58]. In contrast to the consistent
and clear findings from the ambient exposure studies, case—
control studies relying on recall of individual sun exposure
habits differed widely in their findings, and no consistent
associations with childhood sun exposure were observed.
These discrepant sets of results highlight the difficulties that
can arise when interpreting epidemiologic data from differ-
ent types of studies. In this instance, the studies of ambient
exposure were considered more reliable, and hence more
likely to reflect a true association, than the studies which
measured sun exposure through recall of time outdoors.

While these findings were compatible with childhood
being a period of particular susceptibility to sunlight, they
could not rule out an independent effect of adult sun expo-
sure. Indeed, adult migrants to Australia still develop mela-
noma at higher rates than if they had remained in their place
of birth. Moreover, melanoma incidence is higher among
migrants settling in low-latitude environments (such as
Queensland, Australia) compared with higher latitudes (such
as Victoria, Australia), and their risk of melanoma continues
to increase with longer durations of residence [59]. Each of
these observations suggests that sun exposure during adult-
hood confers additional melanoma risks, over and above any
risks accrued through childhood exposure.

1.2.3.1.3 Patterns of Exposure

A prevailing view in the melanoma literature is that “inter-
mittent” exposure to sunlight confers higher risks of mela-
noma than “chronic” (or occupational) sun exposure [11, 60,
61]. At least three high-quality systematic reviews have
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addressed this issue, each deriving summary estimates of
melanoma risk associated with measures of intermittent and
chronic sun exposure [53, 62, 63] Nelemans et al. [62]
reviewed 25 published case—control studies and calculated
pooled odds ratios of 1.57 (95% CI 1.29-1.91) and 0.73
(95% CI 0.60-0.89) for “intermittent” and “chronic” sun-
light exposures respectively. Elwood and Jopson [53]
reviewed 29 case—control studies, and calculated an adjusted
summary odds ratio of 1.87 (95% CI 1.67-2.09) for “inter-
mittent” sun exposure and 1.18 (95% CI 1.02-1.38) for total
sun exposure.

The most recent meta-analysis [63] separately estimated
summary relative risks for melanoma associated with mea-
sures of “intermittent,” “chronic,” and “total” sun exposure,
and sunburn. Importantly, the authors identified significant
heterogeneity of risk estimates for each of these measures of
sun exposure, with differences in risk estimates variously
associated with country, latitude, and choice of controls. In
particular, there was an inverse correlation between latitude
and the magnitude of the risk estimate for chronic sun expo-
sure, indicating that chronic patterns of sun exposure are more
strongly associated with melanoma risk with increasing prox-
imity to the equator. Given the inherent limitations of retro-
spective assessments of solar exposure, the heterogeneity of
study findings, and the absence of experimental data, defini-
tive statements about the relative carcinogenicity of different
patterns of sun exposure cannot be made. Moreover, newly
emerging evidence suggests that the relationship between sun
exposure and melanoma differs by anatomical site and geno-
type [64—67], raising new questions about the mechanisms
through which sunlight causes melanoma. Since very few
individual studies (and no meta-analyses) have assessed the
site-specific risk of particular patterns of sun exposure, the
epidemiological evidence for a specific effect of exposure
pattern must be considered inconclusive at this time.

1.2.3.1.4 Artificial Sources of Ultraviolet Radiation

Because of the ecological and analytical studies linking sun
exposure to melanoma and the conclusion that the carcino-
genic component of sunlight is UV radiation, one would
infer that artificial sources of UV radiation exposure (such as
sunbeds and tanning lamps) are also potential causes of mel-
anoma [68]. In a recent systematic review, ten studies were
identified (nine case—control; one cohort) that addressed this
hypothesis and provided relevant estimates of risk [69].
While there were differences in methodology, the simplest
measure of exposure (ever/never exposed) was associated
with a summary relative risk of 1.25 (95% CI 1.05-1.49).
Young age at first use of sunbeds was associated with signifi-
cantly increased risk of melanoma (summary OR 1.69, 95%
CI 1.32-2.18).

A similar exercise was undertaken by The IARC Working
Group on Artificial Sources of Ultraviolet Radiation [70].
That review identified 23 informative studies including 1
cohort study, 14 population-based case—control studies, and
8 hospital-based case—control studies. Similar to the earlier
review, the summary risk estimate for ever/never use of sun-
beds was 1.15 (95% CI 1.00-1.31), although significant het-
erogeneity in the risk estimates was noted. Sunbed use before
the age of 35 years was associated with a 75% increased risk
of melanoma (OR 1.75, 95% CI 1.35-2.26). On the basis of
these findings, the IARC Working group concluded that there
was evidence of a causal relationship between sunbed expo-
sure and melanoma of sufficient strength to merit changes in
policy regarding public access to these sources of UV
exposure.

1.2.3.2 Host Factors for Melanoma

Epidemiological studies have consistently shown that a suite
of host characteristics are associated with significantly
increased risks of melanoma, including numbers of nevi (sys-
tematically reviewed by Gandini et al. [71]), tanning ability
(systematically reviewed by Bliss et al. [49]), red hair or
freckling (systematically reviewed by Bliss et al. [49]), and
family history (systematically reviewed by Ford et al. [72]).

Of these factors, the numbers of nevi on the skin confer
the highest relative risks for melanoma, with risks increased
by up to sevenfold for people with >100 nevi compared with
<15 nevi [71]. The role of nevi as risk markers, and possible
precursors, for melanoma is discussed in more detail below
(Sect. 1.2.4.3).

1.2.3.3 Genes and Melanoma

A brief discussion of the genetic determinants of melanoma
is warranted in this chapter since much new information has
been generated recently which has direct relevance to our
understanding of the interplay of causal factors of this can-
cer. What follows is a brief account of notable developments
and the current state of play with respect to epidemiological
risk assessment.

1.2.3.3.1 High-Risk Genes

The clinical observation that up to 10% of people with mela-
noma had a family history of the disease hinted at an underly-
ing genetic cause and prompted initial efforts to identify
kindreds in which melanoma occurred in multiple family
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members. Using such approaches, genetic epidemiologists
identified a region on the short arm of chromosome 9 associ-
ated with melanoma [73-75] which was found to map to a
region that was also commonly deleted in cancer cell lines
(9p21). The deleted locus was later identified as harboring the
CDKNZ2A gene. Germline mutations in this gene have since
been reported in “melanoma-prone” families worldwide [76—
78]. Two other genes have since been identified within the
same locus, one of which, PI4ARF, overlaps CDKN2A and
shares some coding regions, albeit in a different reading
frame. The other candidate high-risk gene, CDKN2B, lies
very close to CDKNZ2A and shares a similar mechanism of
action. The three proteins encoded by these genes (namely,
pl6™K4 p14ARE and p15™K4) are each potential tumor sup-
pressors, and each plays a role in cell-cycle arrest [79].
Another, very rare, high-penetrance familial melanoma gene,
CDK4 [80], encodes the primary target of p16™%*2. Currently,
it appears that each of these genes may play a role in mela-
noma development, although the weight of evidence favors
mutations in CDKNZ2A as the most prevalent germline event
in the development of familial melanoma in humans [79].

Early estimates suggested that the penetrance of mela-
noma among CDKNZ2A carriers was up to 90%; however,
recent studies have reported considerably lower risk esti-
mates. For example, a population-based study estimated
melanoma penetrance among CDKN2A mutation carriers to
be 14% at the age of 50 years, 24% at 70 years, and 28% at
80 years [81]. These estimates were derived by comparing
the incidence of melanoma among relatives of CDKN2A
mutation carriers with the incidence of melanoma among
relatives of non-carrier probands in a large, multinational
cohort of patients with multiple primary melanomas. But
even these estimates may be higher than the “true” popula-
tion penetrance, since they were derived from the experience
of relatives of carriers who themselves have had melanoma.

A population-based study in Iceland reported the preva-
lence of disease-related variants of CDKN2A among
“healthy” controls in the range 0.08-0.38%, underscoring
the notion that penetrance is far from universal, even for
“high-risk” genes [82]. There have been reports that the pen-
etrance of melanoma among CDKN2A mutation carriers
increases with proximity to the equator, suggesting a gene—
environment interaction [83], although this conclusion has
since been challenged [81]. This is an issue of fundamental
importance and clearly warrants further investigation in care-
fully designed, population-based studies.

Outside of melanoma kindreds, the prevalence of germline
CDKN2A mutations among patients with “sporadic” mela-
noma is low. A large, population-based study in Queensland,
Australia, found no germline CDKN2A mutations among
201 cases of sporadic melanoma [84]. A Canadian study of
254 patients reported an overall prevalence of germline
CDKN2A mutations of 3.2% [85], although this may be an

overestimate because the patients in that study included
those likely to have a genetic basis, including patients with a
strong family history of melanoma, early-onset disease,
multiple primaries, and atypical nevus syndrome. The best
estimate to date probably comes from the Icelandic study,
which reported frequencies of disease-related variants of
around 0.7-1.0% among “sporadic” melanoma cases [81].

Several other genes have been associated with a high risk
of melanoma as part of an overall cancer syndrome. Patients
with XP have one of several very specific mutations which
render them unable to repair UV-damaged DNA. These
patients develop cutaneous melanoma at more than thousand
times the rate of the normal population [46, 86]. Cowden
disease is another autosomal dominant syndrome which is
caused by mutation in the PTEN gene. Affected individuals
develop breast and thyroid cancer predominantly, but also
melanoma. There is no evidence that germline PTEN muta-
tions account for cases of melanoma outside of this syndrome
however [87].

1.2.3.3.2 Low-Risk Genes

Until the recent advent of high-throughput genome-wide
scans, the search for “low-risk” melanoma genes had been
through the candidate gene approach. Typically these candi-
dates were genes associated with pigmentation, or which
encode DNA repair enzymes.

Most interest has focused on the melanocortin-1-receptor
gene (MCIR), first identified in 1992 as the gene encoding a
receptor for the melanocyte-stimulating hormone (MSH)
[88]. This complex mediates the production of melanin by
melanocytes. Variant MCIR genotypes are associated with
red hair color and freckling on the skin [89-91]. More than
77 variants of the human MCIR gene have been identified
[92], of which 3 (Argl51Cys, Argl60Trp, and Asp294His)
are designated as “red hair genes.” The prevalence of MCIR
variants is high (50%), even among southern European pop-
ulations in whom red hair is uncommon [93].

Because MCIR genotypes are associated with both red
hair and skin type, and because these characteristics are both
associated with increased risks of melanoma, a logical exten-
sion was to test for an association between MCIR genotype
and melanoma. Numerous studies have tested this hypothe-
sis; a systematic review and meta-analysis of 11 studies
reported risks for melanoma on the order of 1.5-2.5 for seven
of the nine MCIR variants tested [94]. Highest risks were
associated with the Asp294His variant (OR 2.40; 95% CI
1.50-3.84). Unfortunately, that meta-analysis could not
assess the effects of MCIR independently of the effects of
other pigmentation characteristics, and so the magnitude of
the risk estimates must be interpreted with caution. One
recent study did estimate the extra risk conferred by MCIR
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genotype, over and above the contribution of skin color [95],
and found a very modest increment. This suggests that the
association of MCIR with melanoma is mediated almost
entirely through the effects of this gene on pigmentation and
not through other pathways.

Other “low-risk” candidate genes that have been investi-
gated for possible associations with melanoma include poly-
morphisms in various DNA repair genes (e.g., from the XP
gene family, XPC [96-99], XPD [98-100], and BrCa2 [102]
among others). At least one study has reported on risks associ-
ated with polymorphisms of the Vitamin D receptor [103].
From an epidemiologic perspective, all published studies to
date have been underpowered, and most of the reported
associations have been modest. Moreover, any positive asso-
ciations have generally been observed within subgroups of
populations, increasing the likelihood of type 1 error. It is
therefore impossible to draw firm conclusions about the role, if
any, of the low-risk candidates tested. This is a rapidly moving
area however, and it is likely that very soon genome-wide asso-
ciation studies will provide new layers of information. All
identified associations (including those already in the litera-
ture) will require formal testing in properly designed validation
studies with large sample sizes before they can be accepted.

1.2.4 Multiple Causal Pathways
to Melanoma?

The preceding sections have described the overall patterns of
occurrence and risk factors for melanoma as they have been
presented historically. That is, studies have been designed
and data have been analyzed under the implicit assumption
that all cutaneous melanomas are a single homogeneous
group. Parallel lines of inquiry across a range of disciplines
have resulted in findings that challenge this assumption, con-
sistent with the view that melanomas are heterogeneous and
may arise through several different causal pathways. A brief
overview of those earlier findings is presented here, leading
to the recently described divergent pathway hypothesis for
melanoma.

1.2.4.1 Variations in Site-Specific Incidence
of Melanoma with Age

The proposition that melanomas on different body sites
might differ in their etiology has been around for at least
three decades [104] and was initially based on the observa-
tion that people with melanomas of the face were gener-
ally older than patients with melanomas at other body

sites. Following those anecdotal observations, two descrip-
tive studies independently explored this hypothesis using
reliable cancer data in populations with very different
underlying rates of melanoma, namely in Canada [33] and
New Zealand [37]. Importantly, both studies used similar
methodology by adjusting the incidence of melanoma at
different body sites for the relative surface area of each
site. Both studies found that the area-adjusted incidence of
melanomas in young adults was considerably higher on
the trunk than the head and neck. Thereafter, melanoma on
the trunk continued to rise steadily in adulthood, peaked in
late middle age, and then declined slightly in older age
groups. In contrast, the area-adjusted incidence of head
and neck melanoma was low among the young and mid-
dle-aged, but then rose very rapidly among older age
groups to far exceed the rate of melanoma on the trunk.
These concordant findings from disparate populations sug-
gested that the age dependence of melanoma by anatomi-
cal site is a real effect, possibly reflecting different subsets
of tumors.

1.2.4.2 Risk Factors for Melanoma at Different
Anatomical Sites

Several analytic studies conducted during the 1980s and
1990s performed post hoc analyses in which risk factors for
melanoma were examined according to the anatomical site
of the tumor. While the studies were not specifically designed
to assess site-specific differences in melanoma risk, they
nevertheless consistently reported that melanomas on the
trunk or legs were statistically associated with high nevus
counts, whereas melanomas on the head and neck were not
[105-108]. In a case—control study in New South Wales,
Australia, Bataille et al. [109] observed that patients with
melanomas of the head and neck had substantially fewer nevi
and more solar keratoses than patients with melanomas of
the trunk or legs.

At about the same time, an immunohistochemical analy-
sis of melanoma was reported which hinted at quite distinct
patterns of risk factors based on the presence or absence of
p53 immunoexpression [110]. Melanomas over-expressing
p53 protein were found to occur more frequently on the head
and neck than melanomas without evidence of p53 expres-
sion, and were associated with older age and high counts of
solar keratoses. Further, p53 immunonegative melanomas
occurred more commonly on the trunk, and were associated
with greater numbers of nevi. These data suggested that the
molecular profile of melanomas, at least in relation to p53
expression, may reflect their causal origins and provided a
novel basis by which melanomas might be classified beyond
their histological appearances.
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1.2.4.3 Nevus-Associated Melanomas
Differ from Other Melanomas

At about the same time as the risk factor studies, dermatopathol-
ogists began to note that melanomas with evidence of neval
remnants had different characteristics from melanomas without
such remnants. Depending upon the series, around 25% of cuta-
neous melanomas have remnants of neval tissue upon histologi-
cal examination [106, 111-114]. The co-occurrence of these
two histological entities (melanoma and nevus) is substantially
higher than expected assuming a random distribution of mela-
nomas and nevi on the skin surface [115, 116], and is certainly
higher than the co-occurrence of nevi with other tumors of the
skin [116]. Green first proposed the concept that melanomas
arising from nevi may reflect a distinct pathway for the origins
of these cancers, and suggested that the propensity for malig-
nant progression was determined, at least in part, by the ana-
tomical site of the target cell [117]. An analysis of pathology
reports provided support for this theory [42]. Several other
groups also investigated the anatomical distribution of mela-
noma with contiguous neval remnants (hereafter “CN+ mela-
noma’”) compared with other melanomas without neval remnants
(CN- melanoma). Each study found that CN+ melanomas
occur more commonly on the trunk than on the head and neck
[106, 114, 116]. Further, patients with CN+ melanomas were
significantly more likely to have high nevus counts and to report
episodes of severe sunburn than controls [115]. In contrast,
CN- melanoma patients were significantly more likely than
controls to have red or blond hair, but had similar histories of
sunburn and only modestly higher nevus counts. These observa-
tions suggest that CN+ melanomas differ from CN— melanomas
in their association with phenotypic and environmental risk fac-
tors, and provided new insights into the likely multiplicity of
pathways through which melanomas can arise [117].

In a histological review of 943 melanoma specimens from
three study sites in Ontario and British Columbia (Canada) and
New South Wales (Australia), 36% had contiguous neval rem-
nants [118]. Patients with CN+ melanomas were significantly
more likely to have high nevus counts and their tumors were more
likely to arise on the trunk. In contrast, CN— melanomas were
more likely among older people, among LMM subtypes, among
those with melanomas arising on the head and neck, and those
with pronounced solar elastosis. Very similar patterns of associa-
tion for CN+ and CN— melanomas were also reported in another
independent study [119], thereby confirming earlier reports.

1.2.4.4 Population Heterogeneity
in Nevus Burden

Because of the close epidemiologic and histologic associa-
tion between nevi and melanoma, there has been much

research into the origins of these benign melanocytic tumors.
Studies in environments of low ambient sunlight [120-123]
and high ambient sunlight [124-127] have reported that
children exposed to high levels of sunlight, however mea-
sured, have greater numbers of nevi than those who report
lower levels of exposure. Moreover, studies which have
used common protocols to count nevi on children from
similar ethnic backgrounds residing in areas of differing
ambient UVR consistently report significantly higher nevus
counts among those children residing in higher solar envi-
ronments [128, 129].

A strong genetic contribution to nevus burden is also
apparent, based on the findings of twin studies conducted
in high- and low-solar environments [130, 131]. Because
monozygotic (MZ, or identical) twin pairs share all of their
genes, whereas dizygotic (DZ, or fraternal) twin pairs share
only half of their genes on average, comparisons of the
within-pair correlations of nevus counts for MZ and DZ
twins permit inferences about heritability. The heritability
estimates for nevus counts among twins residing in Australia
and the UK were strikingly similar (MZ twins r~0.94; DZ
twins r~0.60), despite the very large differences in insolation
between Australia and the UK, and the systematically higher
nevus counts among Australian twins.

Taken together, these studies demonstrate the importance
of both sunlight and genes as determinants of nevi. They
show that within fair-skinned populations, there exist some
people with a high propensity to develop nevi, while others
have a low propensity, and that this propensity is genetically
determined. The degree of expression of the phenotype
(“nevus burden”) is then determined by the ambient solar
radiation of the environment in which an individual resides
and modified by their outdoor exposure.

1.2.4.5 The Hypothesis of Divergent Causal
Pathways to Melanoma

By the close of the 1990s, the collected findings from studies
across the epidemiologic spectrum suggested that cutaneous
melanomas were not a single homogeneous entity. Moreover,
the nevus heritability studies indicated that a person’s
tendency for nevus development (a putative proxy for mel-
anocytic proliferative capacity, and hence melanoma suscep-
tibility) was under strong genetic control. These observations
led to the “divergent pathway hypothesis” for melanoma,
which proposes that people with an inherently low propen-
sity for melanocyte proliferation (identified by low nevus
counts) develop melanoma through chronic exposure to sun-
light [110, 132]. In contrast, among people having an inher-
ently high propensity for melanocyte proliferation (identified
by high nevus counts), the hypothesis predicts that sun
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exposure is required only to initiate melanoma development,
after which inherited host factors supervene to drive progres-
sion of the tumor. Among this latter group, melanomas are
expected to develop on body sites with unstable melanocyte
populations such as the trunk, and will do so at younger ages.
In the relatively brief interval since the hypothesis was first
proposed, there have been numerous studies that tested mela-
nomas using a variety of approaches.

1.2.4.5.1 Ecological Studies

A number of studies have tested the divergent pathway model
by comparing the age-specific incidence of melanoma by
anatomic site. Lachiewicz et al. [31] compared the age-
specific incidence curve for melanomas arising on the trunk
with those arising on the head and neck for 48,673 melanoma
patients notified to the US SEER registries between 2000 and
2004. Strikingly different curves were observed by body site,
with the age distribution of melanomas of the trunk peaking
10 years before those of the face and ear (64 vs. 74 years).

A Swiss study compared the relative melanoma density
(RMD) by anatomical site and age group [133] (the RMD is
the ratio of the “observed” to the “expected” number of mel-
anomas at any given anatomical site, and where the
“expected” number is that which would be anticipated at that
site assuming an even distribution of tumors over the whole
body surface). Among those aged less than 50 years, mela-
nomas occurred most densely on the trunk in both males and
females whereas in those aged more than 65 years, RMD
was highest on the face and lowest on the thighs and but-
tocks. Similar analyses with ostensibly the same findings
have since been reported from Sweden [35], Scotland, and
Australia [54]. Overall, these studies provide strong evidence
that melanomas tend to arise on the trunk at younger ages
and on the face and head at older ages, and that this phenom-
enon occurs in all populations.

1.2.4.5.2 Risk Factor Studies

Several studies have directly tested the divergent pathway
hypothesis for melanoma by comparing the prevalence of
risk factors within subgroups of melanoma patients. Using
data from 178,153 eligible participants followed up within
three large, prospective studies, Cho et al. assessed risk fac-
tors for melanoma across anatomical sites [134]. Significant
differences in melanoma risk across anatomical sites were
seen, especially for associations with nevi (test for heteroge-
neity p=0.04). High nevus counts were more strongly asso-
ciated with melanomas of the trunk (OR 4.67) than the head
(OR 3.45) or upper (OR 2.50) or lower limbs (OR 2.00).

Two publications arising from a large, hospital-based
case—control study in Italy concluded that they did not find
evidence of differences in risk factors by anatomical site.
The first publication estimated the relative risks associated
with various measures of past sun exposure (numbers of sun-
burns etc.) and phenotype (hair color, eye color, numbers of
nevi) for melanomas at different anatomical sites [135].
Some modest variations in the magnitude of association were
noted for some exposures, but overall, there was no statisti-
cally significant evidence of heterogeneity by body site. The
second publication assessed the risks of site-specific melano-
mas associated with nevus counts at specific anatomical sites
[136] and reported that people with higher nevus counts had
higher risks of melanomas of the trunk than other sites. So,
while the authors concluded that their data did not support
differences in melanoma risk by site, their data confirm the
findings of earlier studies that people with large numbers of
nevi are more likely to develop melanomas on the trunk than
on the head and neck.

1.2.4.5.3 Somatic Mutation Studies

Much work has been undertaken to document the molecular
phenotypes of melanoma since the original observations of
Maldonado [66] that BRAF mutations are more strongly
associated with melanomas from non-sun-exposed sites than
from sun-exposed sites. Those original findings have been
confirmed in subsequent studies [137, 138] and it is now
clear that BRAF mutant melanomas are associated with par-
ticular phenotypic and sun-exposure attributes, including
high nevus counts, truncal location, and young age [139,
140]. Interestingly, both studies have also reported that BRAF
mutant melanomas have stronger associations with early life
sun exposure than wild-type melanoma, consistent with a
role for sunlight in initiating these tumors in early life. Such
a pathway is supported by the finding that BRAF mutations
are also more likely in melanomas with histological evidence
of contiguous neval remnants [141, 142]. The supposition
that BRAF mutations in nevocytes are acquired following
sun exposure in early life has been given indirect support
from an intricate study comparing BRAF mutations in two
types of “congenital” nevi. The investigators reported that
none of 32 nevi that were present at birth were found to har-
bor BRAF mutations [143]. In contrast, 20 of 28 (71%) of
the melanocytic nevi with a “congenital pattern” but that
were known to have arisen in childhood showed the common
BRAF V600E mutation.

Recently, interest has focused on identifying possible
genetic modifiers of BRAF mutation, with some evidence
that constitutional MCIR variants confer a substantially
increased risk of such mutations among people with only
limited amounts of sun exposure [144]. Such findings await
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confirmation in large, population-based studies however,
since the numbers of participants examined to date have been
small and the resultant risk estimates have been imprecise.
With the advent of high-throughput technologies, molecu-
lar studies of this type are being reported with increasing
frequency, and it is inevitable that these gene—gene and
gene—environment associations will be clarified in due
course. For the moment, the emerging picture appears
largely congruent with the concept that distinct subsets of
melanomas can be defined on the basis of their molecular
phenotype, and that these phenotypes are associated with
different risk factors.

1.2.5 Conclusions

Melanomas are epidermal cancers arising predominantly in
fair-skinned people. The incidence of melanoma has risen
rapidly in many populations during recent decades, and rates
continue to rise in most populations. Encouraging trends in
Australia and the USA suggest that melanoma rates may
have stabilized among younger people, and these trends will
be closely monitored. Such trends might be anticipated in
northern and western Europe; continued surveillance in these
areas is required.

The principal environmental determinant of cutaneous
melanoma is sunlight, with incidence rates varying more
than tenfold between ethnically similar populations residing
in environments with different levels of ambient sunlight.
Epidemiological studies have identified a number of pheno-
typic risk factors for melanoma, many of which appear to be
genetically determined. Recent studies suggest that epider-
mal melanocytes develop into malignant tumors through
more than one pathway, as evidenced by differing molecular
profiles, anatomical distributions, and risk factor profiles for
subgroups of melanomas. This field is moving rapidly, and it
is likely that in the near future, a clearer understanding of the
molecular origins of melanomas will be delivered. It is hoped
that such knowledge will be of value in designing interven-
tions to control this cancer.
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