
ORE Open Research Exeter

TITLE

Geography of non-melanoma skin cancer and ecological associations with environmental risk factors in
England.

AUTHORS

Wheeler, BW; Kothencz, G; Pollard, AS

JOURNAL

British Journal of Cancer

DEPOSITED IN ORE

14 July 2014

This version available at

http://hdl.handle.net/10871/15197

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/15197


Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

1 
 

Geography of non-melanoma skin cancer and ecological associations with 

environmental risk factors in England 

Running title: Non-melanoma skin cancer geography 

Benedict W. Wheeler, 
a
* Gyula Kothencz 

a
 and Adam S. Pollard 

a b 

 

a 
European Centre for Environment and Human Health, University of Exeter Medical 

School, Royal Cornwall Hospital, Truro, TR1 3HD, UK 
 

b 
Royal Cornwall Hospitals Trust, Truro, TR1 3HD, UK 

 

*Corresponding Author 

Dr Benedict W Wheeler 

European Centre for Environment and Human Health 

University of Exeter Medical School 

Knowledge Spa 

Royal Cornwall Hospital 

Truro 

Cornwall 

TR1 3HD 

UK 

 

 

Email:  b.w.wheeler@exeter.ac.uk 

 

 

  



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

2 
 

Abstract 

Background This study investigates the geography of non-melanoma skin cancer 

(NMSC) in England, and ecological associations with three widespread environmental 

hazards: radon, arsenic and UV radiation from the sun. 

Methods Age/sex-standardised registration rates of NMSC were mapped for local 

authority areas (n=326), along with geographical data on bright sunshine, household 

radon and arsenic. Associations between NMSC and environmental variables, adjusted 

for socio-economic confounders, were investigated. 

Results There was substantial geographical variation in NMSC rates across English 

local authorities and between cancer registration regions. 40% of variance in rates was 

at registry region level, and 60% at local authority level. No association was observed 

between environmental arsenic and NMSC rates. Rates were associated with area mean 

bright sunshine hours.  An association with area mean radon concentration was 

suggested, although the strength of statistical evidence was sensitive to model 

specification. 

Conclusion The significant geographical variation across England in NMSC 

registration rate is likely to be partly, but not wholly, explained by registry differences. 

Findings tentatively support suggestions that environmental radon may be a risk factor 

for NMSC. Although NMSC is rarely fatal, it has significant implications for 

individuals and health services, and further research into NMSC geography and 

environmental risk factors is warranted. 

 

Keywords: Non-melanoma skin cancer; radon; arsenic; ecological study; England 
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Introduction 

Non-melanoma skin cancer (NMSC) is one of the most common cancers, although it is 

a much less dangerous form of skin cancer than malignant melanoma (Diepgen & 

Mahler, 2002; Madan et al, 2010). Although rarely fatal, NMSC can be a precursor to 

more severe conditions (Grant & Garland, 2012). Whilst NMSC is very common, 

geographical variation in its incidence is not well studied, partly because registration is 

not mandatory and it is often under-enumerated. There is therefore considerable 

variation between the regional cancer registries in the completeness of skin cancer 

registration (Goodwin et al, 2004; ONS, 2010); an issue that is not restricted to the UK 

(Curado et al, 2007). 

Exposure to ultraviolet radiation from sunlight is a well-established environmental 

cause of NMSC (de Gruijl, 1999; Leiter & Garbe, 2008), with others including radon, 

for which there is relatively limited evidence (Advisory Group on Ionising Radiation, 

2009; Henshaw & Eatough, 1995; Wheeler et al, 2012) and arsenic, for which evidence 

is stronger (Applebaum et al, 2007; Centeno et al, 2002; Guo et al, 2001; IARC, 2004; 

Karagas et al, 2001; Leonardi et al, 2012). 

Arsenic is classified as a Group 1 carcinogen by the International Agency for Research 

on Cancer  (IARC, 2012), and the suggestion that skin cancer could be caused by long-

term arsenic exposure was suggested as long ago as 1888 (Pershagen, 1981). The 

mechanisms by which arsenic exposure leads to the development of NMSC have been 

demonstrated through experimentation on rodents (Burns et al, 2004; Waalkes et al, 

2008). Human exposure to environmental arsenic is primarily through drinking 

contaminated groundwater (Smith et al, 1998; Tapio & Grosche, 2006). Poisoning 

through inorganic arsenic can also occur through long-term ingestion of food (fish, 
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seafood, algae and cereals) and inhalation around emissions sources such as coal-fired 

power stations (Pesch et al, 2002). Environmental arsenic exposure is widespread; 

populations with long-term exposure to arsenic-contaminated drinking water include 

those in areas of Bangladesh (Chakraborti et al, 2010), Taiwan (Yu et al, 2000), the 

United States (Beane Freeman et al, 2004), Chile (Alonso et al, 2010) and Argentina 

(Hopenhayn-Rich et al, 1998). Globally, the population having consumed arsenic-

contaminated groundwater is estimated to be 100 to 160 million people (IARC, 2004; 

Martinez et al, 2011; Melkonian et al, 2011). 

 Although the risk of arsenic contamination of UK mains water is negligible due to 

stringent water quality measures (Pritchard, 2007), other exposure routes may be 

important. For example, food grown for consumption is in contact with soils with 

arsenic concentrations that vary greatly (Webb et al, 1978). Furthermore, environmental 

exposure has been indicated in studies of biological samples from people living in areas 

of the UK with elevated environmental arsenic, particularly ex-mining areas of south 

west England (Button et al, 2009; Kavanagh et al, 1998). 

Radon is another naturally occurring, IARC Group 1 carcinogen, rated as such for its 

known effects as a risk factor for lung cancer (El Ghissassi et al, 2009; IARC, 2012).It 

has a widespread, international geographical distribution (WHO, 2007). A radioactive 

gas, radon is produced as part of the decay chain of uranium-238. It seeps from 

uranium-bearing rocks and soils and emits an alpha particle when it decays, with further 

alpha and beta radiation emissions from subsequent short-lived progeny (Darby et al, 

2001).  The gas disperses rapidly in the outdoors, but can accumulate inside buildings 

and other enclosed areas, where it can be inhaled, and can also adhere to the skin 
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(Eatough, 1997). Radon gas exposure is responsible for a significant proportion of 

human exposure to natural radiation (UNSCEAR, 2000). 

Evidence for population health effects from environmental exposure to radon is much 

more limited than that for arsenic, and strong causal evidence is currently limited to 

lung cancer, primarily from occupational studies of miners (Advisory Group on Ionising 

Radiation, 2009). Despite limited evidence for health outcomes other than lung cancer, 

radiation dosimetry models have indicated a hypothetical increase in NMSC risk at UK 

average household radon concentrations, around 20 Becquerels per cubic metre (Bq/m
3
) 

(Eatough & Henshaw, 1991). In addition, local studies in the south west of England, 

where very high radon concentrations can be found, have indicated an association 

between radon and NMSC (Etherington et al, 1996; Wheeler et al, 2012). A 

comprehensive review in 2007 of the biological effects of radon concluded that the 

balance of evidence was against a causal relationship between radon exposure and skin 

cancer initiation (Charles, 2007a). However, a companion study to that review estimated 

the attributable risk to be around 0.7% of skin cancers at average indoor radon levels in 

the UK, although this was theoretically derived and subject to considerable uncertainty 

(Charles, 2007b). 

Bringing together these issues, we investigate the geography of NMSC in England, and 

address the question: are non-melanoma skin cancer rates ecologically associated with 

three common environmental carcinogens: arsenic, radon and ultraviolet radiation from 

sunlight? 

Materials and methods 

Geography 
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The spatial units employed for this analysis were local authority (LA) areas for England, 

constrained by the availability of estimates of NMSC incidence. Environmental data 

were available at higher resolution, and ideally analyses would have been conducted 

using smaller spatial units to allow for more localised variation. However, there is still 

substantial variation in the environmental measures between LA areas, and they have 

the advantage of providing robust skin cancer rate estimates due to large populations. 

There were 326 local (county district and unitary) authorities as at April 2009, with 

mean population at that time estimated at 159,000 (ONS, 2009). 

Non-melanoma skin cancer data 

The incidence of NMSC per LA area was estimated using the registration rate produced 

by the eight regional cancer registries of England. These registries collect and collate 

data on cancer incidence and survival using a variety of sources including health care 

providers, cancer screening programmes and death certificates (UKACR, 2012). 

Registration data are provided to the Office for National Statistics, and in turn these are 

distributed by the NHS Information Centre for Health and Social Care (NHSIC, 2012). 

Age/sex-standardised registration rates of NMSC, pooled for 2006-2008 and which had 

been standardised using the European Standard population were analysed. At the time 

of analysis these were the most recent data available, and the use of a 3-year aggregate 

provides a more stable, reliable rate than annual data. Whilst comparable data are 

collected by cancer registries for other countries of the UK, these are not all collated 

into a coherent dataset using common time periods; for this reason we focus here on 

data for England. 

Environmental Data 
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For each of the three environmental risk factors, we used secondary data sources giving 

long-term estimates at sufficient geographical resolution across the whole of England. 

In the absence of readily available data, the spatial distribution of environmental arsenic 

at LA level was estimated using the 1978 Wolfson Geochemical Atlas of England and 

Wales (Webb et al, 1978), which was only available in hard copy.  The atlas includes a 

map of the distribution of arsenic across a grid of 2.5x2.5 km square cells, modelled 

from approximately 50,000 stream sediment samples. The map classifies arsenic 

concentrations into 10 categories, demarcated at the 10
th

, 20
th

, 40
th

, 60
th

, 80
th

, 90
th

, 95
th

, 

99
th

 and 99.9
th

 percentiles of grid cell values, with the minimum category 0-4 parts per 

million (ppm) and the maximum ≥433ppm. The map was scanned, georeferenced and 

analysed using ArcGIS 10.0 (ESRI, Redlands, CA). The resulting digital grid of arsenic 

concentration estimates was overlaid with LA boundaries in the GIS, and an area-

weighted average of cell values within each LA calculated to produce an estimated 

mean arsenic concentration for each local authority. These mean concentrations were 

then classified back to the original atlas categories to prevent production of 

inappropriately precise values. 

The geographical distribution of radon was obtained using an atlas produced by the 

Health Protection Agency (HPA) of England and Wales (Rees et al, 2011). This 

describes average household radon concentrations based on around 465,000 

measurements made across England between 1980 and 2009. Data were extracted for 

the 326 local and unitary authorities, with the exception of a small number of areas 

where there was a mismatch in LA boundaries due to changes over time to unitary 

authority (UA) status. In these four cases (Wiltshire UA, Cheshire West and Chester 

UA, Cheshire East UA, Central Bedfordshire UA), best fit estimates were used, for 
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example with data for the old Wiltshire county boundary applied to the new Wiltshire 

UA. Mean radon concentrations were then classified using categories defined in 

previous work, for comparability (Etherington et al, 1996; Wheeler et al, 2012). 

Population ultraviolet radiation exposure in each LA was estimated using data on mean 

daily duration of bright sunshine, based on long term estimates from the UK Met Office 

(Met Office, 2010), which provides the baseline of the UK Climate Projections 

(UKCP09). These estimates were available aggregated for 1961 to 1990, giving average 

daily bright sunshine hours for each month over the thirty year period, for a 5km grid 

across the UK. The mean value for each cell across the twelve monthly grids was 

calculated, and the resulting grid overlaid with the LA boundaries. A similar procedure 

to that used for the arsenic grid was then applied to calculate a long term, area weighted, 

mean daily bright sunshine hours value for each LA. 

There is evidence of an inverse socio-economic gradient for NMSC, with higher rates 

amongst those in higher socio-economic groups (Doherty et al, 2010).  There is also 

evidence of higher rates amongst those who work outdoors compared to indoors 

(Melkonian et al, 2011). To allow for potential confounding by population socio-

economic status, analyses were adjusted for three domains of the 2007 Indices of 

Deprivation for England, employment, income and education deprivation (DCLG, 

2008). These deprivation indices are produced for the c.32,000 lower-layer super output 

areas (LSOAs) across England. For each local authority the population-weighted mean 

of each deprivation domain score for its constituent LSOAs was derived. In order to 

estimate the prevalence of outdoor occupations, data from the 2001 UK census (ONS, 

2001) were used to calculate the proportion of each LA’s working population employed 

in primarily outdoor industries (agriculture, hunting, forestry, fishing and construction). 
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Statistical analysis 

Linear regression models were used to assess associations between age/sex standardised 

rates of NMSC and arsenic, radon and bright sunshine hours, with adjustment for area 

deprivation and outdoor occupation prevalence. All analyses were conducted using 

Stata version 12 (StataCorp, College Station, TX). To account for variation in under-

enumeration between cancer registries, the application of random and fixed effects 

regression (using Stata xtreg with ‘fe’ and ‘re’ options) was tested, to model and allow 

for variance in NMSC rates within and between registries. Primary models included 

arsenic and radon as categorical variables, for reasons specified above, and sunshine 

hours as a continuous, linear predictor. Since arsenic is believed to exacerbate the 

carcinogenic effects of ultraviolet radiation through inhibiting DNA repair (Danaee et al, 

2004), possible effect modification between arsenic and bright sunshine hours was 

investigated using a likelihood ratio test to compare models. 

Results 

Preliminary analyses 

Due to missing data on arsenic for 15 local authority areas (all in London), complete 

data were available for 311 areas. The total cases of NMSC registered across all 326 

LAs for the three years 2006-8 was 218,475. Excluding the 15 LAs without arsenic data 

resulted in a reduction in cases reported of only 0.9%, to 216,497 cases. The distribution 

of NMSC rates across the remaining 311 areas is illustrated in the histogram in Figure 

1A. Most values are approximately normally distributed around a mean of about 120 

registrations per 100,000 population, but a second distribution peaks at around 20 per 

100,000. Inspection of maps of the rates revealed that this range of low values comes 

entirely from LAs in the Thames Regional Cancer Registry in south east England.  This 
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region includes London, explaining the small loss of registrations through exclusion of 

the 15 London LAs with no arsenic data. Figure 1B shows the distribution of NMSC 

rates across the 255 LAs remaining once Thames region LAs are excluded, resulting in 

a further small reduction to a total 206,454 cases, 94.5% of the cases in the original 

dataset. These data suggest that it is highly likely that data collection policies/practices 

and/or access to data in this registry are significantly different to the others, and that the 

very low NMSC rates observed here are an artefact. To account for this, analyses were 

conducted both with and without data from the Thames registry, with an assumption 

that analyses excluding these data are the most reliable. 

NMSC Geography 

Age/sex standardised NMSC rates, excluding those for Thames region, are mapped in 

Figure 2. The mean LA standardised rate across these 255 LAs for 2006-8 was 125.9 

registrations per 100,000 population per year, ranging from 37.3 to 226.5 per 100,000 

per year (plus one outlier at 313.8 per 100,000). The intra-class correlation for the 

NMSC rate is 0.40, indicating that 40% of the variance in rates is between regional 

registries, and 60% at the local authority level. The map indicates that high rates are 

found in much of the South West, and in the Trent and North West regions. Lower rates 

appear particularly in parts of Eastern and  West Midlands cancer registry regions.  

Environmental risk factors 

A Hausman specification test of the full regression model, comparing random and fixed 

effects specifications, indicated that assumptions for random effects regression were not 

met, and fixed effects models were therefore applied. Results from regression models 

for the dataset excluding the Thames registry are presented in Table 1 and are described 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

11 
 

here. Results for the full dataset are available in supplementary online material, along 

with maps of the three environmental risk factors. The number of LAs in some 

categories of radon and arsenic concentrations were very small, and these categories 

were aggregated to permit comparisons across the range of values. Intra-class 

correlation (ICC) coefficients indicate that for the full model including all data, 82% of 

variance is between regions; excluding the Thames region data reduces this 

substantially to 40% (as above), again supporting the exclusion of Thames data from the 

analysis. 

Table 1 indicates a very strong association between bright sunshine hours and NMSC 

rates, with an increase in daily mean bright sunshine of 1 hour associated with an 

increase in standardised rate of 32.1 registrations per 100,000 per year (95% CI 15.9, 

48.3). This association did not change substantively following adjustment for other 

environmental measures and confounders. The results were also suggestive of an 

association between NMSC and mean household radon, particularly comparing the two 

highest categories at concentrations above 75 Bq/m
3
 to the reference category, although 

this was attenuated following adjustment. Given that the two highest radon categories 

only include 13 and 12 LAs, limiting statistical power, we ran the full model specifying 

mean radon concentration as a linear, continuous predictor. This more parsimonious 

model resulted in an adjusted coefficient of 0.18 registrations per 100,000 per year, per 

1 Bq/m
3
 increase (95% CI 0.04, 0.32), p=0.011. There was no clear association between 

estimated environmental arsenic concentration and NMSC rates, either before or after 

adjustment. A likelihood test for interaction between arsenic and bright sunshine hours 

in the full model gave a p-value of 0.25, indicating no statistical evidence of effect 

modification. To investigate model robustness to specification of the deprivation and 
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outdoor occupation variables, we ran sensitivity analyses of the full model including 

these measures as categorical predictors and continuous score variables. These 

sensitivity analyses resulted in negligible differences to the main radon and sunshine 

effect estimates. 

Discussion 

This analysis demonstrates substantial variation in NMSC rates across England, and that 

geographical variation is unlikely to be primarily explained by differential registration, 

given that only 40% of the variance in rates is at the regional registry level (with 60% at 

local authority level).The finding of unusually low rates in the Thames region is 

consistent with previous analyses of registration data (ONS, 2010; South West Public 

Health Observatory, 2010).  It is also consistent with an earlier study indicating that 

Basal Cell Carcinomas (the most common form of NMSC) were not recorded at this 

registry (Goodwin et al, 2004). 

In this cross-sectional ecological study, geographical variation in bright sunshine hours 

is strongly associated with NMSC registration. Mean household radon is also associated 

with NMSC rates in a manner consistent with previous research in south west England 

(Wheeler et al, 2012), although the strength of statistical evidence is dependent on 

model specification. There is no evidence of an association with environmental arsenic. 

The findings are subject to the limitations of the study design and data available. These 

are aggregate data, and inferring individual risk from population-level associations 

invokes the ecological fallacy (Morgenstern, 1982). As Savitz (2012) suggests, it would 

have been preferable to have individual -level data on disease and covariates, even if 

exposure data are ecological/geographical. 
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A key assumption of the study is that population exposure to the environmental risks 

under consideration is accurately represented by the measures used. Actual individual 

exposure will be depend on a variety of factors, such as behaviour (bright sunshine), 

diet (arsenic), dwelling characteristics (radon) and so on. The study therefore assumes 

that, on average, the environmental measures reflect relative levels of population 

exposure. The degree to which this is the case may well be different for the three 

different exposures. On a related issue, the LA-level environmental variables may 

themselves be subject to error, since they are summary measures derived from finer 

resolution data. In the case of arsenic, grid data were modelled from around 50,000 

stream sediment samples by the atlas authors (Webb et al, 1978); bright sunshine hours 

grid data were similarly modelled from surface measurements by the Met Office (Perry 

& Hollis, 2005), meaning that these source data are subject to assumptions made during 

the spatial modelling processes. We overlaid these grids with LA boundaries and 

calculated area-weighted averages, introducing further potential error, given that 

population exposure within the LA is assumed to be uniform across its area. Radon data 

are simple means of all radon measurements taken within households within each LA 

(Rees et al, 2011). The mean for each LA area is therefore assumed to be representative 

of typical household radon concentrations within that area, again presuming population 

exposure across the area to be uniform. 

Exposure estimates were also determined by the time periods for which data were 

available. Whilst health outcome data were for 2006-8, radon data were averaged from 

household surveys carried out between 1980 and 2009; sunshine data were long-term 

averages for 1961-90; arsenic data were based on surveys carried out before 1978. An 

assumption is therefore made that the geography of these environmental conditions is 
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relatively stable over time, and indicative of population exposures in the period prior to 

diagnosis in 2006-8. As a cross-sectional study, we do not intend to infer any latency 

period here. Since area arsenic and radon levels are primarily geologically determined, 

whilst the data pre-date NMSC data, they will still be good indicators of current 

geographical variation, especially at the relatively coarse spatial scale of local 

authorities. Bright sunshine hours data were specifically constructed by the Met Office 

to indicate long-term averages, and therefore should represent area chronic exposure. 

Whilst this may have changed to some extent recently with climate change effects (e.g. 

on cloud cover), these averages should again still be representative of variation in bright 

sunshine hours at the spatial scale employed here. 

Further, data are cross-sectional, and we infer chronic exposure to environmental 

conditions based on residence at the time of diagnosis. Since the analysis does not 

account for migration, exposure misclassification is likely. For example, an individual 

may have lived most of their life in a low radon area, then moved to a high radon area 

immediately prior to NMSC diagnosis, and vice-versa. There is no reason to expect this 

exposure misclassification to be non-random, in which case the most likely impact on 

results is a dilution of effect sizes (Armstrong, 1998). Whilst we have adjusted for 

measures of area socio-economic status and outdoor occupations, the ecological design 

leads to the potential for insufficient control of confounding (Morgenstern, 2008). In 

particular, it is possible that residual confounding by insufficiently specified UV 

exposure could explain the observed association between radon and NMSC, since we 

only have data on geographical bright sunshine hours variation, and not sun exposure 

behaviour. Residual confounding associated with other exposures is also possible, for 

example due to ambient temperature, which has been suggested to possibly amplify the 
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carcinogenic effects of UV radiation (van der Leun et al, 2008), or the prevalence of 

holidaying abroad in sunny locations (Rosso et al, 1998). If any of these exposures are 

independently associated with, for example, area radon levels, then it is possible that the 

observed effects may in fact be due to unmeasured confounding. 

Finally, a previous study of radon and skin cancer in south west England by the authors 

found an association only with squamous cell carcinoma of the skin, and not with basal 

cell carcinoma. For the present study, data were only available for all NMSC combined, 

potentially diluting the observed effect if it is actually primarily - or only - on squamous 

cell carcinoma risk.  

A significant advantage of the study, in common with many other secondary data 

analyses, is the comprehensive geographical extent of the data and the large population 

considered. Since environmental risk factors often have relatively weak effects, but 

affect large populations, large datasets are valuable in providing appropriate scale and 

sufficient statistical power. Whilst the regression models could not account for 

uncertainty in the standardised rates, confidence intervals and observed case counts 

published alongside the rates indicate that they are subject to relatively small standard 

errors. This could be expected given that they are 3-year aggregate rates of a relatively 

common disease for fairly large populations. All except two of the rates (outside of 

Thames region) are based on more than 200 cases of NMSC. There is substantial 

geographical variation between local authorities for all three environmental variables, 

providing the opportunity to explore differences between very low and very high 

estimated exposures. In contrast to the ecological fallacy mentioned above, study of 

environmental risks at ecological levels has been suggested to negate the ‘atomistic 
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fallacy’, attempting to infer area/group-level effects through micro-scale study of 

individuals (Willis et al, 2003). 

If environmental arsenic and radon are both truly risk factors for NMSC, the difference 

in findings is plausible, given the different routes by which humans are exposed to 

either element. Household radon concentration is likely to be a valid predictor of 

everyday, chronic radon exposure, and this is likely to form the majority of an 

individual’s total exposure. However, as described above, arsenic exposure routes are 

more complex, primarily through drinking water and food, and its presence in the local 

environment in the UK is therefore likely to be only one small component of exposure. 

If the primary route of exposure in the UK is via the food chain (Pritchard, 2007), the 

national/international distribution of the majority of UK food would indicate that local 

environmental concentrations are unlikely to dominate exposure patterns. 

The fact that we observe such a strong relationship between long-term area estimates of 

bright sunshine, indicating exposure to a known risk factor (UV radiation), and cross-

sectional NMSC rates lends credibility to the analysis. However, there are significant 

design and data limitations to the power of the study to infer causal relationships, 

especially regarding the possible association with radon. Therefore, this study by no 

means proves an effect of radon on NMSC risk, but it does add to the body of evidence 

indicating that this relationship may be worthy of further investigation. The most 

appropriate methods may be case-control or cohort study, as suggested by Charles 

(2007b), or other individual-level studies with area exposure estimates (Savitz, 2012).  

 

Acknowledgements 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

17 
 

The European Centre for Environment and Human Health (part of the University of 

Exeter Medical School) is supported by investment from the European Regional 

Development Fund and the European Social Fund Convergence Programme for 

Cornwall and the Isles of Scilly. Digital map boundaries use data provided through 

EDINA UKBORDERS with support of ESRC and JISC and use boundary material 

which is copyright of the Crown. Bright sunshine data adapted from Crown copyright 

data supplied by the Met Office. Analysis and interpretation of the data are solely the 

responsibility of the authors and not the data suppliers. We thank three anonymous 

referees for valuable comments and recommendations on an earlier draft. 

 

  



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

18 
 

References 

Advisory Group on Ionising Radiation (2009) Radon and public health Chilton: Health 

Protection Agency. Report no. RCE-11 

Alonso FT, Garmendia ML, Bogado ME (2010) Increased skin cancer mortality in 

Chile beyond the effect of ageing: Temporal analysis 1990 to 2005. Acta Derm 

Venereol 90(2): 141-6 

Applebaum KM, Karagas MR, Hunter DJ, Catalano PJ, Byler SH, Morris S, Nelson HH 

(2007) Polymorphisms in nucleotide excision repair genes, arsenic exposure, and non-

melanoma skin cancer in New Hampshire. Environ Health Perspect 115(8): 1231-6 

Armstrong BG (1998) Effect of measurement error on epidemiological studies of 

environmental and occupational exposures. Occup Environ Med 55(10): 651-6 

Beane Freeman LE, Dennis LK, Lynch CF, Thorne PS, Just CL (2004) Toenail arsenic 

content and cutaneous melanoma in Iowa. Am J Epidemiol 160(7): 679-87 

Burns FJ, Uddin AN, Wu F, Nadas A, Rossman TG (2004) Arsenic-induced 

enhancement of ultraviolet radiation carcinogenesis in mouse skin: a dose-response 

study. Environ Health Perspect 112(5): 599-603 

Button M, Jenkin GR, Harrington CF, Watts MJ (2009) Human toenails as a biomarker 

of exposure to elevated environmental arsenic. J Environ Monit 11(3): 610-7 

Centeno JA, Mullick FG, Martinez L, Page NP, Gibb H, Longfellow D, Thompson C, 

Ladich ER (2002) Pathology related to chronic arsenic exposure. Environ Health 

Perspect 110 Suppl 5: 883-6 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

19 
 

Chakraborti D, Rahman MM, Das B, Murrill M, Dey S, Chandra Mukherjee S, Dhar 

RK, Biswas BK, Chowdhury UK, Roy S, Sorif S, Selim M, Rahman M, Quamruzzaman 

Q (2010) Status of groundwater arsenic contamination in Bangladesh: a 14-year study 

report. Water Res 44(19): 5789-802 

Charles MW (2007a) Radon exposure of the skin: I. Biological effects. J Radiol Prot 

27(3): 231-52 

Charles MW (2007b) Radon exposure of the skin: II. Estimation of the attributable risk 

for skin cancer incidence. J Radiol Prot 27(3): 253-74 

Curado MP, Edwards B, Shin HR, Storm H, Ferlay J, Heanue M, Boyle P (2007) 

Cancer incidence in five continents, Vol. IX Lyon: IARC.  

Danaee H, Nelson HH, Liber H, Little JB, Kelsey KT (2004) Low dose exposure to 

sodium arsenite synergistically interacts with UV radiation to induce mutations and alter 

DNA repair in human cells. Mutagenesis 19(2): 143-8 

Darby S, Hill D, Doll R (2001) Radon: A likely carcinogen at all exposures. Ann Oncol 

12(10): 1341-1351 

DCLG (2008) The English Indices of Deprivation 2007 London: Communities and 

Local Government.  

de Gruijl FR (1999) Skin cancer and solar UV radiation. Eur J Cancer 35(14): 2003-9 

Diepgen TL, Mahler V (2002) The epidemiology of skin cancer. Br J Dermatol 146: 1-

6 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

20 
 

Doherty VR, Brewster DH, Jensen S, Gorman D (2010) Trends in skin cancer incidence 

by socioeconomic position in Scotland, 1978-2004. Br J Cancer 102(11): 1661-4 

Eatough JP (1997) Alpha-particle dosimetry for the basal layer of the skin and the radon 

progeny 218-Po and 214-Po. Phys Med Biol 42(10): 1899-911 

Eatough JP, Henshaw DL (1991) Radon Dose to the Skin and the Possible Induction of 

Skin Cancers. Radiat Prot Dosimetry 39(1-3): 33-37 

El Ghissassi F, Baan R, Straif K, Grosse Y, Secretan B, Bouvard V, Benbrahim-Tallaa 

L, Guha N, Freeman C, Galichet L, Cogliano V (2009) A review of human 

carcinogens?Part D: radiation. The Lancet Oncology 10(8): 751-752 

Etherington DJ, Pheby DF, Bray FI (1996) An ecological study of cancer incidence and 

radon levels in South West England. Eur J Cancer 32A(7): 1189-97 

Goodwin RG, Holme SA, Roberts DL (2004) Variations in registration of skin cancer in 

the United Kingdom. Clin Exp Dermatol 29(3): 328-330 

Grant WB, Garland CF (2012) Sun exposure may increase risk of prostate cancer in the 

high UV environment of New South Wales, Australia: A case-control study. Int J 

Cancer 131(9): 2204-5 

Guo HR, Yu HS, Hu H, Monson RR (2001) Arsenic in drinking water and skin cancers: 

cell-type specificity (Taiwan, ROC). Cancer Causes Control 12(10): 909-16 

Henshaw DL, Eatough JP (1995) The theoretical risk of non-melanoma skin cancer 

from environmental radon exposure J Radiol Prot 15(1): 45-51 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

21 
 

Hopenhayn-Rich C, Biggs ML, Smith AH (1998) Lung and kidney cancer mortality 

associated with arsenic in drinking water in Cordoba, Argentina. Int J Epidemiol 27(4): 

561-9 

IARC (2004) Some drinking-water disinfectants and contaminants, including arsenic, 

Working Group on the Evaluation of Carcinogenic Risks to Humans (ed). Lyon: 

International Agency for Research on Cancer 

IARC (2012) IARC Monographs on the evaluation of carcinogenic risks to humans: 

Agents classified by the IARC monographs, volumes 1–105. 

http://monographs.iarc.fr/ENG/Classification/index.php. Accessed 9th Nov 2012 

Karagas MR, Stukel TA, Morris JS, Tosteson TD, Weiss JE, Spencer SK, Greenberg 

ER (2001) Skin cancer risk in relation to toenail arsenic concentrations in a US 

population-based case-control study. Am J Epidemiol 153(6): 559-65 

Kavanagh P, Farago ME, Thornton I, Goessler W, Kuehnelt D, Schlagenhaufen C, 

Irgolic KJ (1998) Urinary arsenic species in Devon and Cornwall residents, UK. A pilot 

study. Analyst 123(1): 27-9 

Leiter U, Garbe C (2008) Epidemiology of melanoma and nonmelanoma skin cancer--

the role of sunlight. Adv Exp Med Biol 624: 89-103 

Leonardi G, Vahter M, Clemens F, Goessler W, Gurzau E, Hemminki K, Hough R, 

Koppova K, Kumar R, Rudnai P, Surdu S, Fletcher T (2012) Inorganic arsenic and 

basal cell carcinoma in areas of Hungary, Romania, and Slovakia: a case-control study. 

Environ Health Perspect 120(5): 721-6 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

22 
 

Madan V, Lear JT, Szeimies R-M (2010) Non-melanoma skin cancer. The Lancet 

375(9715): 673-685 

Martinez VD, Vucic EA, Becker-Santos DD, Gil L, Lam WL (2011) Arsenic exposure 

and the induction of human cancers. J Toxicol 2011: 431287 

Melkonian S, Argos M, Pierce BL, Chen Y, Islam T, Ahmed A, Syed EH, Parvez F, 

Graziano J, Rathouz PJ, Ahsan H (2011) A prospective study of the synergistic effects 

of arsenic exposure and smoking, sun exposure, fertilizer use, and pesticide use on risk 

of premalignant skin lesions in Bangladeshi men. Am J Epidemiol 173(2): 183-91 

Met Office (2010) UKCP09: Gridded observation data sets. 

http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/. Accessed 9th 

Nov 2012 

Morgenstern H (1982) Uses of ecologic analysis in epidemiologic research. Am J Public 

Health 72(12): 1336-44 

Morgenstern H (2008) Ecologic studies. In Modern epidemiology, Rothman K, 

Greenland S, Lash T (eds), pp 511-531. Philadelphia, PA: Lippincott Williams & 

Wilkins 

NHSIC (2012) The NHS Information Centre for Health and Social Care: Indicator 

Portal. https://indicators.ic.nhs.uk. Accessed 9th Nov 2012 

ONS (2001) 2001 Census. https://www.nomisweb.co.uk/. Accessed 30th Nov 2012 

ONS (2009) Office for National Statistics 2009 mid-year population estimates. 

https://www.nomisweb.co.uk/. Accessed 9th Nov 2012 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

23 
 

ONS (2010) Cancer Statistics: Registrations Series MB1. 

http://www.ons.gov.uk/ons/rel/vsob1/cancer-statistics-registrations--england--series-

mb1-/index.html. Accessed 9th Nov 2012 

Perry M, Hollis D (2005) The generation of monthly gridded datasets for a range of 

climatic variables over the UK. International Journal of Climatology 25: 1041-1054 

Pershagen G (1981) The carcinogenicity of arsenic. Environ Health Perspect 40: 93-

100 

Pesch B, Ranft U, Jakubis P, Nieuwenhuijsen MJ, Hergemoller A, Unfried K, Jakubis 

M, Miskovic P, Keegan T (2002) Environmental arsenic exposure from a coal-burning 

power plant as a potential risk factor for nonmelanoma skin carcinoma: results from a 

case-control study in the district of Prievidza, Slovakia. Am J Epidemiol 155(9): 798-

809 

Pritchard JD (2007) Inorganic Arsenic - Toxicological Overview. Chilton: Health 

Protection Agency 

Rees DM, Bradley EJ, Green BMR (2011) HPA-CRCE-015 - Radon in Homes in 

England and Wales: 2010 Data Review: Health Protection Agency.  

Rosso S, Zanetti R, Pippione M, Sancho-Garnier H (1998) Parallel risk assessment of 

melanoma and basal cell carcinoma: skin characteristics and sun exposure. Melanoma 

Res 8(6): 573-83 

Savitz DA (2012) Commentary: A niche for ecologic studies in environmental 

epidemiology. Epidemiology 23(1): 53-4 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

24 
 

Smith AH, Goycolea M, Haque R, Biggs ML (1998) Marked increase in bladder and 

lung cancer mortality in a region of Northern Chile due to arsenic in drinking water. Am 

J Epidemiol 147(7): 660-9 

South West Public Health Observatory (2010) Non-Melanoma Skin Cancer: Estimates 

of cases Bristol: SWPHO.  

Tapio S, Grosche B (2006) Arsenic in the aetiology of cancer. Mutation 

Research/Reviews in Mutation Research 612(3): 215-246 

UKACR (2012) UK Association of Cancer Registries. http://www.ukacr.org/. Accessed 

9th Nov 2012 

UNSCEAR (2000) Report of the United Nations Scientific Committee on the Effects of 

Atomic Radiation to the General Assembly New York: United Nations.  

van der Leun JC, Piacentini RD, de Gruijl FR (2008) Climate change and human skin 

cancer. Photochem Photobiol Sci 7(6): 730-733 

Waalkes MP, Liu J, Germolec DR, Trempus CS, Cannon RE, Tokar EJ, Tennant RW, 

Ward JM, Diwan BA (2008) Arsenic exposure in utero exacerbates skin cancer 

response in adulthood with contemporaneous distortion of tumor stem cell dynamics. 

Cancer Res 68(20): 8278-85 

Webb JS, Thornton I, Thompson M, Howarth RJ, Lowenstein PL (1978) The Wolfson 

Geochemical Atlas of England and Wales. Oxford, England: Oxford University Press 

Wheeler BW, Allen J, Depledge MH, Curnow A (2012) Radon and skin cancer in 

southwest England: an ecologic study. Epidemiology 23(1): 44-52 



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

25 
 

WHO (2007) International Radon Project: Survey on radon guidelines, programmes 

and activities. Final Report. Geneva: World Health Organisation 

[http://www.who.int/ionizing_radiation/env/radon/IRP_Survey_on_Radon.pdf].  

Willis A, Krewski D, Jerrett M, Goldberg M, Burnett R (2003) Selection of Ecologic 

Covariates in the American Cancer Society Study. Journal of Toxicology and 

Environmental Health, Part A 66(16-19): 1563-1590 

Yu RC, Hsu KH, Chen CJ, Froines JR (2000) Arsenic methylation capacity and skin 

cancer. Cancer Epidemiol Biomarkers Prev 9(11): 1259-62 

  



Post peer-review, pre-publication version. Published as: Wheeler BW, Kothencz G, Pollard AS (2013) Geography of 
non-melanoma skin cancer and ecological associations with environmental risk factors in England. Br J Cancer. 
109(1): 235-41. http://dx.doi.org/10.1038/bjc.2013.288 
© Cancer Research UK/Nature Publishing Group 2013 

26 
 

Figure Captions 

 

Figure 1. Histograms of the distribution of non-melanoma skin cancer directly 

standardised registration rates (DSR) - registrations per 100,000 population per year, 

2006-8 across A) All 311 study local authority areas (LAs) and B) 255 local authority 

areas excluding those within Thames regional cancer registry. 

 

Figure 2. Non-melanoma skin cancer directly age/sex standardised registration rates, 

registrations per 100,000 population per year, 2006-8, English Local Authorities (LAs). 

Rates for Thames region excluded as described in text. Cancer registry region names are 

labelled. 
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Figure 1. Histograms of the distribution of non-melanoma skin cancer directly 

standardised registration rates (DSR) - registrations per 100,000 population per year, 

2006-8 across A) All 311 study local authority areas (LAs) and B) 255 local authority 

areas excluding those within Thames regional cancer registry. 
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Figure 2. Non-melanoma skin cancer directly age/sex standardised registration rates, 

registrations per 100,000 population per year, 2006-8, English Local Authorities (LAs). 

Rates for Thames region excluded as described in text. Cancer registry region names are 

labelled. 
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Table 1.  Random effects regression results, local authorities excluding those in Thames 

region. β are unstandardised coefficients predicting non-melanoma skin cancer directly 

standardised registration rate per 100,000 population per year.   

Explanatory variable Value 

  
Unadjusted univariate 

models
a
 Fully adjusted model 

n β 95% CI 
p-

value β 95% CI p-value 

Mean stream sediment 
arsenic concentration 
(ppm) 

  0-4 8 18.97 (0.87,37.06) 0.040 10.73 (-5.47,26.93) 0.193 

  5-7 42 0.65 (-8.79,10.09) 0.893 -4.49 (-13.21,4.22) 0.311 

  8-10 68 -9.67 (-17.69,-1.66) 0.018 -8.34 (-15.60,-1.08) 0.024 

  11-14
b
 88 0 

  
0 

    15-19 29 3.83 (-6.66,14.32) 0.473 0.32 (-8.99,9.64) 0.946 

  >=20 20 1.48 (-10.67,13.63) 0.811 -5.85 (-17.90,6.19) 0.339 

Mean household radon 
concentration (Bq/m3) 

0-39
b
 158 0     0 

  40-44 20 4.93 (-7.02,16.88) 0.417 2.08 (-8.56,12.71) 0.701 

45-49 16 6.67 (-6.33,19.67) 0.312 -1.94 (-14.02,10.13) 0.752 

50-59 19 -1.98 (-14.32,10.36) 0.752 3.08 (-8.23,14.39) 0.592 

60-74 17 7.17 (-6.03,20.37) 0.285 1.37 (-11.50,14.23) 0.834 

75-99 13 17.44 (2.93,31.94) 0.018 9.54 (-4.08,23.16) 0.169 

>=100 12 20.81 (5.73,35.89) 0.007 12.47 (-3.90,28.84) 0.135 

Mean daily hours bright 
sunshine 

per hour 255 32.09 (15.82,48.35) <0.001 35.46 (19.08,51.84) <0.001 

Income deprivation 
score 

per quintile 255 
   

-6.31 (-12.30,-0.31) 0.039 

Employment 
deprivation score 

per quintile 255 
   

9.85 (4.04,15.65) 0.001 

Education deprivation 
score 

per quintile 255 
   

-7.99 (-11.99,-4.00) <0.001 

% working in primarily 
outdoor occupations 

per quintile 255       2.37 (-0.19,4.93) 0.069 

       ‘Within’
c
 R

2
 0.31 

 
a. Number of local authority (LA) areas 
b. Ref=Reference categories; due to low number of areas at extremes, 11-15ppm used as 
reference category for Arsenic 
c. R2 for the variance explained ‘within’ regions, i.e. excluding variance between regions 
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ONLINE SUPPLEMENTARY MATERIAL 

Table OS1.  Fixed effects regression results, including local authorities from all 

regions. β are unstandardised coefficients predicting non-melanoma skin cancer directly 

standardised registration rate (registrations per 100,000 population per year). 

Explanatory 
variable Value 

  Unadjusted, univariate models
a
 Fully adjusted model 

n β 95% CI 
p-

value β 95% CI 
p-

value 

Mean stream 
sediment 
arsenic 
concentration 
(ppm) 

  0-4 8 19.69 (3.17,36.20) 0.020 12.82 (-2.23,27.87) 0.095 

  5-7 42 1.36 (-7.14,9.87) 0.753 -3.55 (-11.50,4.39) 0.379 

  8-10 75 -8.02 (-14.81,-1.23) 0.021 -8.05 (-14.30,-1.79) 0.012 

  11-14* 123 ref 
  

ref 
    15-19 38 3.22 (-5.10,11.55) 0.447 1.93 (-5.57,9.42) 0.613 

  >=20 25 3.46 (-6.40,13.32) 0.491 0.22 (-9.28,9.72) 0.964 

Mean 
household 
radon 
concentration 
(Bq/m3) 

0-39
b
 203 ref 

  
ref 

  40-44 24 3.72 (-6.18,13.62) 0.461 0.71 (-8.23,9.64) 0.876 

45-49 18 5.24 (-5.92,16.40) 0.356 -2.62 (-12.98,7.74) 0.619 

50-59 22 -0.76 (-11.15,9.64) 0.886 2.07 (-7.36,11.49) 0.666 

60-74 17 7.00 (-5.04,19.03) 0.253 1.16 (-10.44,12.76) 0.844 

75-99 14 16.80 (4.08,29.51) 0.010 8.82 (-3.00,20.64) 0.143 

>=100 13 19.61 (6.43,32.79) 0.004 8.62 (-5.00,22.25) 0.214 

Mean daily 
hours bright 
sunshine 

per hour 311 27.05 (13.86,40.23) <0.001 27.02 (14.27,39.76) <0.001 

Income 
deprivation 
score 

per 
quintile 

311 
   

-6.48 (-11.26,-1.70) 0.008 

Employment 
deprivation 
score 

per 
quintile 

311 
   

8.31 (3.38,13.23) 0.001 

Education 
deprivation 
score 

per 
quintile 

311 
   

-6.37 (-9.41,-3.33) <0.001 

% working in 
primarily 
outdoor 
occupations 

per 
quintile 

311       1.78 (-0.26,3.82) 0.088 

       ‘Within’
c
 R

2
 0.27 

 
a. Number of local authority (LA) areas 
b. Ref=Reference categories; due to low number of areas at extremes, 11-15ppm used as 
reference category for Arsenic 
c. R2 for the variance explained ‘within’ regions, i.e. excluding variance between regions 
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Figure OS1. Map of mean household radon concentrations for English local authority 

areas, derived from Health Protection Agency data. Source: Rees DM, Bradley, E.J., 

Green, B.M.R.. HPA-CRCE-015 - Radon in Homes in England and Wales: 2010 Data 

Review: Health Protection Agency; 2011. 
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Figure OS2. Map of estimated environmental arsenic concentrations (based on stream 

sediment samples) for English local authority areas. 
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Figure OS3. Map of long-term mean daily bright sunshine hours for English local 

authority areas. 

 

 


