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ABSTRACT
Background There is a public health need to balance
timely generation of hypotheses with cautious causal
inference. For rare cancers this is particularly challenging
because standard epidemiological study designs may not
be able to elucidate causal factors in an early period of
newly emerging risks. Alternative methodologies need to
be considered for generating and shaping hypotheses
prior to definitive investigation.
Objectives To evaluate whether open-access
databases can be used to explore links between
potential risk factors and cancers at an ecological level,
using the case study of brain and nervous system
cancers as an example.
Methods National age-adjusted cancer incidence rates
were obtained from the GLOBOCAN 2008 resource and
combined with data from the United Nations
Development Report and the World Bank list of
development indicators. Data were analysed using
multivariate regression models.
Results Cancer rates, potential confounders and
environmental risk factors were available for 165 of 208
countries. 2008 national incidences of brain and nervous
system cancers were associated with continent, gross
national income in 2008 and Human Development Index
Score. The only exogenous risk factor consistently
associated with higher incidence was the penetration
rate of mobile/cellular telecommunications subscriptions,
although other factors were highlighted. According to
these ecological results the latency period is at least
11–12 years, but probably more than 20 years. Missing
data on cancer incidence and for other potential risk
factors prohibit more detailed investigation of exposure–
response associations and/or explore other hypotheses.
Conclusions Readily available ecological data may be
underused, particularly for the study of risk factors for
rare diseases and those with long latencies. The results
of ecological analyses in general should not be
overinterpreted in causal inference, but equally they
should not be ignored where alternative signals of
aetiology are lacking.

INTRODUCTION
Environmental risk factors for cancers receive sub-
stantial public attention, and there is a public health
need to balance timely generation of hypotheses with
cautious causal inference. Cautious and thorough epi-
demiological studies are required to confirm a causal
link between an exposure and a disease outcome.
Such studies usually take a long time before the

results are shared with the scientific and policy com-
munities; meanwhile, public debates may ensue over
the topic under investigation. In a more proactive
approach, however, hypotheses about risk factors
could be generated from available data that would
enable more informed early debate under a precau-
tionary principle. Moreover, faster generation of
hypotheses based on routine data may better direct
research resources at emerging risk factors.
For most common cancers the main risk factors

are well established. This knowledge is largely
based on classical study designs with sufficient stat-
istical power to make confident causal inferences.
For lung cancer, for example, the most frequently
occurring cancer in the world, it is well established
that the main risk factor is tobacco smoking,
accounting for 75%–90% of the risk, while other
main risk factors include exposure to radon, envir-
onmental tobacco smoke, asbestos and other occu-
pational exposures.1 However, for many cancers,
especially the rarer ones, most of the aetiology is
unknown and for many may involve a complex
interaction of demographic, genetic, socio-
economic and environmental risk factors.
The multi-factorial initiation and development of

cancers complicate strategies to prevent or reduce

What this paper adds

▸ This study shows how existing open-access
online databases can be used to explore
potential risk factors for rare diseases at an
ecological level, and enables timely generation
of hypotheses where standard epidemiological
study designs may not be able to elucidate risk
factors in an early period of emerging risks.

▸ We show a clear association between national
penetration of cellular telecommunications
subscriptions and higher incidence of brain and
nervous system cancers, with a latency
between exposure and clinical onset of at least
11–12 years, but probably more than 20 years.

▸ This methodology might be used more widely
to test the generalisation of existing hypotheses
and to generate new ones, especially for rare
diseases, where definitive epidemiological
studies are infeasible for addressing public
health concerns in a timely manner.
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the number of new cases. Epidemiological studies are generally
designed to investigate one, or few hypotheses, rather than
being of a wide exploratory or hypotheses generating nature.
More hypothesis generating strategies are however emerging
with the generation of large dataset from high-throughput
omics and open linked data sources. Therefore, it is of interest
to explore alternative methodologies for generating and shaping
hypotheses prior to definitive investigation.

Here we consider the hypothesis generating potential2 of an
ecological combination of: (1) open data on incidence and mor-
tality from cancers at national level for all countries of the
world, which are available from the International Agency for
Research on Cancer’s (IARC) GLOBOCAN 2008 project3 and
(2) open information on putative risk factors and related con-
founding factors collected at a national level, available from the
World Bank list of development indicators4 and from the United
Nations Development Report.5 The approach may be especially
useful in studies of rare cancers where it is difficult to obtain
studies of sufficient size to study environmental and occupa-
tional risk factors. So, we evaluate this open ecological approach
for the specific case study of environmental risk factors for
malignant brain tumours.

Malignant brain tumours are considered a rare cancer in that
they account for only 1%–2% of all cancers in adults.6

Furthermore, the incidence has been increasing worldwide over
the past 3 decades, especially in industrialised societies.7–10

Ageing populations9 and better diagnostic methods11 12 have
been related to the rising incidence. Exogenous risk factors,
however, have been underinvestigated. The only established
environmental risk factor for gliomas is ionising radiation
exposure to the head and neck, while in contrast allergies are
consistently inversely associated with glioma risk.13 However, a
large number of environmental risk factors have been proposed
that may contribute to increasing brain cancer incidence.6 These
include exposure to pesticides,14 15 metals,16 polycyclic aro-
matic hydrocarbons,17 18 solvents,19 glues20 and electromagnetic
fields21—with radiofrequency exposure from mobile phones
gaining most public attention.22 Although these exogenous
factors are potentially amendable to interventions, the studies
linking them to brain cancers have been inconsistent in terms of
causality.16

This absence of evidence provides an important context for
the present study to evaluate the epidemiological worth of open
data sources exploring potential risk factors at an ecological
level to generate or shape hypotheses about possible causal
mechanisms.

MATERIALS AND METHODS
Brain cancer incidence data
Data on incidence rates of cancers of the brain and nervous system
for all countries of the world were obtained from the open, online
GLOBOCAN 2008 resource.3 Within the GLOBOCAN project,
cancer statistics (including numbers of cases, incidence and
mortality rates, and cumulative risk) are available at national and
further aggregated levels. From here we extracted the age standar-
dised, or age-world-standardised incidence rate (ASR(w)) per
100 000 population, based on weighted averages of the age-
specific rates from the ‘world standard population’,23 for cancers
of the brain and nervous system in the year 2008.

The types of malignant neoplasms of the brain (C71) were
coded using the International Statistical Classification of Diseases
and Related Health Problems, 10th revision (ICD-10), and
included neoplasms of the cerebrum (except lobes and ventricles)
(C71.0), frontal lobe (C71.1), temporal lobe (C71.2), parietal lobe

(C71.3), occipital lobe (C71.4), cerebral ventricle (excluding the
fourth ventricle) (C71.5), cerebellum (C71.6), brain stem (C71.7),
and neoplasms in overlapping lesions of the brain (C71.8) or
unspecified (C71.9). Within the GLOBOCAN project, these are
grouped together with malignant neoplasms of the meninges
(C70), including neoplasms of the cerebral meninges (C70.0),
spinal meninges (C70.1) and unspecified meninges (C70.9), and
with malignant neoplasms of the nervous system (C72), which
include neoplasms of the spinal cord (C72.0), cauda equine
(C72.1), olfactory nerve (C72.2), optic nerve (C72.3), acoustic
nerve (C72.4), other and unspecified cranial nerves (C72.5), and
also overlapping lesions of brain and other parts of the central
nervous system (C72.8) and unspecified central nervous system
malignant neoplasms (C72.9).

Potential risk factor and confounder data
Data on potential risk factors or confounding factors were col-
lected from two open resources: the World Bank list of develop-
ment indicators4 and the United Nations Development Report
for Human Development Index (HDI)5 statistics. Potential con-
founders were defined as available indicators that may (to some
extent) account for differences in quality of cancer registration
resulting in differences in incidence rates that are not due to dif-
ferences between populations or risk factors between countries, or
proxies thereof. From the list of development indicators, indicators
that were included as potential confounders described population
demographics, development and quality of healthcare (listed
in table 1). Development indicators describing aspects of urbanisa-
tion, energy usage, distribution of occupational sectors or
environmental/pollution factors were identified as potential envir-
onmental risk factors (listed in table 2). Data on each indicator
were obtained for the year 2008. To investigate the latency
between when biologically relevant exposure to one of the identi-
fied risk factors occurred and when the brain cancer was detected
we also extracted risk factor data for the year 1998, and where
possible additionally for the year 1995 (older data were not avail-
able on most risk factors).

Data treatment and statistical analyses
We linked the datasets by country. Of 208 countries, 23 had no
data on risk factors, 10 did not have corresponding ASR(w)s
and for 10 the ASR(w) was specified as an impossible ‘0’. These
were removed prior to the analyses, resulting in a final sample
of 165 countries. Similarly, indicators (risk or confounding
factors) for which data were not available for more than 25% of
countries were also deleted (completeness of total death report-
ing (percentage of reported total deaths to estimates total
deaths) (missing=79), malnutrition prevalence-weight for age
(percentage of children under 5) (missing=149), poverty head-
count ratio at national poverty line (percentage of the popula-
tion) (missing=125), physicians (per 1000) (missing=105), and
public spending on education, total (percentage of government
expenditure) (missing=104)).

Data were analysed using linear least-squares regression mod-
elling in which the dependent variable ASR(w) being a rate, was
loge-transformed to resemble a Gaussian distribution prior to
statistical modelling. A level of p<0.05 was taken as evidence of
statistical significant influence of an indicator on ASR(w), while
p<0.10 was treated as ‘borderline significance’.

Prior to adding risk factors in the analysis, a ‘confounder
model’ was developed. All potential confounders were analysed
separately in a univariate linear regression model and parameter
estimates, statistical significance and explained variance (R2)
were registered. Subsequently, potential confounders with
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p values below 0.20 were added to a multiple regression con-
founder model using a forward selection method. Variables
were subsequently kept in the model based on statistical signifi-
cance (p<0.05) and decreased Bayesian Information Criterion.
Multicollinearity was evaluated using Variance Inflation Factors
(VIF), using a VIF above 10 as a rule of thumb for evidence of
significant multicollinearity (realising that this cut-off should be
interpreted with caution, so all situations were evaluated indi-
vidually24) in which case the variable with lowest Bayesian
Information Criterion was kept in the model. Model-fit was
further evaluated by assessing distributions and trends of the
residuals, half-normal probability plots and evaluation of influ-
ential observations using Cook’s distance.

The ‘risk factor’ model was subsequently generated by adding
independent risk factors to the final confounder model, using a
similar model-building approach and evaluation criteria as
described for the confounder model.

Additional exploratory and sensitivity analyses using the final
model were done by stratification by continent, and by evalu-
ation of different latencies (0–28 years). After obtaining the final
multivariate regression model, the data were explored for non-
linearity in covariate response by sequentially replacing each
covariate by a quadratic cubic spline function using 1–3 knots
using the lmer function in R.

RESULTS
Univariate analyses of all confounder and risk factor variables
for the indicative years 1998 and 2008 indicate that many are,

at face value, correlated to 2008 age-world standardised brain
cancer incidence. These results are summarised in tables 1 and 2
for potential confounders and risk factors, respectively. For the
majority, but not all, of the potential risk factors for which data
were available from 1998, data were also available from 1995,
and the results of these univariate analyses are provided in
online supplementary table S1. Development of the multiple
regression confounder model indicated many potential con-
founding factors were highly correlated with one another, but
following the model-building strategy described above resulted
in a confounder model that best described these data and
included continent, 2008 gross national income and the HDI
score as covariates (see online supplementary table S2). This
confounder model explained about 67% of the variation
between countries with the highest VIF of 5.22 for HDI, which
indicated low to moderate multicollinearity only.

The univariate results for risk factors where data were avail-
able from 1995 and 1998 were largely similar, so to allow for
another 3 years of latency the 1995 data of potential risk factors
were subsequently added to the confounder model (table 3).
These results indicate that (p<0.10) the national incidence of
brain cancer is correlated to the proportion of people in large
(>1 million people) urban agglomerations, but also to the per-
centage of the working population working in agriculture, elec-
tric power consumption, mobile cellular subscriptions (per 100
people), internet connections per 100 people, and the percent-
age of combustible renewables and waste (ie, solid biomass,
liquid biomass, biogas, industrial waste and municipal waste) in

Table 1 Univariate results potential confounding factors

Confounding factors Corresponding World Bank indicator 1998 (p Value)* 2008 (p Value)*
Countries
1998

Countries
2008

Quality of cancer
registration

Completeness of total mortality reporting (% of reported total
deaths
to estimates total deaths)

0.03 (<0.01) 80

Continent p<0.01† 165
World (1st, 2nd, 3rd, other) p<0.01† 165
Human Development Index 4.34 (p<0.01) NA 154
Gender distribution Population female (% total) 0.04 (0.30) 0.04 (0.20) 165 165
Age distribution Population (0–14) −0.07 (<0.01) −0.07 (<0.01) 165 165
(% total) Population (15–64) 0.11 (<0.01) 0.10 (<0.01) 165 165

Population (>64) 0.14 (<0.01) 0.13 (<0.01) 165 165
General population health Life expectancy at birth 0.08 (<0.01) 0.08 (<0.01) 162 165

Mortality rate, under 5 (per 1000) −0.01 (<0.01) ‡ −0.01 (<0.01) 163 163
Survival to age 65 (% cohort) (f ) § 0.05 (<0.01) 0.05 (<0.01) 165 165
Survival to age 65 (% cohort) (m)§ 0.04 (<0.01) 0.04 (<0.01) 165 165
Malnutrition prevalence, weight for age (% children under 5) −0.03 (0.01)¶ −0.09 (0.13)¶ 49 5
Birth rate, crude (per 1000 people) −0.07 (<0.01) −0.07 (<0.01) 164 165
Mortality rate (per 1000) (f ) −0.01 (<0.01) −0.01 (<0.01) 165 141
Mortality rate (per 1000) (m) −0.01 (<0.01) −0.01 (<0.01) 165 141

Population wealth Gross national income per capita (PPP ($)) 0.00 (<0.01) 0.00 (<0.01) 151 156
Poverty headcount ratio at national poverty line (% population) NA −0.02 (<0.01) NA 30

Money spent on healthcare Health expenditure per capita, PPP (constant 2005 international $) 0.00 (<0.01) 0.00 (<0.01) 161 160
Health expenditure, public (% of government expenditure) 0.08 (<0.01) 0.04 (0.05) 160 161
Physicians (per 1000) 0.36 (<0.01) 0.62 (<0.01) 76 51

Education Public spending on education, total (% of government
expenditure)

−0.02 (0.40)** −0.06 (0.02) 80 53

*Dependent variable is log(e) transformed age-adjusted incidence rates per 100 000 population (ASR(w)).
†p Value based on ANOVA.
‡Year 2000 instead of 1998.
§Female (f) or male (m).
¶Years 2000 and 2009 instead of 1998 and 2008.
**Year 1999 instead of 1998.
ASR(w), Age-world-standardised incidence rate; NA, not available.
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1995 but not 2008. Conversely, ASR(w) was further associated
with the number of motor vehicles per 1000 people in 2008
but not in 1995. Note, however, that all associations were evalu-
ated with varying numbers of countries where these data were
collected. Further multiple regression modelling using the steps
outlined above uncovered just one risk factor that was consist-
ently correlated with increased incidence of cancers of the brain
and central nervous system in 2008: the number of mobile
phone subscriptions per 100 people (table 4), which indicated
about a 4% increase in brain cancer incidence in 2008 for each
additional per cent of mobile phone subscriptions in 1995
(β∼0.04 (SE∼0.02), p∼0.04). Again, only low to moderate col-
linearity (VIF≤6) between covariates was present. Additional
stratification (table 5) by continent indicates that these trends
can primarily be observed in European countries (although only
Africa, Asia and Europe had data from enough countries).
Crude associations between the one remaining significant risk
factor, mobile phone subscriptions per 100 people, and ASR(w)
are shown graphically in figure 1A,B.

Additional exploration of the latency period (figure 1D, and
see online supplementary table S3), including the number of
mobile subscribers per 100 people for each year between 1980
and 2008 (where possible) and brain cancer incidence in 2008,
shows that statistical significant correlations could be observed
until 1996. This was similar when all countries were used to
analyse the effects of latency or only those 17 countries that had
data on mobile phone subscriptions for 1995 (see online supple-
mentary material).

Graphical assessment of the residuals (figure 1C) indicates a
relatively good model fit of the final model, although some out-
liers are present. Sensitivity analyses using quadratic cubic splines

to evaluate non-linearity in the confounder/exposure–response
associations did not indicate improved fit of the models, based on
Akaike Information Criterion values, or changes in the associ-
ation between mobile phone penetration rate and brain cancer
incidence. However, this could primarily be attributed to the
relatively limited number of data points (data not shown).

DISCUSSION
In this study, we explored the epidemiological value of combin-
ing open data sources on cancer incidence from the
GLOBOCAN project, development indicators from the World
Bank list and United Nations to explore potential environmental
risk factors of malignant neoplasms of the brain and central
nervous system at an ecological level. This approach widened
the generalisation of an existing hypothesis and highlighted new
hypotheses for attention, and as such, this general approach
may be applicable more widely, particularly to other rare
diseases.

In our case study, cancers of the brain and nervous system
represent a rare outcome, and relating it to mobile phone use at
individual level is impractical due to: (1) the large numbers
required to achieve sufficient statistical power; (2) problems
with the accurate assessment of exposure;25 and (3) difficulty in
identifying controls given the advancing ubiquity of mobile
phones. This work confirms that mobile phone use may be a
risk factor, thereby confirming previous ecological findings from
the USA.26 Although our analyses indicate a relatively small risk,
explaining only about 1% of the variation in incidence rates
between countries, it is supported by data from individual-level
studies.27 A causal association, however, has not been confirmed
by other studies28–30 and remains controversial.31–34 Overall,

Table 2 Univariate results potential environmental risk factors

Risk factors Corresponding World Bank indicator 1998 (p value)* 2008 (p value)* Countries 1998 Countries 2008

Urbanisation (% population) Urban population 0.02 (<0.01) 0.02 (<0.01) 165 165
Population in urban agglomerations of more than
1 million

0.01 (0.09) 0.01 (0.20) 106 106

Rural population −0.02 (<0.01) −0.02 (<0.01) 165 165
Energy usage Energy use (kg of oil equivalent per capita) 0.00 (<0.01) 0.00 (<0.01) 129 129
Electrical usage Electric power consumption (kWh per capita) 0.00 (<0.01) 0.00 (<0.01) 128 128
Cell phone use Mobile cellular subscriptions (per 100 people) 0.04 (<0.01) 0.01 (<0.01) 162 163
Internet/broadband Fixed broadband internet subscribers (per 100 people) 0.02 (0.99) 0.06 (<0.01) 52 161

Internet users (per 100 people) 0.06 (<0.01) 0.03 (<0.01) 155 163
Employment (% total
employment)

Agriculture −0.01 (<0.01) −0.02 (0.04) 84 26
Industry 0.03 (<0.01) −0.00 (0.95) 84 26
Services 0.01 (0.07) 0.01 (0.05) 84 26

Environment/pollution
Pesticides Fertilizer consumption (kg per hectare of arable land) NA 0.00 (0.03) NA 139
Waste Combustible renewable and waste (% of total energy) 0.00 (0.69) −0.00 (0.57) 129 129
Organic water pollutant Organic water pollutant (BOD) emissions (kg/day) −5.29 (0.01) NA 66 NA
Other greenhouse gas
emissions

PFC/HFC/SF6 gas emissions (thousand metric tons of CO2

equivalent)
0.00 (0.21)† 0.00 (0.22)† 129 129

PM10, country level (ug/m3) −0.01 (<0.01) −0.01 (0.01) 159 156
Traffic Road sector gasoline Fuel consumption per capita (kt of

oil equivalent)
0.00 (0.30) 0.00 (0.32) 128 129

Road sector diesel fuel consumption per capita (kt of oil
equivalent)

0.00 (0.15) 0.00 (0.08) 128 129

Motor vehicles (per 1000) NA 0.00 (<0.01) NA 77
Smoking (% adults) Smoking prevalence (f) 0.05 (<0.01)‡ NA 124

Smoking prevalence (m) 0.03 (<0.01)‡ NA 127

*Dependent variable is log(e) transformed age-adjusted incidence rates per 100 000 population (ASR(w)).
†Years 2000 and 2005 instead of 1998 and 2008.
‡Year 2006 instead of 2008.
ASR(w), Age-world-standardised incidence rate; NA, not available; BOD, biochemical oxygen demand; PPP, purchasing power parity; ANOVA, analysis of variance; PFC, perfluorocarbons.
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however, the conclusion of the International Agency for
Research on Cancer Monograph working group indicated that
limited evidence for an association existed.22 Our analyses
further suggest that the latency between relevant exposure
(mobile phone use) and clinical manifestation of the disease
(brain and nervous system malignancies) is (at population level)
at the very least 11–12 years but should ideally be more than
20 years, which is not reflected in most study designs.

Mobile phone use may be a proxy for another risk factor that
correlates with mobile phone use but was not included in the
available databases, or was available but was of inferior quality.
Given that correlations were also noted in intermediate analyses
for national electricity consumption, internet usage and popula-
tion in urban agglomerations of more than 1 million we
hypothesise that if this is the case, this is most likely to be some,

yet unknown, factor related to urbanisation and development.
However, given that mobile phone use both remained a signifi-
cant factor independent of the inclusion of other potential risk
factors in multivariate modelling and is also in broad agreement
with some analytical studies to us indicates this may well be the
most important exposure for further study; in agreement with
conclusions reached by others.

Our approach further highlighted several other potential risk
factors that may be associated with increased risk of brain cancer,
namely: populations in urban agglomerations of more than 1
million; percentage of the working population employed in agri-
culture; percentage of the working population employed in
industry; national electricity consumption; internet usage; and
combustible renewables and waste. A correlation between urban-
isation/population density and increased brain cancer risk has
been reported before35 36 but is inconsistent with other data37 38

Table 3 Risk factors added to confounder model

Environmental risk factor Year p Value BIC dF VIF

Urban population (% total)* 2008 0.29 332.74 138 2.74
1995 0.43 333.25 138 3.14

Population in urban agglomerations
of more than 1 million (% of total
population)

2008 0.01 210.36 86 2.39
1995 0.01 181.72 87 2.50

Employment in agriculture (% of
total employment)

2008 0.17 33.87 20 4.34
1995 0.03 124.53 69 3.47

Employment in industry (% of total
employment)

2008 0.90 36.42 20 2.14
1995 0.06 125.71 69 1.71

Employment in services (% of total
employment)

2008 0.36 35.30 20 3.73
1995 0.26 128.34 69 4.17

Energy use (kg of oil equivalent per
capita)

2008 0.98 251.25 108 2.31
1995 0.86 251.21 108 4.33

Electric power consumption 2008 0.23 249.62 108 2.00
1995 0.03 281.27 117 3.76

Mobile cellular subscriptions (per
100 people)

2008 0.28 323.86 136 3.91
1995 0.04 322.89 135 2.67

Internet connections per 100 people 2008 0.32 327.43 136 7.41
1995 0.04 216.57 97 1.75

Fertilizer consumption (kg per hectare
of arable land)

2008 0.61 287.84 116 1.48
1995 NA

Combustible renewables and waste
(% of total energy)

2008 0.32 250.15 108 1.10
1995 0.06 247.34 108 3.98

Organic water pollutant (BOD)
emissions (kg/day)

2008 NA

1995 0.15 93.60 36 1.19
Greenhouse gases (PFC /HFC/SF6 gas
emissions (thousand metric tons of
CO2 equivalent))

2000 0.90 251.23 108 1.43
1995 0.76 251.16 108 1.39

Road sector gasoline fuel
consumption per capita (kt of oil
equivalent)

2008 0.91 251.23 108 1.62
1995 0.19 249.34 108 5.59

Road sector diesel fuel consumption
per capita (kt of oil equivalent)

2008 0.83 251.20 108 1.41
1995 0.62 250.97 108 2.72

Motor vehicles (per 1000) 2008 0.07 135.89 64 6.05
1995 NA

PM10, country level (μg/m
3) 2008 0.52 323.26 132 1.33

1995 0.42 325.31 134 1.51
Smoking prevalence (% adults)
(female)

2006 0.66 257.97 103 3.95

1995 NA
Smoking prevalence (% adults)
(male)

2006 0.42 259.19 105 2.42

1995 NA

*Note that urban population (% total) and rural population (% total) add up to
100%, so rural variable not added.
BIC, Bayesian Information Criterion; NA, not available; VIF, Variance Inflation Factors.

Table 4 Final multivariate results

R2adj ∼0.68 BIC ∼322.89 dF=135

ANOVA dF SS F value Pr>F R2

GNI.08 1 51.508 134.193 <0.01 0.04
Continent 7 55.012 20.475 <0.01 0.09
HDI 1 13.505 35.183 <0.01 0.09

cellphone.95
1 1.606 4.185 0.043 0.01

Residuals 135 51.817

Variable β SE p Value VIF

Intercept −1.81 0.28 <0.01
GNI.08 −0.00 0.00 <0.01 6.02
Continent Asia 0.70 0.18 <0.01 2.26

Central
Americas

0.75 0.27 0.01 1.47

Caribbean 0.46 0.30 0.12 1.33
Europe 1.29 0.23 <0.01 3.86
North America 0.91 0.44 0.04 1.49
Oceania −0.18 0.34 0.60 1.18
South America 0.48 0.25 0.06 1.80
Africa – – –

HDI 3.92 0.64 <0.01 5.29

cellphone.95
0.04 0.02 0.04 2.67

BIC, Bayesian Information Criterion; cellphone.95, mobile cellular subscriptions (per
100 people) in 1995; GNI, gross national income; GNI.08, gross national income per
capita (2008); HDI, Human Development Index; VIF, Variance Inflation Factors.

Table 5 Stratification by continent (cell phone use in 1995)

Continent β* SE p Value dF R†adj

Africa 0.20 0.97 0.84 18 0.40
Asia 0.00 0.04 0.98 23 0.31

Europe 0.039 0.010 <0.001 30 0.40
Central America NA2

Caribbean NA
South America NA
North America NA
Oceania NA

*Adjusted for gross national income per capita (2008) and Human Development
Index.
†Not enough (<10) countries with available data.
NA, notavailable.
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and is likely rather a surrogate for another risk factor.39 Industry,
and more specifically metal,19 electrical/electronics40 and
textile,41 has been reported previously. Agriculture has also previ-
ously been reported as a risk factor for brain cancer.42 National
electricity consumption and internet usage (broadband and wire-
less) could be interpreted as indicators of electromagnetic field
exposure, although primarily to 50/60 Hz extremely low-
frequency.43 Although speculation, associations with combustible
renewables and waste may be associated with biological agents
similar to exposures encountered in agriculture.

However, after adjustment for confounding factors these add-
itional potential risk factors that were identified could not be
investigated further because of issues of multicollinearity or
because not enough data from different countries were available.
Lack of data on many risk factors, especially for earlier years, is
one of the main limitations of this approach and prohibits more
detailed exploration of many risk factors or inclusion of additional
confounding factors. This limitation is a general issue for eco-
logical studies using similar data sources. In addition, we highlight
the need for consistent collection and collation of such routine
data across nations. In the later years of this study, as linkable data
became more available, the potential for ecological study increased
considerably.

Because of the lack of data from many countries, it was not
possible to evaluate non-linearity of the exposure–response asso-
ciations. This may have contributed to some outliers in the
model fit and an underlying heteroscedasticity. If the current
trends toward fuller datasets continue then future evaluations of
non-linearity and better model fitting may be possible. At
present we recommend that linearity is assumed when using
such databases to identify potential risk factors, and that prop-
erly powered studies with individual-level data be carried out to
evaluate non-linearity of exposure–response associations.

Another limitation of the approach described here is the dif-
ference in the quality of cancer registration between different
countries. For example, incidence data may cover entire national
populations but may also, especially in developing countries,
cover subnational areas or major cities.44 It has been reported
that in 2006 only about 21% of the world population was actu-
ally covered by population-based cancer registries,45 and only
about 8% of the world population by ‘good quality’ registries
(matching CI5 criteria). Sparse registration is most pronounced
in Asia (8% of the total population) and Africa (11%),45 which
may in these analyses have resulted in differential impact of
residual confounding. Brain cancers (more specifically the inci-
dence of glioma) have indeed been reported to be strongly
related to social and economic factors.46 We aimed to adjust for
such differences by adjusting the models for ‘Continent’, ‘Gross
National Income in 2008’ and ‘Human Development Index
values’, which yielded the best available confounder model
explaining about 67% of variation in incidence between coun-
tries. However, there may still have been significant residual
confounding present. Although we cannot rule this out, we are
reassured by the fact that the trend was most notable within
Europe where differences in quality of cancer registration are
expected to be minimal compared with between-continent
differences.

We used weighted age-standardised incidence rates provided
by the GLOBOCAN project, and originally based on the meth-
odology outlined by Doll et al.23 As such, we are comparing
brain cancer incidence rates as if they were from countries with
similar age distributions. Although these require additional
assumptions on the age distribution of each country, these have
been argued to be most useful for comparing incidence rates
over time or between countries since they remove the effects of
historical events such as wars and famine.47 Alternatively, crude

Figure 1 Age-world-standardised
incidence rate (ASR(w)) and mobile
cellular subscripts (A and B), residuals
versus predicted values of the
confounder model (C), and risk factors
(95% CI) of change in national
incidence of cancer of the brain or
nervous system in 2008 related to one
additional mobile cellular subscription
per 100 people in year x (D).
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incidence rates were also provided within GLOBOCAN. The
differences are relatively small, but nonetheless may have influ-
enced the results.

Ecological studies compared with individual analytic studies
are suspect of unavoidable bias.48 Most notably, ‘ecological
fallacy’ (aggregation bias) indicates that average exposure to a
group of people does not, generally, determine their average
risk.49 It has been argued however that in some situations eco-
logical associations can be closer to the true effect than
individual-level associations because the latter are themselves
also subject to many biases,50 which may be important in this
particular case where mobile phone use was investigated as a
risk factor.51 52 As such, it is important to re-emphasise that
ecological studies should not be used to infer causality in a
policy context, but the results can, and arguably should, guide
further research.

CONCLUSIONS
In conclusion, readily available data may be underused for eco-
logical studies, particularly for exploring risk factors for rare
diseases and those with long latency times. These data can,
through linkage of different sources, be exploited systematically
to explore potential risk factors and to further the exploration
of established risk factors for (rare) diseases. We have demon-
strated this for cancers of the brain and central nervous system
and mobile phone use. In general, the results of ecological
studies should not be overinterpreted in causal inference, but
equally they should not be ignored where alternative signals of
aetiology are lacking.
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