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Background: The field of medical geology addresses the relationships between exposure to specific geological
characteristics and the development of a range of health problems: for example, long-term exposure to arsenic
in drinking water can result in the development of skin conditions and cancers. While these relationships are
well characterised for some examples, in others there is a lack of understanding of the specific geological compo-
nent(s) triggering disease onset, necessitating further research.
Objectives: This paper aims to highlight several important complexities in geological exposures and the develop-
ment of related diseases that can create difficulties in the linkage of exposure and health outcome data. Several
suggested approaches to deal with these complexities are also suggested.
Discussion: Long-term exposure and lengthy latent periods are common characteristics of many diseases related
to geological hazards. In combination with long- or short-distance migrations over an individual's life, daily or
weekly movement patterns and small-scale spatial heterogeneity in geological characteristics, it becomes prob-
lematic to appropriately assign exposuremeasurements to individuals. The inclusion of supplementarymethods,
such as questionnaires, movement diaries or Global Positioning System (GPS) trackers can support medical ge-
ology studies by providing evidence for the most appropriate exposure measurement locations.
Conclusions: The complex and lengthy exposure–response pathways involved, small-distance spatial heteroge-
neity in environmental components and a range of other issues mean that interdisciplinary approaches to med-
ical geology studies are necessary to provide robust evidence.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The geological characteristics of the earth's surface can directly influ-
ence human health via the ingestion, inhalation or absorption of specific
elements or compounds derived from naturally occurring materials
(e.g. Davies et al., 2004; Skinner, 2007). The degree to whichwe under-
stand the relationship between exposure and health outcomes, how-
ever, varies significantly between different geological hazards within
the environment. For example, the relationship between exposure to
water and food supplies contaminated with arsenic, and the develop-
ment of skin conditions and a variety of cancers is well known
(Bhattacharya et al., 2012; Naujokas et al., 2013). However, while the
association between specific soil types and the development of
podoconiosis (non-infectious elephantiasis) has been established, the
specific components within the soil that may trigger the onset of
podoconiosis have not yet been identified (Molla et al., 2014). When
considering the discrepancies in our understanding of geological

hazards, there are a number of important issues that must be addressed
to enable us to explore the relationship between the environment and
human health, most notably the compatibility between data collected
to determine the potential hazard within the environment and that
gathered to estimate disease occurrence.

Using statistical methods to link epidemiological data with geologi-
cal characterisations can provide improved understanding of the etiolo-
gies of environmental diseases, but this linkage is not a straightforward
one. Using a range of examples frommedical geology, this paper aims to
highlight several important complexities that need to be taken into
account in research examining the relationships between geological
hazards and health outcomes. A range of methodological approaches
are discussed and evaluated which may allow these complexities to be
addressed in future research.

2. Discussion

2.1. Characterising heterogeneity of geological variables

The aim of a geological survey is to map variability across a certain
domain (sample area), providing a distribution of a variable or variables
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(i.e., concentration of metals in soil) in space and time. Essentially, a ro-
bust sample plan for the surveywill reflect the purpose of the investiga-
tion, for example whether the map is to make local predictions across
the domain, detect the presence/absence of certain components within
the domain, or monitor whether the situation has changed over time
(and space). When considering the vast number of exposure scenarios
possible in the environment, within different environmental domains
(e.g., air, soil/food and water) and via assorted routes (ingestion, absorp-
tion and inhalation), a broader perspective may need to be employed to
identify the characteristics of the study area.

The traditional approach to map soil within a domain is to conduct a
survey and collect soil samples for analysis, either in the field or in the lab-
oratory, but sampling strategies are often defined by practical limitations
such as funding constraints or logistical impracticalities. Geostatistical
modelling methods (with or without the use of covariates), such as
Kriging (a method for spatial interpolation), can be applied to investigate
spatial variation in observations across the domain of interest, and impor-
tantly, to make use of this variation (spatial autocorrelation) to provide
accurate spatial predictions at un-sampled locations. The distribution of
soils will be determined by various environmental (e.g., parent rock
type, climate, hydrology etc.) and anthropogenic (e.g., farming activities,
pollution sources etc.) factors occurring at different spatial and temporal
scales. In terms of spatial variation, targeted sampling is often compulsory
due to the high cost of sample collection and analysis. If soil in the sam-
pling area is highly variable (heterogeneous), the time needed to sample
and costs of analyseswill be high in order to obtain a sufficient spatial res-
olution to capture the variability (Vitharana et al., 2005).

When considering the contribution of certain environmental com-
ponents within a health-related investigation, it is also crucial to incor-
porate temporal variation within the domain in order to more
accurately estimate the exposure. In studies monitoring air pollution,
for example particulate matter within a certain size range (e.g., PM2.5

or PM10), data for the particulate burden may be collected at point
sources in the study area. This data can then be interpolated using
other acquired variables (meteorological conditions, urban architecture,
and information on the sources of particulate, for example motor vehi-
cle movement) that will impact the density and distribution of the par-
ticulate matter over time and space. This information can be used to
create maps, defining the variability of the hazard over the sample
area. When used in conjunction with public health policy and exposure
limits these outputs can be effective in identifying ‘at risk’ areas where
the hazard is greatest.

2.2. Characterising heterogeneity of health outcomes

Epidemiological data can be either primary data (generated for the
specific research purpose for which they are being used) or secondary
data (generated for a purpose different from that for which they are
being used, e.g. routine surveillance systems, or previous epidemiologi-
cal studies) (Olsen, 2008;Woodward, 2013). The underlyingpopulation
distribution and, therefore, the distribution of health outcomes are both
inherently spatially heterogeneous, as are potential geological hazards.
When considering the health impacts of geological exposures, it is clear-
ly important to consider this spatial heterogeneity; thus, epidemiologi-
cal data should have spatial attributes (Pfeiffer et al., 2008; Rothman
et al., 2008).

Routine surveillance data will often include information on the ad-
ministrative area in which individuals reside, allowing the aggregation
of cases to specific administrative areas and the presentation of maps
of case counts, or in combinationwith population data (e.g. from census
data), prevalence or incidence (Beale et al., 2008; Lawson, 2006). The
use of cross-sectional or cohort studies, in which health outcomes
are assessed in individuals (rather than aggregates of individuals),
gives greater opportunity to attach precise geographical locations, as
geographical coordinates can be recorded for individuals' homes or

alternative locations (Pfeiffer et al., 2008) and hence constrain exposure
over time.

2.3. Linking geological hazards and health outcomes

The detection of unexpected health outcomes (often signified by un-
usually high incidence) in a population, suspected to be caused by expo-
sure to a naturally occurring hazard, may instigate a geo-epidemiological
study. Thus, acquisition of epidemiological datawill typically be the initial
response, followed by the collection of geological information to comple-
ment this dataset. The domain of interest needs to be considered from the
outset as there is little point in assessing health outcomes in an area
where the putative geological character does not vary. Thus, the study
area should aim to encompass a range of values for the variables that
can be measured to determine the hypothetical hazard. In addition,
fundamental issues to consider are the potential mechanism of exposure
(e.g. the environmentalmedia inwhich the hazard exists and the route of
exposure) and how the individual's exposure may vary within the popu-
lation (e.g. genetic propensity, age, behaviour), both of which can be used
to develop a dose–response relationship for the hazard.

To establish correlative relationships between the potential geo-
logical hazard and health outcomes, the two data sources (the epidemi-
ological and geological surveys) need to be linked to allow statistical
analysis. There are different ways of doing this. Where aggregated health
outcomedata are availablewithin administrative units, datawill be linked
at the population level as in an ecological study (Woodward, 2013). This
approach requires the environmental component(s) thought to be
contributing to the disease to be collectively characterised within admin-
istrative areas, for example by calculating mean values for each area.
Examining correlations in this way can be less demanding than for indi-
vidual level studies (Nielsen and Jensen, 2005). However, within admin-
istrative units (often defined by political boundaries) the components
within the environment contributing to the disease are likely to be highly
variable and correlations detected at population level may not exist at in-
dividual level. Thus, these studies are useful for hypothesis generation for
further study and can provide a useful means for the initial assessment of
potential causative agents, but are prone to bias and the “ecological falla-
cy” (Morgenstern, 1982).

Epidemiological investigations at the individual level provide more
detailed evidence of the correlations between environmental exposure
andhealth outcomes, although the acquisition of suitable data is typical-
ly more time consuming and costly. Survey methods can be used to
collect epidemiological data on health outcomes and exposures in indi-
viduals (e.g. case–control, cohort or similar study), but assigning quan-
titative measures of exposure to the environmental component to
individuals is difficult. Ecological exposure data (e.g. mean values with-
in an individual's area of residence) can be linked to individual level
health outcome data, although this may not adequately capture hetero-
geneity in the environmental component, or individual level exposures
(Hatch and Thomas, 1993; Nielsen and Jensen, 2005). Estimating expo-
sure to the environmental component for each individual (e.g. at their
home) allows us to directly link exposure and outcome information at
an individual level, but is more challenging logistically and incurs great-
er financial costs (Hatch and Thomas, 1993). In addition, individual ex-
posure estimates may be based on subjective information (e.g.
questionnaire responses), with the potential to introducemeasurement
bias. Where it is not possible to take a physical measurement of hazard
exposure for each individual included in the study, geostatistical
methods may be beneficial. Geostatistical model-based predictions,
such as Kriging, can be used to produce spatially continuous estimates
of a value of interest (e.g. concentrations of the environmental compo-
nent associated with the disease) based on an even coverage of data
from the sample area: the spatially continuous estimates can then be
used to provide exposure estimates for individuals based on their spatial
locations (Goovaerts, 2014).
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