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a b s t r a c t

Health data and environmental data are commonly collected at
different levels of aggregation. A persistent challenge of using a
spatial regressionmodel to link these data is that their associations
can vary as a function of aggregation. This results into ecological
fallacy if association at one aggregation level is used for inferencing
at another level. We address this challenge by presenting a hierar-
chically adaptable spatial regression model. In essence, the model
extends the spatially varying coefficient model to allow the re-
sponse to be count data at larger aggregation levels than that of the
covariates. A Bayesian hierarchical approach is used for inferencing
the model parameters. Robust inference and optimal prediction
over geographical space and at different spatial aggregation levels
are studied by simulated data sets. The spatial associations at
different spatial supports are largely different, but can be efficiently
inferred when prior knowledge of the associations is available. The
model is applied to study hand, foot and mouth disease (HFMD) in
Da Nang city, Viet Nam. Decrease in vegetated areas corresponds
with elevated HFMD risks. A study to the identifiability of the
parameters shows a strong need for a highly informative prior dis-
tribution. We conclude that the model is robust to the underlying
aggregation levels of the calibrating data for association inference
and it is ready for application in health geography.
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1. Introduction

Important scientific research questions in health geography to study the effects of environmental
exposure on human health are ‘‘What is the association between human health and the environ-
ment?’’ and ‘‘Which of the associations is statistically significant?’’ (Steenland and Dedden, 1997;
Pekkanen and Pearce, 2001). In many cases, for the reasons of confidentiality and cost, extensive geo-
referenced health data are only accessible as aggregated data at administrative levels. Meanwhile,
environmental data are collected from stations monitoring air, soil or water at a relatively low
number of locations or over smaller areas in order to capture their usually small scale variations.
Remote sensing imagery such as MODIS, LANDSAT, etc. provides geographically extensive data of the
environment but at various spatial resolutions. Unsurprisingly, in many circumstances, these data do
not immediately have comparable spatial measurement units in terms of resolution or spatial support
to health data. For example, provincialmedical statistics in VietNamonly report hand, food andmouth
disease (HFMD) cases at the district level with area sizes ranging between 10 and 103 km2; whereas
the environmental risk factors for this disease such as daily air temperature andhumidity are regularly
recorded at only one or two meteorological monitoring stations per province with an average area of
about 5×103 km2. Persistent challenges to link these data are that their associations can vary as a
function of aggregation, the well-known modifiable areal unit problem (MAUP) (Openshaw, 1983;
Cressie, 1996). This results in ecological fallacy if association at one aggregation level is carelessly
used for inferencing at another aggregation level (King, 1997).

Popular models for association analyses in health geography are the regression-based models
(Keppel, 2005; Bender, 2009; Auchincloss et al., 2012). A well-known example of such models in
health research is the spatialmultilevel statisticalmodel (SLM) (Langford et al., 1999; Goldstein, 2010;
Arcaya et al., 2012). Here, the ‘‘spatial’’ prefix distinguishes the hierarchy of the geographical space
from the hierarchy of the feature space of the data. Spatial hierarchy is defined by the differences of
the spatial supports. For example, morbidity reporting of individual person contracted HFMD in Viet
Nam (level 1) is aggregated to district level (level 2) and to regional level (level 3). SLM is widely
applied to health data with the spatial hierarchy structuring from individual health outcomes to
larger environmental surroundings. Such a desired spatial hierarchy, however, does not always hold
in practice due to lack of exclusive sampling designs (Duncan and Jones, 2000).

The associations between health data and environmental risk factors can locally vary due to
various facts such as averaging effects of aggregated health data,measurement units of environmental
risk factors, spatially changing socio-economic and individual characteristics of the understudied
population. Also, the spatial autocorrelation of health data, environmental risk factors or both have
an effect. Previous research (e.g. Fotheringham et al., 1998, 2001; Saib et al., 2014; Hamm et al.,
2015, amongst others) has demonstrated the superiority of geographically adaptable regression
coefficient models in various real cases if spatial non-stationarity of the associations is present. The
two best knownmodels in current literature are the geographicallyweighted regressionmodel (GWR)
(Fotheringhamet al., 1998, 2009) and the spatial varying coefficientmodel (SVC) (Gelfand et al., 2003).
In GWR, the parameter surface is allowed to vary as a deterministic spatial surface; and its value at an
individual location is estimated by geographical distanceweighted least square of proximate locations
(Fotheringhamet al., 2001). In SVC, it is generated by a second-order stationary spatial randomprocess
that enables the probabilistic uncertainty quantification about the parameter estimators (Gelfand et
al., 2003).

The underlying principle of both GWR and SVC is that the regression coefficient surfaces follow
Tobler’s first law of geography, i.e. that the regression coefficients are spatially correlated. GWR,
however, is not robust to the MAUP (Fotheringham et al., 2001). Change of support (CoS) modelling
(Cressie, 2015a) is important in spatial statistics and SVC has been shown to be efficient in modelling
spatial non-stationarity of the regression coefficients (Wheeler and Calder, 2007; Finley, 2011). There-
fore, we argue that SVC provides an efficient modelling framework to investigate the effect of CoS on
the parameters of the regression-basedmodel for geo-referenced data with different spatial supports.
Nevertheless, the increasing number of the parameters of the SVCmight pose other challenges, e.g. to
inference the hyper-parameters of the unobservable stochastic regression coefficient surfaces. This
identifiability issue has been experienced by many complex (spatial-temporal) statistical models
(Brun et al., 2001; Bujosa et al., 2007; Lavielle and Aarons, 2016; Ugarte et al., 2017).
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Emphasizing the advantages of the SVC over others, we aim at extending this model to enable
it to link misaligned health and environmental data when the health data are available at larger
aggregation levels than the environmental data. In this paper, we combine a bivariate Poisson log-
normal model with SVC. We demonstrate its use with simulated data sets at regular spatial supports
to investigate the effect of CoS on the regression coefficient surfaces. We also study identifiability of
the parameters. The applications of themodel to geographical health data at irregular spatial supports
are illustrated with HFMD data at the district level from Da Nang city, Viet Nam.

2. Materials and methods

We assumed that count data of disease cases are available at spatial support level v, called ℓv,
where ℓv is a geographical area of arbitrary size and shape. The count data aremodelled as realizations
of a spatially inhomogeneous Poisson process (IPP). Health data at two different aggregation levels
are assumed to be realizations from two spatially dependent IPPs. Hence, the intensity of the IPP
is a function of both the geographical location and the aggregation level. The intensity at every
investigated location is modelled as a realization from a log-normal random process. Environmental
or exposure data are available at smaller spatial support level u, called ℓu, also of arbitrary size and
shape. Other essential assumptions are specified in the following sections.

2.1. Models for health data

The count data of disease cases at ℓu partitioning the study area D are in the form of a set of
positive integers {z (us) , s = 1 : S}. The z(us) are assumed to be realizations of random count Z at
location us in D. A marginal probability distribution of Z (us) has the form of a Poisson probability
distribution with the intensity function λ (us) . The λ (us) is defined as in Waller and Carlin (2010):
λ (us) = δs (us) V (us), where λ (us) is inhomogeneous, δs(us) is the expected number of disease cases
per person at ℓu. V (us) is the expected number of disease cases per spatial unit at ℓu, derived by:
V (us) = ϕ ×pos (us), where ϕ is the global observed disease rate and pos (us) is the population at risk
at ℓu.

The global mean values of the regression coefficients’ surfaces at ℓu are equal to those at ℓv
because they are not influenced by CoS (Cressie, 1996). Notably, ℓv necessarily contains ℓu. The
generalized linear mixed model (Stein, 1999) was used together with SVC (Gelfand et al., 2003) to
describe the λ (us). In other words, a log-link function at ℓu with known P × 1 covariate vector
X =

(
Xp; p = 1 . . . P

)
has spatial varying regression coefficients that are assumed to be spatial

Gaussian processes (MVN) with the Matérn spatial dependence structure (Stein, 1999).

log (δs (us)) = β0u +

P∑
p=1

βpuXp (us) +

P∑
p=1

εpu (us) Xp (us) + ε0u (us) , (1)

ε(0,p)u ∼ MVN
(
0, Σ(0,p)u

(
θ(0,p)u

))
, (2)

where β0u = β0v and βpu = βpv are the global means of the intercept and the slope at ℓu, respectively,
β0v and βpv are the global means of the intercept and the slope at ℓv, respectively, ε0u and εpu are the
autocorrelated variances of the intercept and the slope at ℓu, respectively,Σ(0,p)u is the S×S variance–
covariance matrix of ε(0,p)u, θ(0,p)u is the vector of the variogram parameters.

Here ε0u and εpu are modelled by an isotropic, second-order stationary Matérn random process
(Pardo-Iguzquiza and Chica-Olmo, 2008) with the general form of the variogram model:

γ (h) = τ + c
{
1 −

[(
21−ν

Γ (ν)

)(
h
α

)ν

Kν

(
h
α

)]}
, (3)

where h is the Euclidean distance, Γ is the gamma function, Kν is the modified Bessel function of the
second kind of order ν, τ is the nugget variance, c is the partial sill variance, α is the range parameter
and ν is the smoothness parameter.
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The log-normal distribution of δs (us) has the following form (Izsák, 2008; Gelfand et al., 2003):

logN (δs (us)) = (2π)−
S
2

(
S∏

s=1

λ (us)

V (us)

)−1
⏐⏐⏐⏐⏐⏐

P∑
p=1

DT
puΣpuDpu + Σ0u

⏐⏐⏐⏐⏐⏐
−

1
2

× exp

⎛⎜⎝−
1
2
(Eu)T

⎛⎝ P∑
p=1

DT
puΣpuDpu + Σ0u

⎞⎠−1

Eu

⎞⎟⎠ , (4)

Eu = log (δs) − β0u −

P∑
p=1

βpuXp (us) , (5)

Dpu = Diag
(
Xp (us)

)
. (6)

Similarly, count data of disease cases at ℓv, also fully covering D are {z (vk) , k = 1 : K }, where K is
the total number of spatial units v. The marginal probability distribution of Z (vk) is also defined as an
IPP with intensity function λ (vk), varying in geographical space. The relationship between λ (vk) and
λ (us) that defines the linkage of the intercept and of the slopes between the two aggregation levels
equals:

λ (vk) =

Sk∑
s=1

λ (us) ,us ∈ vk, S =

K∑
k=1

Sk, or (7)

λ (vk) =

Sk∑
s=1

V (us) e
β0v+

∑P
p=1 βpvXp(us)+

∑P
p=1 εpu(us)Xp(us)+ε0u(us),us ∈ vk, S =

K∑
k=1

Sk. (8)

The log-link function of δk(vk), i.e. the expected number of disease cases per person at ℓv is also
specified as a linear function of the covariate vector X at the same aggregation level. It has spatially
varying regression coefficients, but with different variation over geographical space and aggregation
level as compared to those at ℓu:

log (δk (vk)) = β0v +

P∑
p=1

βpvXp (vk) +

P∑
p=1

εpv (vk) Xp (vk) + ε0v (vk) , (9)

ε(0,p)v ∼ MVN
(
0, Σ(0,p)v

(
θ(0,p)v

))
(10)

where Σ(0,p)v is the K×K variance–covariance matrix of ε(0,p)v; ε0v and εpv are the autocorrelated
variances of the intercept and the slope at ℓv, respectively.

As we are interested in studying how the aggregation levels affect the association between
health data and environmental data, both θ0u, θpu and θ0v , θpv were investigated using (1)–(10). The
assumptions are that the intercept and the slope at ℓv and ℓu are dependent, but are independent
from each other. This independence assumption is reasonable, but its validity may be questioned, in
particular if a negative relation exists between the two (Gelfand et al., 2003).

2.2. A Bayesian hierarchical model

We follow the terminology of Cressie andWikle (2011) to specify the spatial Bayesian hierarchical
model.

The count data {z (vk) , k = 1 : K } are known. Because the Poisson probability distribution ensures
that the first and second moments are identical, we assume that the data z (vk) are mutually
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independent and that any dependence is taken care of by the intensity function. Hence, the marginal
log-likelihood function of z (vk) is:

logL (z (vk) |λ (vk)) =

K∑
k=1

z (vk) log (λ (vk)) +

K∑
k=1

λ (vk) −

K∑
k=1

log (z (vk) !) . (11)

The intensity (process) models at support levels v and u are defined by (7, 8) and (12, 13):[
λ (us) |β0v, βpv, θ0u, θpu

]
∼ logN (δs (us)) , (12)

[
λ (vk) |β0v, βpv, θ0v, θpv

]
∼ logN (δk (vk)) . (13)

2.3. Hybrid MCMC estimators

Hybrid Metropolis–Hastings and Gibbs estimators based upon Markov chains (Jackman, 2009)
were used for estimating β0v, βpv, θ0v, θpv and θ0u, θpu. Posterior probability distributions for all
parameters are specified using (14)–(16).

− For β0v and β(1···P)v:[
β0v, βp=1···Pv|z (vk) , Xp=1···P (us)

]
∼ [z (vk) |λ (vk)][

λ (us) |X1···P (us) , β0v, β(1···P)v, θ0u, θ(1···P)u
] [

β0v, β(1···P)v
]

(14)

− For θ0u and θ(1···P)u:[
θ0u, θ(1···P)u|z (vk) , X(1···P) (us)

]
∼ [z (vk) |λ (vk)] [λ (us) |X (us) , β0v, β1v, θ0u, θ1u]

×
[
θ0u , θpu ,

]
(15)

− For θ0v and θ(1···P)v:[
θ0v, θ(1···P)v|λ (vk) , X1···P (vk)

]
∼
[
λ (vk) |θ0v, θ(1···P)v, X1···P (vk)

] [
θ0v, θ(1···P)v.

]
(16)

All models and MCMC estimators were implemented in R (R Core Team, 2017). We partly reused
the R scripts from Truong et al. (2014) and mainly used the gstat-package (Pebesma, 2004) for
implementing themodels and the coda-package (Plummer et al., 2006) for testing the convergence of
the MCMC runs.

2.4. Description of simulated data sets

We simulated hypothetical cases of health and environmental data at regular spatial support with
arbitrary sets of parameters that produce non-negative and finite intensity values. Simulated health
data at ℓu (z (us)) were generated at 1 × 1 km grid cells based upon (1)–(3) with p = 1 and p = 2.
The global observed disease rate was assumed to be equal to ϕ = 0.3 × 10−3. Simulated data of z (us)

were then aggregated to 10 × 10 km grid cells to create the z (vk) data sets (Figs. 1(A) and 2(A)).
Hence, K = 25 and S = 2, 500. Gaussian unconditional simulation generated the unobservable slope
and intercept surfaces.

Covariates Xp (us) were simulated at 1×1 km grid cell by Gaussian random simulation. Table 1
presents the specifications in detail. The nugget effects are not relevant to regression coefficients and
also cannot be identified from aggregated data (Truong et al., 2014). It is immaterial to specify the
unit of all parameters, except for defining the Euclidean distance. Root mean square error (RMSE) was
used to measure the degree of model fitting.
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(A) Count of disease cases. (B) Covariate 1.

Fig. 1. Simulated data of disease cases at ℓv (A) and one environmental covariate at ℓu (B).

(A) Count of disease cases. (B) Covariate 1. (C) Covariate 2.

Fig. 2. Simulated data of disease cases at ℓv (A) and two environmental covariates at ℓu (B, C).

Table 1
Parameter specifications for simulating gridded data sets.

Parameter Specification for simulating data

β0v Constant (0.5)
β1v Constant (0.08)
β2v Constant (0.005)
θ0u MVN with the Matérn variogram model:

c0u = 0.005, α0u = 5 km, τ0u = 0, ν0u = 2
θ1u MVN with the Matérn variogram model:

c1u = 0.0025, α1u = 2.5 km, τ1u = 0, ν1u = 1.5
θ2u MVN with the Matérn variogram model:

c2u = 0.007, α2u = 5 km, τ2u = 0, ν2u = 1.5
x1 (us) MVN with mean 20, the Matérn variogram model:

cx1 = 10, αx1 = 3 km, τx1 = 0, νx1 = 2
x2 (us) MVN with mean 0.3, the Matérn variogram model:

cx2 = 0.006, αx2 = 6 km, τx2 = 0, νx2 = 1

2.5. HFMD in Da Nang city, Viet Nam

Outbreak of HFMD was first reported in Viet Nam in 2003 (WPRO, 2011). Since 2011, HFMD has
been classified as a severely infectious disease by Vietnamese Ministry of Health. The majority of
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Fig. 3. HFMD cases at the district level in Da Nang city, Viet Nam, 2015.

reported and fatal cases in Viet Namwere children younger than five years old. In total, therewere 170
fatal cases amongst 113,121 total cases in 2011 (Nguyen et al., 2014). HFMD caused by Coxsackievirus
A16 (CAV16) and Enterovirus 71 (EV71) infections has the symptoms of fever, skin rashes on hands and
feet, sore throat andmouth ulcers (WPRO, 2011). Currently, neither vaccine nor specific treatment for
HFMD is available in Viet Nam.HFMD is contagious and transmitted both through the air by free-living
viruses and through physical contact. Previous studies of HFMD in China and South East Asia show that
specific local meteorological conditions strongly stimulate the transmission of this disease (Li et al.,
2014; Dong et al., 2016; Wang et al., 2016).

In Viet Nam, 72.8% of the HFMD cases were reported from the southern part for the first quarter of
2015. The largest number of cases (36.8%) was reported from Da Nang city (WPRO, 2015), located in
central Viet Namwith a population of more than 1million people (GSO, 2015). The city has one urban
district and six rural districts covering an area of approximately 1280 km2. Due to the recent outbreak,
the Da Nang PreventativeMedicine Centre weekly reports to the public (via the website: http://www.
yteduphongdanang.vn) the total number of HFMD cases for each district in the city. In order to prevent
the small number problem in our data analysis (Pekkanen and Pearce, 2001), we used the yearly sum
data of HFMD cases in 2015 for each district based upon those reports (Fig. 3). The total number of
reported HFMD cases per district in Da Nang city in 2015 varies from approximately 200 to 300 cases.
Environmental conditions for each district are indicated by the percentage of vegetated land. The
reason is that the areas of vegetated lands are approximately ten times lower in the urban and semi-
urban districts than in the rural districts. This can lead to different environmental conditions for the
spread of HFMD. The vegetation data set was obtained from the Terra MODIS Vegetation Continuous
Fields 2015 product (Fig. 4). Gridded population data were obtained from the WorldPop Viet Nam
2015 product (http://www.worldpop.org.uk).

3. Results and discussion

3.1. Simulation studies

Following the simulation strategy recommended by Gelman and Shirley (2011), three chains of 10
thousands MCMC runs at ℓu and 100 thousands MCMC runs at ℓv were executed for all parameters.
The prior distributions of all parameters were defined as in Table 5 of Appendix. Acceptance rates
vary from 0.25 to 0.35. Geweke’s convergence tests (Geweke, 1992) show well convergence for the
second-half of the chains with all Z-scores satisfactorily falling within the two standard deviations.
The first halves of the chains were discarded as burn-in. The second-halves of all convergent chains
were mixed together and thinned out at each of 15th step at ℓu and 150th step at ℓv.
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Fig. 4. Percentage of vegetated areas at a 1 km resolution in Da Nang city, Viet Nam, 2015.

Table 2
Summary statistics of the posteriors for simulation with one covariate.

Parameter Posterior mode ± standard deviation RMSE

β0v = β0u 0.47 ± 0.47 0.47
β1v = β1u 0.08 ± 0.03 0.03

c (×10−3) α (km) ν (c × 10−3 , α, ν)

θ0u 3.5 ± 0.1 4.8 ± 2.7 × 10−3 1.9 ± 0.34 (1.5, 0.2, 0.35)
θ1u 2.1 ± 0.1 2.11 ± 8.5 × 10−3 1.5 ± 0.34 (0.4, 0.39, 0.34)
θ0v 0.6 ± 0.1 5 ± 5 × 10−3 2.05 ± 0.05 –
θ1v 1.3 ± 0.6 2.05 ± 0.02 1.97 ± 0.17 –

3.1.1. Simulation with one covariate
Summary statistics of the posterior distributions of the parameters are given in Table 2.
Table 2 shows that the total variance of all regression coefficients’ surfaces at ℓv (c0v = 0.6× 10−3

and c1v = 1.3 × 10−3) deviates largely from those at ℓu (c0u = 3.5 × 10−3 and c1u = 2.1 ×

10−3). The averaging effects of aggregating to a larger spatial support can be seen from Figs. 5
and 6. The maps in these figures are the realizations of the Gaussian unconditional simulations of
the regression coefficient surfaces at both spatial supports based upon the posterior modes of the
variogram parameters in Table 2. Their geographic extents are 36 times larger than those in Fig. 1 for
the purpose of visualization. The large reduction in the total sill values of the slope and the intercept
of approximately 38% and 83%, respectively (see Fig. 9 in Appendix) leads to smoother regression
coefficient surfaces at ℓv.

Aggregation from 1 km2 to 100 km2 significantly influences the association between health data
and environmental data by increasing the smallest association and decreasing the largest association
(Figs. 5 and 6). In other words, the slope and intercept values at ℓv vary less around their global mean
values over geographical space than at ℓu. It is thus insensible to infer local association (at ℓu) between
health data and environmental data based on global associate (βpv). This also holds for the aggregated
associate, i.e. the slope surface at ℓv.

The results in this section once more corroborate the MAUP in ecological inference. The results
also show that not only the random part of the mixed effect models (the intercept) is affected by CoS
but also its fixed part (the slope). This implies that correcting for only the inferred intercept as in the
studies of Kerry et al. (2012) or Wang et al. (2015) is not sufficient to produce unbiased association
inferences or to produce unbiased predictions. Prediction accuracy with one covariates at ℓu and ℓv
has RMSE values equal to 0.023 and 28.5, respectively.

3.1.2. Simulation with two covariates
For two covariates, the number of parameters increases to 12. The estimates of β0, β1, θ0 and θ1

are mostly unchanged as compared to the case of one covariate (Table 3). However, their standard
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Fig. 5. Intercept surfaces at ℓu (A) and at ℓv (B). The intercept values at ℓu vary from 0.2 to 0.7; at ℓv , they vary between 0.4 and
0.6.

Fig. 6. Slope surfaces at ℓu (A) and ℓv (B). Similarly, the slope values at ℓu have larger variance from −0.1 to 0.3, whereas those
values at ℓv vary between −0.05 and 0.25.

Table 3
Summary statistics of the posteriors for simulation with two covariates.

Parameter Posterior mode ± standard deviation RMSE

β0v = β0u 0.6 ± 0.6 0.6
β1v = β1u 0.05 ± 0.03 0.04
β2v = β2u 0.007 ± 0.003 0.004

c (×10−3) α (km) ν (c × 10−3 , α, ν)

θ0u 3 ± 0.3 4.8 ± 0.01 1.8 ± 1.5 (2, 0.2, 1.5)
θ1u 2.1 ± 0.16 2.1 ±8.4 × 10−3 1.47 ± 0.3 (0.4, 0.4, 0.3)
θ2u 8 ± 2.3 4.8 ± 23 × 10−3 2.1 ± 0.9 (2.3, 0.2, 1.1)
θ0v 1 ± 0.2 5 ± 0.02 4.5 ± 0.8
θ1v 0.1 ± 0.0 2 ± 6 × 10−3 2 ± 0.6
θ2v 0.5 ± 0.01 2 ± 0.03 3 ± 1.4

deviations and thus their RMSE values increase. The RMSEs in Table 3 are almost equal to their
standard deviations. Thus, estimates β2, θ2 have high accuracy. Convergence of the MCMC chains of
the fixed parts of the regression coefficients, i.e. the β0, β1 and β2 is approximately three times slower
than that of the other parameters.

We based our model on the BYM modelling framework of disease mapping (Besag et al., 1991)
but our model allows to model data at various spatial aggregation levels and allows the impacts of
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Table 4
Summary statistics of the posteriors in the HFMD study.

Parameters Mode ± standard deviation

β0v = β0u 2.5 ± 0.2
β1v = β1u −0.77 ± 0.78 × 10−3

c (×10−3) α (km) ν

θ0u 0.36 ± 1.3 3.6 ± 13 0.24 ± 0.21
θ1u 0.08 ± 0.00002 0.24 ± 0.21 0.98 ± 0.64 × 10−3

θ0v 0.03 ± 0.0005 4.8 ± 4 × 10−3 0.8 ± 0.02
θ1v 0.005 ± 0 5.0 ± 1 × 10−3 1.3 ± 0.01

environmental covariates on disease occurrences. Note that the CAR mixture multiscale models of
Lawson and Clark (2002) and Aregay et al. (2015, 2016) do not take the impacts of environmental
covariates on diseases into account. In terms of estimating the spatial associations between diseases
and environmental risk factors, our model allows to estimate the non-stationary spatial associations
over multiple aggregation levels. The estimates are achieved simultaneously instead of the separate
modelling at each aggregation level of Saib et al. (2014) or Louie and Kolaczyk (2006).

The log-linear model with a Poison distribution is widely applied in mapping both disease rate
and disease count. It is easily extended to model data at different aggregation levels. When applied to
the log-link function with non-stationary covariates, the model of Gotway and Young (2007) would
produce biased estimates (Cressie et al., 2004). The binomial beta model of King et al. (1999) or the
Bayesianwavelet-basedmodel of Kolaczyk andHuang (2001) also dealswith CoS issues, but extending
their models to include covariates at different aggregation levels is much more complicated. Our
model assumes that the spatial processes at all aggregation levels share the same underlying spatial
point latent process. Hence, modelling the spatial structures with the variogram or the covariance
function is straightforward as compared to CAR modelling or wavelet modelling.

By using our hierarchicalmodelling approach, spatial associations at both ℓu and ℓv can be obtained
with high accuracy. Furthermore, Bayesian inferencing quantifies confident intervals for all estimates.
A non-Bayesian approach would not be straightforward to deal with our non-linear modelling.
Our model thus yields a robust approach to different aggregation levels for ecological inference.
The computation cost, however can be high if the number of parameters increases (Finley, 2011).
Section 3.2 presents the case of actual data at an irregular spatial support level.

3.2. HFMD study

In the HFMD study, the same MCMC simulation strategy and statistical convergence test as in
Section 3.1 were adopted for sampling the posterior distributions. Unlike in the simulation study,
normal prior distributions were used for all parameters. Table 4 presents summary statistics of all
posteriors. Note that the irregular support level v (ℓv) is at the district size of Da Nang city, varying
from 9 to 748 km2 with various shapes, and that the spatial support level u (ℓu) is at the 1 km2 square
grid of the vegetation data.

The global mean slope value from Table 4 shows a negative association between HFMD and
vegetated areas. At the two spatial support levels u and v, every 1% decrease in vegetated areas
elevates the risk of HFMD by 0.77%. This finding corroborates previous findings on the impacts of
climatic conditions on HFMD incidence in South East Asia. It is well-known that decreasing the
vegetated areas leads to increasing temperature (Lim et al., 2008). Studies of Ma et al. (2010) in Hong
Kong, Hii et al. (2011) in Singapore, and recently, Dong et al. (2016) in Beijing show that increasing
temperature significantly results in increasing HFMD risk. Sill values of the slope variograms at
both support levels, i.e. 0.08×10−3 at ℓu and 0.005×10−3 at ℓv, respectively, are low as compared
to their mean values. Spatial variation of the association between HFMD and the percentage of
vegetation is thus not so large that it can lead to changing the association from negative towards a
positive impact of vegetation on the HFMD risk. The assumption of unchanged global mean value
of the association between health data and environmental data in our models is therefore both
mathematically convenient and biologically sensible.
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Fig. 7. Variogram models of the intercept surfaces at ℓu and ℓv for HFMD. The intercept has a stronger autocorrelation and
larger values at ℓu than at ℓv .

Fig. 8. Variogrammodels of the slope surfaces at ℓu and ℓv for HFMD. The slope values at ℓu vary almost randomlywith a larger
sill value in contrast to those at ℓv .

In Figs. 7 and 8, the left y-axis presents the values of the semivariances corresponding to lag
distance h at ℓu, whereas the right y-axis presents those at ℓv. In Fig. 7, the sill of the intercept
variogram at ℓv decreases considerably (92.8%) as compared to that at ℓu. Similarly, the sill of the
slope variogram at ℓv considerably decreases (93.8% ) as compared to that at ℓu (Fig. 8). When ℓv is
irregular and much larger than ℓu, the averaging effect increases. Figs. 11 and 12 in Appendix present
Gaussian simulations of the slope and the intercept surface.

In Fig. 8, the variogram of the slope surface shows no spatial structure in the association between
HFMD and vegetation at the local scale of 1 km2. As a result, slope values change almost randomly
amongst the grid cells (Fig. 12(A)). The association is stronger at Da Nang’s district level than at 1 km2.
Similar findings are observed on the spatial structure of the association between HFMD and climatic
factors at county-level of China with areas from 100 to 1,000 km2 (Hu et al., 2012).

The spatial factor is recently recognized as an important factor in spatial epidemiology of HFMD
in South East Asia (Hii et al., 2011; Dong et al., 2016). Our model thus takes account of the non-
stationary spatial associations between HFMD and the environmental conditions corresponding to
the aggregation levels. Aggregation health data are common in practice of health geography. Using
aggregated health data for association inference should be done cautiously because this association is
influenced largely by the aggregation level as shown in this study.

3.3. Identifiability

To access whether or not the estimated spatial associations are spurious, we studied the identi-
fiability of model parameters using simulated data with known parameter values. We investigated
Bayesian inferences for the parameters of core model (1) of Section 2.1, i.e. the spatial generalized
linear mixed model with SVC. The model has a non-stationary mean spatial random process as an
addition to the fixed and the random effects. The model parameters are identifiable if the inferencing
methods can identify the parameters of the fixed effects and the parameters of the random effects
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Fig. 9. Variation of the values of the modes of the posteriors of the global mean intercept and the global mean slope. The true
value of the mean slope does not fall within the variation interval of the posterior modes.

Fig. 10. The variogram models plotted using the values of posterior modes of all parameters of the random slopes. The true
values of the Matérn variogram model of the random intercept are c0 = 0.09, α0 = 658 m, ν0 = 0.9, and those of the Matérn
variogram model of the random slope are c1 = 0.59, α1 = 700 m, ν1 = 2.

given available observations. Identifiability is measured by the consistency of multiple simulation-
based inferenced results. Simulating data was done as presented in Section 2.4. The simulated data
have 100 observations at a regular spatial support of 100 m2.

Note that the priors of all parameters in (1) are independent and have uniform distributions on a
wide but finite interval. Ten repetitions of 50,000 MCMC runs were conducted with arbitrary initial
values. MCMC chains of all parameters passed the Geweke’s convergence test with proper acceptance
rates. Fig. 9 shows the modes of the posteriors of the global mean intercept and those of the global
mean slope. The modes of the global mean intercept are consistent, in contrast to those of the global
mean slope.We interpreted this that the first is better identifiable than the latter. In passing we noted
that the global mean intercept and the global mean slope have a consistently negative correlation as
previously observed by Gelfand et al. (2003). Inconsistency also extends to the posterior variograms
of the spatial random slope based upon the modes of the posteriors of all parameters (Fig. 10).
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Fig. 11. Decrease of the sill intercept at ℓv as compared to that at ℓu .

Fig. 12. Variogram models of the slope surfaces at ℓv and ℓu in the simulation with one covariate. Reduction in the total sill at
ℓv starts from the lag distance of about 2 km onwards.

Those results as compared to those in Section 3.1 where the priors are informative and the initial
values of all parameters were dedicated guesses, indicate that Bayesian inference needs to be guided
with informative priors to result in consistent inference. A complete lacking of such information leads
to inconsistency and requires that Bayesian inference for the spatial generalizedmixedmidelwith SVC
needs to be replaced, e.g. by empirical Bayesian inference (Cressie, 2015a, b Section 3.4.4).

4. Conclusions

In this study, we have presented a Bayesian hierarchical approach to associate health data and
environmental data at different aggregation levels. The modelling approach extends SVC to take
account of the spatially non-stationary association. Its application on two simulation data sets showed
that the model is robust to the underlying aggregation levels of the calibrating data for spatial
association inference between health and environmental conditions. In a practical study on the HFMD
in Da Nang city, Viet Nam, the model showed that a decrease in vegetation elevates the HFMD risk.

We have thus introduced a modelling approach that is widely applicable for studying with
aggregated health data in environmental epidemiology or disease mapping. More delicate modelling
approaches can be extended from our models to allow for incorporating dependences in the model
parameters. Rigorous study of identifiability taking account of other effects on the consistency of the
Bayesian inferences for the parameters of the spatial GLMMwith SVC is also recommended for future
research.
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Fig. 13. Intercept surfaces at ℓu (A) and ℓv (B) for Da Nang city. Intercept values at the 1 km2 grid vary between 2.45 and 2.55,
whereas those at the Da Nang districts vary between 2.49 and 2.50.

Fig. 14. Slope surfaces at ℓu (A) and ℓv (B) for Da Nang city. The slope value at the 1 km2 grid varies between −0.8 and −0.75,
whereas, at the Da Nang districts it varies within a smaller interval, i.e. between −0.769 and −0.766.

Table 5
Prior distributions of the parameters for the simulation study with one and
two covariates.

Parameter Priors

β0v = β0u U(0, 1)
β1v = β1u U(0, 0.16)
β2v = β2u U(0, 0.01)

c α (km) ν

θ0u N(0.005, 0.5), N(5,000, 10,000), N(2, 0.5)
θ1u N(0.0025, 0.5), N(2,500, 10,000). N(1.5, 0.5)
θ2u N(0.007, 0.1), N(5,000, 10,000). N(1.5, 0.5)
θ0v U(0.0005,10), U(1,000, 10,000), U(0,5)
θ1v U(0.00005,10), U(500, 10,000), U(0,5)
θ2v U(0.00005,10), U(500, 10,000), U(0,5)
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