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to fit the model. Details of the implemen-
tation are given in the Appendix.

The MCMC algorithm was used to
generate samples from the predictive dis-
tribution of the complete surface S(x) at
1-km resolution, given the observed values
of the response variable Yi at each sampled
village location, and of the three explanatory
variables at 1-km resolution throughout
the study region. Inversion of Equation
1 converts each sampled S(x) to a corre-
sponding sample from the predictive dis-
tribution of the prevalence surface p(x). The
posterior exceedance probability at each
location was then calculated as the observed
proportion of sampled values that exceeds
the agreed policy intervention threshold of
20%.

RESULTS

Figure 1 shows the construction of the
piece-wise linear functions f1(?), f2(?) and
f3(?) through which the effects of elevation
and NDVI on L. loa prevalence were
represented in the spatial model (Equation
1). Although there was a positive association
between elevation and prevalence up to a
threshold of 1000 m above sea level, pre-
valence dropped sharply beyond this thresh-
old and was effectively zero at altitudes of
.1300 m [Fig. 1(a)]. Prevalence showed a
linear increase with maxNDVI up to a
maxNDVI value of 0.8 but was constant
thereafter, albeit with substantial residual
variation about the fitted piece-wise linear
function [Fig. 1(b)]. Although, from a
purely empirical point of view, similar
predictions could have been obtained with-
out truncating the linear increase at the
NDVI value of 0.8, the piece-wise linear
form was still used in the present study, for
consistency with the analysis reported by
Thomson et al. (2004). Finally, the standard
deviation of NDVI showed a very weak
negative association with prevalence, which
was represented as a simple linear effect
[Fig. 1(c)]. Again, this term was included

for consistency with the earlier analysis of
Thomson et al. (2004).

The map of estimated prevalence
obtained from the spatial model is presented
in Figure 2. Although this shows a qualita-
tive agreement with the map obtained using
the earlier model (Thomson et al., 2004), it
can be considered to be more accurate in
that it includes more data and allows for
residual spatial variation in prevalence that
is not explained by the combination of

FIG. 1. Piece-wise linear functions used in the spatial

model to describe the effects of elevation; (a), max-

imum values of the normalized difference vegetation
index [NVDI; (b)] and standard deviations of the

NDVI (c) on the prevalence of Loa loa microfilaraemia.
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elevation and NDVI. Thus, when the
accuracies of the predictions obtained from
the spatial model (present study) and the
earlier model (Thomson et al., 2004) are
compared, by plotting observed prevalences
against those predicted in each model
(Fig. 3), the plot for the spatial model
shows substantially less scatter.

The probability contour map (PCM)
obtained from the spatial model is presented
in Figure 4. Areas within the red-brown
colour range (indicating probabilities of at
least 70%) are those where there is a high
probability that the policy intervention
threshold of 20% is exceeded. Likewise,
areas in the pale orange-yellow colour range
(indicating probabilities of (30%) are those
where there is a low probability that the
threshold of 20% is exceeded, whilst the
pink areas (indicating probabilities of .30%
but ,70%) can be considered as areas of
high uncertainty. As expected, there is a
qualitative similarity between Figures 2 and
4 but, as discussed below, the quantitative
differences are sufficient to affect the inter-
pretation materially.

DISCUSSION

The vectors of L. loa are flies of the genus
Chrysops. They are associated with forest
and forest-fringe habitats, with the larval
stages restricted to wet, organically rich and
muddy low-lying habitats within the forest.
The mapping and modelling of key environ-
mental variables, such as vegetation cover
and elevation, provide baseline information
delineating areas of potential L. loa trans-
mission (Thomson et al., 2000). The
empirical relationship observed between
the prevalence of human infection with
L. loa and environmental factors requires
interpretation in the light of current under-
standing of the biology of the vector and the
filarial worm.

It is possible to estimate surface tempera-
tures from the thermal channels of a number
of satellite sensors (Ceccato et al., 2005).
The land surface temperature (LST), a
proxy environmental variable, is commonly
calculated using a split-window method that
takes into account some atmospheric effects.
However, since the relationship between air

FIG. 2. Point estimates of the prevalence of Loa loa microfilaraemia, over-laid with the prevalences observed in
field studies.
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phenology have been extensively researched
using vegetation indices such as NDVI,
which is an empirical formula designed to
produce quantitative measures related to
vegetation properties such as vegetation
biomass and conditions. NDVI derived
from the imagery of the SPOT satellite
series have been extensively used to map the
forests of West and Central Africa (Mayaux
et al., 2004). The higher the NDVI value is,
the denser or healthier the green vegetation
is, although there is a tendency for the index
to saturate at higher levels. This saturation
may account for the observation that the
increase in L. loa prevalence with increasing
NDVI is truncated at a maxNVDI of about
0.8 [Fig. 1(b)].

Similar ERM, with relevance to disease
control in Africa, have been generated for
many vector-borne diseases (Thomson
and Connor, 2000), including malaria
(Kleinschmidt et al., 2001), Rift Valley fever
(Anyamba et al., 2002), visceral leishmania-
sis (Thomson et al., 1999), and schistoso-
miasis (Malone et al., 1997; Brooker et al.,
2002), as well as non-vector-borne
diseases, such as those caused by intestinal

nematodes (Brooker et al., 2000) and
meningococcal meningitis (Molesworth
et al., 2003). After using a range of environ-
mental data, as predictors in regression
models, model outputs have been mapped
within a geographical information system
(Thomson and Connor, 2000). To date,
however, the uncertainty in model outputs
has not been addressed explicitly.

Decision makers need to take action
under uncertainty. Those involved in the
distribution of ivermectin for the APOC
need to weigh the evidence of probable risk
of adverse reactions against the societal
benefits of onchocerciasis control. In this
context, the agreed threshold for a policy
intervention is a local prevalence of L. loa
microfilaraemia in excess of 20%. An
appropriate map to support such interven-
tions therefore needs to quantify the
strength of the available evidence pointing
to exceedance of this threshold, as in the
probability contour map created in the
present study (Fig. 4). The traditional prac-
tice of mapping estimated prevalence does
not produce such a result. An estimated
prevalence of 25%, for example, may or may

FIG. 4. A probability contour map, indicating the probability that the prevalence of Loa loa microfilaraemia in

each area exceeds 20%, over-laid with the prevalences observed in field studies.

MODELLING Loa RISK 505

ߟߞ



ëɔŏɾǞŏȀ �ɯɯǞǃȘȒƚȘɾ ȩǀ �Ǟǃɟŏɾȩɟʿ $ǞɟƇɯ

ߠߞ



$ŏżǺǃɟȩʕȘƇ

ĆɯǞȘǃ ǞȘɾɟǞȘɯǞż ȒŏɟǺƚɟɯ ǃƚȘƚɾǞż࡫ ŏȘƇ ǞɯȩɾȩɔǞż ɯǞǃȘŏȀɯ࡬ ǀȩɟ ɾǕƚ ɔʕɟɔȩɯƚ ȩǀ
ǞȘǀƚɟɟǞȘǃ ȒǞǃɟŏɾȩɟʿ żȩȘȘƚżɾǞʲǞɾ ʿࡏ

ࡄ CʾǞɯɾǞȘǃ ȒƚɾǕȩƇɯ ŏɟƚ ɾȩȩ żȩŏɟɯƚ ǀȩɟ Ȓȩɯɾ ŏɔɔȀǞżŏɾǞȩȘɯ

ࡄ �ŏɟǃƚ ŏȒȩʕȘɾɯ ȩǀ Ƈŏɾŏ ŏɟƚ ŏʲŏǞȀŏųȀƚ ࡫ ߜߜߜࡈߜߡߝ࣏ ǀƚŏɾǕƚɟ ɯŏȒɔȀƚɯ ǀɟȩȒ
ߜߜߡ࣏ ɯɔƚżǞƚɯ࡬

ࡄ bƚȘƚɾǞż ŏɯɯǞǃȘȒƚȘɾ ȒƚɾǕȩƇɯ ŏɟƚ ųŏɯƚƇ ȩȘ Ħŏɯɯƚɟࡈ ƚɾ ŏȀࡏ ࡬ߠߜߜߞ࡫

ࡄ vɯȩɾȩɔǞż ŏɯɯǞǃȘȒƚȘɾ ȒƚɾǕȩƇɯ ŏɟƚ ųŏɯƚƇ ȩȘ ĦʕȘƇƚɟࡈ ƚɾ ŏȀࡏ ࡬ߡߜߜߞ࡫

ߡߞ



4ŏɾŏ ࡷ 4�� ȒǞżɟȩɯŏɾƚȀȀǞɾƚɯ ŏȘƇ ᅮϵ>

mƚɟȒǞɾ ÷ǕɟʕɯǕ ŏɺǔŏɛʑɫ*࡫ ǂʑɺɺŏɺʑɫ࡬

ࡄ ߤߟߝ ǞȘƇǞʲǞƇʕŏȀɯ
ࡄ ߠߝ ȀȩżŏɾǞȩȘɯ
ࡄ ߢ ȀȩżǞ
ࡄ ߣߞࡷߥ ŏȀȀƚȀƚɯ ࡕ Ȁȩżʕɯ

ĦǞȀɯȩȘ࢈ɯ ĦŏɟųȀƚɟ ĝǝǿɫȧȗǝŏ࡫ ɑʑɫǝǿǿŏ࡬

ࡄ ߟߢߝ ǞȘƇǞʲǞƇʕŏȀɯ
ࡄ ߤ ȀȩżŏɾǞȩȘɯ
ࡄ ߥ ȀȩżǞ
ࡄ ߝߟࡷߡߝ ŏȀȀƚȀƚɯ ࡕ Ȁȩżʕɯ

ߢߞ



ëŏȒɔȀǞȘǃ �ȩżŏɾǞȩȘɯ

Hud

Log
QCI RupAK1

AK2

AZ1
AZ2

CA CT

MB

MIOR

UT

Ak

BC Al

Sea
Or

SF Co

Ont

Hermit Thrush
Wilson's Warbler

ߣߞ



�ȀȀƚȀƚ _ɟƚɛʕƚȘżʿ �ȩƇƚȀ

_ȩɟ ɾǕƚ ŏȀȀƚȀƚ Ԙࡈ ǀɟȩȒ Ȁȩżʕɯ ԛࡈ ŏɾ ȀȩżŏɾǞȩȘ ԚੁגՑՐ]Ⴠ ୽ ෭ ॕ௴Վ ԨՎՑՐ
 ֦ੁՑՐॖ
ԕՎՑՐ � 2tT	ဌՎՑՐ
௴Վ 2tT	ဌՎՑՐ
ჀՎՑ]ሖ
 ሢ ୽ ෭	ሢՎՑ
 Ⴟ
\ဋ^ՎՏ � ᅼɞ 2tT ঁ ਷ 	\ԓ^ՎՏ ԡ
ᆫং � ᅼɞՓ �Վ�Տ

ߤߞ

MN

•



ÚɟƚƇǞżɾǞȩȘɯ ųʿ �ȀȀƚȀƚ �ȩżʕɯ࡫ ࡬ߟ

ߥߞ



bƚȘƚɾǞż �ɯɯǞǃȘȒƚȘɾ �ȩƇƚȀ

�ɯɯǞǃȘȒƚȘɾ ȒȩƇƚȀ ŏɯɯʕȒǞȘǃ mŏɟƇʿࡷĦƚǞȘųƚɟǃ ƚɛʕǞȀǞųɟǞʕȒ ŏȘƇ ŏȀȀȩʶǞȘǃ ǀȩɟ
ǃƚȘȩɾʿɔǞȘǃ ࡬ᅮ࡫ ŏȘƇ ɯǞȘǃȀƚ ŏȒɔȀǞ˙żŏɾǞȩȘ ࡬ᅭ࡫ ƚɟɟȩɟɯࡏԅ	ԈԲ]֦ 
 Ԛ
 � ఃՑ ԅ 	ԘՑ
 ԙՑ]֦ 
 Ԛ


ԅ 	ԘՑ
 ԙՑ]֦ 
 Ԛ
 � ৘৖ৗ৖৕ᅭԅ	ԘՑ]֦ 
 Ԛ
 � 	� ਷ ᅭ
ԅ	ԘՑ] ֦࣠ 
 Ԛ
ɞ Ǟǀ Ԙ � ԙ	� ਷ ᅭ
ԅ 	ԘՑ]֦ 
 Ԛ
ԅ 	ԙՑ]֦ 
 Ԛ
 Ǟǀ Ԙ ଈ ԙ
ԅ	ԘՑ]֦ 
 Ԛ
 � 	� ਷ ᅮ
ԕՑՎՐ � ᅮ�ԜՑ

ߜߟ



+ȩȒųǞȘƚƇ �ȩƇƚȀ

bƚȘƚɾǞż vɯȩɾȩɔǞż +ȩȒųǞȘƚƇ

d = 0.05 and c = 0.01 based on Wasser et al. (2004), and
we found that in practice reasonable changes to these
values have little impact on the results.
To compute the likelihood of an assignment location

k, we can integrate over the unobserved allele frequency
surfaces (~f ) using the following Monte Carlo approxi-
mation:

PðSGjk;Gref Þ #
1

M

XM

m¼1

PðSGjk; ~f
ðmÞ

Þ ð7Þ

In this approximation, the ~f
ð%Þ

need to be realiza-
tions from the posterior predictive distribution of ~f

given the reference genotypes. We use posterior real-

izations from our first stage (~f
ðiÞ
, i = 1,…,1000, i.e.

M = 1000). Also, we opted to use the median rather
than the mean prescribed by equation 7, as we found
the distribution PðSGj~f

ðmÞ
; kÞ to be highly right skewed

making the mean estimate unstable. As further
validation, we found the median to display superior
assignment performance to mean, as assessed by
AUC.
To derive the posterior assignment probability surface

for a given genetic sample (PðkjSG;Gref Þ) using Eq. 7
we multiply by a spatial prior (p(k)) and normalize over
the grid of prediction locations to obtain a proper
probability,

(A)

(B)

(C)

(D)

Fig. 2. Posterior assignment probability maps, from left to right, of the genetic, isotopic and combined assignment model output.
Rows A and B reflect the results for the same hermit thrush test sample, and C and D of the same Wilson’s warbler test sample.
These pairs reflect the result of cross-validation by individual and cross-validation by location respectively. These cross-validation
schemes involve the exclusion of an individual or a sampling location before fitting the model to the remainder of the data. The fit-
ted model is then used to predict the origin of the excluded individuals. The indicates the true origin of the sample and ● indicate
all other sampling locations.

© 2013 John Wiley & Sons Ltd
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Location CV Type N Ind 10% 30% 50% 70% 90%
Overall Individual 75 0 111 272 474 1151

Location 342 584 1124 1567 2971
Al Individual 18 77.8 340 524 774 1562

Location 406 494 872 1490 1590
Co Individual 5 44.5 117 141 219 919

Location 1348 1462 1804 1863 2288
Ont Individual 13 0 43.3 111 132 222

Location 2245 2617 2993 3195 3467
Or Individual 24 23.8 134 254 454 786

Location 342 342 448 712 1641
SF Individual 15 0 128 376 713 927

Location 796 896 1124 1124 1190

Supplementary Table 2: Wilson’s warbler - Table shows percentiles of the distribution of great circle distances
(in km) between the center of the grid cell of known origin to the center of the grid cell with maximum median
posterior probability for all samples at the given location.
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Supplementary Figure 1: ROC curves for Hermit Thrush (A - C) and Wilson’s Warbler (D - F) under
individual (A and B) and location (B and E) based cross-validation. Combined model results under size
adjusted individual cross-validation are presented in C and F. Identically colored lines reflect the result of
independent MCMC chains.
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Figure 5: Maps showing connectivity between sampling locations of wintering Wilson’s warblers and max-
imum a posteriori (MAP) estimates of breeding season origin using genetic (A), isotopic (B) or combined
(C) models. Connections are indicated using great circle arcs and are colored according to wintering loca-
tion. Breeding and wintering range maps for Wilson’s warbler are indicated in orange and blue respectively
(Ridgely et al 2007). Each assigned location is a point estimate with associated uncertainty, but the collective
distribution of assigned origins is revealing of migratory connectivity between regions of mainland Mexico
and locations in Western North America and Baja and the coastal Pacific Northwest.

28

ߟߟ


