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Abstract
Background Vaccine-preventable diseases (VPDs) persist globally with a disproportionately high burden in Low and 
Middle-Income Countries (LMICs). Although this might be partly due to the failure to sustain vaccination coverage 
above 90% in some WHO regions, a more nuanced understanding of VPD transmission beyond vaccination coverage 
may unveil other important factors in VPD transmission and control. This study identified VPDs hotspots and explored 
their relationships with ecology, urbanicity and land-use variations (Artisanal and Small-scale Gold Mining (ASGM) 
activities) in Ghana.

Methods District-level disease count data from 2010 to 2014 from the Ghana Health Service (GHS) and population 
data from the Ghana Population and Housing Census (PHC) were used to determine clustering patterns of six 
VPDs (Measles, Meningitis, Mumps, Otitis media, Pneumonia and Tetanus). Spatial and space-time cluster analyses 
were implemented in SaTScan using the discrete Poisson model. P-values were estimated using a combination of 
sequential Monte Carlo, standard Monte Carlo, and Gumbel approximations.

Results The study found a preponderance for VPD hotspots in the northern parts of Ghana and northernmost 
ecological zones (Sudan Savannah and Guinea Savannah). Incidence of meningitis was higher in the Sudan Savannah 
ecological zone relative to: Tropical Rain Forest (p = 0.001); Semi Deciduous Forest (p < 0.0001); Transitional Zone 
(p < 0.0001); Coastal Savannah (p < 0.0001) and Guinea Savannah (p = 0.033). Except for mumps, which recorded a 
higher incidence in urban districts (p = 0.045), incidence of the other five VPDs did not differ across the urban-rural 
divide. Whereas spatial analysis suggested that some VPD hotspots (tetanus and otitis media) occur more frequently 
in mining districts in the southern part of the country, a Mann-Whitney U test revealed a higher incidence of 
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Background
Although Global Health Initiatives (GHIs) like the Global 
Alliance for Vaccines and Immunization (GAVI) and 
the Expanded Program on Immunization (EPI) have 
helped reduce the burden of vaccine-preventable dis-
eases (VPDs) in the past decades, worrying evidence 
of stalling in VPD decline are beginning to emerge [1]. 
Recent surveillance data suggests VPDs still constitute 
a significant global health problem, especially in low 
and middle-income countries (LMICs) [2, 3]. In 2009, 
it was estimated that diseases that could have been pre-
vented with routine vaccination still caused 2—3 million 
deaths annually[4]. More than a decade on, VPDs persist 
with a complicated global outlook even as high-income 
countries (HICs) record increases in the frequency of 
outbreaks—a situation that hints at a growing VPD vul-
nerable population[5].

VPD outbreaks are often attributed to vaccination cov-
erage gaps and the factors underpinning the emergence 
of these gaps may differ in different regions of the world. 
In HICs, for instance, a growing anti-vaccine activism 
is believed to have led to increased nonmedical exemp-
tions from vaccinations, decreased vaccine uptake and 
increase in VPD incidence[5–8]. Although disinforma-
tion surrounding current COVID-19 vaccines has fes-
tered some anti-vaccine sentiments in LMICs, gaps in 
vaccination coverage are mainly due to logistical and 
financial constraints [9, 10]. It is tempting to pin the per-
sistence of VPDs solely on vaccination coverage gaps but 
reports of VPD outbreaks in areas with high vaccina-
tion coverage [11–13] suggests that other factors such as 
ecological, climatic, and perhaps land-use changes may 
directly or indirectly influence VPD transmission[14–18]. 
Unfortunately, the lack of a nuanced understanding of 
the interplay between VPD transmission dynamics, ecol-
ogy, climate, and land-use variations gravely undermines 
efforts to develop new strategies for targeted interven-
tions [19].

The convergence model of infectious disease transmis-
sion elegantly depicts interactions between climate, ecol-
ogy, and infectious disease transmission patterns[20], but 
that notwithstanding, very few studies in Ghana have 
looked at infectious disease transmission through eco-
regional lenses[16]. By definition, ecological zones are 

areas with unified climate, geology, topography, soil, veg-
etation, and predominant land use[21]. Thus, ecological 
zones may better explain infectious disease transmission 
patterns than political or administrative districts. Ghana 
is home to six distinct terrestrial ecological zones com-
prising Sudan Savannah, Guinea Savannah, Forest Savan-
nah Transition, Semi-Decideous Rainforest, Rainforest 
and Coastal Savannah. Plausibly, a better appreciation of 
the spatial distribution of VPDs among these ecological 
zones may offer insights into VPD transmission patterns.

Beyond factors in the convergence model of infectious 
disease transmission, several other factors may influence 
VPD transmission in unassuming ways. For instance, 
malnutrition and some occupational-related issues may 
undermine herd immunity by reducing vaccine-induced 
immunity against various VPDs even when vaccine 
coverage is adequate[22]. This brings the relationships 
between land-use changes and infectious disease trans-
mission into sharp focus. Apart from interfering with 
complex ecological relationships, human-induced land-
use changes such as those caused by the Artisanal and 
Small-scale Gold Mining (ASGM) industry in some com-
munities in Ghana can indirectly reduce herd immunity 
for VPDs[20, 23]. Globally, the ASGM sector is thought 
to be the most significant source of mercury[24] and 
some communities with ASGM activities have gained 
notoriety as “toxic sites” because the methods used by 
miners release immunotoxins such as mercury, arsenic 
and cadmium into the environment[24]. A study assess-
ing the potential effects of ASGM activities on human 
health in Ghanaian communities concluded that there 
was a high certainty that miners and community mem-
bers have been exposed to high and potentially danger-
ous levels of mercury, arsenic and cadmium [23]. In the 
light of an increasing body of literature on immunosup-
pressive effects of these metals, [25–28] it is logical to 
hypothesize that inhabitants of such communities with 
long-term exposure to high levels of these immunotox-
ins may be immunosuppressed. While the assessment of 
population-level immunosuppression could prove daunt-
ing, comparing VPD clustering patterns in mining and 
non-mining communities is feasible and may elucidate 
how mining-related land-use changes affect the trans-
mission dynamics of VPDs in Ghana.

meningitis in non-mining districts (p = 0.019). Pneumonia and meningitis recorded the highest (722.8 per 100,000) and 
least (0.8 per 100,000) incidence rates respectively during the study period.

Conclusion This study shows a preponderance of VPD hotspots in the northern parts of Ghana and in semi-arid 
ecoclimates. The relationship between ASGM activities and VPD transmission in Ghana remains blurred and requires 
further studies with better spatial resolution to clarify.

Keywords Vaccine-preventable Diseases, VPD, Ecological zones, Hotspots, Ghana, Artisanal and Small-Scale Gold 
Mining, ASGM, Immunization
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In recent times, epidemiologists have leveraged Geo-
graphic Information Systems (GIS) technologies and 
spatio-temporal modeling techniques to map areas with 
exceptionally high (hotspots) or low (cold spots) disease 
rates in different settings. These tools have been used 
to study diarrhoeal diseases [29–31], several aspects 
of malaria and tuberculosis epidemiology [32–35], 
neglected tropical diseases (NTDs) [36] and a host of 
other conditions of public health importance, including 
pedestrian crashes [37, 38]. This study used the SaTScan 
software [39] in mapping six VPDs (measles, meningitis, 
mumps, otitis media, pneumonia, and tetanus) in Ghana. 
It also explored the relationships between VPD incidence 
and ecological zones, settlement type, and gold mining 
activities. Findings from this study offer vital informa-
tion on the distribution of VPDs in Ghana and set the 
stage for further studies that may explain the variable 
VPD incidence in the country. Managers of the Expanded 
Programme on Immunization (EPI) and policymakers 
can draw valuable lessons from the data presented in this 
study.

Methods
Study area
This study was conducted in the West African nation of 
Ghana, along the Gulf of Guinea, between latitudes 4° 
and 12°N and longitudes 4°W and 2°E. Ghana occupies a 
landmass of 238,535 km2 and it is bounded to the North 
by Burkina Faso, the South by the Atlantic Ocean, the 
East by Togo and to the West by La Cote d’Ivoire. There 
are currently 16 administrative regions and 275 districts 
in Ghana. Administrative boundaries in Ghana are often 
re-demarcated for efficient running. Prior to 2012, Ghana 
had 10 regions and 170 districts, which were subdivided 
into 216 districts. These divisions are often done for 
political expediency and with little recourse to health sys-
tem and thus, newly created regions and districts often 
lack complementary disease and demography data. This 
study was based on the hitherto 10 regions and 170 dis-
tricts and limited to the period between 2010 and 2014 to 
ensure data completeness.

Data sources and preparation
Vaccine-preventable disease count data for a 5-year 
period (2010–2014) was obtained from the Centre for 
Health Information Management (CHIM) of the Ghana 
Health Service (GHS) outfit. The CHIM aggregates dis-
ease count data at the district level using data from vari-
ous health facilities within each district into two main 
variables- disease count and administrative districts. 
Population figures for each district were extracted from 
Ghana’s 2010 PHC data[40]. Both the CHIM and PHC 
data are useful and reliable data sources that are rou-
tinely used in studies of this nature[41]. The population 

was assumed to be stable during the study period [42]. A 
shapefile of district boundaries, ecological zones and sig-
nificant mining areas digitized as polygon features were 
obtained from the Cartographic Unit of the Department 
of Geography and Regional Planning, University of Cape 
Coast.

This study leverages a feature in the PHC dataset that 
specifies the number of people living in urban and rural 
areas in a district to determine the settlement type. In 
classifying districts into settlement types, districts with 
an urban population greater than the rural population 
were classified as urban districts, and those with a higher 
rural population were classified as rural districts. In clas-
sifying districts by ecological zones, a map of Ghana with 
ecological zone boundaries was superimposed on district 
boundaries. Districts that lay within the boundaries of 
a particular ecological zone were grouped together and 
named after that ecological zone. Districts that lay in two 
or more ecological zones assumed the identity of the eco-
logical zone that occupied the largest landmass of that 
district. Information from the Ghana Geological Survey 
Department and the Toxic Sites Identification Program 
(TSIP) was used in categorizing districts into mining and 
non-mining. Districts with evidence of mining activities 
were classified as mining and those without such records 
of mining activities were classified as non-mining. VPD 
cluster and incidence maps were generated in ArcMap 
10.3 using shapefiles outputs from SaTScan.

Analytical Approach
This study used the SaTScan software version 9.4.3 to 
assess high and low rates clusters of VPDs in the study 
area. Apart from the ease of use, SaTScan has several 
advantages over similar softwares [39, 43]. SaTScan needs 
at least three file types to operate: (1) case file contain-
ing information on the number of cases per location for 
a specified period; (2) a population file containing infor-
mation on the population per location and (3) coordinate 
file containing information on the coordinates of each 
location [43]. Grid file may be used if the user is inter-
ested in focused cluster testing. Whereas time for each 
case is required for space-time analysis, SaTScan does 
not require this for purely spatial analysis and ignores the 
time even when provided [43]. In this study, purely spatial 
(henceforth simply referred to as spatial) and space-time 
cluster analyses were implemented in SaTScan using the 
Poisson distribution and a maximum spatial cluster size 
of 50% of the population at risk. Using a maximum clus-
ter size of 50% of the population at risk allows SaTScan to 
evaluate a wider range of clusters to improve the chances 
of detecting “true” clusters regardless of their size (i.e. 
very small or very large). P-values for the detected clus-
ters were calculated using the SaTScan default setting. 
The default settings calculate the p-values by using a 
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combination of standard Monte Carlo, sequential Monte 
Carlo, and Gumbel approximations. We report on the 
top five clusters in spatial analysis and the top 3 clusters 
in space-time analysis. To promote a comprehensive and 
nuanced understanding of the clustering patterns of VPD 
in the study, we triangulated spatial analysis with appro-
priate non-spatial statistics (Mann-Whitney U and Krus-
kal-Wallis H test) and assessed relationships between 
VPD incidence, settlement types, land-use patterns and 
ecological zones using IBM SPSS Statistics Version 26. 
These tests are non-parametric and allow for analysis of 
non-normally distributed data with minimal cost to sta-
tistical power [44].

Results
Spatial and space-time clustering of VPDs
To have a sense of where VPDs clustered in the study 
area (Ghana), spatial and space-time cluster analyses 
were implemented in SaTScan using the discrete Poisson 
model. Results of these analyses were used to generate 
the choropleths in Figs. 1, 2, 3, 4, 5 and 6. Figure 1 A, 2 A, 
3 A, 4 A, 5 and 6 A are incidence maps of VPDs per dis-
trict for the five-year period (2010–2014). Although inci-
dence maps give some indication of the location of VPD 

clusters, they are essentially a patchwork of elevated and 
decreased incidence rates and not particularly revealing 
of cluster boundaries. Figures 1B, 2B, 3B, 4B, 5B and 6B 
are cluster maps showing the top 5 most likely clusters 
for each of the VPDs considered in this study. Cluster 
attributes, such as cluster type, relative risks, number 
of cases and expected number of cases, are shown in 
Table  1. Unless otherwise stated, all reported clusters 
were significant at a p < 0.0001. This study reports the top 
five most likely spatial clusters and the top three most 
likely space-time clusters for each VPD.

Measles:
Spatial analysis: A total of 1189 measles cases were 
recorded during the study period and this corresponds to 
an incidence rate of 1.0 per 100,000. Top five most likely 
clusters for measles are shown in Fig.  1B; it comprised 
four hotspots and a cold spot. The most likely measles 
cluster was a hotspot that comprised a single district 
(Bole) in the Northern Region of Ghana (coordinates: 
8.717652 N, 2.283088 W). This cluster recorded 116 mea-
sles cases and had a relative risk of 43.9 (Table  1). Two 
of the four other measles hotspots were in the northern-
most parts of the country (Fig. 1B) and the only measles 

Fig. 1 Choropleths showing the incidence and clustering of measles in the study area
 (A) A choropleth of measles incidence in the study area (2010–2014); (B) Measles cluster map: this choropleth shows the top 5 most likely spatial measles 
cluster in the study area. Four (4) clusters (1,2,3 and 4) are hotspots (red) whiles a single cluster (5) is a cold spot (blue)
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hotspot located outside the northern parts of the coun-
try was found in the south-eastern parts of Ghana. This 
measles hotspot was a large cluster (coordinates/radius: 
(6.177242  N, 0.403307 E) / 41.66  km) comprising five 
contiguous districts with 111 measles cases and a rela-
tive risk of 6.20. The only measles cold spot detected was 
also the largest and fifth most likely cluster (coordinates/
radius: (8.557400  N, 0.299873 E) / 242.22  km). This big 
cluster comprising 43 districts recorded 98 measles cases 
and had a relative risk of 0.33.

Space-time analysis: To have insights into the tempo-
ral dimensions of the detected spatial clusters, a Poisson 
model space-time analysis was implemented in SaTScan. 
Information on space-time analysis for all VPDs is shown 
in Table 1. The top three most likely space-time clusters 
comprised two hotspots in 2014 and 2012 and a cold spot 
between 2010 and 2011. Noteworthily, the most likely 
measles space-time cluster, which occurred in 2014 as a 
hotspot (relative risk = 214.2) co-located with the most 
likely spatial cluster (relative risk 43.19) in Bole district. 
The third space-time cluster was a cold spot identi-
fied at (coordinates/radius: (6.216364  N, 0.795332 E) / 
267.81 km) between 2010 and 2011 with a relative risk of 
0.02.

Meningitis
Spatial analysis: The incidence of meningitis in Ghana for 
the five-year study period was 0.8 cases per 100,000. The 
top five most likely meningitis clusters were all hotspots 
(Fig. 2 A) and the largest of these clusters, which was also 
the most likely cluster, occurred in the northernmost 
parts of the country. This cluster (coordinates/radius: 
(10.656451 N, 1.802392 W) / 159.73 km), comprised 23 
districts and had a relative risk of 9.17. The only menin-
gitis clusters located in the southern part of the country 
(clusters 2 and 3) were single district clusters located in 
some of the country’s most densely populated districts 
in the southmost parts of the country (i.e., Tema Metro-
politan Assembly and Sekondi Takoradi). The fifth most 
likely cluster was a single-district cluster located in the 
Midwest of Ghana and shares boundary with the Ivory 
coast (coordinates/radius.: (7.916430  N, 2.679788  W) / 
0 km).

Space-time analysis: The most likely space-time clus-
ter (coordinates/radius: (10.656451  N, 1.802392  W) / 
110.90  km) occurred in 2012, comprised 13 districts, 
and had a relative risk of 33.44. Another space-time 
cluster (cold spot) (coordinates/radius: (6.908037  N, 
2.212044  W) / 221.65  km) emerged between 2010 and 

Fig. 2 Choropleths showing the incidence and clustering of meningitis in Ghana
 (A) A choropleth of meningitis incidence in the study area (2010–2014); (B) Meningitis cluster map: this choropleth shows the top 5 most likely spatial 
meningitis cluster in the study area. All five (5) clusters are hotspots (red)
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2011, which comprised 103 districts, had zero observed 
cases instead of the expected 189.89.

Mumps
Spatial analysis: Incidence of mumps in Ghana for the 
five-year period was 41.2 per 100,000. All five most likely 
spatial mumps clusters were hotspots and the most likely 
cluster (coordinates: (5.700777  N, 0.033269  W) com-
prised a single district (Ashaiman) with a relative risk of 
21.85 (Fig. 3 A). The mumps hotspots were scattered all 
over the country, with three of the five most likely spa-
tial clusters occurring in the southern parts of the coun-
try (clusters 1, 2 and 5). The middle belt and the northern 
parts of the country had a cluster each (clusters 4 and 3, 
respectively).

Space-time analysis: The three most likely mumps 
space-time clusters comprised two hotspots and a cold 
spot. The first and third clusters which were hotspots 
(relative risk = 52.46 and 4.18 respectively) co-locates 
with their spatial counterparts (relative risk = 21.85 and 
2.86 respectively), and even though none of the spatial 
mumps clusters were cold spots, the second most likely 
space-timed cluster was a cold spot (relative risk = 0.36). 
This large cold spot comprised 97 districts (coordinates 
/ radius: (6.669270  N, 1.384939  W) / 163.69  km) and 
occurred between 2010 and 2011.

Otitis media
Spatial analysis: A total of 81,156 otitis media cases 
were recorded in the study area during the five-year 
study period. The five most likely otitis media clusters 
comprised three hotspots and two cold spots (Fig. 4 A). 
The most likely cluster was a hotspot comprising a sin-
gle district (Takwa Nsuaem Municipality; coordinates: 
(5.193130 N, 1.971290 W)) with a relative risk of 12.48. 
The two other hotspots (clusters 4 and 5) occurred in 
the northmost parts of the country with relative risks 
of 4.70 and 2.10, respectively (Table 1; Fig. 4 A). One of 
the cold spots was a large cluster (coordinates/radius: 
(8.385741  N, 0.066774  W) / 192.65  km) spanning the 
middle belt and northern parts of the country with a rela-
tive risk of 0.36. The other cold spot (coordinate/radius 
5.640235  N, 1.010241  W) / 89.36  km) was found in the 
southern part of the country with a relative risk of 0.4.

Space-time analysis: The only space-time cluster 
detected was a hotspot covering more than half of the 
country (coordinates / radius: (10.605260 N, 2.593035 W) 
/ 495.77 km) with a relative risk of 12.38. It occurred in 
2014.

Pneumonia
Spatial analysis: Pneumonia emerged as the VPD with 
the highest incidence rate (722.8 per 100,000) in the 

Fig. 3 Choropleths showing the incidence and clustering of measles mumps in Ghana
 (A) A choropleth of mumps incidence in the study area (2010–2014); (B) Mumps cluster map: this choropleth shows the top 5 most likely spatial mumps 
cluster in the study area. All five (5) clusters are hotspots (red)
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study area and for the five-year period. The five most 
likely pneumonia clusters in the study area shown are 
in Fig. 5B. Three of the five most likely clusters (clusters 
1, 4 and 5) were hotspots, whiles two (clusters 2 and 3) 
were cold spots. The most likely cluster (coordinates/
radius: (9.406780  N, 0.800510  W) / 167.94  km) was a 
hotspot (relative risk = 3.1) which covered extensive 
areas in the northern parts of the country. Almost con-
tiguous with the most likely cluster was another hotspot 
(cluster 5) which spanned several districts in the middle 
belt of the country (coordinates/radius: (10.173846  N, 
0.231248 E) / 463.30 km) and had a relative risk of 1.59. 
The fourth most likely cluster, also a hotspot (relative 
risk = 3.4), occurred in the south-western part of the 
country (coordinates/radius: (5.101192  N, 2.212673  W) 
/ 28.60  km) with a relative risk of 3.4. Interestingly, the 
second most likely cluster, which was a cold spot (rela-
tive risk = 0.32), occurred in the middle belt (coordi-
nates/radius: (8.703810  N, 0.054154 E) / 216.64  km), 
sandwiched between the two hotspots (cluster 1 and 5). 
The other cold spot occurred in the southern parts of 
Ghana (coordinates/radius: (5.465317  N, 0.617052  W) / 
47.08 km) with a relative risk of 0.37.

Space-time analysis: The three most likely space-time 
pneumonia clusters comprised two cold spots and a 
hotspot. The only space-time pneumonia hotspot (24.83) 
occurred between 2010 and 2011 at a location that over-
lapped with spatial cluster 1 at its southern boundaries 
(coordinates: 8.099945 N, 1.045458 W). The second most 
likely space-time pneumonia cluster, which was a cold 
spot (relative risk = 0.24), occurred between 2012 and 
2013. It co-locates with spatial cluster 3 which is also a 
cold spot. The last space-time cluster, also a cold spot 
(relative risk = 0.19), occurred between 2010 and 2011 
in the middle belt of the country (coordinates/radius: 
(7.944419 N, 1.760507 W) / 40.31 km).

Tetanus
Spatial analysis: The incidence of tetanus in Ghana for 
the five-year period was 2.2 cases per 100,000 between 
2010 and 2014. Top five most likely clusters were all 
hotspots scattered across the country (Fig. 6B). The most 
likely cluster (coordinates: (5.721938  N, 2.346117  W) 
was a single district cluster (Wassa Amenfi West) 
in the south-western part of the country with 814 
cases and a relative risk of 65.04. The fifth most likely 

Fig. 4 Choropleths showing the incidence and clustering of otitis media in Ghana
 (A) Otitis media incidence map for Ghana (2010–2014): this choropleth shows otitis media incidence for each of the 170 districts in Ghana. (B) Otitis 
media cluster map: this choropleth shows the top 5 most likely otitis media clusters in the study area. Three of the clusters (1, 4 and 5) are hotspots (red) 
whiles two clusters (2 and 3) are cold spots (blue)
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cluster (coordinates/radius: (10.685248  N, 0.712475  W) 
/ 19.97 km) which comprised two districts (Talensi Nab-
dam and Bolgatanga) was in the northern parts of the 
country and had a relative risk of 11.52.

Space-time analysis: space-time analysis revealed only 
two clusters, both of which were hotspots. The space-
time most likely cluster occurred in 2014 (coordinates: 
(5.721938  N, 2.346117  W) with 814 cases and a rela-
tive risk of 327.09. The second tetanus space-time clus-
ter occurred in 2014 (coordinates/radius: (7.705438  N, 
1.553793 W) / 103.96 km) with 664 cases and a relative 
risk of 8.98.

VPDs and ecological zones in Ghana
The potential effects of climate and ecology on the distri-
bution of diseases are well known [40–43]. Thus, to gain 
insight into the relationship (s) between the VPDs stud-
ied and ecological zones in Ghana, this study compared 
the incidence of the various VPDs in different ecological 
zones using the Kruskal-Wallis test (Table  2). Incidence 
of most VPDs studied did not differ across ecological 
zones except for meningitis (χ2 (5) = 38.5521, p < 0.0001), 
otitis media (χ2 (5) = 15.529, p = 0.008) and pneumonia 

(χ2(5) = 13.163, p < 0.022). Meningitis was ranked highest 
in the Sudan Savannah (mean rank = 140.17) and lowest 
in the Tropical Rain Forest (mean rank = 51.50) ecological 
zone. Post hoc comparisons with Bonferroni correction 
for multiple testing (Table 2) revealed a higher incidence 
of meningitis in the Sudan Savannah ecological zone 
relative to: Tropical Rain Forest (U = 88.67, p = 0.001); 
Semi Deciduous Forest (U = -67.78, p < 0.0001); Transi-
tional Zone (U = 14.22, p < 0.0001); Coastal Savannah (U 
= -60.62, p < 0.0001) and Guinea Savannah (U = -40.39, 
p = 0.033). The post hoc comparisons further revealed 
a higher incidence of meningitis in Guinea Savannah 
(mean rank = 99.78) relative to Semi Deciduous Forest 
(mean rank 72.39) ecological zones (U = 27.39, p < 0.023). 
Like meningitis, the incidence of otitis media and pneu-
monia were similarly higher in the Sudan Savannah eco-
logical zone relative to Semi Deciduous Forest (Table 2).

Associations of VPD with settlement types, mining 
activities, and coastal proximity
Settlement type: the rural-urban divide
Rural-urban inequalities often have implications for 
infectious disease epidemiology and thus, this study 

Fig. 5 Choropleths showing the incidence and clustering of pneumonia in Ghana
 (A) Pneumonia incidence map for Ghana (2010–2014): this choropleth shows pneumonia incidence for each of the 170 districts in Ghana. (B) Pneumonia 
cluster map: this choropleth shows the top 5 most likely pneumonia cluster in Ghana. Three of the clusters (1, 4 and 5) are hotspots (red) whiles two 
clusters (2 and 3) are cold spots (blue)
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compared the incidence of VPDs across rural and urban 
districts (Table  3). Except for mumps, which was found 
to be higher in predominantly rural districts (U = 1971.00 
p = 0.045), none of the VPDs varied across the rural-
urban divide (Table 3).

Mining activities and incidence of VPD
To find out if districts with mining activities had elevated 
incidence of VPDs, districts were categorised into min-
ing and non-mining using data from the Ghana Geo-
logical Survey Department and Toxic Sites Identification 
Program (TSIP). A Mann-Whitney U test found no sig-
nificant difference in the incidence of VPD in mining and 
non-mining towns except with meningitis, which was 

Table 1 Most likely spatial and space-time clusters of the six 
VPDs.
VPD Mean Rank P-value

Mining Non-mining
Measles 77.20 86.30 0.480

Meningitis 60.23 87.95 0.019*

Mumps 75.87 86.43 0.427

Otitis media 103.50 83.76 0.138

Pneumonia 95.53 84.55 0.418

Tetanus 87.93 85.26 0.836
Top five (5) spatial clusters and top three (3) space-time clusters reported. Spatial 
and space-time cluster analyses were implemented in SaTScan using Poisson 
distribution and a maximum spatial cluster size of < 50% of the population at 
risk. P-values for the detected clusters were calculated using SaTScan’s default 
setting which estimates p-values with a combination of standard Monte Carlo, 
sequential Monte Carlo, and Gumbel approximations. Administrative districts 
as the spatial unit of analysis

Table 2 An analysis of ranks comparison of VPD incidence across 
ecological zones in Ghana
VPD Mean Rank P 

valueUrban Rural
Measles 83.34 86.12 0.752

Meningitis 89.54 84.34 0.157

Mumps 71.37 89.57 0.045*

Otitis media 89.34 84.39 0.585

Pneumonia 80.39 86.97 0.468

Tetanus 96.66 82.29 0.102
This table shows the results of a Kruskal-Wallis H test of VPD incidence in various 
ecological zones. This test assumes the null hypothesis that there is no difference 
in the incidences among ecological zones. A significant p-value (p < 0.05) is 
followed by a post hoc pairwise comparison adjusted for multiple test (italics). 
*significant p values (p < 0.05); **significant p values (p < 0.0001).#Ecological 
Zones: Sudan Savannah (SS); Guinea Savannah (GS); Transition Zone (TZ); Semi 
Deciduous Forest (SDF); Tropical Rain Forest (TRF); Coastal Savannah (CS)

Fig. 6 Choropleths showing the incidence and clustering of tetanus in Ghana
 (A) Tetanus incidence map for Ghana (2010–2014): Tetanus incidence for each of the 170 districts in Ghana. (B) A choropleth showing the top 5 most likely 
tetanus clusters in Ghana. All 5 cluster had were hotspots (elevated) disease rates
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VPD Most Likely 
Cluster

Year Cluster type Rel Risk No of cases Exp 
Cases

Purely Spatial

Measles Top 5 Cluster 1 - Hotspot 43.19 116 2.97

Cluster 2 - Hotspot 15.58 82 15.58

Cluster 3 - Hotspot 29.93 59 2.09

Cluster 4 - Hotspot 6.20 111 19.89

Cluster 5 - Cold spot 0.33 98 237.93

Space-time

Top 3 Cluster 1 2014 Hotspot 214.2 115 0.59

Cluster 2 2012 Hotspot 10.45 203 22.97

Cluster 3 2010–2011 Cold spot 0.020 6 237.64

Purely Spatial

Pneumonia Top 5 Cluster 1 - Hotspot 43.19 116 2.97

Cluster 2 - Hotspot 15.58 82 15.58

Cluster 3 - Hotspot 29.93 59 2.09

Cluster 4 - Hotspot 6.20 111 19.89

Cluster 5 - Cold spot 0.33 98 237.93

Space-time

Top 3 Cluster 1 2014 Hotspot 214.2 115 0.59

Cluster 2 2012 Hotspot 10.45 203 22.97

Cluster 3 2010–2011 Cold spot 0.020 6 237.64

Purely Spatial

Meningitis Top 5 Cluster 1 - Hotspot 9.17 121 12.29

Cluster 2 - Hotspot 12.73 82 15.58

Cluster 3 - Hotspot 16.80 89 6.84

Cluster 4 - Hotspot 13.37 82 8.21

Cluster 5 - Hotspot 23.18 17 0.80

Space-time

Top 3 Cluster 1 2012 Hotspot 33.44 240 9.51

Cluster 2 2010–2011 Cold spot 0 0 189.99

Cluster 3 - - - -

Purely Spatial

Mumps Top 5 Cluster 1 - Hotspot 21.85 7404 393.62

Cluster 2 - Hotspot 3.07 6955 2263.46

Cluster 3 - Hotspot 2.68 5743 2378.84

Cluster 4 - Hotspot 3.45 3442 1084.38

Cluster 5 - Hotspot 4.10 1788 458.31

Space-time

Top 3 Cluster 1 2013–2014 Hotspot 52.46 7121 157.36

Cluster 2 2010–2011 Cold spot 0.36 4246 10158.88

Cluster 3 2014 Hotspot 4.18 2331 577.97

Purely Spatial

Otitis Top 5 Cluster 1 - Hotspot 12.48 3564 297.67

Cluster 2 - Cold spot 0.40 10,369 21656.47

Cluster 3 - Cold spot 0.36 9942 21950.18

Cluster 4 - Hotspot 4.70 2850 631.52

Cluster 5 - Hotspot 2.10 8441 4374.11

Space-time

Top 3 Cluster 1 2014 Hotspot 12.38 46,944 8098.35

Cluster 2 - - - - -

Cluster 3 - - - - -

Purely Spatial

Table 3 An analysis of ranks comparison of VPD incidence among districts classified as either predominantly urban or predominantly 
rural
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found to be higher in non-mining areas (U = 1541.50, 
p = 0.019) (Table 4).

Spatial location of the most likely clusters for all six VPDs
The most likely cluster of all six VPDs was mapped on 
a single choropleth to enable visualization of the rela-
tive location of each VPD cluster (Fig.  7). This enabled 
us to assess the burden of VPDs in the country, includ-
ing overlaps. Almost every district in the northern parts 
of the country belonged to at least one of three high-rate 

clusters (meningitis, pneumonia, and measles). In addi-
tion, 15 districts in the northern parts belonged to two 
high-rate clusters (meningitis and pneumonia).

Discussion
Data from this study provides insight into the cluster-
ing of six VPDs in Ghana. Spatial and space-time analy-
sis revealed different clustering patterns for the various 
VPDs studied. This observation may have implications 
for WHO’s push for integrating VPD surveillance into a 

Table 4 An analysis of ranks comparison of VPD incidence among districts classified as either mining or non-mining
VPD Ecological Zones P value

SS GS TZ SDF TRF CS
Mean Rank
[Median (IQR)]

Meningitis 140.17
[0.07 (0.02–0.24)]

99.78
[0.01 (0-0.02)]

75.94
[0 (0-0.01)]

72.39
[0 (0–0)]

51.50
[0 (0–0)]

79.55
[0 (0-0.03)]

< 0.0001**

Bonferroni adjusted p values for post hoc comparisons:

SS/TRF (< 0.0001)** SS/SDF (0.001)* SS/CS (0.001)* SS/TZ (< 0.0001)** GS/SS (< 0.0001)** SDF/GS (0.023)*

Pneumonia 121.33
[ 39.7 (33.8–107)]

95.15
[41.63 
(8.25–50.16)]

82.94
[29.96 (16–52)]

76.71
[26 (9.13-47)]

87.40
[31.06 
(23.5-36.89)]

73.14
[31.86 
(13-53.76)]

0.022*

Bonferroni adjusted p values for post hoc comparisons:

SS/TRF (0.022)* SS/SDF (1.00) SS/CS (0.022)* SS/TZ (0.164) GS/SS (0.385) SDF/GS (1.00)

Measles 84.79
[0.02 (0-0.09)]

71.7
[0 (0-0.06)]

79.83
[0.03 (0-0.1)]

84.40
[0.01(0-0.04)]

70
[0 (0-0.01)]

92.55
[0 (0-0.06)]

0.248

Mumps 113.13
[2.49 (1.32-4)]

76.80
[0.71 
(0.69–3.09)]

95.89
[1.68 
(0.67–2.18)]

80.33
[0.98 (0.48–2.14)]

103.6
[1.64 (1.21–1.79)]

86.32
[0.79 
(0.49–2.49)]

0.103

Otitis media 129.33
[5.02 (3.64–11.57)]

79.88
[1.73 (0.7–4.3)]

95.44
[3.7 (1.59–6.24)]

81.66
[2.5 (0.92–4.24)]

80.60
[1.78 (0.97–4.58)]

71.05
[1.73 
(0.67–5.39)]

0.008*

Bonferroni adjusted p values for post hoc comparisons:

SS/TRF (0.008)* SS/SDF (0.552) SS/CS (0.01)* SS/TZ (0.06) GS/SS (0.489)* SDF/GS (0.014)*

Tetanus 80.27
[0.01 (0-0.05)]

81.15
[0.01 (0-0.055)]

91.11
[0.015 (0-0.07)]

80.07
[0.01 (0-0.05)]

95.11
[0 (0-0.03)]

106.11
[0.015 (0-0.05)]

0.273

This table shows the results of a Mann-Whitney U test of VPD incidence in districts classified as either mining or non-mining. This test assumes the null hypothesis 
that there is no difference in the incidences rates across the two settlement types. A significant p value (p < 0.05) indicates a rejection of the null hypothesis and 
confirms that there are differences in incidences between settlement types. Values in the settlement type columns represent mean ranks

VPD Most Likely 
Cluster

Year Cluster type Rel Risk No of cases Exp 
Cases

Tetanus Top 5 Cluster 1 - Hotspot 65.04 814 17.75

Cluster 2 - Hotspot 85.99 457 6.97

Cluster 3 - Hotspot 18.82 98 5.56

Cluster 4 - Hotspot 3.44 362 130.01

Cluster 5 - Hotspot 11.52 114 11.06

Space-time

Top 3 Cluster 1 2013–2014 Hotspot 52.46 7121 157.36

Cluster 2 2010–2011 Cold spot 0.36 4246 10158.88

Cluster 3 - - - - -
This table shows the results of a Mann-Whitney U test of VPD incidence in districts classified as either predominantly urban or predominantly rural. This test assumes 
the null hypothesis that there is no difference in the incidences rates across the two settlement types. A significant p value (p < 0.05) indicates a rejection of the 
null hypothesis and confirms that there are differences in incidences between settlement types. Values in the settlement type columns represent mean ranks. 
*significant p values (p < 0.05)

Table 3 (continued) 
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unified framework that takes advantage of existing sys-
tems to optimize outcomes [45]. The different clustering 
patterns of VPDs and their variegated relationships with 
ecology, urbanity, and land-use diversity underscore a 
mutual exclusivity in VPD epidemiology that may under-
mine this unified framework ideal. Empirical relation-
ships observed in this study are discussed in the light of 
the broader public health context.

A multiplicity of factors, including complex ecologi-
cal relationships, influence patterns of infectious dis-
ease transmission, and thus, the locations and ecological 
context of VPD clusters (hotspots and cold spots) iden-
tified in this study were deemed noteworthy. First, the 
preponderance of pneumococcal and meningococcal 
(meningitis, pneumonia, and otitis media) hotspots in 
the northern parts and the middle belt of Ghana was 

Fig. 7 Most likely cluster of all six VPDs. 
Most likely cluster of the six VPDs included in this study. Areas coloured red are the most likely clusters and the area coloured pink is the where meningitis 
and pneumonia overlap. The green diamonds indicate districts with mining activities
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quite striking. For instance, three of the five meningitis 
hotspots detected covered most of the country’s North-
ern, Upper East and Upper West Region. Cumulatively, 
these three hotspots accounted for 58.63% of the menin-
gitis cases reported in the entire country. The northern-
most parts of the country lie in the African meningitis 
belt, which stretches from Senegal in the West to Ethi-
opia in the East. The country also shares its northern 
boundary with Burkina Faso, which is a meningitis 
hyperendemic country. Thus, it was unsurprising that 
eight districts in the meningitis hotspot shared bound-
aries with Burkina Faso. The only meningitis hotspots in 
southern Ghana occurred in the densely populated dis-
tricts of Tema and Sekondi Takoradi. Although climate 
is a key factor driving meningitis in the meningitis belt, 
other factors like overcrowded housing also facilitated 
transmission, prolonged close contact and social interac-
tions (mass gatherings, pilgrimages, tribe migrations, and 
meetings) 21. Thus, finding meningitis hotspots in densely 
populated coastal districts in the southernmost parts of 
Ghana is not entirely unexpected. It is noteworthy that 
some of the recent meningitis outbreaks in Ghana have 
occurred in boarding school settings [46] which is usually 
overcrowded and have people living in prolonged close 
contact with a myriad of social interactions.

The paucity of evidence supporting the impact of 
immunization on the incidence of VPDs further rein-
forces the notion that ecological and other environmental 
factors plausibly confound the effect of immunisation and 
influence VPD distribution patterns in Ghana. Although 
the database used in this study did not distinguish men-
ingitis by etiologic agent, bacterial meningitis in this 
region is predominantly meningococcal caused by Neis-
seria meningitidis [47] or pneumococcal caused by Strep-
tococcus pneumoniae [48]. Thus, authorities reckoned 
that the onboarding of Meningococcal A Conjugate vac-
cine (MenAfriVac) and pneumococcal conjugate vaccines 
13 (PCV-13) onto Ghana’s EPI in November 2016 and 
May 2012 respectively [49–51] would reduce meningo-
coccal and pneumococcal VPDs such as meningitis, otitis 
media and pneumonia. However, studies on the impact 
of introducing MenAfriVac and PCV-13 on disease bur-
den in Ghana have showed no such benefit [52, 53].

Taken together, the overrepresentation of hotspots of 
pneumococcal and meningococcal VPDs in the northern 
parts of Ghana seems consistent with their association 
with hot climates [15, 54, 55]. This is somewhat cor-
roborated by finding relatively higher incidence of men-
ingitis, pneumonia and otitis media in ecological zones 
characterised by hot climates (i.e., Sudan Savannah and 
Guinea Savannah). Noteworthily, incidence of meningi-
tis decreased as one moves from the northmost ecologi-
cal zones (Sudan Savannah) to the south most ecological 
zones (Tropical Rain Forest and Coastal Savannah). And 

apparently, the same dry and windy weather that heralds 
meningitis outbreaks also characterises the northmost 
ecological zones.

The observation of a higher incidence of mumps in 
predominantly urban district is interpreted with care. 
Although health outcomes are thought to be better in 
urban areas, cities can also be the breeding grounds and 
gateway for infectious diseases [56, 57]. This makes the 
relationship between infectious diseases and urbaniza-
tion nebulous. Studies trying to find out whether pneu-
mococcal and meningococcal VPDs are more prevalent 
in urban or rural areas have so far been equivocal [58, 
59]. Our cautious disposition is also borne out of our rec-
ognition of the methodological challenges faced by stud-
ies investigating the relationship between health indices 
and urbanity. For instance, there is still no consensus 
among experts on defining what is rural, urban, and peri-
urban [57, 60]. Some studies have resorted to using offi-
cial administrative definition of rural and urban areas, 
but this approach is criticised for its bluntness. Using 
human population density as a surrogate of urbanity also 
ignores the fact that a high population density with com-
mensurate infrastructure does not necessarily represent a 
risk factor[60]. Plausibly, the limited definition of urban-
ity in this study may have obscured the complex interplay 
between sanitation and water supply infrastructure and 
their combined effect (s) on the spread and distribution 
of infectious diseases.

Cognisant of the potential role of mining as a human-
induced land-use change that can drive infectious disease 
transmission dynamics [17, 18], this study hypothesized 
that inhabitants of ASGM communities are VPD-vul-
nerable due to long-term exposure to high levels of the 
immunotoxins used in ASGM. Although a Mann-Whit-
ney U test did not support this hypothesis, spatial anal-
ysis revealed some telling findings. For instance, VPD 
hotspots in the southern parts of the country all occurred 
in mining districts (Tarkwa Nsuaem Municipality and 
Wassa Amenfi West) (Fig.  7). Mining communities may 
have some trappings of a transmission-enhancing envi-
ronment (i.e., overcrowded housing, intense social inter-
action, migration etc.), but the possibility that AGSM 
activities in this community might have led to immuno-
suppression and increased VPD-vulnerability cannot be 
discounted [25–27, 61, 62]. Studies assessing the immune 
status of populations in mining areas may offer some 
valuable insights. Mining activities and their health con-
sequences are often focal and thus require data with high 
spatial resolution, usually at the neighborhood or house-
hold level, to observe differences. However, the vastness 
and heterogeneity of the unit of analysis (administrative 
districts) may have masked the actual clustering of VPDs 
within districts. The relationship between VPD clustering 
and mining activities in the study area remains blurred 
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and requires further studies with better spatial resolu-
tion. Perhaps VPD hotspots and cold spots that com-
prised single district and situations where hotspots and 
cold spots were contiguous need further scrutiny. The 
focal nature of the former and the contrasting nature of 
the latter make these situations uniquely suited for tar-
geted in-depth investigations.

The findings of this study are discussed in the context of 
study limitations, some of which are worth highlighting. 
First, the disease count and population estimates used 
in this study could have some data quality issues, such 
as is common with national health datasets, particularly 
in LMICs [63]. This possibility notwithstanding, studies 
attesting to the quality, completeness and reliability of 
routine health information data collected in Ghana are 
reassuring [34, 64]. Another limitation worth highlight-
ing is the apparent datedness of data used in this study. 
This study focused on a five-year period (2010–2014) 
to ensure data completeness – a tradeoff that invariably 
affects the timeliness of our findings. Under-reporting of 
VPDs and the spatial scale (district level) of analysis also 
affect the accuracy and spatial granularity of our findings. 
Finally, although SaTScan is a great spatial statistic tool, it 
is not without limitations. For instance, SaTScan’s output 
options are limited to text files and databases files. This 
limits further exploration of clusters in SaTScan itself and 
forces users to resort to other softwares for graphing and 
mapping needs[65].

Conclusion
This study provides valuable insights into the spatial 
clustering of some VPDs in Ghana. It clearly shows a 
preponderance for VPD hotspots to occur in the north-
most parts of the country and areas with semi-arid eco-
climates, but fails to establish a convincing relationship 
between ASGM activities and VPD transmission. The 
spatiotemporal signals seen in this study are difficult to 
interpret in the absence of rich contextual data. Besides 
providing public health practitioners with information on 
the distribution of VPD, this study provides baseline data 
for researchers to further explore the subject. Sequels 
to this study must endeavour to improve spatial resolu-
tion and focus on a better understanding of the reasons 
behind the spatial clustering patterns of VPDs observed 
in this study.
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