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ABSTRACT
Objective  Tuberculosis is a major public health problem 
and is the second leading cause of death worldwide. BCG 
vaccination is a life-saving and important part of standard 
tuberculosis control measures, particularly in Ethiopia 
where tuberculosis is endemic. The End Tuberculosis 
Strategy targets of 2020 have not been achieved. Exploring 
spatial variations in BCG vaccination among children is 
vital to designing and monitoring effective intervention 
programmes. Therefore, this study aimed to explore the 
spatial variation in BCG vaccination among children in 
Ethiopia.
Design  Cross-sectional study design.
Setting  Ethiopia.
Participants  Children aged 0–35 months.
Primary outcome  BCG vaccination coverage.
Methods  Data from the 2016 Ethiopian Demographic 
and Health Survey were used and a total of 4453 children 
aged 0–35 months were included. Spatial autocorrelation 
analysis, cluster and outlier analysis, hotspot analysis, 
spatial interpolation, and spatial scan statistics were 
carried out to identify geographical risk areas for BCG 
vaccine utilisation. ArcGIS V.10.6 and SaTScan V.9.6 
statistical software were employed to explore spatial 
pattern and significant hotspot areas for BCG vaccination 
among children.
Results  BCG vaccination was spatially clustered in 
Ethiopia at the regional level (Global Moran’s I=0.516, 
p<0.001). A total of 51 most likely clusters of low BCG 
vaccination were identified in the Somali and Afar regions 
(log-likelihood ratio=136.58, p<0.001). Significant 
secondary clusters were also identified in North West 
Gambela, South Amhara, South West Addis Ababa, North 
East Southern Nations, Nationalities, and People’s Region, 
and South West Oromia.
Conclusion  A low probability of receiving BCG vaccination 
was found among children in the Somali and Afar regions. 
Therefore, these areas should be given attention when 
designing effective immunisation strategies to improve 
BCG vaccination among children in order to reduce the 
burden of tuberculosis in Ethiopia.

BACKGROUND
Tuberculosis (TB) is an infectious disease 
caused by Mycobacterium tuberculosis and is 
a major public health problem accounting 

for high morbidity and mortality. TB usually 
affects the lungs (pulmonary TB), but can 
also affect other sites (extrapulmonary TB).1

Globally, according to the WHO, there were 
an estimated 10 million TB incident cases in 
2017, and among these children accounted for 
1 million cases.2 A high number of TB-related 
deaths were also recorded, which was around 
1.6 million. TB is the second leading cause 
of mortality worldwide,2 and BCG is the only 
accessible vaccine to fight TB and is the most 
universally used vaccine in the world.3 4 Even 
though the BCG vaccine was introduced in 
Ethiopia 10 years ago, TB is at the top 9 of 
the high-burden cases in the country.5 The 
efficacy of BCG against pulmonary TB has 
been determined, and BCG vaccination is a 
life-saving and important part of standard TB 
control measures, particularly in low-income 
countries where TB is endemic.6 7 A systematic 
review and meta-analysis showed that BCG 
vaccine prevents disseminated childhood TB 
and protects against M. tuberculosis infection, 
and among infected children BCG reduces 
disease progression by 58%.8 Evidence also 
indicated that BCG provides some protection 
against leprosy9 and malaria among under-5 

Strengths and limitations of this study

►► A strength of this study is that it was based on na-
tionally representative weighted data and can be 
generalised at the national level.

►► A limitation of this study is that data were collected 
at a point in time, and these data are survey data 
with different limitations, for example, missing data 
on BCG vaccination status.

►► Other limitations include missing data on global 
positioning system coordinates, inaccuracies in vac-
cine cards and/or parental recall, and displacement 
of data for privacy reasons.

►► The SaTScan analysis detects only circular clusters, 
and irregularly shaped clusters were not detected.
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children.10 Even though children were a vulnerable group 
for TB, childhood vaccination in Ethiopia is low and 
varies from setting to setting. TB also remains a highly 
infectious disease and accounts for a high mortality rate.11 
The End Tuberculosis Strategy determined the targets for 
2020: 35% reduction in TB deaths and 90% reduction in 
TB incidence worldwide. Even though the annual rate 
is declining, the target still has not been achieved. The 
annual incidence of TB is 192 per 100 000 population 
and the annual death due to TB is 26 per 100 000 in 2015 
in Ethiopia.12 Furthermore, the burden of TB in Ethiopia 
varies across different geographical locations,13 14 which 
might be due to regional variations with regard to immu-
nisation coverage during infancy. Full immunisation 
coverage can be affected by the mother’s education, place 
of delivery and access to information from the media.15 
Industrialised geographical regions, family characteristics 
and healthcare organisations can also affect BCG vaccina-
tion coverage.16 Therefore, to decrease the incidence of 
TB in different settings, policies and programmes for TB 
control should account for the spatial heterogeneity in 
BCG vaccination.

In different sub-Saharan African countries including 
Ethiopia, there is variation with regard to vaccination 
coverage. This leads to weakened herd immunity and 
unequal disease risk.17 The rate of incomplete immu-
nisation is also high in different regions of Ethiopia 
and there are different hotspot areas with incomplete 
immunisation.18

To our knowledge, the risk (hotspot) areas for 
BCG vaccination coverage among children aged 0–35 
months have not been identified in Ethiopia. Identi-
fying geographical variations in BCG vaccination is very 
important to prioritise and design targeted prevention 
and intervention programmes to improve BCG vaccina-
tion coverage at the national level.

METHODS
Study design, setting and period
The Ethiopian Demographic and Health Survey (EDHS) 
is a community-based cross-sectional study conducted 
from 18 January to 27 June 2016. The study is conducted 
in Ethiopia, which has two administrative cities (Addis 
Ababa and Dire Dawa) and nine regional states (Tigray, 
Amhara, Afar, Oromia, Benishangul-Gumuz, Gambela, 
Harari, Somali, and Southern Nations, Nationalities, and 
People’s Region (SNNPR)). Ethiopia is an agricultural 
country, which accounts for 43% of the gross domestic 
product. More than 80% of the country’s total popula-
tion live in the regional states of Amhara, Oromia and 
SNNPR.19

Ethiopia is the 13th in the world and 2nd in Africa 
as the most populous country. Currently, Ethiopia 
follows three tiers of health systems: primary healthcare 
(primary hospital, health centre, health post, primary 
clinic and medium clinic), secondary healthcare (general 
hospital, specialty clinic and specialty centre) and tertiary 

healthcare (specialised hospital). The number of hospi-
tals varies from region to region in response, partly, 
to differences in population size. The most populous 
region, Oromia, has 30 hospitals. The other two predomi-
nant regions, Amhara and SNNPR, have 19 and 20 hospi-
tals, respectively, while Tigray, the fourth most populous 
region, has 16 hospitals. Gambela has only one hospital 
and Benishangul-Gumuz has two hospitals.20

Sample population and variable measurement
The EDHS used a stratified two-stage cluster sampling 
technique selected in two stages using the 2007 Popula-
tion and Housing Census (PHC) as the sampling frame. 
Stratification was achieved by separating each region into 
urban and rural areas. In total, 21 sampling strata were 
created, since the Addis Ababa region is entirely urban. 
In the first stage, 645 survey clusters (202 in the urban 
area) were selected with probability proportional to the 
survey cluster size and with independent selection in each 
sampling stratum. In the second stage, because time has 
passed since the PHC, a complete household listing oper-
ation was carried out in all selected survey clusters before 
the start of field work, and on average 28 households were 
systematically selected. Finally, 18 008 households and 
4453 children were included in the analysis. The detailed 
sampling procedure is presented in the full EDHS 2016 
report.19 Children’s vaccination status was categorised 
into vaccinated or not vaccinated. Vaccinated children are 
children who had evidence of BCG vaccination on their 
card, whereas unvaccinated children are children with no 
evidence of vaccination. The proportion of unvaccinated 
children was used for further spatial analysis.

The geographical coordinates XY data (latitude and 
longitude coordinates) were also taken from selected 
enumeration areas in each survey. The survey data sets 
and location data were accessed through the interna-
tional Demographic and Health Survey Program website 
after justifying the purpose of data access and after being 
deemed an authorised user.

Spatial data analysis
Data on coordinates and weighted frequency of outcome 
variable with cluster numbers were extracted and merged 
in STATA V.14 and exported to Excel. Survey clusters 
with missing longitude and latitude data were dropped. 
ArcGIS V.10.6 was used for analysis. Among the 645 
survey clusters, 2 were not included initially from the 
Demographic and Health Survey coordinates file. Of 
the 643 survey clusters, 622 were included in our anal-
ysis; the remaining 21 survey clusters were excluded due 
to missing global positioning system (GPS) cells. The 
spatial autocorrelation indicated that the pattern of BCG 
vaccination in this study area was dispersed, clustered 
or randomly distributed. The Global Moran’s I spatial 
statistics were used to measure spatial autocorrelation by 
taking the entire data set and producing a single output 
value that ranges from −1 to +1. Global Moran’s I values 
close to −1 indicate dispersed BCG vaccination coverage, 
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whereas Moran’s I values close to +1 indicate clustered 
BCG vaccination coverage, and an I value of 0 indicates 
randomly distributed BCG vaccination coverage. A statis-
tically significant Global Moran’s I (p<0.05) leads to rejec-
tion of the null hypothesis (BCG vaccination coverage 
is randomly distributed) and indicates the presence of 
spatial autocorrelation.

Cluster and outlier analysis
Local Moran’s I measures whether there were correlated 
(low coverage BCG vaccination–low coverage BCG vacci-
nation) and low–low (high coverage BCG vaccination–
high coverage BCG vaccination) clusters, or negatively 
correlated (low coverage BCG vaccination–high coverage 
BCG vaccination) and high coverage (BCG vaccination–
low coverage BCG vaccination) clusters of high values 
(low coverage BCG vaccination–low coverage BCG vacci-
nation) and clusters of low values (high coverage BCG 
vaccination–high coverage BCG vaccination). It also 

measures an outlier where a low coverage BCG vacci-
nation is surrounded primarily by high coverage BCG 
vaccination, and an outlier where a high coverage BCG 
vaccination is surrounded primarily by low coverage BCG 
vaccination. A cluster is a case with a positive Moran’s I 
and bounded by neighbouring cases with similar values, 
whereas an outlier is a case with a negative Moran’s I but 
surrounded by cases with dissimilar values.21 22

Hotspot analysis (Getis-Ord Gi* statistics)
Spatial autocorrelation varies across the study setting. 
This variation was computed Getis-Ord Gi* statistics by 
calculating by the GiBin statistic for each area. In addi-
tion the z-score (CI) and the p value were computed to 
identify the statistical significance of clustering.23 Statis-
tical output with high GiBin* indicates ‘hotspot’, which 
means different geographical areas with low BCG vacci-
nation coverage, whereas low Gi* indicates ‘cold spot’, 

Figure 1  Spatial autocorrelation analysis of BCG vaccination among children aged 0–35 months.
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which means areas with high BCG vaccination coverage, 
among children aged 0–35 months in Ethiopia.21 22 24

Spatial interpolation
There are deterministic and probabilistic types of inter-
polation methods that predict vaccination coverage in 
unobserved areas based on observed data. Commonly 
the probabilistic type of interpolation methods, that 
is, ordinary kriging, universal kriging and empirical 
Bayesian kriging, is the most appropriate method for 
prediction. Using this evidence we ran and compared 
the three techniques using residuals and root mean 
square error. Based on the parameters, ordinary kriging 
has the lowest residuals and root mean square error 
value, and we chose this interpolation technique for 
this study. Kriging spatial interpolation is a technique 
used to predict the percentage of BCG vaccine coverage 
among children 0–35 months in unsampled areas in 
the country based on observed measurements.25 Finally, 
ordinary kriging spatial interpolation method was used 
to predict BCG vaccination coverage among children 
0–35 months in unobserved areas of Ethiopia since it 
includes spatial autocorrelation and statistically opti-
mises the weight.26

Spatial scan statistical analysis
The spatial scan statistical method is widely suggested 
and performs very well in identifying local clusters and 
has higher power than other available spatial statistical 
methods.27 Spatial scan statistical analysis was employed 
to test for the presence of statistically significant spatial 
hotspots (clusters of low BCG vaccination coverage) using 
Kulldorff’s SaTScan V.9.4 software.28 Children not taking 
BCG vaccination were cases, whereas those taking BCG 
vaccination were considered as controls and fitted in the 
Bernoulli model. The number of cases in each location 
showed a Bernoulli distribution and the model required 
data on cases, controls and geographical coordinates. 
The default maximum spatial cluster size of <50% of the 
population was used as an upper limit, which allowed 
both small and large clusters to be identified and ignored 
clusters that contained more than the maximum limit. 
The null hypothesis was that there is no risk difference 
within and outside the scanning window. Areas with high 
log-likelihood ratio (LLR) and p<0.05 were considered 
at high risk as compared with areas outside the window. 
Finally significant and most likely clusters with LLR, rela-
tive risk and p value were reported. ArcGIS V.10.6 was 
used to identify the location where the most likely clus-
ters can be found. The primary and secondary clusters 

Figure 2  Spatial distribution of BCG coverage among children aged 0–35 months, 2016 Ethiopian Demographic and Health 
Survey. CSA, Central Statistics Agency; SNNPR, Southern Nations, Nationalities, and People’s Region.
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are identified and assigned p values and ranked based 
on their likelihood ratio test, based on 999 Monte Carlo 
replications.

Ethical consideration
Permission letter for data access was obtained from the 
main Demographic and Health Survey through an online 
request at http://www.​dhsprogram.​com. The institu-
tional review board-approved procedures for Demo-
graphic and Health Survey public-use data sets do not in 
any way allow respondents, households or sample commu-
nities to be identified. There are no names of individuals 
or household addresses in the data files. The geograph-
ical identifiers only go down to the regional level (where 
regions are typically very large geographical areas encom-
passing several states/provinces). Each enumeration area 
(primary sampling unit, PSU) has a PSU number in the 
data file, but the PSU numbers do not have any labels 
that indicate names or locations. In surveys that collect 
GIS coordinates in the field, the coordinates are only for 
the enumeration area as a whole and not for individual 
households, and the measured coordinates are randomly 

displaced within a large geographical area so that specific 
enumeration areas cannot be identified.

Patient and public involvement
Patients and the public were not involved in the design 
and data analysis in this secondary study, but were very 
important during the initial data collection process.

RESULTS
Spatial autocorrelation
The spatial distribution of BCG vaccination coverage 
among children aged 0–35 months was found to be clus-
tered (non-random) in Ethiopia, with Moran’s index of 
0.516 (p<0.001) (figure 1).

Spatial distribution of low BCG coverage among children aged 
0–35 months
A total of 622 clusters were included in the spatial 
analysis of BCG vaccination among children. Low BCG 
vaccination coverage (red colour) was aggregated 
in Somali, North and South West Afar, North West 
Gambela, North East SNNPR and the entire Amhara 

Figure 3  Cluster and outlier analysis of BCG coverage among children aged 0–35 months, 2016 Ethiopian Demographic and 
Health Survey. CSA, Central Statistics Agency; SNNPR, Southern Nations, Nationalities, and People’s Region.

http://www.dhsprogram.com
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region. High BCG vaccination coverage was identi-
fied in Tigray, North West Amhara and North West 
Benishangul-Gumuz (figure 2).

Cluster and outlier analysis of low BCG vaccination among 
children aged 0–35 months
Cluster and outlier analysis was conducted using 
Anselin Local Moran’s I to identify the nature of clus-
tering. The red colour indicates high–high cluster 
areas of low BCG vaccination coverage, whereas the 
green colour indicates low–low cluster areas of BCG 
vaccination. Somali, Afar, Gambela, South West Addis 
Ababa and North East Oromia were significant clusters 
with low BCG vaccination coverage among children 
aged 0–35 months (figure 3).

Hotspot identification of low BCG vaccination among children 
aged 0–35 months
The dark red colour indicates significant (p<0.001) 
clusters of low BCG vaccination (risk areas), whereas 
the green colour indicates significant (p<0.001) clus-
ters of high BCG vaccination (non-risky areas). Hence, 
Afar, Somali and North West Gambela were identified 
to have low BCG vaccination (hotspot areas) in the 
past 5 years. Tigray, Harari, South West Benishangul-
Gumuz and North East Addis Ababa were identified as 

cold spot areas for BCG vaccination (non-risky areas) 
(figure 4).

Interpolation of BCG vaccination coverage among children 
aged 0–35 months
Afar, Somali and North West Gambela were identified as 
the more risky areas for BCG vaccination coverage or with 
low BCG coverage. However, Tigray, Benishangul-Gumuz, 
Dire Dawa, Central Addis Ababa and North West Amhara 
were found to be low-risk areas for BCG vaccination 
coverage (figure 5).

Spatial SaTScan analysis of BCG vaccination coverage 
(Bernoulli-based model)
Spatial scan statistics were done using SaTScan V.9.6 to 
identify the most likely clusters, and a total of 13 signif-
icant clusters with 212 enumeration areas were iden-
tified. From the identified clusters, 2 were a primary 
(most likely) cluster and 11 were secondary clusters. The 
primary cluster’s spatial window red colour was located 
in Afar, North West and East Somali and was centred at 
6.023458 N, 44.807507 E in geographical location, with 
463.24 km radius, with an LLR of 136.58 at p<0.001, and 
was identified as the most likely cluster with maximum 
LLR. It showed that children within the spatial window 
had 1.97 times higher risk of low BCG vaccination than 

Figure 4  Hotspot analysis of BCG coverage among children aged 0–35 months, 2016 Ethiopian Demographic and Health 
Survey. CSA, Central Statistics Agency; SNNPR, Southern Nations, Nationalities, and People’s Region.
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children outside the window. The other secondary clus-
ters are described in detail in table 1 and figure 6.

DISCUSSION
The findings of this study showed that BCG vaccination 
coverage among children aged 0–35 months was non-
random (clustered) in the country. In the global autocor-
relation analysis, a clustering pattern in BCG vaccination 
coverage across the country was observed (Global Moran’s 
I=0.516, p<0.001). This indicates that nearly the same 
coverage of BCG vaccination was aggregated in specific 
areas. The hotspot cluster of low BCG vaccination 
coverage was identified in Afar, Somali and North West 
Gambela (p<0.01). Despite outreach plans and supple-
mentary vaccination schedules, there is low vaccination 
coverage in these regions. The possible reasons could be 
that mothers who lived in the above-mentioned regions 
have poor knowledge about the importance of vaccina-
tion as compared with other regions,29 and that they are 
nomads and do not undergo antenatal care follow-up. 
This leads to most children not getting BCG vaccination.

The BCG vaccination coverage map prediction identi-
fies and estimates that South West Afar, East Somali and 
North West Somali are at risk of low BCG vaccination 

coverage. The possible explanation could be because 
these regions are border areas and hence could not 
access and use healthcare services. Also, people who 
live in these regions may have lower educational status 
and may live far from healthcare institutions.30 Women’s 
rural residency could be another factor that contributes 
to low BCG vaccination coverage.31 Most of these regions 
are entirely rural, which may be why BCG vaccination 
coverage was low.

The purely SaTScan spatial analysis identified 13 statis-
tically significant most likely SaTScan clusters of areas 
with low BCG vaccination coverage. The most likely 
primary SaTScan cluster of low BCG vaccination coverage 
was identified in Afar and in North West and East Somali 
(LLR=136, p<0.01). The entire Somali region was iden-
tified as the most likely secondary SaTScan cluster 
(LLR=131, p<0.01). Other most likely SaTScan clusters 
of low BCG vaccination coverage were identified in North 
West Gambela, East Addis Ababa, South West Addis 
Ababa, North West Amhara, North West Oromia, North 
East SNNPR and South Amhara. This local clustering of 
low BCG vaccination coverage indicates that children who 
lived in the above-mentioned geographical locations had 
a low probability of receiving BCG vaccination compared 

Figure 5  Spatial interpolation of BCG coverage among children aged 0–35 months, 2016 Ethiopian Demographic and Health 
Survey. CSA, Central Statistics Agency; SNNPR, Southern Nations, Nationalities, and People’s Region.
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with children who lived outside the SaTScan clusters. 
This may be due to differences in health service accessi-
bility and utilisation, aside from sociocultural differences 
in the community. Studies showed that women who live in 
Afar and in other remote areas delivered at home due to 
lack of confidence among their health providers.32 Also, 
women of the pastoralist community predominantly live 
in the Afar and Somali regions and therefore their chil-
dren do not have the opportunity to receive birth dose of 
vaccinations such as BCG.

Limitations of this study include the data being 
collected at a point in time and the study’s retrospective 
nature. These result in further limitations such as missing 
data on BCG vaccination status and GPS coordinates, 
inaccuracies in vaccine cards and/or parental recall, 
and displacement of data for privacy reasons. Finally the 
SaTScan analysis detects only circular clusters, and irreg-
ularly shaped clusters were not detected.

Based on the findings of this study, policy makers or 
programmers should provide better interventions to 
hotspot areas (low BCG vaccination coverage) and design 
different strategies to improve BCG vaccination among 
children 0–35 months in Ethiopia.

CONCLUSION
The spatial variation in BCG vaccination coverage among 
children in Ethiopia was non-random (clustered). High-
risk areas for low BCG coverage were found in the far 
North West and East Somali regions. TB is a high-burden 
disease in developing countries especially in Ethiopia, 
and to reduce this highly infectious disease BCG vaccina-
tion is a very important tool. High-risk areas for low BCG 
vaccination are prone to TB and should be given priority 
and be targeted for interventions to reduce the burden 
of TB in Ethiopia.
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