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factors together with their spatio-temporal resolutions
and data sources.

Demographic and socioeconomic factors
Demographic and socioeconomic proxies, including ma-
ternal (education, literacy, residence, age at birth, early
pregnancy termination, number of children born and
working status) and child (sex, birth order, birth interval
and mode of delivery) characteristics were incorporated
in the analysis at an individual level and were captured
using a household questionnaire. The household asset
score was aggregated at the cluster level and considered
in the analysis as a socioeconomic proxy for households’
socioeconomic status.

Statistical analysis
A Bayesian geostatistical proportional hazards model as-
suming a baseline Weibull hazard function was fitted to
quantify the associations between health interventions’
coverage and U5M, and to identify the most important
interventions. The models were fitted to child-specific
deaths and censoring times. Environmental, climatic,
demographic and socioeconomic factors were included
in the model as potential confounders. Spatial correl-
ation between clusters was modelled by a Gaussian
process with a covariance matrix measuring correlation
between any pair of clusters by an exponential function
of the distance between them. Our model assumed that
the relation between health interventions and mortality
varied across regions by including spatially varying coef-
ficients to capture the interventions effect. Spatial de-
pendence in the interventions’ effects was modelled by
region-specific random effects assuming conditional
autoregressive prior distributions.
To identify the most important interventions and

characteristics associated with the U5M, Bayesian
geostatistical variable selection was used, adopting a
stochastic search approach. The selection consisted of
introducing a binary indicator parameter for each of
socio-demographic, IRS and land cover variables with
values defining the covariate-specific inclusion prob-
ability in the model. We assumed that the indicator
arises from a Bernoulli prior distribution with prob-
ability defining the variable-specific inclusion prob-
ability in the model. We have chosen a spike and slab
prior for the regression coefficients, which is a mix-
ture of normals with mixing proportion equal to the
inclusion probability. The spike component shrinks
the regression coefficient to zero when the variable is
excluded and the slab assumes a non-informative nor-
mal prior distribution when the variable has high in-
clusion probability (i.e., ≥ 50%). Environmental and
climatic indicators (LST, NDVI, distance to perman-
ent bodies and rainfall) were included or excluded in

the model in a linear or categorical form. We intro-
duced indicators with a multinomial prior distribution
with three parameters corresponding to the probabil-
ities of exclusion of a variable, inclusion in linear or
categorical form. ITN coverage indicators were highly
correlated with more than 85%. Hence, only one (or
none) ITN indicator among those measuring owner-
ship and one (or none) ITN indicator among those
defining use was selected. The ITN indicator with the
highest probability of inclusion in each category was
included in the final model. Health intervention indi-
cators were standardized and a separate model adjust-
ing for possible confounders was fitted for each
selected intervention.
Maps were generated using ArcGIS version 10.5 (ESRI;

Redlands, CA, USA). Descriptive data analysis was
carried out in STATA version 14.0 (Stata Corporation;
College Station, TX, USA). Bayesian variable selection
and model fit were implemented in OpenBUGS 3.2.3
(Imperial College and Medical Research Council;
London, UK). The effects of health interventions on
U5M were summarized by posterior medians of their
hazard rate ratios (HRR) and the corresponding 95%
Bayesian credible intervals (BCI). An estimate is consid-
ered statistically significant if its 95% BCI excludes one.
Details on the Bayesian geostatistical methods are pro-
vided in the Additional file 1.

Results
Table 3 provides a summary of the U5M estimates and
the coverage of health interventions at regional and
country levels.
The overall U5M was 90 deaths per 1000 live births.

There were large regional variations in mortality rates
with the lowest (56 deaths per 1000 live births) in
Kampala and the highest (152 deaths per 1000 live
births) in the North-East. The discrepancies in U5M
across regions suggest that mortality rates may be influ-
enced by region-specific factors.
IRS is the malaria intervention with the lowest cover-

age (7%). Among the WASH practices, the percentage of
households having improved sanitation facilities was
lowest (14%). Postnatal care was the least implemented
reproductive health intervention with 11% of the new-
borns receiving the intervention. Among vaccinations,
BCG had the highest coverage (93%). Almost all children
(98%) lived in households that use iodized salt. Iron sup-
plementation coverage was the lowest micronutrient
intake nationally (7%) whereas zinc was the least imple-
mented treatment (2%).
Table 4 presents results from the Bayesian geostatisti-

cal variable selection. Variables selected with 50% or
higher inclusion probabilities were incorporated into the
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final model (e.g., improved source of drinking water and
improved sanitation facilities from the WASH practices
interventions).

Results presented in Table 5 show that at the national
level all interventions except family planning were asso-
ciated with a lower risk of U5M, with ACT associated

Table 3 Coverage of interventions (%) and U5MR at the regional and country levels, Uganda DHS 2006 and 2011

Interventions Central1 Central2 Kampala East-
Central

Mid-
Eastern

North-
East

Mid-
North

West-
Nile

Mid-
Western

South-
West

Country

Malaria

%H_IRS 1 3 5 1 2 2 49 1 0 1 7

%H_1ITN 47 42 54 36 58 67 65 67 51 51 54

%H_1ITN2 24 21 37 11 19 27 23 25 21 20 22

%P_ITNA 37 33 47 23 38 47 45 47 38 37 39

%P_ITNS 27 24 40 19 33 45 34 40 29 26 31

%P_ITN5 47 43 62 36 50 58 53 60 50 45 38

%P_ITNU 27 24 40 19 33 45 35 41 28 26 31

WASH

Improved water 45 69 90 78 83 85 76 71 58 45 69

Improved sanitation 25 25 17 15 9 3 5 4 9 7 14

P_wsoap 45 27 42 12 9 2 10 5 32 16 27

Reproductive health

Family planning 35 35 48 28 23 8 17 14 27 28 27

ANC provider 89 94 97 92 95 97 96 98 95 95 95

4+ ANC visits 52 49 64 44 39 56 48 62 46 45 48

IPTp 18 19 23 15 26 29 19 18 27 24 23

Skilled delivery 57 60 91 61 47 31 42 47 44 37 50

Postnatal care 11 8 29 8 14 19 13 11 9 1 11

Breastfeeding

Within 1 h 42 52 56 55 41 70 40 38 55 45 48

Exclusive 56 64 65 53 58 52 58 57 56 48 52

Vaccinations

Tetanus toxoid 71 80 80 80 81 93 82 85 79 80 80

BCG 81 92 93 92 97 100 95 98 93 86 93

DPT 59 63 71 57 70 90 70 72 74 70 68

Polio 51 57 64 54 62 65 58 61 69 71 61

Measles 67 69 77 65 70 91 76 71 79 69 72

Micronutrients

VitaminA_sup 30 36 41 56 50 74 54 42 55 37 47

Iron_sup 4 4 3 5 8 12 12 9 5 3 7

Iodized salt 99 98 100 98 99 100 99 96 94 96 98

Treatments

Antibiotics 55 49 72 33 46 30 43 54 58 42 47

ORS or RHF 44 52 48 49 44 77 53 46 37 28 46

Zinc 1 2 2 2 1 1 2 3 3 0 2

ACT 39 34 42 34 31 81 43 40 37 30 36

Deworming 47 45 58 40 48 65 44 38 51 41 46

Mortality rates

U5MR 83 79 56 104 80 152 76 100 95 99 90
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associated with the highest decreases in U5M. The coverage
of postnatal had an important association on U5M in Cen-
tral 1, Central 2, Kampala and Mid-Western. ORS or RHF
was associated with lower mortality hazards in Kampala
and South-West. Family planning had an important associ-
ation on mortality in Central 2, Kampala, North-East and

West-Nile. Figures 1, 2, 3, 4 and 5 summarize graphically
the spatially varying effects of all interventions on U5M.
Table 6 show that socio-demographic, environmental

and climatic factors were important determinants of
U5M. For instance, children born to mothers residing in
urban areas had lower hazards of mortality relative to

Fig. 1 Geographical distribution of the associations (Hazard rate ratios) of malaria interventions with under-five mortality; (*statistically significant
association of interventions and protective against mortality); a Percentage of population with access to an ITN within their household, b
Percentage of existing ITNs used by the population in a household the previous night of the survey

Fig. 2 Geographical distribution of the associations (Hazard rate ratios) of water, sanitation and hygiene practices with under-five mortality;
(*statistically significant effect of interventions and protective against mortality); a Percentage of households with improved source of drinking
water, b Percentage of households using improved sanitation facilities
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those in rural areas. Environmental and climatic factors
were associated with lower hazards. Children living in
areas with a higher NDVI showed increased survival
times.

Discussion
We quantified the associations of health interventions
on all-cause U5M at national and sub-national scales in
Uganda. The analysis took into account confounding ef-
fects of socio-demographic and environmental and cli-
matic factors, which have been shown to be significantly
associated with mortality [1–7]. We found strong geo-
graphical variations in the effects of health interventions
on all-cause U5M across Uganda.

Findings at the national level indicated that ACT, initi-
ation of breast feeding within 1 h of birth, IPTp, ITN ac-
cess and improved source of drinking water were the
health interventions associated with a highest reduction
in U5M. However, these interventions were poorly im-
plemented in the country with coverage below 50% yet
the prevalences of diseases targeted by these interven-
tions are high [8]. For example, malaria prevalence was
at least 40% nationally and in 80% of the regions [9].
Other interventions, which were associated with a sig-
nificant reduction in mortality U5M include ITN use,
improved sanitation facilities, skilled delivery, postnatal
care, complete DPT and measles vaccination, vitamin A
supplementation, deworming in the past 6 months and
ORS or RHF. These variables are among the essential

Fig. 3 Geographical distribution of the associations (Hazard rate ratios) of reproductive health interventions with under-five mortality; (*statistically
significant association of interventions and protective against mortality); a Percentage of married women using any family planning method, b
Percentage of women who received intermittent preventive treatment for malaria during pregnancy, c Percentage of births that took place with
the assistance of a skilled provider, d Percentage of newborns receiving first postnatal checkup from a skilled provider within 2 days after delivery
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health interventions that have been associated with a de-
crease in child mortality in a review by Lassi et al. [10].
Our findings corroborate results reported from analyses
of DHS data [11] and community-based studies in
Uganda [12, 13]. Similar results were reported in other
settings. For instance, Masanja et al. in Tanzania [14]
analysed DHS data and found that increased coverage of
key child-survival interventions, such as sleeping under
ITNs, vitamin A supplementation, immunisation and ex-
clusive breastfeeding accelerated progress in reducing
U5M in Tanzania. In addition, analysis of cohort studies
in Burkina Faso [15], randomised control trials in
Guinea Bissau [16] and systematic reviews [17, 18] re-
ported vaccinations to be associated with declines in
child mortality. Our findings showed that DPT and mea-
sles vaccination were not statistically associated with
U5M in Uganda although they had high coverage. This
could be related to the untimely receipt of the vaccines,
which might have hindered optimal immune response to
the vaccines. According to guidelines developed by the
World Health Organization (WHO) [19], children are
considered fully vaccinated when they have received a
vaccination against tuberculosis (BCG), three doses each
of the diphtheria, pertussis and tetanus (DPT) and polio
vaccines and a measles vaccination by the age of 12
months. At the time of the survey, only half of the
children had received all basic vaccinations by the ap-
propriate age of 12 months [8]. Untimely vaccinations
contribute to coverage figures leading to an overesti-
mation of actual population immunity [20–22].
The varying associations between interventions and

U5M across regions could be explained by external fac-
tors, which this analysis has not taken into account but
influence the effect of interventions, such as the health

system, which differs between regions. This suggests for
further efforts beyond increasing coverage of interven-
tions, such as an approach which improves external fac-
tors as well as intervention coverage.
Study results confirmed earlier finding that household

socioeconomic status is protective against U5M. The
improved socioeconomic status boosts the effect of in-
terventions despite their low coverages. Better socioeco-
nomic status has been shown to reduce U5M [23–26].
In Central 2, Mid-Western and South-West, in which
ITN access had the largest association with mortali-
tyU5M, over 65% of households in the three regions fall
either in the middle, fourth or highest wealth quintile
[8]. More than 65% percent of households in East-
Central, in which postnatal care had a leading associ-
ation with U5M, are in the middle, fourth or highest
wealth quintile [8]. IPTp had a strongest association with
mortality in Kampala and over 90% of households in this
region are in the highest quintile [8]. In Central 1 where
ORS or RHF had a highest association with U5M, over
65% of households either belong to the fourth or highest
wealth quintile [8]. The improved socioeconomic status
in these regions might have contributed to the success
of the poorly implemented interventions. The North-
East, in which coverage of several interventions was sat-
isfactory (e.g., improved source of drinking water, DPT
and measles vaccination, deworming, ORS or RHF and
ACT), over 80% of households in this region are in the
lowest wealth quintile [8]. The high poverty level in the
North-East could have hindered the effectiveness of
many interventions, which were adequately implemented
in this region.
This work comes with a number of limitations. First,

data on several health interventions for dead children

Fig. 4 Geographical distribution of the associations (Hazard rate ratios) of breastfeeding and vaccinations with under-five mortality; (*statistically
significant association of interventions and protective against mortality); a Percentage of infants who started breastfeeding within 1 h of birth, b
Percentage of children with complete vaccination of DPT, c Percentage of children vaccinated against measles
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