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Abstract
Child mortality has been declining globally in the last decades but some African
countries are still lagging behind in the pace of reduction. This study examined
the spatio-temporal patterns in the level and variability of child mortality in 41
Africa countries between 1980 and 2018, and assesses the form of relationship
between individual countries’ gross domestic product (GDP) and child mortality
using country-level data from World Bank development indicators. Model estima-
tion was based on Bayesian approach. Findings show that child mortality levels are
reducing consistently in Africa and that over the 39 years study period, South Africa,
Botswana, Namibia, Malawi, Zimbabwe, Mozambique and Zambia all in southern
Africa with Egypt, Tunisia and Rwanda experienced the highest variability in child
mortality. Also, countries like Nigeria, Mauritania, Chad and Central African Repub-
lic are among those with the highest risks of child mortality between 2015-2018 even
though the risks were lower relative to other places in the 1980s. Child mortality and
GDP always follow each other in reverse order but this is not often the case for all
the countries considered.
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Introduction

Unarguably, child mortality is one of the best measures of x-raying the socioeco-
nomic and health conditions of a nation. Globally, infant and child mortality rates
have been declining in the past six and a half decades, due to the consequential
effects of improved socioeconomic conditions and increased investment in public
health and education. Statistics have shown that under-five mortality rate crashed by
58% between 1990-1995 and 2010-2019, with a sharp reduction from 93 deaths per
1,000 live births to 38 deaths per 1,000 live births (UN-IGME 2019). This drastic
reduction pioneered an ambitious target of attaining at most 25 deaths per 1000 live
births by 2030 in all countries as contained in the Sustainable Development Goals
(SDGs) targets (SDG 3.2) (United Nations 2015), the ambition that would require
critical understanding of places where the gaps are still huge. The reality, however,
is that the chances of dying between birth and age 5 in least developed countries,
Land-locked Developing Countries (LLDC) and Small Highland Developing States
(SHDS) are not fewer than 40 deaths per 1,000 live births, which is about ten times
the chances in Australia with 4 deaths per 1,000 live births and seven times those of
mortality in Europe and North America with 6 deaths per 1,000 between 2010 and
2019 (UN-IGME 2019). The widespread regional disparity in child survival ensures
that sub-Saharan Africa records the highest rate of under-five mortality estimated at
78 deaths per 1000 live births in 2018; translating to 1 in 13 children dying before
their fifth birthday compared with 1 in 199 in developed world (UN-IGME 2019).
Even within Africa, a child born in sub-Saharan Africa is three times as likely to die
before his or her fifth birthday as a child born in Northern Africa (United-Nations,
2015a; United-Nations 2015b; United-Nations 2019).

Over the years, studies on survival chances of under-five children in African coun-
tries had made abundance of findings. A majority of the studies have examined the
socioeconomic and demographic determinants of child survival in single or multiple
countries (Caldwell and McDonald 1982; Yaya et al. 2018) while some others have
investigated the role of space (Kazembe et al. 2012; Gayawan et al. 2016; Golding
et al. 2017; Li 2006; Balk et al. 2004; Ayoade 2018). Specifically, the recent stud-
ies by Golding et al. (2017) and Li et al. (2019) pooled several surveys and censuses
data from multiple African countries and examined trend and spatial heterogeneity at
subnational and national levels and, indeed, the studies identified spatial heterogene-
ity at all the levels, indicating that the variability often cross administrative/political
boundaries, including national borders, and thus, suggesting that local conditions are
important components of the risk of dying before age 5 years.

Higher income at individual and country levels often closely correlates with better
health outcome for the country’s population including enhancement of child sur-
vival chances (Preston 1975). Thus, macroeconomic indicators and child mortality
have been studied but there are instances of divergence outcomes regarding the rela-
tionships (Tejada et al. 2019; Pérez-Morenoa et al. 2016; Hojman 1996). O’Hare
et al. (2013) substantiated the relationship between Gross Domestic Product (GDP)
and mortality in under-five children through a random effects meta-analysis on pre-
vious studies and concluded that developing nations witness negative relationship
between national income and under-five mortality. Van-Malderen et al. (2019) did
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a decomposition regression-analysis on measures of Gini-index to explore variabil-
ity in under-five mortality among 32 sub-Saharan African countries with respect to
child sex, place of residence, wealth index and mother’s level of education. Other
research efforts shifted a bit, to deduce the effect of health-care accessibility, as
O’Donnell (2007) and Hanmer et al. (2003) analytically confirmed that majority of
death occurrences in the world are attributed to underutilization of existing and effec-
tive health-care interventions, as there was positive relationship between level of
income and child immunization, which is a reliable way of increasing survival among
young children.

There are several other individual- and macro-level indicators that have direct
bearing with the survival chances of young children particularly in resource poor set-
tings. For instance, individuals and households in most developing countries have
disproportionate access to education as well as water and sanitation, and there exist
inequality in effective coverage of essential health interventions within and between
countries. Increasing urbanization in many African countries often lead to informal
and sprawling settlements, and this further confound the poor sanitation conditions
thereby increasing the risks of morbidity and mortality for young children (Angoua
et al. 2018; Appiah-Effah et al. 2019). Further, food price inflation and trade open-
ness particularly as they affect agricultural products have been shown to directly
impact on the prevalence of underweight and stunting amongst young children due
to the effects on the purchasing power of the caregivers especially those at the lower
wealth stratum. These nutritional indicators are critical factors that inhibit the survival
chances of young children. The level of government assistance to tradable agricul-
ture improves child nutritional status especially for those children whose parent earn
wages from agriculture (Arndt et al. (2016); Adjaye-Gbewonyo et al. 2019). While it
would then be worthwhile to explore the effects of these and other similar variables
on the dynamics of child mortality in the entire Africa, data that allow for long term
exploration of temporal variations are often non-existence or where they exist, they
are often characterised by wide spread missing observations.

Considering the substantial disparities in under-five mortality in Africa with
respect to time, space and economic growth, a geo-spatial approach is essential
to enhance interventions that would tackle the prominent challenges of improving
survival among this sub-group of the population in the entire continent, as noted
by various researchers. However, previous studies cited above have not adequately
assessed trends in mortality over time, while those that explored both spatial and
temporal variations, have been limited to the analysis of the levels of mortality (aver-
age mortality) without measuring how dispersed the variations could be over time
across different locations. We undertake a national level estimates, which are critical
for comparing performances across nations and the findings could be useful to inter-
national audience and donors. The study was structured to investigate trend in GDP
level, a measure of a country’s economic growth and its relationship with child mor-
tality in each of 41 African countries, and to fit a flexible spatio-temporal structured
additive distributional log-normal model to mortality rates of the African countries
covering 1980-2018. We settled for GDP ahead of other individual- or macro-level
indicators as earlier mentioned due to availability of data for most of the countries
and importantly, because it is the primary indicator for measuring the rate of growth
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of a country’s economy, and thus it can be used to determine the overall standard of
living and health conditions of individuals in any economy. The modelling approach
allows the two parameters of the log-normal model, mean and variance, to be linked
with space, time and other possible covariates and thus, enabling the simultaneous
assessment of the level and dispersion of under-five mortality across locations of
the countries (Rigby and Stasinopoulos 2005; Klein et al. 2015; Somo-Aina and
Gayawan 2019).

Methods

Data

The motivating data for the study were sourced from the World Development Indi-
cators managed by The World Bank and openly available at https://data.worldbank.
org. The database contains top-quality international statistics on worldwide develop-
ment and poverty alleviation indexes for over 200 countries of the world starting from
1960. We extracted data on under-five mortality rates from 1980 to 2018 because
most of the countries do not have the data prior to 1980. Also, because the spa-
tial technique requires that each spatial unit must share boundary with at least one
other, countries which have the data but do not share international boundary with
another e.g. Lesotho were excluded. In all, we pulled time series data on under-
five mortality rate (death per 1000 live births) for 41 African countries (Fig. 1).
Regarding GDP, some of the countries do not have the record beginning from 1980
and so, we collected those available and only used a descriptive method to study

Fig. 1 Map of Africa showing the countries included in the study. Excluded countries are shaded
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its relationship with child mortality. The credibility of data from the World Devel-
opment Indicator is improved through the collaborative effort of statistical experts
from national authorities, international development agencies and The World Bank.
Specifically, the source of the mortality rate data are registration schemes captured
by age-groups from censuses and sample survey data, which are commonly the case
in low- and middle- income countries, where comprehensive registration systems
are not attained. The United Nations Educational, Scientific, and Cultural Organiza-
tion (UNESCO) Institute for Statistics works with statistical institutions in individual
countries to compile the indicators.

The Lognormal Distributional RegressionModel

We assumed that the mortality rates follow a lognormal distribution. This distribution
is considered suitable in a situation where the outcome variable grows multiplica-
tively, and it duly fits into heavily tailed right-skewed data having strictly positive
values. If Y ∼ lognormal(μ, σ 2) then the probability density function (pdf) is given
as:

P(y|μ, σ 2) =

⎧
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where y is the response variable that depicts, in this case study, under-five mor-
tality rates (deaths per 1, 000 life births), with mean μ ∈ � and variance σ 2 >

0.
Considering the influence of an array of covariates, and the desire is to explore

the influence of the covariates on the different parameters of the response distribu-
tion, ϑk , where ϑ1 = μ and ϑ2 = σ 2, the distributional regression framework (Klein
et al. 2015) gives accessibility to explore temporal and spatial correlations, unit or
cluster definite heterogeneity simultaneously on all the parameters within a frame-
work. Therefore, for a set of observations yi , i = 1, ..., n, the distributional additive
regression model for the kth parameter ϑk is expressed as:
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where ηi is an appropriately chosen link function for the different parameters such
as the log link for the mean (μ) and logit for the variance (or standard deviation,
which is considered here), to ensure positivity; S
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(str) corresponds to the spatial struc-

tured component for the kth parameter, S
ϑk

(unstr) is unstructured random term, T ϑk

is the temporal term, and (ST )ϑk accounts for the spatio-temporal variations. For
implementations, the complete model was explicitly specified as follows:
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Note that only the structured spatial and temporal effects were considered for the
sigma parameter.

A Bayesian approach is considered appropriate for estimating the parameters of
the model in order to ensure favourable properties such as smoothness for the tem-
poral and spatial terms and shrinkage in the case of the unstructured random effect.
The Bayesian inference assumes that all parameters are random variables upon which
appropriate prior distributions must be assigned. Bayesian version of the penalized
splines (P-splines) was adopted for the temporal effect (Eilers and Marx 1996; Lang
and Brezger 2004). This allows for the non-parametric estimation of the temporal
term, T as a linear combination of B-splines (basis splines). We considered cubic B-
splines based on 20 equidistant knots, which typically induce enough flexibility to
capture severe non-linearity. The prior for this was based on second-order random
walk.

For the structured spatial and spaio-temporal components, we considered the
countries as discrete set of spatial locations si, s ∈ (1, ...., S), and used a Markov ran-
dom field prior that considers the neighbourhood structure of the countries through
a binary structure, whereby neighbouring locations that share common boundary are
assigned a weight of 1 while 0 is allocated to non-neighbouring ones, and separate
regression coefficient is estimated for each region, based on the interaction with time
in the case of spatio-temporal. To enforce spatial smoothness, we consider a Gaus-
sian Markov random field prior that induces a penalty where differences between
spatially adjacent regions were penalised. The unstructured random component was
assigned an exchangeable independent and identically distributed normal prior. More
detail about the model components and possible prior distributions are extensively
discussed in Fahmeir et al. (2013).

The posterior inference was based on a generic Markov chain Monte Carlo
(MCMC) simulation approach as developed by Klein et al. (2015), where proposal
densities for blocks of regression coefficients are obtained from a locally quadratic
approximation of the log full conditionals.

To implement the model, six models of different specifications were considered
by sub-setting the various components of the model for the mean parameter while
keeping the temporal and structured spatial components for the sigma parameter
because it measures variability. To goal was to explore various components of the
spatio-temporal model based on model performance. Model diagnostic was based on
deviance information criterion (DIC). The complete models considered and values of
the DIC are presented in Table 1. For all the models, we performed 33,000 iterations,
discarded the first 3,000 as burn-in and selected every 30th observation for parameter
estimation. The Markov chains generated through these processes were investigated
through trace plots to ascertain mixing and convergence.

Results

Before proceeding to the results of the spatio-temporal analysis, Fig. 2 presents the
box plot of the mortality data from which two things are immediately obvious. First,
the plot does not present evidence of outliers in the data set which implies that for the
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Table 1 Specific spatio-temporal models and model fit criteria

Model Specification D̄ pD DIC

1 Spatial (str only) 14831.2 91.221 15013.6

2 Spatial (str + unstr) 14829.7 91.565 15012.8

3 Spatial (str + unstr) + trend 969174 -936270 -903367

4 Spatial (unstr) + ST 9604.76 380.836 10366.4

5 Spatial (unstr) + ST + trend 7428.13 391.716 8211.56

6 Spatial (str + unstr) + ST + trend 6916.3 394.192 7704.69

D̄: posterior mean of deviance, pD: effective number of parameters, DIC: deviance information criterion;
unstr: unstructured random effect, str: structured random effect, ST: spatio-temporal term

39 years period under consideration (1980-2018), none of the 41 African countries
performed extremely badly or extremely well in child mortality record, relative to the
others, to have stood out as outlier. Second, there is evidence that overall, under-five
mortality rates are declining steadily in Africa particularly from year 2000, which
was around the period that the Millennium Development Goals (MGD) came on
board and thus, the decline could be attributed to the efforts. Figure 3 shows the
density plots of the mortality rates; presenting the curves for the complete data and
for the periods 1980-1989, 1990-1999, and 2000-2018. The intention was to examine
how mortality rates fared over the different decades in the continent. The Figure
shows that the distribution for all the data is right-skewed, which further justifies the
use of lognornal model. The vertical line in the Figure is the median for all years and
thus, the median for years 2000-2018 is to the left, lower than the the overall median
but those for the other years are to the right thus, greater.

The relationships between GDP and child mortality rates for the African countries
are presented in Fig. 4. The red line shows the trends in the mortality rates while

Fig. 2 Box plot showing the statistics of under-five mortality rates in African countries from 1980 to 2018
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Fig. 3 Density plot of under-five mortality rates in African countries from 1980 to 2018

the blue line presents those for the GDP. As evident, child mortality rates and GDP
mostly follow each other in inverse relation but not for every country. Countries that
experience clear-cut inverse relationship include Algeria, Botswana, Burkina Faso,
Cameroon, Egypt, Kenya, Morocco, Namibia, Rwanda, Senegal, Tunisia, Uganda,
and South Africa though for a number of them, the relationship became obvious after
year 2000. Countries without clear-cut inverse relationship or where the downward
trend in mortality cannot be viewed to have correspond with growth in GDP are:
Angola, Benin, Chad, DR Congo, Gabon, Gambia, Guinea, Mali, Mauritians, Niger,
Nigeria, Sierra Leone, and Sudan.

Results of the spatio-temporal analysis as presented in Figs. 5, 6, 7 and 8 are based
on those for model 6, which provides the least DIC value as specified in Table 1

Fig. 4 Relationship between GDP and child mortality based on individual African country (blue indicates
GDP, red indicates child mortality)
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Fig. 5 Estimates trend in child mortality for a the mean component and b sigma component

and thus, considered the best. The results for the temporal pattern show the posterior
mean (black lines) and 95% credible interval (blue lines) for the mean (Fig. 5a) and
standard deviation (Fig. 5b) components. The findings reveal that indeed, over the
years, there has been a rapid downward trend in levels of child mortality in Africa.
However, the standard deviation component shows a consistent zigzag pattern over
the years reaching its lowest value in 2017, which imply the year in which variation
in child mortality rates was at its minimum across the African countries. Figure 6
shows changes in the levels of mortality rates over time across the countries. Dur-
ing the period 1980-1984, child mortality rates were highest mostly in the northern
African countries of Algeria, Morocco, Tunisia, Libya, Egypt, and Ethiopia, in the
eastern part of the continent but lower for most countries in the western, central and
southern parts. However, for every five-year interval of time, there were considerable
changes in the spatial patterns such that at the close of the study period (2015-2018),
there was about complete reversal of the pattern that saw some of the countries with
lower estimates at the onset of the study period having higher rates. During the years
2015-2018, countries such as Nigeria, Chad, Sudan, Central Africa Republic, Benin,
Guinea, and Mauritiana have the highest estimates of level of mortality rates and,
interestingly, all these countries were among those with the lowest estimates during
the 1980-1984, the starting period. The mortality rate estimates were however low-
est during 2015-2018 for countries such as Senegal, Liberia, Niger, Libya, Egypt,
Kenya, Uganda, Angola, and Zambia.

Findings from the posterior estimates of the structured and unstructured spatial
components of the model presented in Fig. 7 reveal that the structured effects does not
present notable differences in the levels of child morality rates as does the unstruc-
tured component. The implication is that, when the neighbourhood structures of
the countries are considered in estimating the rates, the estimates are not notably
different. However, the unstructured random component show lower estimates in
mostly countries in the northern and southern parts of the continent namely: Algeria,
Morocco, Tunisia, Libya, Egypt, Namibia, Botswana, Zimbabwe, Gabon and Ghana.
Estimates for the standard deviation component presented in Fig. 8 show, for each
of the countries, the amount of variation in the rates for the 39 years study period.
It should be noted that higher estimates indicate locations that experienced huge
changes in level of mortality rates over the years while lower estimates show that
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Fig. 6 Spatio-temporal distribution of child mortality in Africa
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Fig. 7 Structured and unstructured spatial variations for the mean component

the changes were minimal. The findings show a clear divide in the pattern of varia-
tions with countries in the southern part of the continent, two in the northern part and
Rwanda experiencing the highest variations in mortality rates over the 39 years period
whereas, a cluster of countries in the western coast had only minimal variability.

Discussions

A sequence of Bayesian spatio-temporal models and the predictive influence of GDP
were highlighted to explore under-five mortality rates in 41 African countries using
country-level data sourced from the World Development Indicators managed by The
World Bank from 1980 to 2018. The relationship between the mortality rates and the
individual country’s macroeconomic indicator measure through GDP was descrip-
tively accessed due to unavailability of GDP data for some of the countries beginning
from 1980. Following the concept of distributional regression, the two-parameter
lognormal model allows us to examine not only the level of mortality but also the
measure of variability over time and across space in the continent.

We found substantial variations in mortality rates across the 41 countries over
the period of 1980 − 2018 with patterns of clustering formed among neighbour-
ing countries. For instance, between the year 1980 − 1984 under-five mortality
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Fig. 8 Structured spatial effects on the sigma parameter

rates were highest in the northern region, featuring countries like Algeria, Morocco,
Tunisia, Libya, and Egypt, while countries like Niger, Nigeria, and Chad in the
west, Cameroon, Congo and Angola in the central, and Namibia, Bostwana and
South Africa had the least mortality rates, except for the Eastern region, where
some traces of heterogeneity was observed. Geographical homogeneity is further
witnessed between the year 2000 − 2004, as countries in the northern region com-
monly attained reduction in under-five mortality while those in the southern region
experienced slight increment. This regional spatial correlation persisted till the year
2015 − 2018, as most countries in West and Central Africa like Nigeria, Benin,
Guinea, Mauritania, Cameroon, Central African Republic and Chad had the highest
mortality rate, while countries like Kenya, Uganda Namibia, Botswana and Zam-
bia and South Africa were characterized with lower under-five mortality rates. This
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similar pattern of variation among countries with common boundaries could be
attributed to comparable child survival intervention policies and programmes among
neighbouring countries, matching climatic conditions, public responses to interven-
tion programmes, governmental support, community participation and ownership for
intervention sustainability, societal norms and cultural beliefs, civil war, maternal and
child healthcare accessibility and utilization as well as possible uniformity in influ-
ence of childhood diseases such as malaria, diarrhoea and pneumonia (UN-IGME
2019; Yaya et al. 2018; Wagner et al. 2018; Burke et al. 2016; Kazembe et al. 2012;
Hojman 1996; Rutherford et al. 2010; Caldwell 1990). Similarities in socioeconomic
factors as they affect mothers and caregivers, and similarities in fertility levels are
other possible factors that could have lead to spatially correlated child mortality rates
within the African continent (Gayawan et al. 2016; Pezzulo et al. 2016; Gayawan and
Turra 2015; Balk et al. 2004; Caldwell and McDonald 1982).

Findings from the temporal analysis generally reveal a sharp and consistent
decline in under-five mortality in Africa. However, a close look at individual coun-
tries based on the plots in Fig. 4 and the spatio-temporal maps reveals that the decline
is not uniform across board as some countries experienced much more decline than
others. Notably, all northern African countries have witnessed more reduction over
the years than other countries in the continent (Iqbal and Kiendrebeogo 2014). Such
determinants as income growth, education stock, large scale public spending on
health, urbanization and food sufficiency that ensure the elimination of wide spread
under-nutrition have been identified as the drivers of lower child mortality in North
Africa and the Middle East (Iqbal and Kiendrebeogo 2014; Bjegovic-Mikanovic et al.
2019; Boutayeb and Helmert 2011). Universal immunization coverage and appropri-
ate care seeking for sick children are also factors that help shape mortality in northern
Africa (Ministry of Health and Population Egypt 2014). Countries in the eastern part
of the continent especially Ethiopia witnessed some highly impactful interventions
in water supply, sanitation and hygiene (WASH) and in public health policies that
improved maternal and child health leading to enhanced survival chances of children
(Doherty et al. 2016; Kipp et al. 2016). Southern African countries have also witness
reduction in child death over the years however, the progress in the region has been
hampered by the persistent high scourge of HIV, which has continued to be the largest
cause of fatalities among young children (Tlou et al. 2017). On the other hand, the
reduction in the case of West and Central African countries has been minimal with
some, e.g. Nigeria still among the countries with highest rates in the world. Some of
the traceable causes of this are the high incidence of childhood contagious diseases,
such as diarrhoea, pneumonia, malaria, measles and meningitis as well as wide spread
malnutrition and low use of maternal and child healthcare services (UN-IGME 2019;
Yaya et al. 2018; Gayawan and Omolofe 2016). Overall, given the current tempo of
reduction, a number of countries have the potentials of attaining the targets of the
SDGs while others would require additional interventions.

The findings from the analysis of trends in economic growth of the individual
countries and mortality rates confirm the possible divergence relationship between
macroeconomic indicators and child survival. The possible varied relationship could
occur because, normally, economic growth implies multi-sectoral progress though
it cannot alone yield sufficient reduction except when used to purchase physical,
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social and environmental changes that lower mortality (Bishai et al. 2016; Subra-
manian and Corsi 2014). However, GDP per capital was found to account for 12%
reduction in child mortality in low and medium income countries between 1990 and
2010 (Kuruvilla et al. 2014; Bishai et al. 2016). Improvement in GDP together with
progress across health and other sectors contributed largely to the downward trend
of child mortality in Egypt (Ministry of Health and Population Egypt 2014). Coun-
tries like China, Bangladesh, and Rwanda followed diverse economic strategies and
attained huge progress in the indicators while countries like India, Nigeria and others
as also revealed by this study experienced fast economic growth which however, do
not make commensurate progress in maternal and child health indicators (Kuruvilla
et al. 2014).

The study suffers from some limitations. Health, and nutrition related outcomes as
well as other socio-demographic determinants of child mortality were not accounted
for in the spatio-temporal model and thus, their effects on the residual variations
could not be ascertained. Also, the analysis was based on aggregated country-
level data which would have concealed within country variations. These limitations
notwithstanding, the study provides some glean insight into levels and measure of
variability of geographical and temporal patterns of mortality across the continent.

Conclusion

This study establishes the fact that over the years, child mortality experienced by
Africa countries are comparable as no country stood out as outlier whether for better
or for worst. The space time framework adopted offers the opportunities of examining
the variations in child mortality in Africa from different perspective rather than only
concentrating on the mean level of mortality or aggregate spatial-only or temporal-
only analysis. The key findings from the study are that child mortality levels are
generally falling in the continent, but the reduction are faster in some countries than
in others, and the relationship with GDP are not always inverse. There were countries
particularly on the western coast of the continent who had lower mortality levels rel-
ative to others in the 1980s but these countries turned out to record the highest rates
during the 2015-2018. Also, variability in child mortality over the study period were
higher among countries in the southern part of the continent as well as in three others:
Rwanda, Tunisia and Egypt but lowest among most countries in the western coast.
Countries with minimal changes in mortality levels over time need to adopt effective
local strategies that could cut down on their current number or borrow a leaf from
those whose approaches are considered effective. For instance, as identified to have
been effective in places like Egypt, it would be necessary to ensure universal immu-
nization coverage and timely healthcare provided for sick children to mitigate the
impact of childhood illnesses that are rampart in some African countries. Improve-
ment in WASH and public health policies capable of improving maternal and child
healthcare-seeking behaviour could also enhance the survival chances of children
across Africa.
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