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Despite improvements in global child health within the last three decades, under-5 mor-

tality remains significantly high in Sub-Saharan and Asia. Both regions did not achieve

the MDG target of reducing under-5 mortality by two thirds by 2015. The underly-

ing causes of under-5 mortality differ significantly between countries and between regions,

which highlights the need to expand our understanding of the determinants of child health

in developing countries. By comparing the two geographic regions of the world with the

highest under-5 mortality rates, we aim to gain new insights, and bring out potential dif-

ferences between these regions and the causes of under-5 mortality. In addition, we aim to

identify non-linear relationships between under-5 mortality and specific explanatory vari-

ables. We analyze a large data set consisting of 35 Sub-Saharan-African countries, and 13

Asian countries, using a multilevel discrete time survival model that takes advantage of a

recently developed multilevel framework with structured additive predictor in a Bayesian

setting. We analyze data from 131 individual surveys from 1992 to 2015, allowing for po-

tential non-linear effects and cluster specific heterogeneity within models. We find strong

non-linear effects for the baseline hazard, the household size, the age of the mother, the

BMI of the mother, and the birth order of the child. Additionally, we find considerable

differences in determinants between Asian and Sub-Saharan Asian countries.

Keywords: Child mortality · Asia · Sub-Sahara Africa · multilevel STAR models ·
Bayesian inference
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1. Introduction

Global child health has been improved throughout the last three decades in low and
middle-income countries. Most regions saw under-5 mortality rates decline significantly
since 1990. This trend has been confirmed by the UNIGME, who testified that sub-
stantial global progress has been observed in decreasing child mortality since 1990 (You
et al., 2012, 2014; You, New and Wardlaw, 2015). Most regions experience an accelerated
decline in under-5 mortality since 2000 compared to the period 1990-2000. The annual
rate of reduction increased in Sub-Saharan Africa from 1.6% in 1990-2000 to 4.1% in
2000-2015, in Central Asia from 1.4% to 4.6%, and in Southern Asia from 3.2% to 3.6%.
However, despite this significant progress towards achieving MDG 4, high under-5 mor-
tality rates are still concentrated in these regions, where rates remain higher as targeted
by the MDG for 2015 (You, New and Wardlaw, 2015).

Therefore, analyzing and understanding the link between the health outcomes of chil-
dren, and the determinants of child mortality is of great interest for future policies and
aid. A better understanding of this relationship, and applying this knowledge to future
policy can effectively help to achieve the newly formulated SDG1 in the long run. In
addition, through more purposeful aid the health outcome of children can be improved
in the short-term.

The empirical literature on studying determinants of child health in general, and
under-5 mortality in particular has identified several factors of child wellbeing: child
health is influenced by individual and household characteristics (e.g. residency, structure
and composition of the household, education, wealth, nutrition, immunization, hygiene,
care) and environmental and community or regional conditions (e.g. infrastructure,
climate, disease environment) that directly and indirectly determine proximate or in-
timidate input variables for child health outcomes (Mosley and Chen, 1984; Schultz,
1984; Wolpin, 1997).

Based on this theoretical considerations, a broad stream of empirical literature exists,
which uses regression methods to analyze survival outcomes of infants, and children’s
under a certain age (e.g. 36 month, 60 month) in developing countries, as it can be
seen as reverse indicator of child health (see for instance Boco, 2010; Hobcraft et al.,
1985; Houweling et al., 2005; Kandala and Ghilagaber, 2006; Liu et al., 2016; Misselhorn
and Harttgen, 2006; Rutstein, 2000, 2005; Wang, 2003; You et al., 2010). Therefore,
our main goal is to systematically analyze under-5 mortality, comparing determinants
across geopolitical regions, and allowing for non-linear covariate effects using a multilevel
regression model.

Building on this literature, in our research, we will allow for possible non-linear co-
variate effects on under-5 mortality in our analysis, and we will jointly analyze the two
geopolitical regions where under-5 was found to be highest. The aim of this study is
to better understand why under-5 mortality decreased in such great variation between
low and middle-income countries in Sub-Sahara Africa and Asia, and why high rates of

1The SDG where adopted by the United Nations in 2015 and can be seen as successor of the MDG. In
contrast to the MDG they cover not only development related topics, instead the focus of the SDG
is on sustainable development
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mortality remain in many countries. The underlying causes of under-5 mortality dif-
fer significantly between countries and between regions, which highlights the need to
expand our understanding of the determinants of child health in developing countries
(Black et al., 2003; Jamison et al., 2016). By comparing the two geographic regions of
the world with the highest under-5 mortality rates, we aim to gain new insights, and
bring out potential differences between these regions, and the causes of under-5 mortal-
ity. In addition, we aim to identify non-linear relationships between under-5 mortality
and specific explanatory variables. In doing so, we contribute to this strand of literature
by aiming to close four shortcomings in the existing literature.

First, we contribute to the literature by simultaneously taking into account possible
non-linearities in determinants of under-5 mortality, and heterogeneities across coun-
tries. A shortcoming of most existing studies is that they only present linear estimates
of determinants of child health. But the mechanisms underlying health transmission
suggest that it may be important to allow for non-linearities, which we address with
this study. Harttgen et al. (2015) found strong non-linearities in the relationship be-
tween under-5 mortality and its determinants. In this article under-5 mortality, and
the underlying causes were analyzed for a sample of 25 Sub-Saharan African. Besides
heterogeneity across countries, and regions, non-linear effects were found for the age of
the mother at birth, the BMI of the mother, and the household’s wealth. However, this
study did not account for censoring of the data, as a regression model with binary re-
sponse was estimated which only allowed to include children fully exposed to the risk of
dying between birth and the 5th birthday. By using instead a (multilevel) discrete time
survival model, it is possible to control for right censoring of the data, model cluster
specific heterogeneity, and by including observations from Asia and Sub-Saharan Africa
determine differences in the underlying causes by comparing the two geopolitical regions
affects most.

Several country studies found non-linearties in the relationship between under-5 mor-
tality and its determinants. For instance, Ayele and Zewotir (2016) found for an
Ethiopian sample besides spatial differences, non-linear covariate effects for the house-
hold size, the birth order, and the age of the mother at 1st birth. Black et al. (2013)
shows that the effect of the nutritional status of a mother is associated with a higher
mortality risk of the child. Additionally, they found that the same relation holds when
the mother is obese. This relation can be described to be U-shaped for a range of the
mother’s BMI where the risk of deceasing for the child is lowest in a certain range in the
middle of the range of the BMI. However, they did non explicitly model this non-linear
behavior. A similar U-shaped pattern is assumed for the age of the mother. Children
born by young mother’s, might due to limited experience in bringing up children, or
their own adolescent show higher mortality risk as children born by mother’s in their
20th and early 30th. However, this effect also tends to reverse again for older mother’s.
This pattern is described and measured for instance by Kandala and Ghilagaber (2006);
Kandala et al. (2014); Harttgen et al. (2015).

DHS data does neither provide information on household’s income, nor on household’s
consumption expenditures which would directly reflect the economic status of the house-
hold the children belongs to. However, by using the information the DHS provide on
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a household’s durables and assets, an asset index as proposed by Filmer and Pritchett
(2001), and Sahn and Stifel (2003) can be constructed using a principal components
analysis. This should approximate the long term economic status of the household. The
indicator for the household’s wealth, the asset index, is assumed to be monotonically
decreasing with child mortality. Also for the years of education of the mother, a mono-
tonically decreasing relationship is assumed. This relationship was already empirically
established by (Cleland and van Ginneken, 1988), and can be attributed to two major
thoughts. First, women with higher education can better assess relevant information
which, in the end, will benefit her children’s health and overall status. Second, higher
education has a monetary payoff, since the chance to find better jobs increases. However,
this relationship needs to be considered carefully, since the educational status can also be
seen as approximation of the household’s socioeconomic status (Desai and Alva, 1998).
Providing new insights on potential non-linearities, meaning that under-5 mortality is
dependent on the level of its determining factors. This would contribute to a better
understanding of how to reduce under-5 mortality not only in Sub-Saharan Africa.

Second, by using a large set of standardized cross-country household surveys to study
determinants of under-5 mortality while taking into account the hierarchical data struc-
ture of the micro-data. Most existing studies that analyze individual level data focus on
single countries, or a small group of countries within a specific geopolitical region (see
for instance Adebayo and Fahrmeir, 2005; Ayele et al., 2015; Chamarbagwala, 2010).
Limited empirical evidence exists on the association between child health, and house-
hold, child, environmental, and socio-economic characteristics using pooled household
survey data from several countries and years at the child level, while simultaneously
taking into account the clustered data structure of the survey data, and analyzing non-
linearity relationships in determining factors of child health. Studies that account for
the clustered data structure are for example Boco (2010); Kuate-Defo and Diallo (2002).
While the first study examines community level determinants of under-5 mortality for
28 Sub-Saharan African countries using a multilevel survival model, the second study
clusters mortality rates across regions and estimates the community level determinants
of child mortality for 27 African countries using DHS data.

A comparison across countries and geographic regions was regarded as not helpful by
some authors (e.g. Black et al., 2003), due to different causes, and different magnitude
of the effects on under-5 mortality. However, the increased availability of standardized
household survey data across countries in recent years, as well as recent theoretical ad-
vances in hierarchical modelling in a Bayesian framework (Lang et al., 2014; Belitz et al.,
2015) allows us to to jointly analyze under-5 mortality in Asia and Sub-Saharan Africa
at the individual level. Furthermore it is possible, to account for regional or country
specific heterogeneity. We address these issues, by analyzing the largest available cross-
country data set at the individual (child level) with a sample size of more than 800,000
children from 48 countries between 1992 and 2015.

Third, we explicitly take into account differences in the determinants of under-5 mor-
tality between geopolitical regions within our model. For example, Klasen (2000) and
Misselhorn and Harttgen (2006) have shown that mortality rates in African countries
are almost twice as high as in Asian countries, which means that a children born in
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Sub-Saharan Africa are confronted with a higher mortality risk than a children growing
up in Asia. This might be influenced by different factors associated with child health
between Asia and Sub-Sahara Africa, as well as differences in the non-linear nature of
these effects. Factors associated with children’s health outcomes vary across this geopo-
litical regions, and also within countries between regions Black et al. (2003). Which
makes it necessary to account for this type of heterogeneity. Additionally, due to pos-
sible non-linearities, in countries with a better supply / higher level of a certain factor
associated with child mortality the health outcome is better due to this non-linearities.
We will take advantage of the data structure and analyze under-5 mortality on an in-
dividual level, and simultaneously account for region and country specific heterogeneity
in a Bayesian framework.

Fourth, we employ a discrete survival model to address the shortcoming that many
studies use a binary variable to study under-5 mortality (usually 0 = alive, 1 = dead)
and, hence, do not take into account right censoring of the data. The issue that arises
here is that sampled observations have to be fully exposed to under-5 mortality, whereas
observations that are not fully exposed to under-5 mortality can not be included in
the sample, since otherwise a sampling error would be introduced. Due to this, several
studies try to overcome this critique by considering a (discrete time) survival model to
account for right censoring of those observations not fully exposed to under-5 mortality
(see for instance Adebayo and Fahrmeir, 2005; Kandala and Ghilagaber, 2006; Kandala
et al., 2014) however, these studies apply (geoadditive) discrete time survival models
only to a specific country. By extending an discrete time survival model, and taking
advantage of the recently developed multilevel structured additive regression (STAR)
approach (Lang et al., 2014) we are able to systematically analyze under-5 mortality
at the individual level, while taking into account the hierarchical structure of the data.
Furthermore, this approach takes right censoring of the data into account, and allows us
to compare the two geopolitical regions where child mortality was found to be highest.
Accounting for these issues, we apply a (multilevel) discrete time survival model. In con-
trast to the afore mentioned caveat, observations not fully exposed to under-5 mortality
can be included in this type of model. DHS provide information on the survival status
and birth history of the respondent’s children. Which allows us to apply a discrete time
survival model in this analysis.

The remainder of the paper is organized as follows: Section 2 gives an overview of the
used data set and a description of the covariates. This is followed by the description of
the method. Section 3 includes an overview of the estimated model and the methodology
used. Section 4 summarizes the results. Finally, in Section 5 we conclude.
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2. Data

2.1. Source of the data

We use nationally representative Demographic and Health Surveys (DHS). DHS are
collected by Macro International Inc., Calverton, Maryland in cooperation with local
administration and is funded by USAID. The data is collected in waves, with currently
the 7th wave ongoing, and normally a period of 5 years between the waves. Currently
more than 250 standard DHS for over 90 lower middle income countries (LMICs) are
available, and the usual sample size ranging between 5,000 and 30,000 households. DHS
are standardized across countries, and collect data on topics such as child health, infant
and child mortality, education, and maternal health to household’s durables, and quality
of the household’s sanitation and dwelling.

Our study contains information on 824,017 children from 48 countries which were
sampled in 131 individual surveys over the period from 1992 to 2015. Additionally, the
economic indicators are taken from the PWT (Version 9.0) (Feenstra et al., 2015). Our
sample consists of 13 Asian2 and 35 Sub-Saharan African countries. These countries can
further be divided into into 358 distinct regions. Figure 1 depicts information about the
included countries, and countries that could not be included.3

[Please insert Figure 1 about here]

2.2. Dependent variable

Analyzing under-5 morality is equivalent to model the probability of dying between birth
and the 5th birthday (Rutstein and Rojas, 2006). Information on under-5 mortality
comes from the birth history of the DHS, which offer basic information for deceased
children (sex, data of birth, and date of death) and more detailed information for living
children such as the children’s health and nutritional status. In the first type of model,
the analysis is restricted to observations that are fully exposed to the risk of dying
before the 5th birthday and therefore are not censored. The second type of model,
survival models this restriction is not necessary. Both types of models assume a binary
response, however to apply discrete time survival models, it is necessary to augment the
data, for an example see the methodology manual of BayesX. We define an indicator
of under-5 mortality for child i that is equal to 0, if the child is still alive in interval t
and 1 if the child died in interval t:

deadit =

{
1, if t = ti, and deadi = 1,

0, otherwise.

2Asian countries include Central-Asian countries as Armenia, Azerbaijan, Jordan, Kazakhstan, Kyr-
gyzstan, Turkey, Uzbekistan, South-Asian and South-East-Asian countries as Bangladesh, Cambo-
dia, India, Maldives, Nepal and Pakistan and countries from the Arabian Peninsula geographically
located in Asia as Jordan, see Deaton (2007)

3Table A.1 subsumes the number of children and mortality rates per country and survey year.
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Taking advantage of a discrete time survival model, our sample is not restricted to obser-
vations fully exposed to under-5 mortality, and therefor observations are not limited to
the restriction to be born at least five years previous the survey, as suggested by Bhalo-
tra (2006). Applying a discrete time survival model takes censoring into account. This
means that the sample is not restricted to children fully exposed to under-5 mortality.
Instead, children younger than 60 month at the date of the interview are considered. In
Table 1 under-5 mortality rates by continent are presented. Particularly noticeable is
that the observed mortality rate of African countries is almost twice as high, when com-
pared to the observed mortality rate Asian countries are faced with. A similar pattern
was already pointed out by Klasen (2000) and Misselhorn and Harttgen (2006) who also
studied differences in the determinant of under-5 mortality between Sub-Saharan Africa
and Asia.

[Please insert Table 1 about here]

2.3. Independent variables

The explanatory variables used in the analysis can be grouped into child-specific factors,
environmental and socio-economic characteristics, household-specific and demographic
factors, and maternal characteristics. These characteristics are either available as dis-
crete covariates, or as continuous covariates. An early survey on determinants of child
mortality and candidates for potential covariates can be found in Mosley and Chen
(1984). This contribution added a theoretical framework how to analyze the underlying
causes of child mortality in developing countries. The relationship between child health
outcomes and the underlying risk factors described in this article are found to be influ-
ential by several empirical studies, (see for instance Rutstein, 2000; Black et al., 2003;
Adebayo and Fahrmeir, 2005; Rutstein and Rojas, 2006; Boco, 2010).

Child-specific factors. Child-specific determinants include a categorial covariate for
the sex of the child. The left hand panel of Figure 2 shows the Nelson-Aalen cumulative
hazard by gender and continent, illustrating potential gender and geographical differ-
ences. To control for this potential gender gap, including this variable seems to be valid.
The same plot suggests that mortality is not evenly distributed over the whole age range
from 0 to 59 month. This effect will be captured in the baseline effect of the discrete
survival model.4

In addition to the sex of the children, a categorial indicator whether an older sibling
of observation i died is included into our model, as it is found to be positively related
with under-5 mortality. The children’s nutritional status is also found to be a major
cause of child mortality (see for instance Pelletier and Frongillo, 2003; Black et al., 2003).
However, since information on the children’s nutritional status is only available for non-
deceased children this variable enters the model only at the second level. Unfortunately,

4In particular, due to restricted memory, and to make an estimation tractable in BayesX we divide
the duration time scale into semiannual intervals.
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this yields to a potential bias, since the nutritional situation is potentially overestimated
and one can assume that deceased children have a lower z-score. Despite this, Alderman
et al. (2011) found no evidence for this bias. In their simulation study with national
representative data for Indian children, no statistical significant evidence was found that
selective mortality influences the anthropometric indicator on a large scale. We include
the stunting z-score, which is which is the height for age z-score, as an anthropometric
indicator at the regional level in our models.5 It is used for two reasons: First accord-
ing to de Onis et al. (2012), prevalence of malnutrition is higher for stunted children
compared to the other two anthropometric indicators. Second, more observations at the
regional level are available for the anthropometric indicator for height for age (stunting)
in contrast to the anthropometric indicators for weight for age (underweight) and weight
for height (wasting). Including instead z-wasting or z-underweight would have reduced
the sample to less than 358 regions, as in some regions only z-stunting was observed.

Another factor associated with child health is, whether the child received vaccinations
against diseases such as measles, polio, tetanus in the first year of living. Wang (2003);
Charmarbagwala et al. (2004), and Boco (2010) for instance, find that with increasing
immunization status decreases the risk of dying. The later author also points out, that
the immunization status is only observed for non-deceased children, does not allow to
include the vaccinations status at an individual level. Accordingly, as recommended by
Rutstein and Rojas (2006) we calculate the immunization rate for children age 12-23
months at a regional level6.

Maternal characteristics. We include the mother’s nutritional status, measured as the
body mass index (BMI), which is found to influence the health of the child (Black et al.,
2008, 2013). We assume a U-shape relationship, due to the reasoning explained in the
introduction which are also supported by Black et al. (2013). The same relationship is
assumed for the age of the mother at the birth of the child. Additionally we include,
the number of years of education of the mother. This covariate is assumed to have a
decreasing effect on the child’s development status. This can be attributed to two major
thoughts. First, women with higher education can better assess relevant information
which, in the end, will benefit her children’s health and overall status. Second, higher
education has a monetary payoff, since the chance to find better jobs increases. Also the
spacing between two births was found to influence the survival chances in the first 5 years
(Mosley and Chen, 1984; Rutstein, 2000). Including this information however, features
a trade-off, since preceding birth intervals can not observed for first born children, and,
therefore, we would systematically omit this group introducing potentially a bias. Hence,
we will re-estimate the final model including information on the preceding birth interval
and will compare whether the results of the other covariates are in line with the results
not including this information.

5For a more detailed explanation on the calculation of the z-score see Harttgen et al. (2015).
6Included vaccines are: BCG (Bacillus Calmette–Guérin against tuberculosis), measles, and 3 doses

of DPT (vaccine against diphtheria, pertussis, and tetanus) and polio vaccine each. For calculating
the immunization rate only children ageing 12-23 months are included, since immunization should
be completed in the first year.
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Environmental socio-economic covariates. Several studies found a significant differ-
ence in the health status of children when comparing the location of the household, see
for instance Black et al. (2003), and more recently Harttgen and Günther (2011). To
control for differences between rural (countryside, villages) and urban (cities, towns)
areas, an effect coded covariate is included to capture these potential differences.

Other studies have identified a negative relationship between a countries economic
wealth, measured as GDP and not only under-5 mortality, but child mortality in general
(see for instance Baird et al., 2010; Bhalotra, 2006). Countries with a higher GDP can
potentially invest more in the country’s health system, food programs, and schooling
and education, which can be translated into decreasing mortality rates.

Moreover, we assume that the included covariate effects are not equal across regions
and countries. Hence, we cluster the data geographically according the observation’s
affiliation to a particular region and country (Jain et al., 1999; Korenromp et al., 2004).
Clustering the observations into regions and countries is particularly useful to model
potential heterogeneities between regions and countries. In addition, since one main
focus of our study is to find possible differences in the covariate effects between Asian
and African countries, we include a categorial variable that indicates on which continent
(Asia, Sub-Sahara Africa) an observation is located. This variable will than be used as
an effect modifier to capture potential differences in the determinants between Asian
and Sub-Saharan countries through varying coefficients.7

Household-specific characteristics. A household’s material wealth is positively re-
lated with the health status of the children living in this household Fink et al. (2017);
Vollmer et al. (2017). To measure the wealth of a household, an asset index is included
into the analysis. This index is derived through a principal components analysis based
on assets (e.g. television, fridge or motorbike) possessed by the household of observa-
tion i and dwelling and sanitation characteristics of the household. For example, Wang
(2003) finds that having access to flush toilets is reflected in declining mortality rates.8

The effect of the household’s wealth enters the hierarchical model in the first level as
deviation from the regional specific mean, and it should be an approximation for the
household’s long term economic wealth. In addition, the regional mean of the asset in-
dex is included in the regional specific level of the hierarchical estimation.To capture the
effect of the size of the household, the total number of household members is included
in the model. The effect is ambiguous as, on the one hand, in a larger household more
people potentially can take care of young children, while on the other hand, the conflict
about the distribution of the household’s resources becomes bigger.

[Please insert Figure 2 about here]

[Please insert Table 2 about here]

7Hastie and Tibshirani (1993) first introduced this model where the effect of variable used as effect
modifier varies smoothly over the range of the continuous variable.

8For a detailed description how the index is derived, see Filmer and Pritchett (2001).
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Finally, to account for declining mortality rates in the last two decades (Lozano et al.,
2011) and to control for a time trend in under-5 mortality, which potentially declined
in a non-linear way, the survey year is included in the estimated models. The right
panel of Figure 2 shows the trend in under-5 mortality between 1990 and 2015. Besides
a sharp decline in under-5 mortality Figure 2 also reveals considerable level differences
in under-5 mortality between Sub-Sahara Africa and Asia, which seem to be stable
across time. Besides the afore mentioned individual specific covariates, to account for
the clustered data structure, and to estimate the effects of region or country specific
covariates we estimate a multilevel model consisting of 3 levels. Table 2 summarized
the expected effect of the level specific covariates. At the regional level we include
the regional average height for age z-score, and the regional vaccination rate into the
analysis. Both variables are unfortunately not directly observed for all sampled children,
and therefore including these covariates at the individual level is not possible. We expect
the effect of both covariates to be monotonically declining with increasing level of the
covariate. As both variables where found to be closely related with under-5 mortality
(e.g. Black et al., 2013; Boco, 2010; Charmarbagwala et al., 2004; Wang, 2003). At
the country level, the GDP per capita is included into the analysis. A recent study by
Baird et al. (2010) found a negative relation between a countries per capita income and
under-5 mortality. In particular, a decline of the country’s GDP caused by a recession
resulted in an increase in mortality rates. This increase is found to be notably larger for
female children (Baird et al., 2010).

2.4. Coding of Covariates

Categorial explanatory variables will be effect coded, since as it is pointed out by Umlauf
et al. (2015), the sampling and convergence is improved compared to a dummy variable
coding of the explanatory variables. As an example, for the variable Continent, which
indicates whether a particular observation is located in an Asian or in an Sub-Saharan
African country this is done es follows:

Continent =





1, if country i is located in Sub-Saharan Africa

−1, if country i is located in Asia

0, else,

where the corresponding value of the variable takes 1 if country i is located in a Sub-
Saharan Africa, and -1 if the country i is located in an Asia, which will be the reference
category.

The following covariates enter the model as categorial covariates: whether an older
sibling of observation i deceased, the sex of the children, and the place of residence.
Additionally, to detect potential differences between Asian and Sub-Saharan African
countries a binary indicator is included as the interaction variable in the varying coeffi-
cient terms. Descriptive statistics of our sample are presented in Table 3. Around 10%
of the sampled children have an older deceased sibling, 70% are born in a household
located in living in rural districts, and around half of the sampled children are born as
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girls. 35 (73,24%) of the 48 included countries are located in Sub-Saharan Africa.

[Please insert Table 3 about here]

All other variables enter the model as continuous covariates: the deviation from the
regional mean of the asset index, the birth order of the child in the household, the years
of education of the mother, the numbers of people living in household i, the mother’s
age at birth of children i, the mother’s BMI, and to capture a trend over time the year
the survey was conducted at the first level. All these variables are found to influence
under-5 child mortality by various studies but no study exists that analyzes whether
these effects show any non-linearities.9

At the second (regional) level, the height for age z-score and the regional immuniza-
tion rate for specified vaccines are included into the analysis. At the highest level of
the hierarchical model (country), we control for the countries average per capita GDP.
Unfortunately, information on HIV prevalence and malaria incidence rates is that scarce
that we could not include these two covariates into our model. Which is why for countries
with high HIV rates and or high malaria incidence under-5 mortality will be underes-
timated. Table 3 provides some basic descriptive statistics and the level at which the
variable enters our baseline model.

3. Methodology

3.1. Discrete survival model

Discrete survival models can be specified as regression models with binary response, for
instance as logit or probit model. However, to make an estimation feasible, the data
needs to be augmented, such that the number of entries of observation i are equal to the
number of intervals t observation i is exposed to the risk of dying. For a more elaborate
discussion of the data augmentation consult the methodology manual of BayesX.

DHS provides only monthly information on the age of the child at the date of the in-
terview. Hence, information on the duration is only measured on a discrete time scale10.
Duration time T can be considered as discrete with T ∈ {1, 2, ..., q; q = 10}. Besides the
duration time T , the vector of covariates x∗i is observed, then x∗it = (xi1, xi2, ..., xit) de-
notes the information at each interval up to interval t. Following Adebayo and Fahrmeir
(2005), the discrete hazard function can be written as follows:

λ (t;x∗it) = P (T = t|T ≥ t, x∗it) , t = 1, ..., 10, (1)

9Also birth spacing is found to influence the health outcome of children Mosley and Chen (1984);
Rutstein (2005). However, this information is not available for first born children, and omitting
this group would systematically bias our results. Hence, the final model is re-estimated including
information on children i’s preceding birth interval.

10Additionally, due to restricted memory, and to make an estimation tractable in BayesX, we
further divide the duration time scale into semiannual intervals, each of length of six months,
[0, 1, 2, 3, 4, 5), [6, 7, 8, 9, 10, 11), ..., [54, 55, 56, 57, 58, 59).

11



where λ (t;x∗it) is the discrete hazard function rewritten as the conditional probability
of death in interval t, given child i survived until interval t.

The event indicator deadit, with deadit = 0 if child i is alive in interval t, and deadit = 1
child i died in interval t. In the former case, ti corresponds to the current semiannual age
interval of child i at the interview, and in the latter case ti corresponds to the observed
age interval the child died. Thus the binary event indicator deadit of the survival status
at interval ti for child i is defined as follows:

deadit =

{
1, if t = ti, and deadi = 1

0, otherwise.
(2)

Thus, the underlying survival process of child i can be interpreted as series of dichoto-
mous choices at each interval t. Assuming a probit link for the discrete-time survival
model, the response function is given by πit = φ(ηit), where φ(ηit) is the cumulative
distribution function of the standard normal distribution and the link function is given
by φ−1(πit) = ηit (Fahrmeir et al., 2013, Chapter 4). The linear predictor for under-5
mortality is given by ηit, and, as in Adebayo and Fahrmeir (2005), the partially linear
predictor can be written as follows:

ηlini = γ0(t) + γ1xit1 + ...+ γqxitq + εit. (3)

Using only the partially linear predictor ηlinit leads to the restriction that the relationships
of continuous covariates have to be linear, which is not justified for all covariates. Most
studies that have analyzed determinants of child health in general and under-5 mortality
in particular have followed such an approach. In view of this pitfall, in our study,
the linear predictor ηlinit is substituted by the more general predictor ηit, in which the
continuous covariates are modeled through a potentially non-linear function f . This
yields to the following additive model:

ηit = x′
itγ + f0(t) + f1(xit1) + ...+ fp(xitp) + εit, (4)

where x′
itγ is the set of covariates that enter the model linearly (the effect coded cate-

gorial covariates), f0(t) captures the baseline effect, and f(xit1) to f(xitq) are continuous
covariates that enters the model with an assumed non-linear relationship (Lang et al.,
2014).

3.2. Modelling the non-linear function f

The potential non-linear terms will be modeled through a non-linear function f that
can be estimated using P-splines (Fahrmeir et al., 2013, Chapter 7). In this setting, the
penalized splines will be approximated by using an adequate linear combination of basis
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functions that take the form:

f(x) =
d∑

j=1

γjBj(x) (5)

The basic idea of P-splines is to divide the range of the data into a relatively large
number of intervals. The boundaries between two intervals are called knots, and we use
ten knots as the default choice for the number of knots. At the same time a penalty term
is included to prevent overfitting. In a frequentist setup this model could be estimated
considering standard maximum likelihood procedure. In a Bayesian setup the model
will be estimated using a simulation procedure through MCMC.11

3.3. Capturing differences between Asian and Sub-Saharan African
countries with varying coefficients

For determining potential differences between Asian and Sub-Saharan African countries
a varying coefficient term for the geographic location is included in the estimation.
Including varying coefficients was first proposed by Hastie and Tibshirani (1993) and
applications of varying coefficients can be found in Lang and Sunder (2003) or Lang
et al. (2014), where in the second paper Indian data is used to estimate determinants
of children’s malnutrition with respect to potential gender differences. In this context,
the effect of a covariate, e.g. the BMI of the mother can vary with respect to binary
indicator for Asian respectively Sub-Saharan African countries. This will be modeled as
follows,

ηaddit =...+ f12(BMI motherit) + fBMI mother|Continent(BMI motherit)(Continent)+

...+ x′
itγ + εit.

where the categorical covariate Continent is the interaction term and the continuous
covariate BMI the effect modifier. The varying coefficients term now allows the effect
of of the region (Asia versus Sub-Sahara Africa) to vary smoothly across the range of
the mother’s BMI. Including this varying coefficient into the estimation should detect
potential differences in the effect of a specific covariate for Asian and African countries.

3.4. Multilevel STAR framework

To account for the hierarchical structure of the data, and to allow for heterogeneity
between countries, a multilevel STAR model is used. The 824,017 observed children
are nested into 358 regions, which are again nested into 48 countries in Asia and Sub-
Saharan Africa, this is nesting of the observations is also called clustering (Jain et al.,
1999; Korenromp et al., 2004). Following Lang et al. (2014), who developed a multilevel

11For a more thorough description of the estimation see for instance (Fahrmeir et al., 2013, Chapter 7
and Chapter 8) or Harttgen et al. (2015).
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approach that allows to account for heterogeneity at the regional and country level, as
well as to include non-linear covariate effects. The multilevel model with 3 levels and
which allows to account for the afore mentioned structure is written as follows:

Level − 1 : ηit = ηIndividualit +

f18(Regionit) + εit

Level − 2 : f18(Region) = f18,1(Stunting regional meanRegion)+

f18,2(Stunting regional meanRegion)Continent+

f18,3(Regional vaccination rateRegion)+

f18,4(Regional vaccination rateRegion)Continent+

f18,5(CountryRegion) + f18,6(Region) + ε18

Level − 3 : f18,5(Country) = f18,5,1(GDPCountry) + f18,5,2(GDPCountry)Continent+

f18,5,3(Country) + γ18,5,1ContinentCountry + ε20,5

(6)

This model accounts for the hierarchical structure of the data, which allows to model
the effects of regional, respectively country specific covariates on under-5 mortality. To
determine systematic differences between Asian and Sub-Saharan African countries a
varying coefficient is included in the STAR model. In Equation 6, ηIndividualit subsumes the
included categorial covariates, and the continuous covariates including the corresponding
varying coefficient, see Table 2 for the included covariates and the expected effects.

Accounting for heterogeneity Up to this point the baseline model captures cluster
specific heterogeneity only by including i.i.d. Gaussian random effects of the region
(f18,6(Region) ∼ N (0; σ̃2

18,6), and the country (f18,5,3(Country) ∼ N (0; σ̃2
18,5,3). To cap-

ture potential heterogeneity of the individual specific non-linear effects fq, and the indi-
vidual specific linear effects γq, for each individual specific covariate a country specific
random effect is included.

Models that include this type of interaction for an unordered grouping factor, such as
countries, are also called models with random slopes (Belitz et al., 2015). This can be of
particular use, when accounting for country or region specific heterogeneity. The basic
idea is then to add random slopes to the individual specific covariates of Equation 6.
For example, for the effect of the BMI of the mother, the model is rewritten as follows:

ηit =...+ f12(BMI motherit) + f̃12(Country)(BMIit)+

f13(BMI motherit)(Continent) + ...+ εit.
(7)

Where f̃12(Country) ∼ N (0; σ̃2
11) is i.i.d. normal distributed with inverse Gamma

distributed variance σ̃2
12. A more recent, alternative method to model the cluster specific

variation of the non-linear terms is to use multiplicative country specific random effects,
as they were applied in recent papers, see for instance Wechselberger et al. (2008);
Brunauer et al. (2013); Lang et al. (2015). In this variant the country specific random
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effect is written as follows,

ηit =...+
(
1 + f̃12(countryit)

)
· f12(BMI motherit)+

f13(BMI motherit)(Continent) + ...+ εit.
(8)

A random effect smaller than zero (f̃q(countryi) < 0) yields to a scaling down of the
main effect, whereas a random effect greater than zero (f̃q(countryi) > 0) yields the
main effect to be scaled up. For another application of multiplicative country specific
random effects see Harttgen et al. (2016).

3.5. Model selection

Simultaneous Bayesian credible bands Krivobokova et al. (2010) together with the defi-
ance information criterion (DIC) Spiegelhalter et al. (2002) are used for model selection
and analyzing significance of the covariates. The DIC is considered to be the general-
ization of the AIC and the BIC for hierarchical models. Moreover, it is pointed out by
Spiegelhalter et al. (2014) the AIC can not be calculated in hierarchical models, whereas
it is feasible to calculate the DIC. As Bayesian models became feasible in the late 1990s
a model comparison criterion was still missing, and the DIC was proposed by Spiegel-
halter et al. (2002) in 2002. A more detailed description of the selection process can be
found on Appendix B.

4. Results

4.1. Linear effects

Table 4 summarizes the results of the linear covariates. The table shows the posterior
mean together with the 95% credible interval. The only effect found to be insignificant,
was whether the household is lead by a female or male in the model building phase
and was, therefore, not included into the final analysis. All other linear covariates are
found to be significant 12. Beginning with the covariate showing the largest effect, the
indicator of whether the child has a older sibling who have died or not. Growing up
in a household where an older sibling died is associated with a higher mortality risk
in the first 60 months, compared to a household where no such fatality occurred. The
estimated posterior mean is 0.337 which is in line with our expectations, as well as the
literature, see for instance Hobcraft et al. (1985); Harttgen et al. (2016).

[Please insert Table 4 about here]

The estimated posterior mean of 0.028 of the gender of the child is also significant and
in line with our expectations. Boys tend to have a slightly higher risk of dying in the
first five years of living, compared to girls. This can also be illustrated by plotting the

12A linear effect is assumed to be significant if zero is not included in the 95% credible interval.
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Nelson-Aalen cumulative hazard for the individual waves. In the left hand panel of Fig-
ure 2 the cumulative hazard rate is plotted separately for male and female observations
from Asia, and for male and female observations Sub-Saharan African countries. It can
be seen that the hazard rates for girls is always slightly below the hazard rate for boys.

Children living in urban areas, have higher survival probabilities compared to their
counterparts in rural areas. The estimated posterior mean of -0.018 is significant and
negative, however of low magnitude. This estimates reveal that living in rural areas re-
flects that children below five years are confronted with a higher mortality risk. This gap
between urban and rural areas might be best explained through generally poorer health
status in rural areas and a poorer basic health infrastructure in rural areas (Harttgen
and Günther, 2011). However, the estimated results for the gender of the the child, and
the area of living should be interpreted with great care. Especially when large sample
sizes are analyzed already relatively small effects tend to become significant. Both effects
are significant but scarcely important, considering the usual predictor range of probit
models between -2 and 2.

It can be assumed that the effect size of the categorial covariates is not homogeneous
across countries, and we included country random slopes for the categorial covariates.
Figure 3 and Figure 4 shows the results of the random slopes of the categorial covari-
ates. Especially, for the variables whether the child had a sibling who died, the place of
residence, and the children’s gender considerably differences across countries exist.

[Please insert Figure 3 about here]

[Please insert Figure 4 about here]

4.2. Non-linear effects

The estimated STAR model simultaneously takes into account possible non-linearities,
and the hierarchical structure of the data. This is especially useful, since some covariates
can not be observed on an individual basis and only regional or country aggregates can
be included. Beginning with the effects at the individual level, the results are discussed
in the next section.

Individual level Figure 5 to the top panel of Figure 12 show the results of the non-
linear effects at level 1 of the individual specific continuous covariates. The figures show
from left to right, the mean effect together with the 95% and 80% credible intervals,
the continent specific effect for Asia and Sub-Saharan Africa, and the continent specific
effects scaled by the country random effect for the continuous covariates. In more detail
for the baseline hazard: The top-left panel in Figure 5 depicts the posterior mean of
the mean effect including credible intervals. The mortality risk is found to be highest
in the first month, and than steadily declining. Two things become obvious in this
Figure: First, the mortality risk is highest in the first months, and the baseline hazard
having a concave shape. Second, the sharp decline around the 50th month seems to be
an artifact, a similar pattern was already pointed out by Adebayo and Fahrmeir (2005).

16



Most likely, for older children the age at death is only reported in full years, instead of a
more accurate monthly reporting. Besides the baseline effect, the varying effect (see left
panel Figure C.1) is found to be significant. These two effects can be combined to the
top right panel of Figure 5, which illustrates mayor differences between Asian and Sub-
Saharan African countries. In particular, a faster decrease of the probability of dying for
observations located in Asia. Relatively to the effect of Asian countries, for Sub-Saharan
African countries a flatter baseline hazard is observed, indicating a mortality risk that is
less depending on the age of the child. Modelling country specific heterogeneities with
multiplicative random effects yields substantial differences between countries, and to a
scaling down of the baseline hazard when the random effect is < 0 and to a scaling up of
the baseline effect if the random effect is > 0. Combining the country specific random
effect (see right panel Figure C.1) and the continent specific effect (bottom left panel
Figure 5) gives the county specific effects illustrated in the two bottom panels of Figure
5. Interpreting the results of the other covariate effects is analogous.

[Please insert Figure 5 about here]

The effect of the age of the mother at birth has its presumptive inverse J-/U-shaped
form. In particular, children of young mothers are faced with a higher mortality in the
first five years, decreasing relatively fast and flattening out for mothers older than 20
years (Figure 10). This result is consistent with findings of Harttgen et al. (2015), who
analyzed determinants of child mortality for a Sub-Saharan African sample, and with a
way earlier work by Hobcraft et al. (1985). The mortality risk declines sharply up to an
age of the mother at birth of around 20 years. The effect then flattens out, remains more
or less constant for women up to an age around 30 years, before it slightly increases for
woman older 40 years. Even though the with the continent varying effect is significant, it
is hardly relevant due its magnitude in comparison to the magnitude of the main effect.

[Please insert Figure 10 about here]

Figure 7 depicts the effect of the households birth order and reveals an interesting
finding. The effect is monotonically increasing over the complete range, the presumptive
U-shaped effect which was already found by Hobcraft et al. (1985) was not found. Being
higher in the birth order, reflects a rising mortality risk. Also the varying effect is
significant, resulting in a effect for Sub-Saharan African countries that is less pronounced
as for Asian countries, and the birth order has a stronger effect on under-5 mortality
in Asian countries. Across countries to some extent differences exist, however not of
the same magnitude found, for instance, for the household’s wealth or the size of the
household, and differences are only modest.

[Please insert Figure 7 about here]
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The size of the household is also found to influence under-5 mortality significantly with
children’s living in small households (n ≤ 3) are found to be faced with the highest
mortality risk (Figure 9). Most likely this corresponds with the effect of growing up in
a single parent household, and only one parent is able to provide income and food. The
effect decreases monotonically until a household size of approximately 7 or 8 people.
For larger households the effect remains more or less constant. The varying effect of
the household size is found to be significant, however irrelevant due to the magnitude,
and differences between households located in Asian countries or Sub-Sahara African
countries can be ignored.

[Please insert Figure 9 about here]

Contrary to Harttgen et al. (2015), their finding of a inverted U-shaped relationship
between the mother’s BMI and child mortality is reversed and the effect is U-shaped
(Figure 11). It decreases up to a BMI of around 20, and then increases again. This is
particularly interesting since malnutrition of the mother and also obesity of the mother
increase child mortality. However the effect is found to be rather small in magnitude.
Not surprising the effect is rather similar for Asian countries and Sub-Saharan countries,
a little less dominant in Sub-Saharan African countries. Additionally the effect is rather
homogeneous across countries, showing only little heterogeneity.

[Please insert Figure 11 about here]

The effect of the household’s wealth is decreasing more or less monotonically (Figure 6).
This finding is of particular interest since reducing poverty rates in developing countries
would also imply that child mortality will decline in these countries. The interaction
with geographic indicator (continent) is literally zero and reveals that no differences exist
between households located in Asian countries and households located in Sub-Saharan
African countries. However a large dispersion exists between countries and the effect
shows in particular for Asian countries a large variation.

[Please insert Figure 6 about here]

Another rather strong effect which is noteworthy is the effect of the mother’s years
of education (Figure 8). The effect is found to be more or less decreasing linearly,
and corresponds to the findings of Cleland and van Ginneken (1988). Investing in the
education for expecting mothers, and women in general, seems to lower child mortality.
This can reflect 2 major thoughts. First, women with higher education can better assess
relevant information which, in the end, will benefit the children’s health and overall
status. Second, higher education has a monetary payoff, since the chance to find better
jobs increases. However on should also keep in mind the explanation of Desai and
Alva (1998), who argue that the educational level of the mother can be seen as an
approximation of the family’s socioeconomic status.
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[Please insert Figure 8 about here]

Declining under-5 mortality rates are observed since the late 1990s and can be illustrated
by plotting under-5 mortality rates by year (see right hand panel of Figure 2), and are
found by various authors (see for instance Lozano et al., 2011; Jamison et al., 2016). We
find that under-5 mortality in Asian countries was decreasing constantly over time (Fig-
ure 12). Whereas, in comparison to Asian countries for Sub-Saharan African countries
a significant difference could be found. This effect of Sub-Saharan African countries is
almost constant for the time before 2000 and only after 2000 mortality rates started
to decline. The is consistent with a study by Black et al. (2003), where Sub-Saharan
African countries experienced a drop in under-5 mortality too, however the decline was
of much smaller magnitude in comparison to Asian countries.

[Please insert Figure 12 about here]

Regional and country level The estimated model includes the regional mean of the
height for age z-score, the composite regional immunization rate for selected vaccines,
and at the country level the country mean of the GDP. Only the main effects are dis-
played since no varying effect was found to be significant. The effects are depicted in
the bottom panel of Figure 12. A better nutritional status of a particular region reduces
the individual mortality risk for observations in this region. The effect is more or less
constant for values below -2 (the threshold of the WHO for moderate stunting) and
then monotonically decreasing. Difference between Asian and Sub-Saharan countries
are found not be significant, and therefore omitted in the final model. This effect is
consistent with the general findings of Pelletier and Frongillo (2003); Black et al. (2003,
2013), however puts an emphasis on reducing malnutrition (measured as the height for
age z-score) below the threshold of -2 of the WHO for moderate stunting.

Considering the regional immunization rate, the effect is more or less monotonically
decreasing. Showing that in regions with lower immunization rates children are exposed
to a higher risk of dying. These findings can be directly transferred to the advice for
policy makers and institutions that reducing the number of severely stunted children,
and increasing the share of children fully vaccinated against BCG, measles, DPT, and
polio would also be reflected in decreasing mortality rates. This finding emphasizes
the need for better vaccination campaigns to increase immunization coverage as already
recommended lately by Boco (2010); Wang (2003). In the case of vaccination coverage,
institutions should aim for a higher vaccination rate across countries, that follows closely
the guidelines established by the WHO.

At the country level, the effect of the countries per capita GDP is pointing in the right
direction, however is found to be insignificant. The effect is more or less monotonically
decreasing showing no differences between Asian and Sub-Saharan African countries.
This contradicts at least partially the findings of Baird et al. (2010) that solely increas-
ing GDP per capita does not effectively reduce under-5 mortality, and as mentioned
by Wang (2003) an emphasis should be put on improving a countries health system.
However, more research is necessary to establish a better understanding how an increase
in the per capita GDP can be transferred to reduced under-5 mortality rates.
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4.3. Random effects

To account for heterogeneities across countries, we include country specific random slopes
for the categorial covariates, and rely on a multiplicative random effects for the non-
linear terms. Figure 3 and Figure 4 show the results of the country specific effect of
the linear terms. These Figures depict the posterior means together with the 80% and
95% simultaneous credible intervals, and reflect the existing huge dispersion between
countries with respect to the categorial covariates.

Country specific random effects for the level-1 non-linear covariates are shown in
the bottom-right panels of Figure C.1 to Figure C.7 for each covariate separately. As
mentioned, among others, by Harttgen et al. (2016) multiplicative random effects cause
a scaling of the estimated main effect, where a positive random effect yields to an up
scaling of the main effect, and a negative random effect yields to a down scaling of the
main effect. Differences between countries exist especially for the effect of the asset
index, the household size, and the age of the mother at birth. Heterogeneity across
countries for the other effects is less pronounced, however still existing for the BMI of
the mother, the birth order and the level of education of the mother.

4.4. Interaction effects

To control, whether systematic differences between the two analyzed regions, with re-
spect to the children’s gender and the children’s place of living exist, we re-estimate
the main model including interaction terms for the two mentioned categorial covariates
with the geopolitical location. This will identify, if potential differences exist, and when
differences exist it can help to formulate policies that aim to reduce child mortality.

Controlling for a possible interaction between the child’s gender and the geographic
location of the household confirms the pattern already illustrated in the left hand panel
of Figure 2. Being born as boy within Sub-Saharan Africa is associated with the highest
mortality risk (posterior mean: 0.149; 80% credible interval: [0.059; 0.200]), followed by
being born as girl within Sub-Saharan Africa (0.092; [0.003; 0.110]). Since categorial
covariates are effect coded, it is possible to derive an estimate for the reference category
(being born as girl within Asia), the posterior mean is -0.130 and almost identical to the
estimate of begin born as boy within Asia (-0.111; [−0.161;−0.019]).

Allowing for a similar interaction, however this time for the household’s place of living
and the geographic location, reveals similar results as described in the ‘baseline’ model.
Children born in urban areas, possibly due to better access to health care, sanitation,
and drinking water, are exposed to a lower mortality risk compared to children growing
up in rural areas. Table 5 shows these results in more detail.

[Please insert Table 5 about here]

Determining whether differences between Central Asia, South Asia and Sub-Saharan
Africa exist, reveal a few interesting patterns. Additionally, distinguishing Asian coun-
tries between Central Asian countries and South Asian countries improves the fit of the
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model by roughly 350 points. Removing insignificant varying coefficient terms, and only
including those which where found to be significant does not change the DIC much.

Accounting for differences between Central Asia and South Asia was found to be nec-
essary for the baseline hazard, the birth order, the household size, and the age of the
mother at birth. Results are shown in the Appendix in Figure D.1 to Figure D.8. The
shape of the effects are rather similar to the effects of the baseline model, however the
magnitude of the effects differs between the geopolitical regions.

5. Conclusion and Discussion

On a global scale, since 1990 under-5 mortality fell approximately by one half, moreover
a decline both in relative terms (per 1,000 live-birth), as well as in absolute numbers is
observed (You, Hug, Ejdemyr, Idele, Hogan, Mathers, Gerland, New and Alkema, 2015).
Despite this positive development, two regions can be identified where the reduction was
lacking behind the projections needed to achieve the MDG 4 of reducing under-5 mortal-
ity by two thirds between 1990 and 2015, these regions are: Asia (in particular Caucasus
and Central Asia, and Southern Asia) and Sub-Saharan Africa (You, New and Ward-
law, 2015). These regions showed insufficient progress to achieve the target of the MDG.
Analyzing jointly these regions13 will give new insights in the determinants of under-5
mortality. This is thought to offer a starting-point to improve policy towards achieving
the target of SDG 3: reducing under-5 morality to at least as low as 25 per 1,000 live
births, by 2030 (Liu et al., 2016).

For our analysis, we take advantage of the structure, standardization, and compara-
bility of the DHS data sets, which allows a comparison across countries and over time.
We jointly analyze under-5 mortality for two geographic regions: Sub-Sahara Africa and
Asia, considering in total 48 countries in 131 individual surveys over the period from
1992 to 2015. In total, we analyze 824,017 children, using a new multilevel discrete
time survival model, that takes censoring into account, and observations are clustered
into 358 distinct regions, and 48 countries. Applying the hierarchical STAR framework
developed by Lang et al. (2014), allows us to take non-linear covariate effects into ac-
count, estimate differences between Asian and Sub-Saharan African countries through
varying coefficients (Hastie and Tibshirani, 1993), and allows us to account for cluster
specific heterogeneity. Estimation of this type of hierarchical models with structured ad-
ditive predictor is fully Bayesian, and non-linear covariate effects are estimated through
Bayesian P-splines.
Following the conceptual framework to study child health in low and lower-middle in-
come countries proposed by Mosley and Chen (1984), we analyze determinants of under-5
mortality in four dimension of factors associated with child wellbeing: child-specific fac-
tors, maternal factors, environmental and socio-economic factors, and household specific
factors.

However, also this study has some limitations which should be recognized. First, DHS

13The DIC do not provide sufficient data for countries located in Oceania, therefore this region was no
part of the analysis.
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do not observe information of important determinants for deceased children, implying
that this variables could not be included into our estimation. For instance, Rutstein
(2000) found that there is a correlation between breastfeeding and mortality. However
this relationship, due to missing information for deceased children could not be observed.
Additionally, questionnaires are prone to problems in the data collecting process. Miss-
ing values can be introduced in the data, as the respondent fails to answer particular
question. For instance the birth weight, which shows a large number of missing val-
ues could not be remembered by the respondent, or fatal incidences are under reported
within sampled household. Second, one of the main underlying causes of under-5 mor-
tality found by several authors (e.g. Pelletier and Frongillo, 2003; Black et al., 2003,
2013). Unfortunately, DHS provides information about the nutritional status only for
those children who where still living at the point in time the interview was conducted.
This allows us to only include the regional mean of the normalized anthropometric indi-
cator into the level-2 equation of the hierarchical model. By doing so, this gives rise to
a potential sampling error, namely so called selective mortality Alderman et al. (2011).
Only including the regional mean of the anthropometric indicator into the model gives
rise to a potential bias. In the work by Alderman et al. (2011) this issue was addressed
for three waves of Indian national health surveys, and no significant change was found.
Analyzing this aspect in more detail on a global scale, using the available DHS data will
offer better insights, whether this caveat is of substantial nature, and whether the rela-
tionship between malnutrition, and under-5 mortality is underestimated at a significant
level.

The major strength of the analysis is that, for the first time, determinants of under-5
mortality in the geographic regions that where found to fall short in achieving the MDG
4 are analyzed jointly, using a multilevel discrete time survival model. Potential differ-
ences between these two regions are identified, and taking advantage of a large sample
with 824,017 observations, we account for non-linear covariate effects on under-5 mor-
tality through Bayesian P-splines. Additionally, we use a recently developed multilevel
framework in a Bayesian setting that allows us to account for country and region specific
heterogeneity.

Assuming only linear relationships between under-5 mortality and its determinants
is misleading in the sense that the effect is independent of the determinants level. We
find strong non-linear effects for this relationships, that can be summarized as follows.
Differences between Asia and Sub-Saharan Africa exist with respect to the baseline haz-
ard, the household’s wealth, the household size, the surveyyear, and of minor extent for
the birth order. We find relatively strong non-linear effects for the baseline hazard, the
birth order, the household size, and the age of the mother at birth. Additionally, the
effect of the mother’s nutritional situation is found to have a U-shaped form, however
the effect is less dominant. Minor non-linearities are found for the household’s wealth,
and the years of education of the mother. Considering the regional level, both covariates
are found to be significant. Improving the nutritional situation, as well as increasing
immunization coverage will effectively reduce mortality. No significant impact was found
at the country level for the per capita GDP, however the effect is pointing in the right
direction.
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No single factor could be isolated on which policy should focus on, instead our analysis
shows that a wide range of influential determinants on under-5 mortality exists. How-
ever, improving maternal education, immunization rates, and lowering the number of
malnourished children can be seen as starting points to which policy should be directed.
Further research needs to control for HIV and malaria prevalence, however this requires
a significant improvement of data availability. Additionally, estimating spatial effects
and identifying high risk areas could improve policy aiming to reduce under-5 morality.

References

Adebayo, S. B. and Fahrmeir, L. (2005). Analysing child mortality in nigeria with geoadditive discrete-
time survival models, Statistics in Medicine 24(5): 709–728.
URL: http:// dx.doi.org/ 10.1002/ sim.1842

Alderman, H., Lokshin, M. and Radyakin, S. (2011). Tall claims: Mortality selection and the height of
children in India, Economics & Human Biology 9(4): 393 – 406.
URL: http:// www.sciencedirect.com/ science/ article/ pii/ S1570677X11000487

Ayele, D. G. and Zewotir, T. T. (2016). Childhood mortality spatial distribution in ethiopia, Journal
of Applied Statistics 43(15): 2813–2828.
URL: http:// dx.doi.org/ 10.1080/ 02664763.2016.1144727

Ayele, D. G., Zewotir, T. T. and Mwambi, H. G. (2015). Structured additive regression models with
spatial correlation to estimate under-five mortality risk factors in Ethiopia, BMC Public Health
15(1): 268.
URL: http:// dx.doi.org/ 10.1186/ s12889-015-1602-z

Baird, S., Friedman, J. and Schady, N. (2010). Aggregate Income Shocks and Infant Mortality in the
Developing World, Review of Economics and Statistics 93(3): 847–856.
URL: http:// www.mitpressjournals.org/ doi/ abs/ 10.1162/ REST a 00084

Belitz, C., Brezger, A., Klein, N., Kneib, T., Lang, S. and Umlauf, N. (2015). BayesX: Sofware for
Bayesian Inference in Structured Additive Regression Models. Version 3.0.2.
URL: http:// www.BayesX.org/

Bhalotra, S. (2006). Childhood Mortality and Economic Growth, Working Paper Series RP2006/79,
World Institute for Development Economic Research (UNU-WIDER).
URL: https:// ideas.repec.org/ p/ unu/ wpaper/ rp2006-79.html

Black, R. E., Allen, L. H., Bhutta, Z. A., Caulfield, L. E., de Onis, M., Ezzati, M., Mathers, C. and
Rivera, J. (2008). Maternal and child undernutrition: global and regional exposures and health
consequences, The Lancet 371(9608): 243 – 260.
URL: http:// www.sciencedirect.com/ science/ article/ pii/ S0140673607616900

Black, R. E., Morris, S. S. and Bryce, J. (2003). Where and why are 10 million children dying every
year? , The Lancet 361(9376): 2226 – 2234.
URL: http:// www.sciencedirect.com/ science/ article/ pii/ S0140673603137798

Black, R. E., Victora, C. G., Walker, S. P., Bhutta, Z. A., Christian, P., de Onis, M., Ezzati, M.,
Grantham-McGregor, S., Katz, J., Martorell, R. and Uauy, R. (2013). Maternal and child under-
nutrition and overweight in low-income and middle-income countries, The Lancet 382(9890): 427 –
451.
URL: http:// www.sciencedirect.com/ science/ article/ pii/ S014067361360937X

Boco, A. G. (2010). Individual and community level effects on child mortality: An analysis of 28
Demographic and Health Surveys in Sub-Saharan Africa, Technical report, Macro International,
Calverton, Maryland, USA.
URL: http:// dhsprogram.com/ pubs/ pdf/ WP73/ WP73.pdf

Brezger, A., Kneib, T. and Lang, S. (2005). BayesX: Analyzing Bayesian Structural Additive Regression

23



Models, Journal of Statistical Software 14(1): 1–22.
URL: https:// www.jstatsoft.org/ index.php/ jss/ article/ view/ v014i11

Brunauer, W., Lang, S. and Umlauf, N. (2013). Modelling house prices using multilevel structured
additive regression, Statistical Modelling 13(2): 95–123.
URL: http:// smj.sagepub.com/ content/ 13/ 2/ 95.abstract

Chamarbagwala, R. (2010). Sibling composition and selective gender-based survival bias, Journal of
Population Economics 24(3): 935–955.
URL: http:// dx.doi.org/ 10.1007/ s00148-010-0314-z

Charmarbagwala, R., Ranger, M., Waddington, H. and White, H. (2004). The determinants of child
health and nutrition: a meta-analysis, Technical report, Washington, DC : World Bank Group.
URL: http:// documents.worldbank.org/ curated/ en/ 505081468327413982/
The-determinants-of-child-health-and-nutrition-a-meta-analysis

Cleland, J. G. and van Ginneken, J. K. (1988). Maternal education and child survival in developing
countries: The search for pathways of influence, Social Science & Medicine 27(12): 1357 – 1368.
URL: http:// www.sciencedirect.com/ science/ article/ pii/ 0277953688902018
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6. Figures and Tables

Fig. 1: Map of included countries: Boundary information of the map is taken from www.gadm.org;
Gray colored countries indicate included countries (48); Dark gray colored countries indicate Arabian
countries not located (completely) in Asia (2); Light gray countries indicate countries with missing
variables or countries where regional structure changed considerably and a harmonization was not
possible (8).
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Fig. 4: Categorical covariates, country random slopes and random intercepts: Figure depicts the
posterior means of the categorial variables male, and the random intercept together with 80% and
95% simultaneous credible intervals. Asian countries are shown to the left of the vertical dashed line,
while Sub-Saharan African countries are on the right. Source: DHS; calculations by the authors.
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Fig. 5: Non-linear effect of the baseline hazard at level-1. Shown is the mean effect, together with
95% and 80% simultaneous credible intervals. Additionally, the continent specific mean effects, and
the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan Africa are
shown. Source: DHS; calculations by the authors.
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Mean effect asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−
0.

2
−

0.
1

0.
0

0.
1

−2 −1 0 1 2 3

Effect asset index by continent

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−
0.

15
−

0.
10

−
0.

05
0.

00
0.

05
0.

10

−2 −1 0 1 2 3

Asia
Sub−Saharan Africa

−2 −1 0 1 2 3

−
0.

2
−

0.
1

0.
0

0.
1

Country specific effect (Asia) asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−2 −1 0 1 2 3

−
0.

2
−

0.
1

0.
0

0.
1

Country specific effect (SSA) asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

Fig. 6: Non-linear effect of the asset index at level-1. Shown is the mean effect, together with 95%
and 80% simultaneous credible intervals. Additionally, the continent specific mean effects, and the
with the multiplicative country random effects scaled effects for Asia and Sub-Saharan Africa are
shown. Source: DHS; calculations by the authors.
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Mean effect birth order
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Fig. 7: Non-linear effect of the birth order within the household at level-1. Shown is the mean effect
together with 95% and 80% simultaneous credible intervals. Additionally, the continent specific mean
effects, and the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan
Africa are shown. Source: DHS; calculations by the authors.
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Fig. 8: Non-linear effect of the mother’s years of education at level-1. Shown is the mean effect,
together with 95% and 80% simultaneous credible intervals. Additionally, the continent specific mean
effects, and the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan
Africa are shown. Source: DHS; calculations by the authors.
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Mean effect household size
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Fig. 9: Non-linear effect of the size of the household at level-1. Shown is the mean effect, together
with 95% and 80% simultaneous credible intervals. Additionally, the continent specific mean effects,
and the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan Africa
are shown. Source: DHS; calculations by the authors.
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Fig. 10: Non-linear effect of the age of the mother at birth at level-1. Shown is the mean effect,
together with 95% and 80% simultaneous credible intervals. Additionally, the continent specific mean
effects, and the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan
Africa are shown. Source: DHS; calculations by the authors.
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Fig. 11: Non-linear effect of the mother’s BMI at level-1. Shown is the mean effect, together with
95% and 80% simultaneous credible intervals. Additionally, the continent specific mean effects, and
the with the multiplicative country random effects scaled effects for Asia and Sub-Saharan Africa are
shown. Source: DHS; calculations by the authors.
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Fig. 12: Non-linear effects of the survey year at level-1, the nutritional status, and regional immu-
nization rate at level-2, and GDP at level-3. Shown are the mean effects, and for the surveyyear the
with continent varying effect, both together with 95% and 80% simultaneous credible intervals, and
the individual effect of the geographic regions. Source: DHS, and Penn World Table 9.0; calculations
by the authors.
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Tab. 1: Under-5 mortality rates by continent

Sample Number of observations (n) Mortality rate (per 1,000 children)

Total 824,017 115
Asia 220,532 72
Sub-Saharan Africa 603,485 131

The sample contains 824,017 observations nested in 358 regions and 48 countries. Source:
DHS; calculations by authors.

Tab. 2: Expected effects of the covariates on under-5 mortality

Definition variable Type Level Expected effect

Child has dead siblings discrete (d) Level-1 positive
Household has female head d Level-1 positive
Sex of child d Level-1 positive
Place of living d Level-1 negative

Asset index deviation regional mean continuous (d) Level-1 decreasing
Birth order within household c Level-1 U-shaped
Years of education mother c Level-1 decreasing
Number of people in household c Level-1 increasing
Age of mother at birth c Level-1 U-shaped
BMI mother c Level-1 U-shaped
Preceding birth interval c Level-1 U-shaped
Year of the survey c Level-1 decreasing

Z-stunting regional mean c Level-2 decreasing
Regional immunization coverage c Level-2 decreasing

Continent d Level-3 positive

GDP p.c. country mean c Level-3 decreasing

Categorial covariates: The expected effect of the discrete variables on child mortality
are assumed to be positive, negative or neutral. Continuous covariates: The ex-
pected effect of the continuous variables on child mortality are assumed to be increasing,
decreasing or U-shaped.
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Tab. 3: Descriptive statistic covariates variables

Definition covariates Type Mean, % std. dev. n at Level Level

Child has older dead sibling (=1) d 10.2% 824,017 Level-1
Sex of child (1=male) d 50.78% 824,017 Level-1
Place of living (1=urban) d 28.74% 824,017 Level-1
Continent (1=Sub-Saharan Africa) d 73.24% 48 Level-3

Asset index deviation from regional mean c -0.02 0.79 824,017 Level-1
Birth order of child c 3.51 2.4 824,017 Level-1
Years of education mother c 3.9 4.23 824,017 Level-1
Number of household members c 6.86 3.49 824,017 Level-1
BMI mother c 21.87 3.6 824,017 Level-1
Age mother at birth (in years) c 25.35 6.6 824,017 Level-1
Preceding birth interval mother c 37.95 20.32 627,201 Level-1
Z-score stunting regional (reg.) mean c -1.4 0.42 358 Level-2
Reg. vaccination rate of specified vaccines c 0.55 0.21 358 Level-2
Real per capita GDP c 2,923.15 2,841.73 48 Level-3

The sample contains 824,017 observations in 358 regions and 48 countries. Source: DHS, Penn World
Table 9.0, World Bank WDI; calculations by authors.

Tab. 4: Estimated results of the categorial covariates

Definition Variable Mean Std. Dev. 95lb% CI 95ub% CI

Overall intercept -2.337 0.033 -2.403 -2.273
Continent (1=SSA) 0.128 0.032 0.067 0.191
Older sibling of child died (=1) 0.337 0.009 0.319 0.354
Gender (male=1) 0.028 0.004 0.021 0.035
Urban area of living (=1) -0.018 0.005 -0.029 -0.009

Estimation results of categorial covariates. All covariates are effect coded. Source:
DHS; calculation by authors.

Tab. 5: Results model with interaction place of living | continent

Definition Variable mean std. dev. 95lb% CI 95ub% CI

Urban SSA 0.078 0.053 -0.023 0.163
Rural SSA 0.111 0.053 0.01 0.194
Urban Asia -0.11 0.053 -0.197 -0.007
Rural Asia -0.079

Results categorial covariates interaction place of living, continent.
All covariates are effect coded. Source: DHS; calculation by au-
thors.
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A. Under-5 mortality rates by country and survey year

Tab. A.1: Number of observations (n) and under-5 mortality rates per 1,000 live births (U5M) for the five-year
period preceding the survey by country, and survey year.

Country Year n U5M Country Year n U5M Country Year n U5M

Armenia 2000 1,493 41 Guinea 2012 3,644 124 Nepal 1996 5,966 133
Armenia 2005 1,259 23 India 1999 48,935 96 Nepal 2001 6,864 89
Azerbaijan 2006 2,035 49 India 2006 46,043 69 Nepal 2006 5,650 64
Bangladesh 1997 5,764 114 Ivory Coast 1994 5,273 158 Niger 1992 6,538 289
Bangladesh 2000 6,612 85 Ivory Coast 1999 501 131 Niger 1998 6,679 265
Bangladesh 2004 6,768 80 Ivory Coast 2012 3,748 117 Niger 2006 4,311 164
Bangladesh 2007 5,975 67 Jordan 1997 5,377 34 Niger 2012 5,678 117
Bangladesh 2011 8,442 53 Jordan 2002 4,735 27 Nigeria 2003 5,784 205
Bangladesh 2014 7,665 47 Jordan 2007 4,020 18 Nigeria 2008 26,460 165
Benin 1996 4,092 170 Jordan 2009 3,324 28 Nigeria 2013 29,614 127
Benin 2001 5,132 157 Jordan 2012 4,721 25 Pakistan 2013 3,408 81
Benin 2006 15,024 123 Kazakhstan 1995 1,333 52 Rwanda 2010 4,451 79
Benin 2012 12,879 79 Kazakhstan 1999 597 63 Rwanda 2015 3,730 50
Burkina Faso 2003 10,115 179 Kenya 1993 5,635 98 Sao Tome and Principe 2009 1,695 59
Burkina Faso 2010 7,528 129 Kenya 1998 5,259 112 Senegal 1993 4,994 132
Burundi 2010 3,523 91 Kenya 2003 5,219 112 Senegal 2005 3,022 111
C. A. R. 1995 3,840 149 Kenya 2009 5,816 77 Senegal 2011 3,964 78
Cambodia 2000 4,038 142 Kenya 2014 9,738 53 Sierra Leone 2008 2,692 145
Cambodia 2005 4,088 94 Kyrgyz Republic 1997 1,886 64 Sierra Leone 2013 5,746 154
Cambodia 2010 4,001 60 Kyrgyz Republic 2012 3,400 28 Swaziland 2007 2,537 122
Cambodia 2014 4,572 34 Lesotho 2004 1,745 120 Tanzania 1996 6,185 98
Cameroon 1998 3,000 168 Lesotho 2009 1,957 122 Tanzania 2005 8,125 112
Cameroon 2004 3,942 149 Lesotho 2014 1,532 96 Tanzania 2010 7,718 77
Cameroon 2011 5,809 130 Liberia 2007 5,382 112 Tanzania 2015 9,782 66
Chad 1997 7,009 200 Liberia 2013 3,849 114 Togo 1998 5,650 166
Chad 2004 5,206 174 Madagascar 1997 5,082 166 Togo 2014 3,405 92
Chad 2015 11,327 136 Madagascar 2004 5,192 82 Turkey 1993 3,361 55
Comoros 1996 1,555 107 Madagascar 2009 6,045 84 Turkey 1998 2,990 56
Comoros 2012 2,753 51 Malawi 1992 4,241 233 Uganda 1995 6,325 160
Congo, Dem. Rep. 2007 4,336 151 Malawi 2000 11,454 186 Uganda 2001 6,350 149
Congo, Dem. Rep. 2014 9,342 121 Malawi 2004 10,282 130 Uganda 2006 2,844 118
Congo, Rep. 2012 4,789 68 Malawi 2010 6,466 108 Uganda 2011 2,414 101
Ethiopia 2000 10,510 168 Malawi 2015 5,526 60 Uzbekistan 1996 2,219 62
Ethiopia 2005 4,793 126 Maldives 2009 2,991 18 Zambia 1992 6,038 190
Ethiopia 2011 11,118 99 Mali 1996 7,176 234 Zambia 1996 6,942 196
Gabon 2000 4,004 75 Mali 2001 12,327 213 Zambia 2002 6,690 177
Gabon 2012 3,731 81 Mali 2006 13,576 178 Zambia 2007 6,282 116
Gambia 2013 3,294 49 Mali 2013 5,254 110 Zambia 2014 13,048 68
Ghana 1993 2,972 131 Mozambique 1997 5,538 176 Zimbabwe 1994 3,112 89
Ghana 1998 3,148 104 Mozambique 2003 9,452 149 Zimbabwe 1999 3,385 111
Ghana 2003 3,590 115 Mozambique 2011 10,856 96 Zimbabwe 2006 5,076 91
Ghana 2008 2,865 86 Namibia 1992 3,467 84 Zimbabwe 2011 5,176 85
Ghana 2014 2,862 67 Namibia 2007 4,677 80 Zimbabwe 2015 5,563 65
Guinea 2005 3,238 153 Namibia 2013 2,245 55

Source: DHS data sets; calculation by authors.
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B. Selection process

Model selection of the final model was accomplished using as selection criteria Bayesian
credible bands Krivobokova et al. (2010), to identify significance of covariates, and the
DIC Spiegelhalter et al. (2002), to compare the different specifications. In the model
building phase, the MCMC sampler was set to 45,000 and a burn-in period of 5,000
iterations was used. Depending on the complexity of the model, estimation in this
stage takes approximately between 1,500 and 2,600 minutes on a laptop operating on
Windows basis, and Intel i7-5600U 2.60 GHz processor. In the final model we used
110,000 iterations and a burn-in phase of 10,000 iterations for the MCMC sampler. The
DIC compromises a trade-off between the fit of the data, and the complexity of the
model. The lower the DIC the better the model describes the data.

In a further step, a variable that enters the model linearly is considered to be significant
if the 95% credible band does not fully include zero. If the covariate is modeled as a non-
linear effect, the variable is called significant if the 95% credible band does not include
the zero line over the complete range of the covariate. Simultaneous Bayesian confidence
bands are obtained for effect fi from the effect’s posterior distribution which is observed
from the data, where the effect fi is estimated using MCMC simulation techniques
(Krivobokova et al., 2010). Intuitively, the wider the credible bands in a certain range
of the data, the more inaccurate fi describes the data due to the scarce information the
data provides. The narrower the credible bands the better the information on the curve
of fi.

To discriminate between the estimated models and to select the model that offers the
best trade-off between model complexity and model fit the DIC is consulted, since it can
be calculated for hierarchical models. Table B.1 shows the differences of the DIC of the
estimated models to the ‘baseline model’.

Selection of the baseline model Selecting between a solely additive model and mul-
tilevel models with either 2 or 3 levels, the DIC strictly favors the multilevel model with
3 levels of Equation 6 compared to the simple additive model. The DIC of the additive
model is roughly 2,000 points higher in comparison to the multilevel model with 3 levels,
and without random effects. A comparison of the multilevel model with 3 levels instead
of 2 levels, and accounting for the fact that individuals are nested into regions, which are
clustered into countries reveals the following: Incorporating, besides the country specific
structure of the data, the regional specific structure yields an improvement, lowering the
DIC by approximately 800.

Allowing for different effect sizes of countries So far cluster specific heterogeneity is
only considered through the country, respectively, region specific random intercept. As
mentioned earlier, it is possible to allow for cluster specific effect sizes for all covariates.
Doing so, and, including country random slopes as for instance, described in Brezger
et al. (2005) into Equation 6 shows a clear decrease of the DIC of more than 2,600
in comparison to the models without random slopes. Additionally, modeling country
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specific heterogeneity of the continuous covariates through multiplicative random effects
yields a further improvement. The DIC decreases by around 1,200 points in comparison
to the models capturing heterogeneity with random slopes. This clearly emphasizes the
advantage of modeling country specific heterogeneity with multiplicative random effects.

Taking advantage of the rule of thumb for the DIC by Spiegelhalter et al. (2002) the
multilevel model that includes covariates on the individual, regional and country level
is always favorable in comparison to models where only the the individual level or the
individual and country level is considered. Furthermore, accounting for heterogeneity
yields to further improvements of the model. Accounting for heterogeneity is most effi-
cient when multiplicative random effects are used.

In favor of this decision rule, results are discussed for the ‘baseline’ model of Equation
6 including multiplicative country random effects, and omitting insignificant terms. Be-
sides this ‘baseline’ model, we estimated several models similar to the afore mentioned
model, allowing for interactions between categorial covariates and the geopolitical region
(e.g. gender—continent, place of living—continent), and also one model distinguishing
between South Asian and Western/Central Asian countries. However, in comparison to
the ‘baseline’ model, the results for these specifications are rather similar with respect
to shape and magnitude. Additionally, only the model which distinguishes within Asia
between South Asia and Western/Central Asia has a more favorable DIC than the ‘base-
line’ model. Accordingly, we will present and discuss the results of the ‘baseline’ model
and mention important results stemming from these models.

Tab. B.1: Model selection: Differences DIC to baseline model

Model ∆ DIC

additive model (AM) 0
multilevel AM (MAM) with 2 levels -1,209
MAM Equation 6 -2,002

MAM with 2 levels, including country random slopes -3,796
Equation 6, including country random slopes -4,439

MAM with 2 levels, including multiplicative country random effects (MRE) -4,954
MAM Equation 6, including MRE -5,624
MAM Equation 6, including MRE,
omitting insignificant varying coefficient terms -5,632
MAM Equation 6, including MRE, interaction gender | continent -5,573
MAM Equation 6, including MRE, interaction urban | continent -5,579
MAM Equation 6, including MRE, varying coefficient SSA | C. Asia | S. Asia -5,972
MAM Equation 6, including MRE, varying coefficient SSA | Central Asia |
South Asia, omitting insignificant varying coefficients -5,950

Source: DHS; calculation by authors.
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C. Varying and random effects main model
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Fig. C.1: Non-linear varying effect of the baseline hazard at level-1. Shown is the with continent
varying effect, together with 95% and 80% simultaneous credible intervals. Additionally, the mul-
tiplicative country random effects are shown. Asian countries are shown to the left of the vertical
dashed line, while Sub-Saharan African countries are on the right. Source: DHS; calculations by
the authors.
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Varying effect asset index

Asset index deviation from regional mean
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Fig. C.2: Non-linear varying effect of the asset index at level-1. Shown is the with continent varying
effect, together with 95% and 80% simultaneous credible intervals. Additionally, the multiplicative
country random effects are shown. Asian countries are shown to the left of the vertical dashed line,
while Sub-Saharan African countries are on the right. Source: DHS; calculations by the authors.
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Fig. C.3: Non-linear varying effect of the birth order within the household at level-1. Shown
is the with continent varying effect, together with 95% and 80% simultaneous credible intervals.
Additionally, the multiplicative country random effects are shown. Asian countries are shown to the
left of the vertical dashed line, while Sub-Saharan African countries are on the right. Source: DHS;
calculations by the authors.

44



Varying effect education

Education mother in years

E
ff

ec
t 

ed
uc

at
io

n 
m

ot
he

r

−
0.

05
0.

00
0.

05

0 5 10 15

Random effects education

E
ff

ec
t 

ed
uc

at
io

n 
m

ot
he

r

Jo
rd

an

A
rm

en
ia

K
az

ak
hs

ta
n

U
zb

ek
is

ta
n

M
al

di
ve

s

B
an

gl
ad

es
h

K
yr

gy
z 

R
ep

ub
lic

A
ze

rb
ai

ja
n

C
am

bo
di

a

In
di

a

P
ak

is
ta

n

T
ur

ke
y

N
ep

al

N
am

ib
ia

L
ib

er
ia

G
ab

on

C
on

go
, R

ep
.

Iv
or

y 
C

oa
st

C
ha

d

T
an

za
ni

a

Z
am

bi
a

N
ig

er
ia

Z
im

ba
bw

e

Sw
az

ila
nd

C
on

go
, D

em
. R

ep
.

U
ga

nd
a

C
am

er
oo

n

M
oz

am
bi

qu
e

C
om

or
os

G
am

bi
a

M
ad

ag
as

ca
r

K
en

ya

Si
er

ra
 L

eo
ne

M
al

aw
i

Sa
o 

T
om

e 
an

d 
P

ri
nc

ip
e

B
en

in

G
ha

na

L
es

ot
ho

Se
ne

ga
l

B
ur

ki
na

 F
as

o

C
. A

. R
.

G
ui

ne
a

T
og

o

R
w

an
da

B
ur

un
di

M
al

i

E
th

io
pi

a

N
ig

er

−
1.

0
−

0.
5

0.
0

0.
5

1.
0

Fig. C.4: Non-linear varying effect of the years of education of the mother at level-1. Shown
is the with continent varying effect, together with 95% and 80% simultaneous credible intervals.
Additionally, the multiplicative country random effects are shown. Asian countries are shown to the
left of the vertical dashed line, while Sub-Saharan African countries are on the right. Source: DHS;
calculations by the authors.
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Fig. C.5: Non-linear varying effect of the household size at level-1. Shown is the with continent
varying effect, together with 95% and 80% simultaneous credible intervals. Additionally, the mul-
tiplicative country random effects are shown. Asian countries are shown to the left of the vertical
dashed line, while Sub-Saharan African countries are on the right. Source: DHS; calculations by
the authors.
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Varying effect age mother
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Fig. C.6: Non-linear varying effect of the age of the mother at birth at level-1. Shown is the with
continent varying effect, together with 95% and 80% simultaneous credible intervals. Additionally, the
multiplicative country random effects are shown. Asian countries are shown to the left of the vertical
dashed line, while Sub-Saharan African countries are on the right. Source: DHS; calculations by
the authors.
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Fig. C.7: Non-linear varying effect of the BMI of the mother at level-1. Shown is the with con-
tinent varying effect, together with 95% and 80% simultaneous credible intervals. Additionally, the
multiplicative country random effects are shown. Asian countries are shown to the left of the vertical
dashed line, while Sub-Saharan African countries are on the right. Source: DHS; calculations by
the authors.
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D. Results distinguishing between C./W. and S. Asia
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Fig. D.1: Non-linear effect of the baseline hazard at level-1. Shown is the mean effect, the with
continent varying effect, both together with 95% and 80% simultaneous credible intervals, and the
individual effect for the geographic regions. Additionally, the continent specific mean effect are scaled
with the multiplicative country specific random effects. South Asian and Western/Central Asian
countries are shown to the left of the vertical dashed lines, while Sub-Saharan African countries are
on the right. Source: DHS; calculations by the authors.
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Mean effect asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−
0.

2
−

0.
1

0.
0

0.
1

−2 −1 0 1 2 3

Varying effect asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−
0.

15
−

0.
05

0.
05

0.
10

0.
15

0.
20

−2 −1 0 1 2 3

Effect asset index by continent

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−
0.

15
−

0.
10

−
0.

05
0.

00
0.

05
0.

10

−2 −1 0 1 2 3

Asia
Sub−Saharan Africa

Random effects asset index

E
ff

ec
t 

as
se

t 
in

de
x

B
an

gl
ad

es
h

In
di

a

N
ep

al

Jo
rd

an

U
zb

ek
is

ta
n

A
ze

rb
ai

ja
n

A
rm

en
ia

K
az

ak
hs

ta
n

M
al

di
ve

s

T
ur

ke
y

K
yr

gy
z 

R
ep

ub
lic

P
ak

is
ta

n

C
am

bo
di

a

M
al

aw
i

Si
er

ra
 L

eo
ne

M
oz

am
bi

qu
e

G
ab

on

Z
am

bi
a

L
ib

er
ia

L
es

ot
ho

C
ha

d

K
en

ya

C
om

or
os

G
ha

na

Sw
az

ila
nd

M
ad

ag
as

ca
r

C
. A

. R
.

R
w

an
da

C
on

go
, R

ep
.

Z
im

ba
bw

e

G
am

bi
a

T
an

za
ni

a

U
ga

nd
a

N
am

ib
ia

B
ur

un
di

Sa
o 

T
om

e 
an

d 
P

ri
nc

ip
e

Iv
or

y 
C

oa
st

Se
ne

ga
l

M
al

i

E
th

io
pi

a

C
on

go
, D

em
. R

ep
.

G
ui

ne
a

B
en

in

T
og

o

B
ur

ki
na

 F
as

o

N
ig

er
ia

N
ig

er

C
am

er
oo

n

−
2

−
1

0
1

2

−2 −1 0 1 2 3

−
0.

2
−

0.
1

0.
0

0.
1

Country specific effect (Asia) asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

−2 −1 0 1 2 3

−
0.

2
−

0.
1

0.
0

0.
1

Country specific effect (SSA) asset index

Asset index deviation from regional mean

E
ff

ec
t 

as
se

t 
in

de
x

Fig. D.2: Non-linear effect of the asset index at level-1. Shown is the mean effect, the with continent
varying effect, both together with 95% and 80% simultaneous credible intervals, and the individual
effect for the geographic regions. Additionally, the continent specific mean effect are scaled with the
multiplicative country specific random effects. Asian countries are shown to the left of the vertical
dashed line, while Sub-Saharan African countries are on the right. Source: DHS; calculations by
the authors.
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Fig. D.3: Non-linear effect of the birth order within the household at level-1. Shown is the mean
effect, the with continent varying effect, both together with 95% and 80% simultaneous credible
intervals, and the individual effect for the geographic regions. Additionally, the continent specific
mean effect are scaled with the multiplicative country specific random effects. South Asian and
Western/Central Asian countries are shown to the left of the vertical dashed lines, while Sub-Saharan
African countries are on the right. Source: DHS; calculations by the authors.
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Fig. D.4: Non-linear effect of the mother’s years of education at level-1. Shown is the mean effect,
the with continent varying effect, both together with 95% and 80% simultaneous credible intervals,
and the individual effect for the geographic regions. Additionally, the continent specific mean effect
are scaled with the multiplicative country specific random effects. Asian countries are shown to the
left of the vertical dashed line, while Sub-Saharan African countries are on the right. Source: DHS;
calculations by the authors.
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Fig. D.5: Non-linear effect of the size of the household at level-1. Shown is the mean effect, the
with continent varying effect, both together with 95% and 80% simultaneous credible intervals, and
the individual effect for the geographic regions. Additionally, the continent specific mean effect
are scaled with the multiplicative country specific random effects. South Asian and Western/Central
Asian countries are shown to the left of the vertical dashed lines, while Sub-Saharan African countries
are on the right. Source: DHS; calculations by the authors.
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Fig. D.6: Non-linear effect of the age of the mother at birth at level-1. Shown is the mean effect,
the with continent varying effect, both together with 95% and 80% simultaneous credible intervals,
and the individual effect for the geographic regions. Additionally, the continent specific mean effect
are scaled with the multiplicative country specific random effects. South Asian and Western/Central
Asian countries are shown to the left of the vertical dashed lines, while Sub-Saharan African countries
are on the right. Source: DHS; calculations by the authors.
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Fig. D.7: Non-linear effect of the mother’s BMI at level-1. Shown is the mean effect, the with
continent varying effect, both together with 95% and 80% simultaneous credible intervals, and the
individual effect for the geographic regions. Additionally, the continent specific mean effect are
scaled with the multiplicative country specific random effects. Asian countries are shown to the left
of the vertical dashed line, while Sub-Saharan African countries are on the right. Source: DHS;
calculations by the authors.
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Fig. D.8: Non-linear effects of the survey year at level-1, the nutritional status, and regional
immunization rate at level-2, and GDP at level-3. Shown are the mean effects, and for the surveyyear
the with continent varying effect, both together with 95% and 80% simultaneous credible intervals,
and the individual effect of the geographic regions. Source: DHS, and Penn World Table 9.0;
calculations by the authors.
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E. Results including preceding birth interval
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Fig. E.1: Non-linear effect of the mother’s preceding birth interval at level-1. Shown is the mean
effect, the with continent varying effect, both together with 95% and 80% simultaneous credible
intervals, and the individual effect for the geographic regions. Additionally, the continent specific
mean effect are scaled with the multiplicative country specific random effects. South Asian and
Western/Central Asian countries are shown to the left of the vertical dashed lines, while Sub-Saharan
African countries are on the right. Source: DHS; calculations by the authors.
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Abstract
Despite improvements in global child health within the last three decades, under-5
mortality remains significantly high in Sub-Saharan and Asia. Both regions did not
achieve the MDG target of reducing under-5 mortality by two thirds by 2015. The
underlying causes of under-5 mortality differ significantly between countries and
between regions, which highlights the need to expand our understanding of the de-
terminants of child health in developing countries. By comparing the two geographic
regions of the world with the highest under-5 mortality rates, we aim to gain new
insights, and bring out potential differences between these regions and the causes
of under-5 mortality. In addition, we aim to identify non-linear relationships bet-
ween under-5 mortality and specific explanatory variables. We analyze a large data
set consisting of 35 Sub-Saharan-African countries, and 13 Asian countries, using a
multilevel discrete time survival model that takes advantage of a recently developed
multilevel framework with structured additive predictor in a Bayesian setting. We
analyze data from 131 individual surveys from 1992 to 2015, allowing for potential
non-linear effects and cluster specific heterogeneity within models. We find strong
non-linear effects for the baseline hazard, the household size, the age of the mother,
the BMI of the mother, and the birth order of the child. Additionally, we find consi-
derable differences in determinants between Asian and Sub-Saharan Asian countries.
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