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a b s t r a c t

Food and nutrition security has been a persistent major challenge to human societies and this challenge
continues into the 21st century, especially taking into consideration the targets set by the UN Sustainable
Development Goals, which call for eradicating hunger (goal 2), ending poverty (goal 1), sustainably
managing and using natural resources and ecosystems (goal 15), and combating climate change (goal 13).
The way food is consumed and produced affects the human well-being as well as the environment.
Avoiding food losses and adopting a balanced healthy diet is also an important step towards sustain-
ability. Promoting dietary standards and monitoring their adoption is a potentially important policy tool
for mitigating environmental impacts of food production as well as monitoring food security and
nutrition. There is relatively little research to measure nutritional adequacy of food intake according to
dietary standards, and to explore the relationship with health outcomes. In this study we choose the
well-established WHO global-level dietary recommendations as a reference to quantify nutritional ad-
equacy by developing an energy and macronutrient intake index (ENI), and to assess its relation to in-
dicators of hunger and undernutrition. We find strong negative association between nutritional
adequacy of dietary intake and prevalence of undernutrition at national level, and we illustrate that ENI
could be an effective tool to inform national food security strategies. Under different future socioeco-
nomic development scenarios, almost all sub-Saharan African countries achieve an adequate per capita
energy intake level but their nutritional status varies with many countries deviating from recommended
levels because of the unbalanced development of macronutrient intake levels; more improvement exists
in fat and energy intake levels and less agreement in fruit-vegetable and animal protein intake levels.
Scenario application proves that the relationship between ENI and undernutrition could readily be
applied in future scenarios generated by integrated assessment models to provide insights into the
impacts of various climate change scenarios, socioeconomic development pathways and alternative
global trade policies on global hunger and undernutrition status.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Although considerable progress has been made in reducing
these food and nutrition insecurity, ending hunger and malnutri-
tion e as asked for in the UN Sustainable Development Goals

(SDGs) universally adopted in 2015 e remains a crucial and
multifaceted topic of global concern. Worldwide, more than 800
million people do not have enough food to satisfy their calorie
needs on a daily basis (FAO, 2017). Roughly 159 million children
(~25% of all children with age under-five children) suffer from
stunting growth, 100 million (~17% of all under-five year old chil-
dren) experience moderate or severe underweight, and about 50
million (~3% of all under-five children) suffer from acute under-
nutrition (wasting, i.e. low weight for height) (WHO, 2015). This
widespread, and in some cases, a growing issue of hunger and
undernutrition reflects differences and deficiencies of dietary
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quality which exist both between and within countries.
Inadequate dietary intake and prolonged undernutrition may

have severe consequences for a country's social capital, and
through its impact on economic development could affect almost
every facet of society (Headey, 2011; Huang et al., 2013). There is
overwhelming evidence that undernutrition contributes to higher
morbidity, disability, mortality, lowered reproductive performance,
and even decreasing economic productivity (Deaton and Dr�eze,
2009; UNICEF, 2013).

Food nutrition and security depends on a range of factors
(UNICEF, 1990; Schmidhuber and Tubiello, 2007), in which diet is
an essential determinant of human health (Tilman and Clark, 2014).
Inadequate dietary intake results from low quantities of food
consumed and poor diet quality and diversity. The typical diet
across many low and middle-income nations falls below quantity,
quality, and diversity requirements. Many studies have previously
characterized diet quality in different ways and quantified their
contribution to hunger and undernutrition (Arimond and Ruel,
2004; Lloyd et al., 2011; Remans et al., 2014). In addition to calo-
rie supply, which has long been treated as a major characteristic of
diet affecting nutrition outcomes, dietary diversity has become
another important one. Using different metrics, researches has
shown that the level of dietary diversity determines people's
broader nutritional status in many situations. In addition to directly
measuring diet quality, dietary guidelines, WHO global-level rec-
ommendations (WHO, 2015) and national-level nutritional plans
(Fisher and Garnett, 2016) are also used as standards to guarantee
the food and nutrition security, and indirectly evaluate current diet
quality (Ritchie et al., 2018; Springmann et al., 2016). According to
these dietary standards, yet there is relatively little research mea-
sure nutritional adequacy of dietary intake, and explore its rela-
tionship with nutritional outcomes.

The way food is consumed and produced affects the human
well-being as well as the environment (He et al., 2018). Avoiding
food losses and adopting a balanced healthy diet is also an impor-
tant step towards sustainability, especially when taking into
consideration the targets set by the UN Sustainable Development
Goals, which call for eradicating hunger (goal 2), ending poverty
(goal 1), sustainably managing and using natural resources and
ecosystems (goal 15), and combating climate change (goal 13)
(United Nations, 2017). Development of dietary pattern could
change the structure of agricultural systems, and indirectly affect
the natural resources and environment (Alexander et al., 2016;
Davis et al., 2016). Dietary patterns have been closely related to
economic income, parental education, food availability and access
(Kearney, 2010). In short, along with the acknowledgement of the
key role of diets in linking food security, environmental sustain-
ability and socio-economic development, accepted dietary stan-
dards are a potentially important policy tool for mitigating
environmental impacts of food production as well as monitoring
food security. Therefore, in this study we choose well-established
WHO global-level recommendations (WHO, 2003; WHO, 2015) as
a reference to measure the nutritional adequacy of dietary intake,
and to quantify its relation to hunger and undernutrition.

Many terms are used to describe hunger and undernutrition.
According to food security's definition from FAO (Pinstrup-
Andersen, 2009), there are four dimensions of food security and
various indicators have been developed with the aim to capture the
relevant aspects of food insecurity at different scale levels, corre-
spondingly (Gross et al., 2000). Among them, two kinds of in-
dicators are widely used: the FAO estimated undernourishment
(Svedberg, 2000), and anthropometric measures derived from
household survey (de Onis, 2006). The FAO undernourishment is
among the most widely used measures to understand the ability of
a society to acquire enough food to meet the daily minimum

dietary energy requirements at the country level. It focuses on food
availability in terms of calories (Cafiero and Gennari, 2011). In fact,
the FAO argues that undernourishment is synonymous with hunger
(FAO, 2016).

Derived from household surveys, anthropometric measures are
often considered as proxy measures of food utilization, assessing
nutritional outcomes at individual level (Svedberg, 2011). Among
them, under-five child stunting (low height for age) and under-
weight (low weight for age) are most commonly used in estimation
of undernutrition, offering insights into chronic and/or medium
term nutritional problems for the most vulnerable population (de
Onis and Bl€ossner, 2003; de Onis et al., 2012; WHO, 2009).
Methods for the measurement of nutritional outcomes in the adult
population are available but are rarely used (Masset, 2011). In
contrast to the body size of adults, the growth potential of children
under five does not differ significantly by ethnic origin (WHO,
2006). Undernutrition refers to a physical state and is non-
specific with regard to particular nutrients. It is caused by two as-
pects, the shortage of energy and nutrition intake, and the health
status (FAO, 2000). Both of these two aspects further caused by a
range of socioeconomic factors such as sanitation, social inequality,
diseases, or maternal factors (Fotso and Kuate-Defo, 2005; Headey
et al., 2017; Smith and Haddad, 2015; UNICEF, 1990). So essentially,
anthropometrics is particularly complementary and to some extent
more comprehensive than the FAO undernourishment in many
respects, especially in linking health, sustainable diet, society
development and agricultural systems (Dora et al., 2015).

This paper addresses three research questions: 1) What has
been the dynamics of dietary nutritional adequacy across nations?
2)What is the contribution of nutritional inadequacy to hunger and
undernutrition at national scale? 3) Under different scenarios of
future diet development driven by socio-economic development,
how is hunger and undernutrition expected to evolve in sub-
Saharan Africa? The FAO undernourishment indicator describes
the prevalence of deficits in aggregate food energy provision (in
short, prevalence of hunger), and under-five child stunting and
underweight indicate different aspects of the impact of undernu-
trition on the most vulnerable population segment. It should be
noted that we do not distinguish between the moderate and severe
level of stunting and underweight, nor do we analyze in this study
the impacts of climate change or of future global food trade on food
and nutrition security. To answer the three research questions, we
develop an energy and macronutrient intake index (ENI) by
combining importantmacronutrients and food categories.With the
ENI we link diet quality in terms of nutritional adequacy to chronic
nutritional outcomes in terms of children under-five stunting and
underweight. Dynamics of ENI across all nations from 1991 to 2010
are analyzed. By statistical analysis, we examine the performance of
ENI and establish relationships of ENI with two anthropometric
measures (under-five stunting and underweight). To test applica-
bility of the ENI method in scenario assessment, we select sub-
Saharan Africa as our study region. We apply the ENI method to
the projected food consumption of sub-Saharan African countries
to estimate future levels of hunger and undernutrition status in the
2050s under different population and socioeconomic scenarios.

2. Methodology

The data used in this study are presented in Appendix F, Table 1.
The methodology is described in the two following sections below.

2.1. Composing the ENI

We construct the energy and macronutrient intake index (ENI)
to measure the diet quality using the following steps. First, we
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