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Abstract

Micronutrient malnutrition, deficiencies of vitamins and minerals, affects one in three
children in the world today, more than 2 000 million people, resulting in an enormous
public health impact on the numbers of premature deaths in women and children
particularly. These deficiencies, and their interaction with other health and care modalities,
cause widespread morbidity, reduced intellectual potential, and an overall negative impact
on national development and economic growth. To address this, global goals were
established for the elimination or significant reduction of the prevalence of these
deficiencies. The three micronutrient deficiencies of current greatest public health
significance are iron, vitamin A and iodine, although zinc is receiving increasing attention,
as is folate, vitamin B12 and other micronutrients in emergency situations. The thesis
emphasized vitamin A as an example, while recognizing that different approaches to
prevention and control will also be needed to adequately address other micronutrients.
One aim of the thesis was to identify constraints and facilitating factors contributing to the
success, or otherwise, towards achieving the first set of international micronutrient goals
by the stated date of the end of the previous decade (2000). The programmes and policy
decisions used in addressing micronutrient malnutrition were described and critically
examined. This analysis was then used to examine this current decade (2000-2010) and
the new decade goals of the UN Special Session of the General Assembly on Children.
Since then the Millennium Development Declaration and Goals have to a large extent
become the overarching global framework of goals, with the earlier goals being the basis
for work planning and implementation. The hypothesis that the first set of international
micronutrient goals was not reached globally because identifiable steps and pre-conditions
were not met was addressed through access to a variety of sources, including a literature
review through Medline and the search machines used by the Library systems of UNICEF,
Columbia University and the University of Tasmania, with follow-up of likely articles or
documents found from these identified articles. These were supplemented by national and
United Nations system reports (especially WHO and UNICEF but also UNDP, World Bank
and WFP), and the author’s current daily work activities contributed significantly to the final
product. Based on this approach, identification of trends, commonalities, and differences,
were part of the analysis, taking into account cultural, socio-economic, resources and
epidemiological variety of the many countries involved. This analysis led to a suggested

re-interpretation of why micronutrients have over the last decade and a half become so
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prominent in international public health priorities; to a compilation and analysis of
constraints and facilitating factors. There is no doubt there has been enormous progress,
particularly over the last two decades. Both constraints and facilitating factors were
summarized, using the UNICEF Nutrition framework under four broad areas: basic or
global (mega-) factors; underlying or national (macro-) factors; underlying or sub national
(meso-) factors; and, proximal or immediate community and household factors (micro-),
and by matrices. In essence the main factors included: (i) demonstrated commitment by
government and a relevant policy in place; (ii) a knowledge of the magnitude of the
problem; (iii) an awareness of the public health and social consequences by all levels; (iv)
an intersectoral approach; (v) an awareness of the direct link to poverty, socio-economic
and politico-social issues, and hence the need to address these specifically, as part of
micronutrient deficiencies prevention and control programmes; (vi) initial presence of
external funding; and, (vii) a ‘champion’ both internationally and nationally. National and
local factors also played different roles in different settings. Firstly, micronutrient
interventions were often not integrated at the community and district level e.g. vitamin A
capsules and immunization were very infrequently integrated, except for the relatively
short-lived National Polio Immunization Days, including having separate reporting systems
and being implemented by different sections of the Health Ministry. Secondly, the
micronutrient programmes, including universal salt iodization (USI), were often seen as
externally driven e.g. by donors, or in the case of USI as a ‘UNICEF Programme’. As part
of this, the goals were sometimes seen as an external, international goal, not necessarily
as relevant to the perceived or documented needs of the country, despite virtually all
countries having signed off on them. Thirdly, clearly ineffectual programmes continued to
be promoted e.g. iron/folic acid supplementation. Fourthly, inadequate health and other
systems with poor infrastructure and inadequate staffing have made delivery of many
health interventions, including micronutrient supplementation, difficult. Finally, in the face
of continuing and often increasing social disparities and other inequities, for most poor
populations, diets are unlikely to improve sufficiently, and in the short run at least, neither

will delivery systems.
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1.1

Chapter One

Aims and outline

It has been estimated that micronutrient malnutrition affects one in three children in the

world today. These deficiencies impact enormously on the numbers of premature

deaths in women and children particularly and on their morbidity, as well as causing

reduced intellectual potential and an overall negative impact on national development

and economic growth. Micronutrient malnutrition has become a frequently used

descriptor for deficiencies of public health significance of vitamins and minerals, and

especially of vitamin A, iron and iodine. To address this global public health problem,

global goals were established for the elimination or significant reduction of the

prevalence of these conditions. These will be discussed in more detail in Chapters 4

and 7, but were:

(a) Reduction of iron deficiency anaemia in women by one third of the 1990 levels;

(b) Virtual elimination of iodine deficiency disorders; and

(c) Virtual elimination of vitamin A deficiency.

Aims

(1)

(2)

The first aim of this thesis is to identify constraints and facilitating factors
contributing to the success, or otherwise, towards achieving the first set of
international micronutrient goals by the stated date of the end of the previous
decade (2000) (UNICEF 1990a). The programmes and policy decisions used
in addressing micronutrient malnutrition will be described and critically
examined.

The thesis also aims to use this analysis to examine this current decade and the
new goals that have since been adopted. These were not in place at the initial
time of writing but are now firmly in place following the UN Special Session of
the General Assembly on Children in May 2002 which led to the adoption of new
UN Goals, with UNICEF as the responsible body (UNICEF 2002a). Since then
the Millennium Development Declaration and Goals have to a large extent
become the overarching global goals (UN 2002a, UN 2002b, World Bank



2004a), with the various earlier goals being the basis for work planning and
implementation (UNICEF 1990, FAO/WHO 1992, UNICEF 2002a, WHO 2003a).

The basic assumptions are that:

1. There are common sets of necessary factors that are common to successful
programmes

2. Conversely, there are factors and situations that if not in-place, make success less

likely

These will be identified, and discussed within the thesis but include:
- commitment by government and a relevant policy in place
- knowledge of the magnitude of the problem
- an awareness of the consequences
- an intersectoral approach
- a need to also address poverty, socio-economic and social issues
- initial presence of external funding

- a ‘champion’ both internationally and nationally

The hypothesis could therefore be stated as:
that the first set of international micronutrient goals was not reached globally because

identifiable steps and pre-conditions were not met.

1.2 Method

Much of the available information had been accumulated by the author in the course of
his work, from a variety of sources. A literature review was conducted using Medline
and the search machines used by the Library systems of UNICEF, Columbia University
and the University of Tasmania, with follow-up of likely articles or documents found from
these identified articles e.g. where referenced, but not found in the searches. These
were supplemented by national and United Nations system reports (especially WHO and
UNICEF but also UNDP, World Bank and WFP) and other unpublished reports and
proceedings that the author had access to, or was involved in the development of.
Further consolidation and analysis of the literature made use of the extensive in-country
and international involvement of the author, supported by his previously published work

in the broad area of micronutrient malnutrition (as in the CD-Rom attached at end of this



thesis). The underlying concept of this work is that the author’s current daily work
activities contribute significantly to the final product. Based on this approach,
identification of trends, commonalities and differences were part of the analysis, taking
into account cultural, socio-economic, resources and epidemiological variety of the many

countries involved.

Writing the thesis while working full-time clearly had advantages such as access to the
most recent information, an active role in international policy development, and in
national programme evaluation. Conversely the time constraints meant that the work
has been spread over many years. There were two consequences, at least, of this:
firstly, that separate chapters were written over time and tend to be somewhat stand-
alone, as well as part of the whole; and secondly, a decision was made to limit the
historical time-frame to 1990 to 2005. Nevertheless, there are some more recent
references where particularly pertinent, and some more recent prevalence and
programme coverage data are used in chapter five. A conscious decision was also
made to reference the author’s own published work whenever possible to demonstrate

the long and active involvement that underpins this thesis.

To address the aim of the thesis in identifying facilitating and inhibiting factors, the
author reviewed the many sources mentioned, and then sorted by pre-assigned
headings and grouped them. These sorts were then reviewed and categories reduced
and commonalities identified, which are then discussed, and extrapolations and
conclusions made. This was done by reviewing standard published reviews for the
scientific background to the micronutrients discussed. Trends were identified by
tracking surveillance systems used by the World Health Organization and UNICEF and
assisted by other tracking groups such as the University of Tulane, the Micronutrient
Initiative, Helen Keller International and the USAID Population, Health and Nutrition
Center (through the OMNI and MOST Projects). Other sources were drawn upon as
available- both published, for example, a report of the 2002 IVACG meeting
(Ramakrishnan & Darnton-Hill 2002) and unpublished reports that the author had access
to through working with the World Health Organization and subsequently as UNICEF
Senior Adviser, Micronutrients. The author was also previously Director of the OMNI
Project (Opportunities for Micronutrient Interventions). When that was completed as

scheduled (OMNI 1995), analysis of its successes, failures and next steps started the



process, in a very preliminary way, resulted in this overview and conclusions, almost ten
years later. Based on these experiences, the approach made uses both observational
methods and triangulation of others’ data sets and conclusions for validation of the main

findings and conclusions.

Consequently, apart from author involvement in a UNICEF study of 20 countries
completed with the Micronutrient Initiative (Aguayo et al., in press), and in the helping to
design the information needs with University of Tulane for trends data required by
UNICEF, what is new in this analytical overview is: a re-interpretation of why
micronutrients have over the last decade and a half became so prominent in
international public health priorities- first preliminarily suggested in 1999 (Darnton-Hill
1999a); compilation and analysis of constraints and facilitating factors, both by revisiting
the published literature, reviews of programmes and also by being part of the 20-country
analysis of vitamin A programmes as mentioned above; and by extrapolating these
factors (based on the University of Tulane analysis of largely UNICEF data (Helwig,
Rivers, Mason 2004) to likely future success. The other aspect that makes this work
unique is the cross-disciplinary combination of an historical perspective along with the
technical and public health nutrition core of the thesis. The author is probably one of

the few who, from a variety of organizational perspectives, is in a position to do this.

The following outline has been used:

An introduction to the background of micronutrient malnutrition:
- Vitamin A deficiency, epidemiology and consequences
- lodine deficiency and the iodine deficiency disorders
- Iron deficiency anaemia and other nutritional anaemias

- Other micronutrients of public health significance

This will be followed by further background information on the methods of control and
prevention of micronutrient malnutrition:

- Prevention, control and treatment

- Food-based approaches, including fortification

- Supplementation

- Other public health approaches.



This background is considered necessary to understand the differences in approaches
and outcomes when addressing deficiencies of the three micronutrients. Throughout
the thesis there will be an emphasis on vitamin A as the illustrative micronutrient (largely
reflecting greater experience with this particular micronutrient), with contrasts and
examples from the prevention and control of iron deficiency anaemia, iodine deficiency
disorders and other micronutrient deficiencies, where these demonstrate a particular
point. The international commitments and national responses made at the various
international fora, the actual goals and subsequent mid-term goals will then be
discussed. There will be a brief discussion of why micronutrient malnutrition achieved

this relatively sudden consensus as an international public health priority.

Next, the results of this global attention will be reported from available literature and
reports, and from these the progress that had been made by the end of the decade
(December 31, 2000). More recent progress, or sometimes the lack of it, since the end
of the decade (up to 2005, with projections beyond), will be also be described to show
on-going trends. This progress, or lack of it in the case of iron deficiency anaemia, will
be discussed in terms of lessons learned and what have been facilitating factors and
inhibiting factors. A framework, according to level of social organization and
governance, will be constructed showing identified constraints and facilitating factors.
Finally, conclusions and predictions will be made on this, more than halfway through the

next decade, looking at the new goals and their rationale and feasibility.

As already noted, the above will be supported by a review of the published literature,
including the use of UN Agency reports, and unpublished planning documents, reports
and evaluations. Articles, chapters and guidelines published by the author will provide
the background to many of the chapters and will link the body of work to combine theory
and practical experience. Although enclosed separately, they represent an integral part
of the thesis.

The author was at the time of much of the early writing a Senior Global Health
Leadership Fellow at the World Health Organization. Immediately prior to that he had
the responsibility for overseas programmes in an international non-governmental
organization (INGO), Helen Keller International (HKI), which has been in existence for 85

years, primarily for the prevention and rehabilitation of blinding diseases. In the mid-



1980s, the aetiology of one of its traditional areas of interest/involvement, xerophthalmia
(or ‘nutritional blindness’) caused by vitamin A deficiency, was also found to have a
profound effect on premature mortality of children. This effect was estimated in meta-
analyses to have the potential to decrease the mortality of deficient preschoolers by up
to 30 per cent. This led to a vast expansion of interest in the vitamin. Helen Keller
International currently has programmes in over 25 countries (not all including vitamin
prevention and control programs). In 1986-87 the author had also been with HKI as
Country Director of the Nutritional Anaemia Prevention Programme with the Institute of

Public Health Nutrition of the Government of Bangladesh.

After his time in Bangladesh, the author later became Regional Adviser in Nutrition for
the Western Pacific Regional Office of the World Health Organization, with early
involvement in the iodine deficiency disorders (IDD) prevention and control programme
in China and other countries in the region, as well as working with countries on plans to
prevent and control iron deficiency anaemia (IDA), vitamin A deficiency disorders
(VADD), and in developing national plans of action for nutrition (NPANs). Subsequently
he became Director of the large fully-USAID funded Project, OMNI (Opportunities for
Micronutrient Interventions). Following the USAs commitment to the international goals
(to be discussed in the course of the thesis), the OMNI Project was USAID’s response to
these goals, with potential funding of $US25 million over the 5 year contract (managed
by John Snow Inc. in Washington, DC, USA).

He was subsequently UNICEF Senior Adviser, Micronutrients at UNICEF Headquarters
in New York, USA, and is currently Acting Chief of the Nutrition Section, and Senior
Adviser, Child Survival and Development. He is concurrently Visiting Associate
Professor at the Institute of Human Nutrition, Columbia University, New York, USA,
Adjunct Associate Professor with the Nutrition Program, University of Queensland,
Australia, and visiting post-graduate Fellow at the School of Human Life Sciences at the
University of Tasmania. The thesis will draw on all these experiences, perspectives and
the access they gave to relevant individuals and documents, and all of which inform the

content.



1.3 Background: the problem

Micronutrient malnutrition is a serious threat to the health and productivity of more than
2,000 million people worldwide despite being largely preventable (WHO 1995,
MI/UNICEF 2003). Because of their high prevalence and close association with
childhood illness and mortality, the three micronutrient deficiencies of current greatest
public health significance are iron, vitamin A and iodine (FAO/WHO 1992), although zinc
is receiving increasing attention (Hotz & Brown 2004). Folate deficiency is widespread,
based on incidence of neural tube defects and low homocysteine levels (Brent & Oakley
2006), although the folic acid to correct these conditions may also be working partly
through a pharmaceutical effect. Vitamin B12 is thought to be more widespread than
previously (Rogers et al. 2003). Other micronutrient deficiencies such as thiamin,
riboflavin and selenium are reported in Africa and Asia and Pacific regions, and less so
in the Americas (Darnton-Hill, Cavalli-Sforza, Volmanen 1992, ACC/SCN 1992, Rayman
2002). Rickets continues to be described sporadically, for exmple in China (Cavalli-
Sforza et al.1991) and Bangladesh (Welch et al. 1998), and is a significant public health
problem in Mongolia and the Central Asian Republics. Specific deficiencies, for
example selenium and vitamin D are reported from various countries such as New
Zealand and Mongolia (Darnton-Hill 1995), or potentially dangerous excesses such as
arsenic in much of the Indian sub-Continent and fluoride in China and elsewhere
(FAO/WHO 2004). Women and children are more vulnerable to micronutrient
deficiencies because of their added requirements for reproduction and growth (Calloway
1995), especially in low-income countries with poor diets and high disease burden. This
gender disparity has specific implications for vitamin and mineral deficiencies
programmes (Darnton-Hill et al. 2005a) and has also been suggested, at least in the
case of anaemia, as one of the reasons for the low public health priority given to
addressing iron deficiency despite the magnitude of the anaemia problem globally.
Including clinical and subclinical forms, vitamin A deficiency disorders (VADD) have
been identified globally at levels representing a public health problem in 70 countries
and a likely public health problem in a further 30 (WHO 2004a) (see Appendix 2.1 after
Chapter 2). Well over half of those with vitamin A deficiency (VAD) are found in Asia,
notably South Asia (Mason et al. 2001) but also in China, particularly in minority
populations (Long, Yang, Wang 1998) and Micronesia (Darnton-Hill, Cavalli-Sforza,



Volmanen 1992, Lloyd-Puryear et al 1989). Subclinical vitamin A deficiency is now
recognized to be not uncommon in schoolchildren, adolescents and pregnant women in
some settings (Bloem, de Pee, Darnton-Hill 1998, West 2002, West & Darnton-Hill 2007)
and may have an important role in HIV (Semba et al. 1994) although that is currently still
unclear (Fawzi et al. 2004a), and be a significant contributor to maternal mortality (West
et al. 1999, West 2002).

The global population was estimated in a 2001 Report to be 75-140 million pre-school
age children, with the upper range thought more likely (Mason et al. 2001). A more
recent estimate is approximately 127 million with VAD (serum retinol<0.70umol/L) (West
2002). More than 7.2 million pregnant women in the low and medium income countries
are deficient in vitamin A (serum or breast-milk vitamin A concentrations <0.70umol/L),
with over 6 million women developing night blindness during pregnancy annually (West
2002). The total Asian and Pacific population with subclinical vitamin A deficiency is
estimated to be about 47 million, with a resulting significantly increased risk of early
mortality in children. Globally, over 4 million preschool children are estimated to have
clinical signs of vitamin A deficiency (xerophthalmia) with resulting serious risk of
blindness and early death. Approximately 3 million of these children are in Asia (Mason
et al. 2001, West 2002). Although there has been notable success in controlling and
preventing clinical vitamin A deficiency, at least as estimated through supplementation
coverage (Dalmiya, Palmer, Darnton-Hill 2006), some countries, and particularly socially
disadvantaged countries, still show levels in excess of the prevalence at which WHO
defines there to be a public health problem (UNICEF/WHO 1994a).

The main causes of vitamin A deficiency in the developing world are insufficient dietary
intake of vitamin A (from relatively expensive animal sources) and poor bioavailability of
provitamin A sources (vegetables and fruits). Other important contributing factors
include the increased requirements at certain stages in the life cycle; increased
utilization of vitamin A during infection, especially measles; and socio-cultural factors
such as intra-household distribution and gender (Sommer & West 1996, Bloem, de Pee,
Darnton-Hill 1998, West & Darnton-Hill 2001, 2007, Ahmed & Darnton-Hill 2004, Webb,
Nishida, Darnton-Hill 2007).



Globally, the iodine deficiency disorders (IDD) were a significant public health problem in
118 countries (WHO 1995) due to iodine-poor environments, with a total of 740 million
people affected by goitre worldwide, with 20 to 30% of these in Africa and Eastern
Mediterranean (WHO/UNICEF/ICCIDD 1993, Mason et al. 2001, WHO/UNICEF/ICCIDD
2001). The WHO database has now moved to the more reliable measure of urinary
iodine excretion and estimates the figure of those with insufficient iodine intake to be
approximately 1,989 millions in 54 countries, with WHO having no data on 66 countries
out of 126 countries globally (WHO 2004a). lodine deficiency is the commonest cause
of preventable intellectual impairment in the world today, as well as having negative
effects on the reproductive experience of women and on economic productivity
(Bleichrodt & Born 1994, Hetzel & Pandav 1997, Hetzel et al. 2004). Children born in
iodine-deficient areas have been estimated to lose the potential of at least 10 IQ points
compared to those born in iodine-replete areas. A report from Indonesia has raised the
possibility of a significant impact on deaths in infants, as iodine supplements given to
infants of 6-10 weeks halved the risk of dying in the 4 months following supplementation
(Cobra et al. 1997).

In the Asia Pacific region alone, the total population at risk is over 900 million and in
1990, 317 million were estimated to be goitrous (WHO/UNICEF/ICCIDD 1993). The
loss of intellectual potential and economic productivity is therefore enormous (Hetzel et
al. 2004). In the Asia-Pacific region in the early 1990s, there were over 7 million cretins.
In Asia, just by sheer size, Bangladesh, China, India and Indonesia together account for
over 50% of the world’s population at risk of IDD (WHO/UNICEF/ICCIDD 1993). Nearly
all the countries in Asia have a problem to a greater or lesser degree. There are fewer
problems in the Pacific although it has been reported in Fiji and remains a significant
problem in the highlands of Papua New Guinea. Both Australia, particularly around
Canberra and the eastern coast and in Tasmania, and New Zealand previously had
significant problems. Prevalences have been recently identified as increasing again in
Australia, New Zealand and the USA (Guttikonda et al. 2002, Eastman 2006). Europe,
despite being the first country to recognize the aetiology of the problem, and
Switzerland, the first to iodize salt in one Canton, still have a significant problem

(Andersson et al. in press).



Conservative estimates indicate that 1,500-2,000 million people are anaemic world-wide,
mainly from iron deficiency anaemia, with perhaps over 90% of these in the developing
world, mainly South Asia and Africa (DeMaeyer et al. 1989, Stoltzfus 2001b, McLean et
al. 2007). More recent estimates suggest there has been little change in the prevalence
levels (MI/UNICEF 2003, Darnton-Hill, Paragas, Cavalli-Sforza 2007). Relatively recent
global estimates of iron deficiency anaemia have ranged from 600 to 2,000 million, with
many more, perhaps twice this figure, iron deficient (WHO/UNICEF/UNU 2001,
MI/UNICEF 2003). This averages to nearly 60% of all (both pregnant and non-
pregnant) women in developing countries. For low income countries as a whole the
average prevalences are 42% of non-pregnant women and 56% of those pregnant
(MI/UNICEF 2003), although more recent figures from WHO show even higher figures in
many countries, especially those of South Asia (McLean et al. 2007). Iron deficiency,
the main cause of anaemia, is a major contributor to low birth weight, prematurity and
maternal mortality (DeMaeyer et al. 1989, WHO/UNICEF/UNU 2001, Stoltzfus 2001).
Iron deficiency anaemia (IDA) is even more prevalent in infants and young preschoolers,
and while there have been no published global data on the prevalence of IDA in infants
and children, in some sample populations prevalence reaches 70% or more (Mclean et
al. 2007) e.g. over 95% in Pemba, Tanzania (Sazawal et al. 2006). It has recently been
increasingly re-recognized as an important cause of cognitive deficit in this age group
(Draper 1997). Iron deficiency also has a profound effect on productivity and hence has
economic implications for countries in which it is a significant public health problem
(Aldermann & Horton 2007), with physical work capacity being reduced even in

moderate anaemia (Scholze et al. 1997, Darnton-Hill, Paragas, Cavalli-Sforza 2007).

For pregnant women prevalences of anaemia range from 5% in Australia through
approximately 30% for East Asia, over 50% for many of the countries of Africa, South-
east Asia and much of the Pacific, to over 80% for parts of South Asia and in malarious
areas in Africa and Asia (Helwig, Rivers, Mason 2004, Mclean et al 2007). In a survey
in India, 62% of adolescent girls in urban areas were anaemic and 81% in rural areas
(Gopalan 1993). In many high prevalence areas, the picture is worsened by other
dietary factors (low intake of folate, vitamin A, vitamin B12), malaria, associated
helminthic infection and other infections (including now HIV/AIDS), as well as congenital
haemolytic disease such as sickle cell anaemia and thalassaemia (Darnton-Hill,
Paragas, Cavalli-Sforza 2007). In some Asian countries, e.g. Lao PDR, Viet Nam and

in parts of the Pacific, high prevalences of thalassaemia have been described. Up to
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36% of women of north Indian origin in Malaysia with anaemia have megaloblastic
anaemia due to congenital haemolytic disorders (Darnton-Hill, Cavalli-Sforza, Volmanen
1992).

In recent years, deficiencies of public health significance of folate have been recognized,
and programmes fortifying with folic acid put in place in the USA (Oakley, Bell, Weber
2004). The prevalence is thought by some to be under-estimated in other parts of the
world (FAO/WHO 2004, Brent & Oakley 2006). Likewise, the prevalence and
significance of deficiencies of riboflavin (Fairweather-Tate et al. 1992), vitamin B12
(Rogers et al. 2003, Allen & Jones 2005) and selenium (Rayman 2002) are all felt to be
under-appreciated. The global prevalence of multiple (two or more) deficiencies is
thought to be from 10 to 25% in pre-school children (Mason et al. 2001) and higher in
women living in poverty but differs greatly according to local diets and environments
(Huffman et al 1998, Persson, Eneroth, Ekstrém 2004).

As much of the cost of delivering micronutrients to target populations is in the logistics,
infrastructure and personnel, and the same populations are virtually almost always
suffering from general undernutrition, and virtually never of just a single micronutrient,
there is currently much interest in a multiple micronutrient approach to fortification and
supplementation (and is implicit in dietary based approaches) (UNICEF/WHO/UNU
1999). There is also some scepticism about this approach and both of these views will
be discussed in a subsequent chapter. However, it is zinc that has received most
recent attention. Zinc is the subject of several meta-analyses of its impact in a range of
infectious diseases and reproductive outcomes (Hotz & Brown for IZINCG 2004). The
estimated percentage of the population at risk of inadequate intake (as deficiency is so
hard to measure accurately) has been estimated by IZINCG in 2004 to be over 20% in
80 countries, with estimates of up to almost 70% in countries such as Tajikistan and over
half the population in Bangladesh (Hotz & Brown 2004).

However, it is the deficiencies of the three micronutrients, vitamin A, iodine and iron,
which remain major problems in the world today. This was recognized and
acknowledged globally in December 1992, at the International Conference on Nutrition
(ICN), where representatives of 159 countries and the European Community agreed to

eliminate IDD and vitamin A deficiency as public health problems by the end of the
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century (2000) and to substantially reduce the prevalence of iron deficiency anaemia
(FAO/WHO 1992). In 1990 the World Summit for Children had established broader
goals for the health and well-being of children. The nutrition goals, including those for
the micronutrients, agreed to at this forum were echoed at the ICN (FAO/WHO 1992)
and again in the Special Session on Children in 2002 by the goals of the ‘World Fit for
Children’ decade plan of action (UNICEF 2002a). To achieve the Millennium
Development Goals, progress will need to be made in alleviating the global burden of
micronutrient deficiencies, although they are not specifically mentioned (UN 2006).
Given this demonstration of apparent political will, how has micronutrient malnutrition
been addressed thus far, and where is it going? It is hoped that this body of work will
answer these questions.
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Chapter Two

2.1 Introduction

The purpose of this chapter is to give some background to the micronutrients in order to
better understand the importance of deficiencies. Primarily Vitamin A, and then, in
somewhat less detail, iron and iodine, will be discussed. Because of the increasing
public health attention being paid to other micronutrients now, such as zinc, the vitamins
folic acid and vitamin B12, these will also be briefly discussed. The particular
micronutrient will be discussed by function, structure, dietary sources, bioavailability,
clinical manifestations and pathophysiology, and the epidemiology of the deficiency, as
these all help direct the search for effective interventions. However, it is not the
purpose of this the chapter to provide an exhaustive up-to-the date review of all aspects
of each of the micronutrients. Recent reviews are available that do that e.g. for vitamin
A (Ahmed & Darnton-Hill 2004, Solomons 2006, West & Darnton-Hill 2002, 2007), all to
one degree or another building on the classics of Bauerfiend (1986) and Sommer and
West (1996); for iodine and the iodine deficiency disorders, (Semba 2001) and Hetzel
has relatively recently led an editorial team that updated the pioneering work of himself
and others such as Stanbury (1994), Hetzel and Pandav (1996) and the global success
story of universal salt iodization, in Hetzel et al. (2004); iron and the nutritional anaemias
are the subject of a book in press edited by Kraemer and Zimmermann (2007) with a
chapter by Darnton-Hill, Paragas and Cavalli-Sforza (2007) that again builds on earlier
work by DeMaeyer et al. (1989) amongst others and more recently Yip (2001) in the
excellent volume edited by Semba and Bloem (2001 and currently being updated) on
‘Nutrition and Health in Developing Countries’. There has been an explosion of work on
the public health aspects of zinc e.g. (Shrimpton (2001) and Hotz and Brown (2004) and
folic acid in fortification and more general issues related to micronutrient malnutrition e.g
in the WHO/FAO publications on fortification (2006) and more generally in vitamin and
trace element requirements (FAO/WHO 2004) and in the nutrition series by the Nutrition
Society, including ‘Public Health Nutrition’ edited by Gibney, Margetts, Kearney and Arab
(2004). In the next chapter will be a discussion of delivery mechanisms, and in the
chapter after that (chapter 4), programmes and policies, their implementation, and

monitoring and evaluation, including indicators.
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2.2 Vitamin A deficiency, epidemiology and consequences

Vitamin A deficiency is the cause of over a million premature deaths each year in
children globally (WHO/UNICEF/IVACG 1995, West 2002), is the commonest cause of
childhood blindness, and is also a likely contributing factor to several cancers (West &
Darnton-Hill 2007). Xerophthalmia was a recognized public health problem in much of
Europe until early last century. The public health significance of vitamin A deficiency
has been redefined in the last fifteen years to include its impact on the deaths from
infectious diseases in developing countries where vitamin A deficiency is frequently
endemic. There has been tremendous progress in reducing the prevalence of the most
severe manifestations of the disease (xerophthalmia and blindness) which are on the
decline in all regions of the world (Mason et al. 2004). Although much remains to be
done, several countries in Asia which previously had a public health problem of severe
vitamin A deficiency (xerophthalmia) by WHO standards (WHO/UNICEF/IVACG 1995)
leading to blindness and early mortality, have reduced their levels to a point where this is
no longer the case. Nevertheless, subclinical vitamin A deficiency is still a problem of
public health significance (West 2002). At the same time, widespread subclinical
vitamin A deficiency has now been recognized in places such as Micronesia in the
Pacific Ocean, and in much of Africa (WHO/UNICEF/IVACG 1995). The relative
frequent occurrence in women during pregnancy and the possible consequences of that
have only recently been widely documented, which much increases the recognized
magnitude of the problem (West 2002).

2.2.1 Function

Vitamin A is involved in regulating numerous key biologic processes in the body,
including morphogenesis, growth, vision, reproduction, and cellular differentiation and
proliferation. Both humans and animals cannot survive without vitamin A which, as it
cannot be synthesized in humans, must be provided from the diet in adequate amounts
to meet physiologic needs. A deficiency state may arise with prolonged inadequate
intake, often coupled with the high, normal demands imposed by rapid growth during
childhood, pregnancy or lactation, or by excessive utilization and loss during infection
(Sommer & West 1996).
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The term ‘vitamin A’ is a generic descriptor that refers to fat-soluble compounds with a
chemical structure of retinoids and biologic activity comparable to retinol, and includes
retinol, retinyl esters (the dominant form in food), retinaldehyde, retinoic acid species,
and other vitamin A-active metabolic intermediates (Kaul & Olson 1998). Retinoic acids
(all-trans and 9-cis) are irreversible metabolites of retinol that can fulfill some functions of
vitamin A, such as controlling cellular differentiation, but not other functions, such as
maintaining rod or cone vision. Vitamin A-active compounds are a subset of a much

larger family of “retinoids” that share a common, monocyclic chemical structure.

Vitamin A in the diet is from preformed vitamin A in animal foods, and carotenoids
(provitamin A) from plant sources. Dietary sources of preformed vitamin A (as esters)
include animal foods such as liver, fish liver oils, butter, cheese, milk fat, egg and,
increasingly, a large number of vitamin A-fortified, processed foods such as ready-to-eat
cereal, snack foods, beverages and other non-fat dairy products (West & Darnton-Hill
2007). Approximately 50 of some 600 known carotenoid pigments are fat-soluble,
yellow-orange “provitamin A” compounds that can be bioconverted to retinol and other
vitamin A compounds following uptake and absorption in the intestinal mucosa.
Provitamin A carotenoids are found in yellow fruits and vegetables, such as ripe papaya
and mango, carrot and yellow sweet potato, dark green leafy vegetables (embedded in
green chloroplasts) and egg. The vitamin A content in food, as found in standard food
composition tables, is usually expressed as micrograms of retinol equivalents, or RE,
which represents the biologic activity of 1 ug of all-trans retinol (NRC 1989).

3-carotene is the most ubiquitous and efficiently converted provitamin A carotenoid in
food. It has long been held that R-carotene in food is converted to retinol at a ratio of
~6:1, representing 1 RE per 6 ug of 3-carotene. However, recent research suggests that
this ratio may be much larger and variable, in the order of ~12:1 for R-carotene derived
from ripe, yellow fruit and ~26:1 for 3-carotene derived from vegetables such as green
leaves and carrots (de Pee et al. 1995, de Pee et al. 1998, West & Castenmiller 1998)
and these considerations were taken into account in the WHO/FAO Report on vitamin
and trace element requirements (FAO/WHO 2004). Other common provitamin A
carotenoids, that are estimated to be half as efficient as R-carotene in their conversion to

vitamin A, include a-carotene, R-cryptoxanthin and zeaxanthin.
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2.2.2 Clinical manifestations and pathophysiology

Prolonged vitamin A deficiency will result in clinical eye signs, representing the more
severe manifestation of the deficiency. An estimated 3 million young children globally
have xerophthalmia (from the Greek xeros = drying; ophthalmia = of the eye) (Sommer &
West 1996), the ocular consequences of vitamin A deficiency that include night
blindness (XN), conjunctival xerosis (X1A), Bitot's spots (X1B), corneal xerosis (X2),
ulceration (X3A) or necrosis (X3B, or keratomalacia). In the early 1980s, it was
estimated that a half-million children were developing corneal xerophthalmia each year
in South and Southeast Asia alone (Sommer et al. 1981). Approximately half of all
corneal cases lead to blindness and of these blinded children; half will die within 6
months (Sommer 1982). Vitamin A deficiency remains the most common, preventable

cause of childhood blindness in the world (Sommer & West 1996).

Clinical signs include the earliest, specific clinical manifestation of vitamin A deficiency of
night-blindness (XN). Lack of vitamin A disables the visual cycle, resulting in poor
vision in dim light that, if sufficiently severe, results in night blindness. Typically, a
history of night blindness can be elicited using a local term for the condition, often
translated as “chicken eyes” (which lack rods and, thus, night vision) or “twilight” or
“evening” blindness (Sommer & West 1996). A history of night blindness is associated
with low-to-deficient serum retinol concentrations in preschool-aged children (Sommer &
West 1996) and pregnant women (Christian et al. 1998b). Nutritional and disease
conditions that could contribute to night blindness and result in its being more prevalent
in South Asia (e.g., zinc deficiency, wasting, anemia, infection), may partially blur its
relationship with serum retinol compared to groups in Southeast Asia (Christian et al.
1998b). Eliciting night blindness in children can be difficult due to social, language and
age constraints (rarely is it reliable under two years of age) and, not surprisingly, it has
been found that the condition is more clearly identified in women than children (Katz et
al. 1995).

Conjunctival Xerosis with Bitot’s spots (X1B). Vitamin A deficiency leads to a
keratinizing metaplasia of mucosal surfaces of the body, including the bulbar
conjunctiva. In chronic deficiency, xerosis of the conjunctiva (X1B) appears as a dry,
non-wettable, rough or granular surface, best seen on oblique illumination from a hand-

light (Sommer 1982). Histologically, the lesions represent a transformation of normal,
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surface, columnar epithelium, with abundant mucous-secreting goblet cells, to a
stratified, squamous epithelium that lacks goblet cells. In advanced xerosis, grey-yellow
patches of keratinized cells and saprophytic bacilli called “Bitot’s spots” (XB) may
aggregate on the surface, temporal to the limbus and, in more severe cases, on nasal
surfaces as well (Sommer 1995). Corneal xerophthalmia (X2) represents an acute
decompensation of the corneal epithelium and is a sight-threatening medical emergency
as can rapidly lead to ulceration and necrosis and irretrievable loss of vision in that eye
(X3A/X3B).

2.2.3 Outcomes of vitamin A deficiency other than eye disease

Poor Growth: Field trials have shown mixed effects of vitamin A on child growth.
Several have failed to find an overall effect of vitamin A supplementation on weight or
height gain, although a few have observed increases in arm muscle area (Sommer &
West 1996) reflecting a possible shift toward greater lean body mass with vitamin A
supplementation. Others have observed increments in linear but not ponderal growth,
ponderal but not linear growth, or subgroup increments on both aspects of growth
(Sommer & West 1996). Additional studies and stratified analyses suggest, however,
that vitamin A can improve growth in children for whom vitamin A deficiency is likely to
be growth limiting (West & Darnton-Hill 2007). Protein adequacy is a prerequisite for
optimal transport and utilization of vitamin A. As most retinol transport is dependent on
protein adequacy, serum retinol levels are depressed in the presence of wasting protein-
energy malnutrition (Sommer & West 1996, Ahmed & Darnton-Hill 2004 ).

Infectious morbidity: Vitamin A deficiency and infection interact within a “vicious
cycle” (Scrimshaw 1966), whereby one exacerbates and increases vulnerability to the
other. The bi-directional relationship complicates frequent cross-sectional evidence of
depressed plasma retinol levels with diarrhoea, acute respiratory infections, measles,
malaria, HIV/AIDS and other infectious illnesses (Stoltzfus et al. 1993, de Francisco et
al. 1994, Sommer & West 1996). Prospective studies have shown that infection can
induce vitamin A deficiency through a variety of ways, depending on the cause, duration
and severity of infection and vitamin A status of the host at onset. Serum retinol may be
depressed following infection because of decreased dietary intake or absorption due to
diarrhea or intestinal pathogens, impaired or accelerated hepatic depletion of retinol

reserves, increased retinol utilization by target tissues or increased urinary losses
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associated with the acute phase response (Sommer & West 1996). Hyporetinolaemia
adversely affects immune competence, which would then be expected to exacerbate or

predispose children to infection (Semba 1994).

Infection: Preschool children with mild xerophthalmia have been observed to incur a 2-
3 fold higher risk of incident respiratory infection and diarrhoea compared to non-
xerophthalmic controls (Sommer & West 1996). Thai children with serum retinol
<0.35umol/L, representing severe biochemical deficiency, were 4 times more likely to
develop respiratory infection in the subsequent three months than children with a normal
serum retinol concentration (>0.70umol/L) (Bloem et al. 1989). Severe infection acutely
decompensates vitamin A nutritional status and so can precipitate xerophthalmia.
Indeed, in a prospective study in Indonesia, preschoolers with either diarrhoea or acute
respiratory disease were twice as likely to have developed xerophthalmia in a
subsequent 3-month period than healthier children, and measles and other severe,
febrile illnesses are frequently reported to precede corneal xerophthalmia (Sommer &
West 1996)

2.2.4 Excess

A brief discussion of excess is important, as concern about the risks of vitamin A
supplementation has not infrequently become an issue with countries deciding on
adopting prevention and control programmes. In general, the risk is over-stated.

There are, however, recognized toxicities, as well as the more commonly seen transient
side effects. The latter are thought to not have long-term consequences (Humphrey &
Rice 2000). Several reviews of the topic are available (Bauernfeind 1986, McLaren et
al. 1993, Olson 1996, FAO/WHO 2004). Most interestingly, hypervitaminosis A has
been known through the traditions of the Inuit and others, including Artic explorers, who
learnt not to eat polar bear or seal liver because of the extremely high vitamin A content
(or indeed the livers of their huskie dogs in the case of some explorers with sometimes
fatal results). Both acute and more commonly chronic toxicity have been described. In
the former, this might be rightly called side effects of the ingestion of several hundred
thousand international units of vitamin A leading to a rise in intracranial pressure, with
vomiting, headache, drowsiness and papilloedema. Spontaneous recovery without
residual damage usually follows without damage on stopping the vitamin (McLaren et al.
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1993). Careful studies and follow-up of infants has demonstrated no long-term effects
of the raised intracranial pressure (Humphrey & Rice 2000).

Congenital malformations in the foetus of mothers receiving large doses of vitamin A
during the organogenetic period in utero are well-recognized in animals. While only
clinical anecdotes are reported in humans, women receiving vitamin A analogues for
treatment of severe acne has produced characteristic birth defects in a number of
women (Rosa, Wilk, Kelsey 1986). Chronic toxicity over a period of months or years
leads to the insidious onset of headache, loss of hair, dry and itchy skin,
hepatosplenomegaly, and bone and joint pains (McLaren et al. 1993).
Hypercarotenosis results from the prolonged ingestion of large amounts of carotenoids,
often as carrot juice. Yellow or orange colouration of the skin is especially prominent on
the nasolabial folds, forehead, axillae and groins and on palms and soles. The
condition appears to be quite harmless and does not lead to hypervitaminosis A
(McLaren et al. 1993).

2.2.5 Epidemiology

However, it is the deficiency state that is overwhelmingly the more important in public
health terms and so the rest of the overview is directed at vitamin A deficiency and the
resulting disorders. Vitamin A deficiency, as xerophthalmia, has been known to plague
humankind over the past 3500 years (West & Darnton-Hill 2001). Night blindness, and
its treatment with foods now known to be rich in preformed vitamin A esters such as
roasted ox, ass or beef liver, was reported from ancient Assyria, Egypt and Greece (Wolf
1996 as cited in West & Darnton-Hill 2001). Medical treatises from China, Europe, the
Middle East and Southeast Asia throughout the first and second millennia documented
the occurrence of night blindness and therapeutic value of animal liver. Clinical
descriptions of corneal xerophthalmia first appeared in England in the 18" century,
followed by additional reports in the 19" and early 20" centuries of its occurrence,
association with infection and poor growth, and cure with animal and fish liver and oil
products. Characterization of conjunctival xerosis with superficial accumulation of
keratinized cells and bacilli organism, named “Bitot’s Spots”, was first described by von
Hubbenet and, later, Bitot, in France in 1860. The need for, and existence of,
indispensable accessory nutritional factors emerged in the scientific community in the

late 19" century. In Japan in 1904 Mori drew attention to the inadequacy of rice and
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barley-based diets of children with “Hikan” (a disease that included keratomalacia) and
the condition’s rapid clinical response to cod liver oil (Wolf 1996 as cited in West &
Darnton-Hill 2001). Xerophthalmia was still being reported in Europe early last century
(Oomen 1976).

In the early 20" century “vitamines” were identified, led by figures such as Hopkins,
Frank, Osborne and McCollum. Rat experiments conducted by McCollum and Davis
and, at nearly the same time, Osborne and Mendel showed that the additions of small
amounts of an ether soluble extract from butter, egg yolk or milk to the diets could
promote growth, reduce morbidity and enhance survival. McCollum called this extract
“fat soluble A” which was shortly thereafter renamed “Vitamine A”. The clinical
relevance of the animal findings became quickly apparent. Bloch, a Danish
paediatrician during World War |, observed how orphans subsisting on a fat-free milk,
oatmeal and barley soup diet were at greater risk of keratomalacia, infection and poor
growth, in ways that were similar to descriptions reported in animals by McCollum,
compared to children whose diet included a modest amount of whole milkk.  With
Wolbach and Howe’s classic description in 1923 of widespread metaplasia and
keratinization of epithelial linings of the respiratory and genito-urinary tracts and
glandular ducts in vitamin A-depleted animals, loss of the “barrier function” of epithelial
linings became one plausible explanation for the associated decreased resistance to
infection (historical sources cited in West & Darnton-Hill 2001). While animal
experimentation continued, clinical studies in humans from the nineteen twenties
through the forties continued to reveal associations between vitamin A deficiency or
xerophthalmia and infectious diseases (Semba 1994, Semba 1999). The inverse
relationship between febrile illness and plasma vitamin A concentration, now understood
as part of the acute phase response to infection, and the potential therapeutic efficacy of
vitamin A in reducing childhood measles fatality, puerperal fever in women, and other
clinically relevant conditions (Semba 1999, West & Darnton-Hill 2001).

Epidemiologic studies since the 1950s have described the public health consequences,
and benefits, of preventing vitamin A deficiency in human populations in the developing
world. Clinical investigations by McLaren in Jordan and Gopalan and colleagues in
India (cited in West & Darnton-Hill 2001) provided photographic and clinical details of
conjunctival and corneal xerophthalmia and its interaction with protein-energy

20



malnutrition. In 1962, Oomen, McLaren and Escapini's 46-country FAO/WHO “survey”
of national health and nutrition institutions for extant reports and data on xerophthalmia
indicated the global significance of this problem throughout the developing world
(Oomen, McLaren, Escopini 1964). Lack of population-based data and biases inherent
in this type of data collection were appreciated. Nonetheless the study mobilized further
surveys, research and commitment to prevent vitamin A deficiency and served as the
forerunner of the current WHO classification system of countries at risk of vitamin A

deficiency as a public health problem.

A national cross-sectional survey, a large, population-based, prospective study, and
several hospital-based clinical studies of xerophthalmia among Indonesian children by
Sommer and colleagues in the late nineteen seventies built on this earlier work and
demonstrated aspects of causation, progression, risk factors and health consequences
of childhood xerophthalmia and vitamin A deficiency in low income countries. Reports
from this work, in the early eighties, showed that non-blinding, mild xerophthalmia (night
blindness and Bitot’s spots) was associated with markedly increased risks of preschool
child mortality (Sommer et al. 1983), diarrhea and respiratory infections (Sommer, Katz,
Tarwotjo 1983).

While the main causes of vitamin A deficiency in the developing world are insufficient
dietary intake of vitamin A and poor bioavailability of provitamin A sources (vegetables
and fruits), other important contributing factors include the increased requirements at
certain stages in the life cycle; increased utilization of vitamin A during infection,
especially measles; and socio-cultural factors such as intra-household distribution and
gender (Sommer & West 1996, Bloem, de Pee, Darnton-Hill 2005, Webb, Nishida,
Darnton-Hill 2007). The epidemiology of vitamin A deficiency relates to the distribution
of deficiency by location, person and time and identifies risk factors that may be proximal
and causal, for example diet, care and morbidity, less proximal or indirect (e.g., SES,
parental education) (Ahmed & Darnton-Hill 2004, West & Darnton-Hill 2007).

Between 125 and 250 million preschool aged children are likely to be vitamin A-deficient,
with high-risk populations located mostly in the peri-equatorial regions of the world
(Figure 5.2 in Chapter 5) (MI/UNICEF 2003), with the most recent estimation being
approximately 127 million with vitamin A deficiency (serum retinol<0.70umol/L) (West
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2002). More than 7.2 million pregnant women in the low and medium income countries
are estimated to be vitamin A deficient (serum or breast-milk vitamin A concentrations
<0.70umol/L), with more than 6 million women developing night blindness during
pregnancy annually (West 2002). The geographic distribution roughly parallels
ecological indices of poverty and malnutrition (UNICEF 1998a, MI/UNICEF 2003,
UNICEF 2007a). While most deficiency is “subclinical’, apparent only by biochemical
(e.g., serum retinol concentrations), histopathologic (e.g., abnormal conjunctival
cytology) or functional (e.g., dark adaptation) test data, this nevertheless represents a
severe threat to child health globally. There has been a recent move to use the term
vitamin A deficiency disorders (VADD), analogous to the ‘re-positioning’ of iodine
deficiency disorders as IDD (iodine deficiency disorders) to reflect that this is a
continuum and because the prevalence of ‘clinical’ signs require such large numbers
due to low prevalence traditionally, and increasingly lower all the time, in virtually all
countries in which it is a problem (Ramakrishnan & Darnton-Hill 2002). Based on
serum retinol measurement, a population prevalence of deficient concentrations (< 0.35
pmol/L) of greater than 5% among preschool-aged children identifies vitamin A
deficiency as a public health problem. More sensitive criteria could also be applied to
classify a country or region (e.g., using a prevalence cutoff of 10% for serum retinol <
0.70 pmol/L).

Vitamin A deficiency has long been known as an “anti-infective” vitamin, (Semba 1999).
Decades of animal experiments have shown that progressive vitamin A depletion leads
to poor growth, weight loss, infection and death, often before eye signs develop
(Sommer & West 1996). The regulatory roles of vitamin A in maintaining epithelial cell
differentiation and function and immune competence have provided biologic plausibility
to its importance in decreasing severity and mortality of infectious diseases (Semba
1994, Ross 1996, Beaton et al. 1993, Sommer & West 2004). Early work in Indonesia,
particularly by Oomen and colleagues recognized the high levels of vitamin A deficiency
in children of the developing world and its impact on childhood blindness (Oomen & ten
Doesschate1973).

Since 1986 eight population-based vitamin A-child mortality intervention trials, enrolling
more than 165,000 children, have been conducted in Southeast Asia (Sommer et al.
1983, Muhilal et al. 1988) and South Asia (Rahmathullah et al. 1990, Vijayaraghavan et
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al. 1990, West et al. 1991, Daulaire et al. 1992) and Africa (Ghana VAST 1993, Fawzi et
al. 1993). Results of meta-analyses based on these trials showed that, in areas of
endemic vitamin A deficiency, mortality of children 6-71 months of age can be reduced,
on average, by 23% to 34% following vitamin A supplementation (Beaton et al. 1993,
Glasziou & Mackerras 1993, Tonascia 1993, Fawzi et al 1997), depending on studies
included and analytic approaches taken in each meta-analysis. This considerable
public health effect can be partly explained by an ability of vitamin A to lower case
fatality from measles by almost half, as observed in field trials and hospital-based
measles trials (Sommer & West 1996, Ellison 1932, Barclay, Foster, Sommer 1987,
Hussey & Klein 1990), mortality from severe diarrhoea and dysentery, by approximately
40% (Rahmathullah et al. 1990, West et al. 1991, Daulaire et al 1992, Arthur et al. 1992)
and, based on morbidity findings from a recent supplementation trial, possibly falciparum
malaria (Shankar et al. 1999). Combining mortality effects with data on the prevalence
of vitamin A deficiency, it has been estimated that 1.3 to 2.5 million early childhood
deaths each year can be attributed to underlying vitamin A deficiency (Humphrey, West,
Sommer 1992)

Despite the wide evidence and meta-analyses, West and others have pointed to two
apparently incongruent observations: in contrast to evidence relating vitamin A
deficiency to respiratory tract compromise and infection (Sommer & West 1996), vitamin
A supplementation has not had a consistent effect in reducing the incidence, severity or
mortality of acute lower respiratory infection in children (West & Darnton-Hill 2001).
Secondly, vitamin A supplementation of infants under six months of age, either provided
directly (Daulaire et al 1992, West et al. 1995, WHO/CHD 1998) or indirectly through
maternal provision (Katz et al. 1999), has generally not shown a survival benefit in early
infancy, which concurs with a lack of effect on early infant diarrhoeal and respiratory
morbidity (WHO/CDH 1998). There have been two exceptions to date: a 64% reduction
in infant mortality observed among Indonesian infants randomized to receive 50,000 1U
of vitamin A within 24 hours after birth (Humphrey 1997) and a study from India but
where the impact was only in children of low birthweight (Rathmatullah et al. 2003).
Although apparently safe (WHO/CHD 1998), the inconsistency in the effect of vitamin A
supplementation on survival in early infancy, in populations at varying risk, is still not
resolved at present. This is hampering the ability to make recommendations for infants

less than 6 months, which would have programmatic advantages added on to routine
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immunization, although WHO is planning a further consultation on vitamin A
supplementation guidelines this year (2007) (which has now been delayed until after a
meta-analysis by WHO on neonatal dosing following further reports on possible survival
benefit of a neonatal dose of 50,000 [U).

The influence of vitamin A on survival has relatively recently been extended to the
reproductive years of women. An estimated 10-20% of women living in rural,
malnourished populations of South Asia experience night blindness during pregnancy or
lactation (Bloem, de Pee, Darnton-Hill 1998, Katz et al. 1995, Christian et al. 1998a).
Beyond being symptomatic of vitamin A deficiency, its occurrence during pregnancy
appears to reflect a state of chronic vitamin A deficiency, anemia and wasting
undernutrition, increased risk of infection and reproductive morbidity (Christian et al.
1998a,b, 2000), and is associated with lower maternal survival during the first 1-2 years
following delivery (Christian et al. 2003). Therefore, it seems likely that in malnourished
(non-HIV positive) populations of women of child-bearing age, improved vitamin A
intake, through supplementary or presumably dietary means, at recommended levels,
may substantially reduce risk of mortality related to pregnancy (West et al 1999),
although this still remains to be confirmed (but was not in a large study in Bangladesh
(West personal communication 2007).

A strong, dose-risk gradient exists between maternal serum retinol and vertical
transmission of HIV and cervico-vaginal shedding of HIV DNA (Semba & Gray 2001),
suggesting that maternal vitamin A deficiency may affect pregnancy outcomes in HIV+
populations. To-date, however, vitamin A supplementation of HIV+ pregnant women in
populations has shown little effect on outcomes such as low birth weight or perinatal
mortality (Fawzi et al. 1998), or in interrupting transmission of HIV from mother to infant
(Coutsoudis et al. 1995, Semba & Gray 2001). This recent evidence of relatively high
prevalences in women of the developing world, and the health impact of this, has
encouraged many in international public health to examine new paradigms in the
prevention and control of vitamin A deficiency (Bloem, de Pee, Darnton-Hill 1998).
Recent evidence has suggested that vitamin A may have a negative, or at least,
neutralizing impact, in HIV positive women. A recent study with multimicronutrients not

containing vitamin A, compared with those containing vitamin A actually appeared to
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neutralize the impact in delaying progression to AIDS seen with the non-vitamin A-

containing multimicronutrients (Fawzi et al. 2004a).

Vitamin A deficiency is a major public health problem in approximately 70 low income
countries (WHO 2004b) largely spanning peri-equatorial regions of the world, where vast
numbers of rural and peri-urban poor are exposed to inadequate dietary vitamin A and
frequent infections. Another 30 have vitamin A deficiency as a likely public health
problem with 23 identified as not having a problem and 69 with no recent data available
(WHO 2004b) (Annex 2.1). The extent and severity of deficiency also appears most
widespread where diets generally lack preformed vitamin A; for example, across large
areas of South and Southeast Asia, and Sahelian and sub-Saharan Africa. Table 2.1
shows the general distribution, although depending on the method of extrapolating from
subnational figures and other methodological differences, total numbers range from 125
million (West 2002) to 250 million (WHO/UNICEF/IVACG 1995, although the latter is
generally thought to be too high.

TABLE 2.1:  Global vitamin A deficiency (Mason et al. 2004)

Populations with: Clinical signs Subclinical?

Millions % Millions %

UNICEF Region

South Asia 1.58 0.95 32.3 19.2
East Asia & Pacific 0.40 0.25 14.8 9.1
Latin Am. & Caribbean 0.12 0.24 4.7 9.0
East. & South. Africa 0.53 1.06 10.0 20.0
West &Central Africa 0.45 0.87 9.4 18.1
Mid.East & North Africa 0.12 0.27 4.2 9.8
Total 3.30 0.63% 75.0 14.6%

1 (serum retinol<0.7umol)
2 lower figure of estimated range
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Vitamin A deficiency tends to cluster within countries with affected populations sharing
common dietary patterns and other ecologic exposures, such as poor development and
health infrastructures, strong seasonal fluctuation in food availability, low SES and so
forth (West & Darnton-Hill 2007). The clustering intensifies within smaller groups, with
population-based surveys in Africa (Malawi and Zambia), South Asia (Bangladesh and
Nepal) and Southeast Asia (Indonesia) revealing a consistent 1.5 to 2.0 fold risk of
xerophthalmia among children in villages where other children have the condition
(Cohen et al. 1985, Katz et al. 1993, Sommer & West 1996). More striking is a 7 to 13-
fold higher risk of having, or developing xerophthalmia, among children whose siblings
have the condition, compared to children whose siblings are non-xerophthalmic (Katz et
al. 1993). Children with xerophthalmia should not only be treated but action also taken

with regard to the increased risk to siblings, household and the wider community.

2.2.6 Proximal causes

Vitamin A deficiency, as a public health problem, results from a chronic, dietary
insufficiency of vitamin A, either preformed or from precursor carotenoids. It often
occurs in association with protein-energy malnutrition, other micronutrient deficiencies
and, as part of a “vicious cycle” with infection, in which one exacerbates and increases

vulnerability to the other.

Even in affluent populations, newborns are normally born with low liver stores of vitamin
A that increase rapidly after approximately 3 months of age throughout the preschool
years, presumably reflecting dietary sufficiency from breast milk and complementary
foods to promote storage of vitamin A in relation to normal requirements for growth and
other needs. In malnourished societies, however, liver vitamin A stores may fail to
accumulate beyond early infancy. This may be due, in part, to a combination of low
breast milk vitamin A concentration, which is often half that of breast milk from well-
nourished populations of women (Sommer & West 1996). Still, breast milk provides a
critical dietary source of vitamin A that may protect children from xerophthalmia (Brown
et al. 1982). In Malawi, accelerated weaning involving both premature introduction of
complementary foods (at 3 vs. 4 m of age) and early cessation of breast-feeding was
associated with increased risk of preschool xerophthalmia (West et al. 1986).
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The mix of complementary foods in the household diet offered to infants after reaching
six months can modify or even eliminate the excess risk of xerophthalmia associated
with the loss of breast milk from the diet. In Indonesia, where no association existed
between breast feeding and xerophthalmia in the preschool years, children not routinely
given milk, egg, yellow fruits and vegetables, dark green leaves or meat/fish in the first
12 months of weaning were approximately 3 times more likely to be xerophthalmic than
matched-control children given these foods (Mele et al.1991). Similarly, in Nepal,
protective odds ratios against xerophthalmia in the preschool years ranged from 0.09 to
0.41 for regular (> 3 x per week) consumption of meat, fish, egg and mango in the first
two years of life. Feeding histories of younger siblings in the first two years of life were
similar to the cases and controls in the study (West et al. 1999), reflecting a chronically
poor diet in high-risk households. Numerous epidemiologic studies provide the basis
for a progression of complementary feeding that appears to guard children from
xerophthalmia through the preschool years (West & Darnton-Hill 2001). Intake of
sweet, yellow fruit (mango and papaya) are strongly protective in the second and third
years of life. As the influence of breast milk weakens, dark green leafy vegetables
appear strongly protective from the third year onward (West & Darnton-Hill 2007). After
infancy, routine consumption of animal-source foods with preformed vitamin A (egg,
dairy products, fish, and liver) is highly protective (Blankart 1967, Cohen et al. 1985a,
Stanton et al. 1986, De Sole, Belay, Zegeye 1987, Pepping et al 1989, Mele et al. 1991,
Rosen et al. 1994, Khatry et al. 1995, Bloem & Darnton-Hill 2001).

How and with whom children eat their meals may affect their risk of vitamin A deficiency.
Detailed ethnographic studies have shown that rural Nepalese children are twice as
likely to consume vegetables, fruits, pulses, meat or fish and dairy products when they
share a plate with another relative during meals than when left to eat alone (Shankar et
al. 1998). Among plate sharers, however, children with a known history of
xerophthalmia (1-2 years previously) were 1.7 times more likely to share a plate at meal
time with an adult than children from non-xerophthalmic households. Sharing a meal
plate with a female of any age, on the other hand, was protective in its direction against
childhood xerophthalmia. Paradoxically, this suggestive pattern of women assuring
dietary adequacy for children in some cultures, may predispose mothers to vitamin A
deficiency. In Nepal, for example, pregnant women with night blindness were

approximately 50% as likely to consume vitamin A-rich foods, especially in the food-
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scarce hot, dry and monsoon seasons as non-pregnant women (Christian et al. 1998a),
and following the Indonesian economic crisis, mothers appeared to sacrifice their egg
intake for their children (Bloem, de Pee, Darnton-Hill 2005, Webb, Nishida, Darnton-Hill
2007).

2.2.7 Those at risk

The profile of those populations at risk of vitamin A deficiency are extensively delineated
in several reviews, perhaps most exhaustively in Sommer and West (1996). The
following will briefly consider age, gender, and socio-economic status (and is based
largely on West & Darnton-Hill 2001).

Age: Based on hospital admissions data from Indonesia and Nepal, the risk of corneal
xerophthalmia, which rarely affects more than 0.1% of a population even in high risk
areas, appears to peak at 2 to 3 years of age (Sommer & West 1996, West 2002). This
is often following recent weaning from the breast and sole dependence on a poor
household diet, high risk of measles in non-immunized children, and persistent risk of
diarrhea, wasting malnutrition and poor child care (Sommer 1982). Incidence of corneal
disease declines beyond age three. The prevalence of mild xerophthalmia (XN and
X1B), on the other hand, typically rises with age through the fifth year of life or beyond,
irrespective of area of the world or age-specific rates of deficiency. This pattern may be
reflecting a rise seen over time as children in high risk populations continue to be
exposed to a poor diet (Mahalanabis 1991, West et al. 1986) and insufficient vegetables,
fruits and animal products with adequate vitamin A content, while no longer having the
benefit of breast-milk (West & Darnton-Hill 2007). Vitamin A deficiency also persists
into adolescence, particularly among females of reproductive age (Ahmed, Hassan,
Kabir 1997, Ahmed & Darnton-Hill 2004). This risk becomes most apparent during
pregnancy when, in rural South Asia, 10 to 20% of women report being night blind (Katz
1995, Christian et al 1998a, Bloem, de Pee, Darnton-Hill 1998,). Early reports from
Africa suggest similar, high risks of night blindness among women of reproductive age
(IVACG 1999).

Gender: Boys tend to show a higher prevalence of mild xerophthalmia than girls
throughout the preschool and early school-aged years (Darnton-Hill et al. 2006, West &
Darnton-Hill 2007, Webb, Nishida, Darnton-Hill 2007). The gender bias is less apparent
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for subclinical (biochemical) deficiency (Kjolhede et al. 1995) and has not been observed
with respect to severe, corneal xerophthalmia (Sommer 1995). Variation in how boys
and girls tend to be fed across cultures is likely to dominate gender differences in risk
(Solon et al. 1978,). Intrahousehold food distribution may well be another factor (Webb,
Nishida, Darnton-Hill 2007, Darnton-Hill et al. 2007).

Socio-economic status (SES): Poverty is strongly related to the risk of vitamin A
deficiency, presumably by influencing adequacy of diet, hygiene and care among
children. Studies across cultures reveal low socioeconomic status of households in
which xerophthalmic children reside compared to non-xerophthalmic households,
reflected by parental education, landholding, housing quality and hygiene, ownership of
small assets and draft animals and history of child mortality (Khatry et al. 1995, Cohen et
al. 1985, Mele et al. 1991, West & Darnton-Hill 2007). Not surprisingly, women with
maternal night blindness also come from socioeconomically disadvantaged families
(Christian et al 1998b). At the community level, high-risk villages marked by the
presence of >1 child with xerophthalmia, tend to be poorer than those where no children

have xerophthalmia (Khatry et al. 1995).

Seasonal trends and other fluctuations: Spring peaks in xerophthalmia were widely
noted in early 20" century China, Europe and Japan, variably coinciding with the Spring
growth spurt, changes in diet and the diarrhoea season (Sommer & West 1996).
Drought increases risk of xerophthalmia (Oomen & ten Doesschate 1973). In rural
South Asia, the incidence of xerophthalmia follows a predictable seasonality, waxing
during the hot, dry season (March-June) and waning during the monsoon period (July-
August) to a low level that is sustained beyond the major rice harvest months of January
and February (Sinha & Bang 1976, West & Darnton-Hill 2007). The seasonal peak of
night blindness and Bitot’s spots is preceded by a period of high growth that follows the
major harvest, which presumably draws on vitamin A reserves, and coincides with a
period of low intake of fruits and vegetables and high incidence of diarrhoea and
measles (Sinha & Bang 1973, 1976).

Risk of vitamin A deficiency can also shift over long periods of time, reflecting systemic

improvements in economic development, food consumption, health services and

environment. Though time trend data are absent, the past century has witnessed the
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virtual disappearance of xerophthalmia from industrialized Western Europe, North
America and Japan. More recently in Indonesia, the risk of potentially blinding vitamin
A deficiency markedly decreased from the late 1970s to the early 1990s, reflected by a
75% reduction in the national prevalence of xerophthalmia (Mubhilal et al. 1994) and a
well-documented decline in xerophthalmia admissions to the Cicendo Eye Hospital in
Bandung, in the presence of rising access represented by general pediatric admissions
(Semba et al. 1995). Such progress, however, can be reversed in the presence of
political and economic turmoil, as when xerophthalmia began to reappear in Indonesia

following its economic collapse in the late 1990s (Bloem, de Pee, Darnton-Hill 2004).

2.3 lodine deficiency disorders, epidemiology and
consequences

The public health importance of iodine deficiency is that it is the most common cause of
preventable intellectual impairment in the world. It is also important in terms of
women’s reproductive outcomes and probably infant mortality. The fact that infants
born to mothers who are iodine deficient are likely to suffer intellectual impairment, even
when there may be no clinical manifestations of cretinism (the most extreme
manifestation) makes this extremely important both in community terms but also for
national economic development. An estimate of iodine deficiency, or those suffering
from iodine deficiency disorders (IDD) as assessed by goitre prevalence, was estimated
globally at around 740 million in 1998 (UNICEF/WHO/ICCIDD 1999, Mason et al. 2001).

The prevalence of IDD was assessed by the presence of visible plus palpable goitre (the
latter being somewhat unreliable as a measure) at about 20-30% in Africa and the
eastern Mediterranean region (including Pakistan) while estimates for SE Asia were
lower (MI/UNICEF 2003). More recent estimates use the more reliable urinary iodine
excretion (Ul) as goitre responds slowly to a change in iodine status (WHO 2004) (Table
2.2). The total goitre rate (TGR) should now only be used to make comparisons with
earlier data (such as the WHO 1993 data) (WHO 2004b). The total number of the
general population (extrapolated from school-age children studies using urinary iodine)
is estimated in 2003 to have been nearly 2 billion (1,988,700,000) (WHO 2004b).
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TABLE 2.2: Proportion of population and number of individuals in the general
population (all age groups) with insufficient iodine (as estimated by
urinary iodine levels) by WHO Regions in 2004 (WHO 2004).

WHO Regions 2004
Proportion (%) Total numbers (millions)

Africa 42.6 260.3
Americas 9.8 75.1
South-East Asia 39.8 624.0

Europe 56.9 435.5

Eastern Mediterranean 541 228.5

Western Pacific 24.0 365.3

Total 35.2 1,988.7

2.3.1 Functions and structure

lodine is a constituent of the thyroid hormones thyroxine and triiodothyronine- hormones
that are essential for normal growth and physical and mental development (Hetzel
1993). lodone’s critical function (for the purposes of the public health control of IDD) is
in the production and regulation of the thyroid hormones. Thyroid function is essential
for normal growth and development. Thyroid hormone deficiency from any cause
including severe iodine deficiency, leads to severe retardation of growth and maturation
of almost all organ systems (Hetzel 1993, Delange & Hetzel 2004). The most familiar
iodine deficiency disorder is goitre or the swelling of the thyroid gland in the neck.
However, in the last 30 years or so, (not least because of the activities and advocacy of
the International Council for Control of lodine Deficiency disorders- ICCIDD), the
understanding of iodine deficiency has gone far beyond goitre to encompass all the
effects of iodine deficiency, including those on the foetus, neonate, the child and
adolescent, and the adult (Hetzel et al. 2004).

lodine exists in nature, in the soil and seas as iodide. lodide ions are oxidized by
sunlight to elemental iodine, which is volatile, so that every year some 400,000 tons
escape from the surface of the sea. lodine exists in the thyroid as inorganic iodine and
the iodine-containing amino acids moniodotyronine (MIT) and diiodotyronine (DIT),

thyroxine (T4), triiodothyronine (T3), polypeptides containing thyroxine and thyroglobulin.
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Thyroglobulin is a glycoprotein (MW 650,000) with iodinated amino acids in a peptide
linkage. It is the chief constituent of the colloid that fills the thyroid follicle and serves as
the storage form of the thyroid hormones and contain 90% of the total iodine in the
gland. It exists in the blood as thyroxine (T4), triiodothyronine (T3) and inorganic iodine.
The level of inorganic iodine falls in iodine deficiency and rises with increased intake.

T4 and T3 are mainly bound to the plasma proteins, with only about 0.5% free in human

serum.

2.3.2 Dietary sources and intake

As noted, most of the iodine in nature is in the oceans where it has been since primordial
times. Of the once more concentrated levels on earth, large amounts have been
continuously leached from the surface soil by glaciation, snow and rain, and carried by
wind, rivers and floods into the sea (Hetzel 1993). The deeper layers of sail, oil wells
and natural gas effluents and deep water wells have iodine present, and so deep wells
can be a major source. Plant foods are particularly likely to show reduced iodine
content in deficient solids. Milk and meat are richer sources, while the best natural
sources are seafoods. Cooking reduces the iodine content of foods, with over half of
the iodine escaping during boiling, whereas only about a fifth is lost in grilling and frying

(but which would destroy more of the vitamin A in the food).

The recommendation level for a population’s mean intake of iodine is 100-150ug/day.
Intakes range from 20-80ug/day in some parts of Africa to 2-3g in Japan (FAO/WHO
2004). Itis currently recommended that infants have an intake of 15ug/kg/day reducing
to 2ug/kg/day for adolescents (13+ years) and adults, increasing to 3.5ug for pregnant
and lactating women (FAO/WHO 2004). The iodine requirement for pre-term infants is
twice that of term infants (FAO/WHO 2004). In the presence of ingested dietary
goitrogens, adult levels should be increased to 200-300 ug/day. These levels have
important implications for the levels recommended for the fortification of salt with iodine,

and more recently for supplementation (Untoro et al. 2007).

lodine is readily absorbed, but only a half of other organic iodine compounds or the
thyroid hormones themselves, are so readily absorbed, but more so from animal food
sources. With a population’s mean requirement amounting to 100-150ug/day, food

sources rather than water intake are the more important contributors to iodine intake.
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Where iodine deficiency occurs this will persist unless a supplement is given or the diet
is made more varied with foods drawn from non-deficient areas, or where there is
fortification of foods with iodine.  This can be advertant as in iodized salt, or inadvertent
as in the contamination of milk from iodophors used in cleaning cow’s teats during
milking. The major source in diets is from fortified foods, most commonly salt, but also

sometimes water and some condiments.

Goitrogens are of secondary importance in the aetiology of endemic goiter, but important
contributors in some settings. Some staple foods such as cassava, maize, bamboo
shoots, sweet potatoes, lima beans and millet, contain cyanogenic glucosides which are
capable of liberating large quantities of cyanide by hydrolysis (Bourdoux et al. 1980).
Not only is the cyanide toxic, but also the predominant metabolite is the goitrogen
thiocyanate. Only in the cassava plant are these found in the edible part of the plant
and the additional effect of cassava on iodine deficiency has been demonstrated in non-
mountainous Zaire (now the Democratic Republic of Congo) (Delange et al. 1982) and
Sarawak, Malaysia (Maberley et al. 1983). Cassava is pre-eminently the staple of
poverty as it will grow almost anywhere and provides carbohydrate as energy, although
not much else and is cultivated extensively where it provides the major source of dietary
energy for more than 200 million people living in the tropical regions.

2.3.3 Clinical manifestations and pathophysiology

The scientific basis for public health programmes has been concisely reviewed by
Delange and Hetzel in the larger volume (Hetzel et al. 2004) and Semba (2004), building
on earlier classic works such as that edited by Hetzel, Dunn and Stanbury (1987).

Goitre has been noted and commented on since ancient times (Hetzel 1993). In the
renaissance period in Europe, goitre was a not uncommon feature of paintings of the
Madonna, especially in Italy. As noted, the importance of iodine deficiency now goes
beyond goitre to the whole range of IDD. This re-positioning of the public health
significance is further discussed in Chapter Four.

lodine deficiency in the foetus due to maternal iodine deficiency leads to increased
incidence of still-births, abortions, and congenital abnormalities. Endemic cretinism

occurs when the iodine intake of the population falls below 25ug/day. Despite a
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reduction in numbers since salt iodization has become more global, cretinism is still
widely prevalent, affecting up to 10% of populations living in severely iodine-deficient
areas of India (Kochupillai & Pandav 1987), Indonesia (Djokomoeljanto et al. 1983) and
China (Ma Tai et al. 1982). In its most common form it is characterized by mental
deficiency, deaf-mutism and spastic diplegia, referred to as the neurological type, in
contrast to the less common ‘myxoedematous’ type characterized by hypothyroidism
with dwarfism (Hetzel 1993). Mixed types can occur and have been described in China
(Boyages et al. 1988). Cretinism was also particularly prevalent in Oceania (Papua
New Guinea), parts of Africa and in the Andean region of South America
(WHO/UNICEF/ICCIDD 1993, WHO 2004b).

In the neonate, there is an increased susceptibility as shown by the increased perinatal
mortality. There is both permanent and transient neonatal hypothyroidism. The latter
can be corrected by iodine supplementation, which if not done, will lead to abnormal
neonatal brain growth and development (Hetzel 1993). In developing countries there is
a much higher rate of neonatal hypothyroidism shown in blood taken from the umbilical
cord (Kochupillai & Pandav 1987). It is related to severity of the iodine deficiency, as
indicated by the prevalence of goitre and cretinism and level of excretion of iodine in

urine.

lodine deficiency in children is characteristically associated with goitre and the rate
increases with age, reaching a maximum with adolescence (Hetzel 1993). Girls have a
higher prevalence than boys. School children living in iodine-deficient areas have
impaired school performance and lower IQs. Such populations are, however, also often
poor, isolated, socially deprived with poor school facilities and poor general nutrition.
Nevertheless, it has been convincingly shown that children born in iodine deficient areas
have mental development that lags behind that of children born from non-iodine-deficient
areas and the differences in psychomotor development only become apparent after the
age of about 2.5 years (Bleichrodt & Born 1994) but can be picked up even when tested
for at 10-12 years (Pharaoh & Connolly 1987).

The common effect of iodine deficiency in adults is goitre. Characteristically there is an

absence of clinical hypothyroidism in adults with endemic goitre. Laboratory evidence
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of hypothyroidism with reduced T4 levels is common, often accompanied by normal T3
levels and raised TSH levels (Hetzel 1987, Zhu 1983). The important public health
focus, however, is to ensure woman of reproductive age are iodine sufficient, before
pregnancy. The iodine-deficient adult is then treated as a clinical problem, including in

some cases, as below, when exposed to IDD programmes.

lodine-induced hyperthyroidism: Of note because of the possible negative impact on
public health programmes (as well as individuals), the main hazard of iodization is
transient hyperthyroidism, seen mainly in those aged over 40 years. It is caused by
autonomous thyroid function resulting from long-standing iodine deficiency. In the long-
term, as IDD is prevented, this therapeutic hyperthyroidism will disappear (Hetzel 1993).
In the meantime, deaths have occurred and there are now guidelines to avoid this in
iodized salt public health prevention and control programmes (Delange & Hetzel 2004,
Semba 2004, FAO/WHO 2004, WHO/FAO 2006). The recent WHO report (2004b) had
five countries with a median UI=2300ug/l, indicating an excessive iodine intake (Ul
between 200-299ug/l). Salt quality monitoring continues to be needed to be re-enforced

in such countries.

2.3.4 Epidemiology

In general, as noted earlier, the older an exposed soil surface the more likely it is to be
leached of iodine. The mountainous areas of the world such as the Andes, Himalayas,
the European Alps and the mountains of China are particularly affected. Nevertheless,
iodine deficient soils are far more widespread than this and iodine deficiency is likely to
occur in all elevated regions subject to glaciations and higher rainfall, areas with run-of
into rivers, as well as in flooded river valleys in Bangladesh, Burma (Myanmar) and India
(Hetzel 1993). There is a cycle in which the iodine in the atmosphere is returned to the
soil by the rain. This return, however, is slow and small compared with the original loss
and repeated flooding ensures persistent iodine deficiency in the soil resulting in crops
becoming iodine deficient, with the animals and humans dependent on local crops
become iodine deficient. While European diets became more varied during the 19"
Century, substantial areas of potential iodine deficiency remain in Germany, Italy, Spain
and Switzerland, as well as in other more localized areas (Andersson et al. in press).

Even though these countries have had salt iodization programmes for half a century in
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some cases, there is a need for continuous surveillance. Australia and New Zealand
have both had endemic areas, and again there is some indication that the problem may
be resurfacing in some areas (Eastman 2006). The same is true globally, but
disadvantaged areas and populations, especially those geographically isolated such as
Tibet, continue to be most at risk, representing a challenge to reach with iodized salt,

foods higher in iodine from other areas, or even supplementation.

As noted, there are thought to be about 740 million people worldwide affected by goitre
and nearly 2 billion as having inadequate iodine nutrition as measured by urinary iodine
(MI/UNICEF 2003, WHO 2004b). However, these figures are continuously under
revision as original estimates were often based on subnational or old data. Earlier
figures from WHO indicated an increase in prevalence, despite the undoubted impact of
the widespread iodization of salt. This is presumed to represent an improvement in the
accuracy of the numbers rather than a real increase. Nevertheless, it makes identifying
trends and advocacy something of a challenge. About 87 national surveys of goitre have
been carried out since 1970, but only for eight countries were repeat surveys conducted
that were likely to be comparable (Mason et al. 2004). A comparison of the estimates
for 1990 and 1998 indicates little change in the prevalence of IDD over this period.
Again this most likely represents the increased effort to identify the deficiency in recent
years. Trends will be discussed later in terms of iodization of salt and the presumed
impact that this is having (Chapter Five). In the recent WHO report 66 countries had no
data, and even though iodine deficiency is unlikely to be a problem in these countries,
they should be checked (Andersson et al. 2005, WHO 2004b), but encouragingly there
are now only 47 countries with a public health problem compared with 54 in 2004 and
126 in 1993 (draft document for World Health Assembly 2007). It also seems likely that
the assessment of the World Fit for Children Goals by UNICEF, using the Multiple
Indicator Cluster Surveys (MICS) and the Demographic Health Surveys (DHS) of
USAID, will demonstrate little change globally, but great increases in USI coverage, in

many more countries (Mangasaryan, personal communication 2007).

Overall, one third of the world’s population has Ul levels below 100ug/I indicating
insufficient iodine intake and so are exposed to the risk of iodine deficiency. Using
WHO regional groupings, the proportion of the population with Ul <100ug/l ranges from
10% in the Americas to 60% in Europe (WHO 2004b). It should be noted a correlation
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has been found between household coverage of iodized salt and a reduction in the
prevalence of low iodine intake (UNICEF 2003, WHO 2004b). The proportion of
households consuming iodized salt increased from 10% in the 1990s
(WHO/UNICEF/ICCIDD 1999) to 66% in the year 2003 (UNICEF 2004). UNICEF uses
the more advocacy friendly figures of 79 million newborns protected from losses in
learning ability due to iodine deficiency, but that 41 million are still unprotected (UNICEF
2004).

2.4 Iron deficiency, iron deficiency anaemia and other nutritional
anaemias

Conservative estimates indicate that 1,500 million people are anaemic world-wide, with
perhaps over 90% of these in the developing world, mainly South Asia and Africa
(DeMaeyer et al. 1985). Later figures give similar estimates of 600-700 million persons
with iron deficiency anaemia (Beard & Stoltzfus 2001, FAO/WHO 2004), and one
estimate suggests that underlying iron deficiency is approximately double this (Yip,
Stoltzfus, Simmons 1996). Other figures estimate an affected 2 billion (Stoltzfus &
Dreyfuss 1998) with young children and pregnant and post-partum women being the
most commonly affected and most severely so (Stoltzfus, Mullany, Black 2004). Even
more recent figures from WHO are soon to be published and unofficial prevalence
figures are available in the recent review of nutritional anaemia (Kraemer &
Zimmermann 2007), and seem slightly lower but emphasize the vast disparities between

regions (McLean et al., 2007, Darnton-Hill, Paragas, Cavalli-Sforza 2007).

All the figures suggest that over half of all women in developing countries are anaemic.
Iron deficiency, the main cause of anaemia, is a major contributor to low birth weight,
prematurity and maternal mortality (DeMaeyer et al. 1989, WHO/UNICEF/UNU 2001,
Beard & Stoltzfus 2001). Iron deficiency anaemia (IDA) is even more prevalent in
infants and young preschoolers, and while there are only very recently global data on
prevalence of IDA in infants and children, in some sample populations prevalence
reaches 70% or more (SCN 2004, McLean et al. 2007). As indicated in the Chapter 1,
nutritional anaemia, largely because of iron deficiency, remains the major nutritional
problem facing the poorer nations. Even in more affluent countries, it remains a
significant problem in certain, usually disadvantaged, groups. The recent WHO

estimates give prevalence data for pre-school-age children, and non-pregnant and
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pregnant women, according to information available and that were included according to
pre-specified criteria (McLean et al. 2007). For infants and young children, the range is
from 3.4% in North America to nearly two thirds (65.4%) in Africa. In women, the range
is 7.6% in North America to 44.7% in Africa (non-pregnant), and for pregnant women,
4.7% to 55%. However, individual studies have identified far higher prevalences for
infants and women, especially in South Asia that show for example 84.9% of pregnant
women anaemic (<110g/l) with 13.1% having severe anaemia (<70g/l). Inthe 16
Districts of India surveyed (Toteja & Singh 2006), 90.1% adolescent girls had anaemia,

with 7.1% having severe anaemia.

The recently published review volume on nutritional anaemia gives considerably
expanded information from a largely public health perspective (Kraemer & Zimmermann
2007). Iron deficiency anaemia has recently been re-recognized as an important cause
of cognitive deficit in this age group (Nestel & Davidsson 2002, Beard 2001), including in
the very recent and potentially influential Lancet series on early child development
(Walker et al. 2007). Iron deficiency also has a profound effect on productivity and
hence has economic implications for countries in which it is a significant public health
problem (McGuire & Galloway 1994, Ross & Horton 1998, Alderman & Horton 2007),
with physical work capacity being reduced even in moderate anaemia (Scholze et al.
1997, Darnton-Hill, Paragas, Cavalli-Sforza 2007).

2.4.1 Structure

Iron is a d-block transition element that can exist in oxidation states ranging from -2 to
+6, although in biological systems these are limited primarily to ferrous (+2), ferric (+3)
and ferryl (+4) states (Beard 2001). There is an excellent concise overview by Lynch
(2007). The interconversion of iron oxidation states is not only a mechanism whereby
iron participates in electron transfer but also a mechanism whereby iron can reversibly
bind ligands. Iron can bind to many ligands by virtue of its d orbitals, particularly
oxygen, nitrogen and sulphur atoms. The main reactions are oxygen transport and
storage, electron transfer and substrate oxidation-reduction. The activity of many of

these enzymes decreases with tissue iron deficiency.

In the mammalian system, there are four major classes of iron-containing proteins

carrying out such reactions: (i) iron-containing nonenzymatic proteins (haemoglobin and
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myoglobin); (ii) iron-sulphur enzymes; iii) haem-containing enzymes; and, (iv) iron
containing enzymes that are non-iron sulphur, non-haem enzymes. In the principal
oxygen transport nonenzymatic proteins, haemoglobin and myoglobin, iron functions as
a critical ligand for the binding of dioxygen. In iron-sulphur enzymes, iron participates in
single-electron transfer reactions primarily in energy metabolism. In haem-containing
enzymes, iron is bound to various forms of haem and participates again in electron
transfer reactions when associated with various cofactors (e.g. cytochrome P450
complexes). The final group of iron-containing enzymes is a catch-all grouping in which
iron is not bound to a porphyrin ring structure or in iron-sulphur complexes (Beard 2001).
Haemoglobin is the most important (in terms of this discussion) iron-containing protein in

red blood cells that carries oxygen from the lungs to cells throughout the body

2.4.2 Dietary sources and bio-availability

Iron in the diet is found in two main forms: haem from animal sources, and non-haem
from plant sources. Bio-availability is considerably greater in the haem form. Haem
sources are from meat and meat products and constitute about 1-2mg or 5-10% of the
daily iron intake in most industrialized countries. In developing countries, the haem
content of diets is usually negligible (FAO/WHO 2004). Non-haem sources are the
main form of iron in all diets and occur in the diet from cereals, vegetables, pulses,

beans, fruits etc.

Bio-availability refers to ‘the degree to which iron is available for absorption in the gut
and utilized for normal metabolic functions’ (Nestel & Davidsson 2002). The two forms
of dietary iron, haem and non-haem, utilize separate receptors on the mucosal cells
(Hallberg, Sandstrom, Aggett 1993). After the uptake of haem iron into the mucosal
cells, the porphyrin ring is split by the enzyme haemoxygenase within the cells and the
iron is released. Non-haem and haem iron then have a common pathway and leave the
cells in the same biochemical form, utilizing the same transfer system to the serosal side
of the cell. It is probable that iron can only be absorbed into cells and pass the mucosal
membrane in its ferrous form. Reducing substances, especially ascorbic acid, must
therefore be present in the mucin layer of the mucosal cells for iron to be absorbed
(Hallberg, Sandstrém, Aggett 1993).
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The average absorption of haem iron in meat is about 25% (Hallberg, Brune, Rossander
1989). In contrast to non-haem iron the absorption is very little influenced by the iron
status of the subject. For unclear reasons, haem iron that is not given together with
meat is less well-absorbed (e.g. iron absorption from blood sausage is only about 2-3%)
(Hallberg, Sandstrom, Aggett 1993). This is important as recent work from Kenya
showed that meat supplementation improved growth, cognitive and behavioural
outcomes in Kenyan children (Neumann et al. 2007). Haem iron can be degraded and
converted to non-haem iron if foods are cooked at a high temperature for too long.
Calcium appears to be the only other factor that influences the absorption of haem iron
(Hallberg, Sandstrém, Aggett 1993).

Non-haem iron is much influenced by other dietary factors. Methodological
considerations in the use of using two different radio-iron isotopes, internal standard
meals and so on continue to confuse the accurate estimation of the actual absorption in
different daily meals in many cultures and when taken under many conditions. The
concept is of two pools of iron in the gastro-intestinal system and that iron absorption
takes place independently from these two pools. However, even if the iron in one food
item is well absorbed when given alone, if other foods in the same meal contain an
excess of ligands inhibiting iron absorption (e.g. phytates), the absorption will be poor
from all the iron compounds present in that meal. The non-haem iron absorption from a
particular meal is thus not only dependent on the amount of iron but also, to a marked
degree, the composition of the meal. The bio-availability can vary more than tenfold
from meals with a similar content of iron, energy, protein and fat (Hallberg, Sandstrom,
Aggett 1993). Just the addition of certain spices e.g. oregano, or a cup of tea, may
reduce bio-availability by half or more. On the other hand, the addition of certain
vegetables or fruits containing ascorbic acid may double or even triple the iron
absorption, depending on the other properties of the meal and the amount of ascorbic
acid present (Hallberg et al. 1993). As noted, many foods contain factors (ligands)
which strongly bind iron and inhibit absorption. The most important inhibitors are
phytates (inositol hexaphosphates), phenolic compounds, calcium, soy protein and so on
(Table 2.3). There are other factors that enhance iron absorption such as ascorbic acid,
consumption of meat and fish, and less consistently, organic acids such as citric acid,
and sauerkraut, as well as other fermented vegetables, and even some fermented soy

sauces (Hallberg, Sandstrom, Aggett 1993).
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TABLE 2.3: Factors influencing dietary iron absorption (Hallberg,
Sandstrom, Aggett 1993)

Haem iron absorption
- amount of haem iron present in meat
- content of calcium in meal
- Food preparation (time, temperature)
Non-haem iron absorption
- iron status of subjects
- amount of bio-available non-haem iron
- Presence of fortification and contaminant iron
- Balance between dietary enhancers and inhibitors
Factors enhancing iron absorption
- ascorbic acid
- meat, fish, seafood
- certain organic acids
Factors inhibiting iron absorption
- phytates
- iron-binding phenolic compounds
- calcium

- soy protein

2.4.2 Clinical manifestations and pathophysiology

The overt physical manifestations of iron deficiency include the generic symptoms of
anaemia, which are tiredness, lassitude and general feelings of lack of energy. Clinical
manifestations of iron deficiency can be accompanied by behavioural disturbances such
as pica e.g. geophagia (eating of clay and dirt) and pagophagia (eating of ice).
Neuromaturational delays are important and physiological manifestations of iron
deficiency include reduced immunocompetence, thermoregulatory function, energy

metabolism and exercise and work performance (Beard 2001, Lozoff 2006).
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2.4.3 Function

Iron is essential for life, as part of the haemoglobin (Hb) molecule is essential for the
transport of oxygen to cells of the body that supports bodily functioning, such as immune
system functioning, neural functioning and also its role in muscle function and energy
metabolism. Many biochemical processes need iron, besides the binding and transport
of oxygen, including electron transfer reactions, gene regulation, and regulation of cell
growth and differentiation (Beard 2001). Iron, besides being an essential nutrient is
also a potential toxicant to cells and so the body has developed a highly complex set of
regulatory approaches to meet the demands of the cells and body, while also preventing
excess accumulation. The homeostasis required involves the regulation of iron entry
into the body, regulation of iron entry into cells, storage of iron as ferritin, incorporation
into proteins and regulation of iron release from cells for transport to other cells and
organs (Lynch 2007).

Nearly all the functional consequences of iron deficiency are strongly related to severity
of anaemia, but whether these effects are primarily due to oxygen transport problems or
tissue iron deficits is still often unclear. Beard (2001) makes the point that although it is
at times convenient to categorize individuals as iron-deficient anaemic vs. iron-deficient
non-anaemic, it is actually more logical to consider individuals along a continuum of iron
nutriture, with different functional consequences arising at different stages of severity.
Nevertheless, in terms of intellectual development, most studies have found that it is not
until anaemia is present that an impact is noted, although there appears to be a real
continuum in productivity (Kraemer & Zimmermann 2007). With adequate nutrition, a
reserve of iron is stored in tissues and is used when insufficient iron is absorbed, such
as when dietary intakes are inadequate or bio-availability is low. The size of the body’s
iron reserve, mostly in the liver, is therefore an index of iron nutritional status. Iron
deficiency occurs in three sequential developing stages (Nestel & Davidsson 2002).
The first stage is depleted iron stores when the body has no longer any stored iron but
haemoglobin remains above the established cut-off levels. A depleted iron store is
defined by a low serum ferritin concentration (<12ug/L). Following this is iron-deficient
erythropoiesis. As developing red blood cells have the greatest need for iron. at this
stage the reduced transport of iron is associated with the development of iron-deficient

erythropoiesis. Again the Hb levels remain above the cut-off point but there is an
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increase in the transferring receptor concentration and increased free protoporphyrin in
red blood cells. The third and most severe form of iron deficiency is iron deficiency
anaemia (IDA). This results when iron supply is inadequate for haemoglobin synthesis,
resulting in haemoglobin concentrations below the established cutoff levels (Nestel &
Davidsson 2002). As noted above, the absorption of non-haem iron is markedly
influenced by the iron status. The more iron that is present in the stores, the less iron
absorbed (Lynch 2007, Darnton-Hill, Paragas, Cavalli-Sforza 2007). An increased

erythropoiesis (e.g. after an acute blood loss) also increases iron absorption.

Stoltzfus (2001b) and others have suggested a new conceptual model citing an
evidence-based causality of clinical outcomes. This uses ‘tissue iron deficiency’ (known
to affect work performance and child development), and severe anaemia (known to
affect, along with other factors, child mortality, maternal mortality and perinatal mortality).
A meeting convened by WHO and INACG in Belmont, Maryland in the US in May 2000,
concluded that this was appropriate based on their collective judgment about the

strength of causal evidence as in the Table 2.4.

TABLE 2.4: Strength of causal evidence linking iron deficiency or anaemia to
health and development outcomes (Stoltzfus 2001b).

A significant body of causal evidence exists for (in order of strength of evidence):
1. iron-deficiency anaemia and work productivity
2. severe anaemia and child mortality
3. severe anaemia and maternal mortality
4

iron-deficiency anaemia and child development

causal evidence is lacking or contradictory for;

- iron-deficiency anaemia and low birth weight, including pre-term birth

- iron-deficiency anaemia and infectious disease, either protective or adverse effects
- mild-moderate anemia and maternal mortality

- mild-moderate anaemia and child mortality
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In the regulation of dietary iron uptake, intestinal iron absorption is currently understood
to be controlled by three stimuli (Donovan & Andrewes 2004) all of which have potential
implications in public health programmes to prevent and control nutritional anaemias.
The first is known as “mucosal block” characterized by the inhibition of enterocytes to
absorbing iron for several days after a large bolus of iron has been delivered (Hahn et al.
1943 cited in Darnton-Hill, Paragas, Cavalli-Sforza 2007). Mucosal block will most likely
occur in systemic iron deficiency because the enterocyte behaves as though it believes
that iron requirements have been met. The second stimulus that controls iron balance
is the “stores regulator” that can respond to total body iron (Finch 1994). The molecular
mechanism has not been clearly elucidated, but it most likely involves saturation of
circulating transferrin (Tf). The third regulatory system is the “erythropoietic regulator”

that modulates intestinal iron absorption independent of iron body (Finch 1994).

Hepcidin, a new player in the iron trafficking field, appears to play the major role in this
mechanism as a recently elucidated systemic iron regulatory peptide, that operates as
the key to the mucosal gate (Leong & Lonnerdal 2004, Lynch 2007, Darnton-Hill,
Paragas, Cavalli-Sforza 2007). Hepcidin is secreted by the liver and excreted through
the kidneys. In experiments in which mice receive a bolus of iron, hepcidin gene
expression increases, which suggests that it plays a compensatory response to limit iron
absorption (Lynch 2007). Hepcidin is presumed to be a negative regulator of intestinal
iron absorption from the diet with its major role as the ultimate regulator of iron
homeostasis (Nicholas et al. 2002). It also plays an essential role in regulating iron
transport through both placental and intestinal barriers. These same studies on mice
identifying the role of hepcidin also exhibited many of the same features of the anaemia
of inflammation that is caused by infection, inflammatory disorders, malignancies, and
trauma (Roy et al. 2007). Transgenic mice experiments displayed sequestration of iron
in macrophages, iron-restricted erythropoiesis and low haemoglobin concentrations,
characteristics indistinguishable from the anaemia of inflammation. These important
findings have the potential to treat anaemia of inflammation by controlling endogenous
hepcidin. In addition, mutations in hepcidin have been documented in humans with
haemochromatosis, thus confirming hepcidin’s role as the master regulator of dietary
iron uptake. Overall, elucidation of hepcidin’s role has helped shed a new light on the
importance of genetics on the process of dietary iron metabolism and its subsequent

effect on nutritional anaemia.
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The implications of this greater understanding of factors in the control and prevention of
nutritional anaemias for public health interventions are still being evaluated but are likely
to be important. For example, if populations have high levels of infection, then they will
also have high levels of hepcidin, which may then block the uptake of iron that is in the
diet from fortification and supplementation (Hurrell & Egli 2007). Hepcidin has not,
however, been linked to an effect on dietary haem uptake, thus lending support for
promotion of animal-source foods in poor diets (Neumann et al. 2007). Therefore it is
becoming more apparent that treatment strategies encompass all the health concerns of
a population- nutritional anaemia can only be completely addressed if other diseases are

concurrently treated.

2.4.5 Epidemiology

The current estimates of burden

As noted, the figure currently being used is 2,000 million people globally with iron
deficiency anaemia (MI/UNICEF 2003), primarily for advocacy purposes. Estimates of
global prevalence and burden, inevitably inaccurate anyway, have been further
complicated by the frequent misuse of the terms iron-deficiency, iron deficiency anaemia
and anaemias generally, sometimes interchangeably and often what is actually being
described is unclear (Stoltzfus 2001b). This clearly has implications In terms of
assessing progress in the prevention and control of iron deficiency, and in advocacy to

policy makers that will be discussed later.

The disability adjusted life years (DALYs) is an expression of years of life lost and
years lived with disability and provides an overall estimate of the magnitude of economic
losses to a population due to disease (Murray & Lopez 1994). Other indirect social and
health consequences of impaired health and vitality are difficult to estimate and are often
not considered, although may well be relevant to nutritional anaemias. For example,
among resource-poor societies the premature death of a mother and the lower income-
generating capacity of iron-deficient and anaemic workers translate into greater rates of
disease and overall undernutrition (WHO/UNICEF/UNU 2001).
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Anaemia impairs individual growth and development, as well as family, community and
national socioeconomic development. The negative impact on national development
can be estimated from the number of individuals affected in various age and gender
categories; the severity of the deficiency; and the duration and consequences of the
condition. The economic implications of such conditions include the costs incurred by
the public and private sectors in treating anaemia; the consequences for the society of
increased maternal mortality and decreased productivity; and the long-term negative
consequences of impaired mental development on human capital formation
(WHO/UNICEF/UNU 2001). Based on estimates of iron deficiency anaemia as a risk
factor for mortality, when added to the direct sequelae of iron deficiency anaemia, the
total attributed global burden amounts to 841,000 deaths and 35,057,000 DALYs
(Stoltzfus, Mullany, Black 2004). The authors note the great majority of this disease
burden derives from anaemia in pregnancy and early childhood and is borne by women
and children, predominantly in Asia and Africa. The economic costs of anaemia due to
cognitive delays in children, lower productivity in adults and premature births have been
estimated by Ross and Horton (1998), among others and they suggested that the
median value of productivity losses due to iron deficiency was about $4 per capita or
0.9% of GDP.

2.4.6 Other causes of nutritional anaemia

Deficiencies of vitamins A, B6, B12, riboflavin and folic acid have all been associated
with anaemia, although the pathways are not all clearly established (Nestel & Davidsson
2002, Darnton-Hill, Paragas, Cavalli-Sforza 2007). As well as these specific nutrient
deficiencies, general infections and chronic diseases, and blood loss can cause
anaemia. HIV/AIDS is becoming an important cause in much of the world, especially
Africa. Rarer causes, such as the haemoglobinopathies- inborn genetic errors such as
the thalassaemias- also contribute. Malaria, especially when the cause is Plasmodium
falciparum causes anaemia by rupturing red blood cells and by suppressing the
production of new blood cells and contributes up to half of all cases in malaria
holoendemic areas in Southern and Eastern Africa (Nestel & Davidsson 2002, Darnton-
Hill, Paragas, Cavalli-Sforza 2007). It does not, however, cause iron deficiency as the
iron released stays in the body. Helminths, such as hookworms, and flukes such as
schistosomes, cause blood and iron loss, as do the nematodes where worm burden is

heavy.
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In developed countries iron deficiency is the main cause of anaemia. In much of Africa
iron deficiency anaemia accounts for about half of the anaemia observed. Where this
happens, the demographic composition e.g. anaemia in men, can give an idea of other
aetiologies such as malaria (Yip, Stoltzfus, Simmons 1996). Studies in Cote d’lvoire
(Staubli Asobayire et al. 2001) and Benin (Hercberg et al. 1988) showed that about
80% of the anaemic pre-school-aged children had iron deficiency anaemia, compared
with 50% of the school-aged children and women, and 20% of the men (Nestel &
Davidsson 2002). In a study from Zambia, 62% of the children were anaemic, 3% were
severely anaemic and 51% had iron-deficiency anaemia. The authors estimated that if
hookworm infection was eradicated, the prevalence of anaemia could be reduced by as
much as 25%, iron deficiency by 35%, and severe anaemia by 73% (Stoltzfus et al.
1997). Where the likely contributing cause to anaemia such as helminths and malaria
are high, it is important to treat these infections, especially the more vulnerable in the
communities. Clearly the success of any intervention depends on whether the
intervention deals with the underlying causes (Darnton-Hill, Paragas, Cavalli-Sforza
2007). In many developing countries, it is unlikely that all the anaemia results just from
iron deficiency because of heavy loads of intestinal parasites, malaria and other causes
of anaemia and so treating just for iron deficient will not have the hoped-for effect. This
clearly has significance when assessing the success of goals to eliminate anaemia (as

opposed to iron deficiency anaemia) and public health programmes.

2.5 Other micronutrients of current public health significance

The concept of current public health interest is used to justify, in an already very brief
background, why micronutrients such as niacin, thiamin, vitamin B12 and selenium are
not addressed. Historically, and even now in certain geographic areas, these are, or
have been, of important public health interest. Niacin was widespread in many maize-
consuming areas, including the south of the USA early last century. It is considerably
less often seen these days, not least because of widespread fortification of flour with
niacin, amongst other B vitamins and iron (Halstead 1993, Bishai & Nalubola 2002).
Thiamin deficiency as beri beri was widespread throughout rice-eating populations
(FAO/WHO 2004) and is again less often seen. However, thiamin deficiency’s
contribution to Wernicke-Korsakoff's syndrome in alcoholics means it is being addressed

in a public health manner (in this case fortification of flour) in Australia (Darnton-Hill &
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Truswell 1990, NH&MRC 1994). Likewise selenium is being added to the water supply
in Finland, although a specific problem has not been identified in humans, although it is
likely to be a contributor to Keshan disease near the China/Russia border and countries
such as New Zealand have low levels in much of their soil (Thomson 2006). Again, the
report of the FAO/WHO meeting in Bangkok in the late 1990s gives useful information
on other micronutrients (FAO/WHO 2004). Many of the B vitamins are continuing to be
of interest as fortificant pre-mixes being added to flour (both wheat and maize) along
with iron and sometimes other fortificants, such as zinc and vitamin A (WHO/FAO 2006,
FFI 2005), including more recently in Africa by the Micronutrient Initiative (MI) (FORTAF
2006). Probably the two micronutrients receiving most attention, besides the three

already addressed, are folate and zinc.

251 Zinc

The identification and quantification of zinc deficiency is hindered by the lack of a
suitable diagnostic test. Consequently, it has been clearly demonstrated only by
intervention trials showing an impact on infectious diseases, more frequently diarrhoea,
and less clearly respiratory tract infection. Nevertheless, there is a consensus now that
zinc is likely to be a problem in many countries with high child mortality rates (Zinc
Investigators’ Collaborative Group 1999, Hotz & Brown 2004). It has long been
recognized where the deficiency is more florid and has an impact on growth and
maturation. It has also been observed as an inborn error of zinc metabolism,
acrodermatitis enteropathica, in patients fed incomplete parenteral solutions, in patients
with Crohn’s disease and occasionally in infants. Failure to thrive, growth retardation,
immune effects and delayed sexual maturation are clinical manifestations of zinc
deficiency. Zinc-responsive night-blindness has been observed in alcoholism and

Crohn’s disease (Hallberg, Sandstrom, Aggett 1993).

However from a public health viewpoint, the important aspects have been considered to
be the failure to grow and mature successfully, most often found in environments such
as the Middle East where the diet is high in phytates and when the diet is marginal and
consists largely of unleavened, unrefined bread (FAO/WHO 2004, WHO/FAO 2006).
Studies in Jamaican children recovering from malnutrition have shown that zinc status
affects not only rate of growth but also composition of synthesized tissue (Golden &

Golden 1985). Animal and human studies have shown that vitamin A metabolism and
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immune defence and skeletal maturation are especially sensitive to insufficient zinc
intake (Hallberg, Sandstrom, Aggett 1993). Supplementation under experimental
conditions has shown reduced growth rates and that supplementation was also
associated with an increase in energy and protein intake. More recent field trials in
Bangladesh, India, Pakistan and sites in Africa have shown conflicting results in growth,
reduction in disease, severity of disease and varied results depending on the disease.
Nevertheless, results of two recent meta-analyses of such studies seem to indicate a
definite role, especially in growth and diarrhoeal disease (Hotz & Brown 2004).
Consequently, zinc deficiency and its impact on reducing child mortality has come to the
fore, with sufficient evidence that the accepted treatment of diarrhoea is now oral
rehydration therapy with a two week course of zinc supplementation (WHO/UNICEF
2004a). There is considerable debate now on whether this also applies to respiratory
disease and whether there is a role for the public health prevention of zinc deficiency by
supplementation, as opposed to therapeutic use. While it is unlikely that another

vertical programme would be instituted there is some pressure to do so.

This is partly due to the difficulty of increasing intakes of zinc through dietary methods,
especially poor diets low in animal-source foods (Hambidge & Krebs 2007). Large
variations in zinc content can be found between otherwise nutritionally similar food
sources but tend to be high in meat, cheese, lentils, and cereals. These tend to be
components of more expensive diets. Cereals are the major source of energy and zinc
in large parts of the world. As zinc is mainly located in the outer layer of the grain, a low
extraction rate means that the majority of the content of zinc, as well as other minerals,
are removed, although this should also reduce the phytates that affect bioavailability.
Use of zinc-rich galvanized cooking pots and canning may also contribute. Unrefined
cereal-based diets present the largest risk for low zinc absorption (Hallberg, Sandstrom,
Aggett 1993). Iron content of the diet may also be a factor, as may the presence in the
diet of enhancers. Contributing factors may be geophagia and large zinc losses due to
intestinal parasitic infections (Hallberg et al 1993). Lower zinc intakes than in western
type diets have been described in the fish-based Brazilian diet eaten around the
Amazon, and where signs of zinc deficiency were also observed (Shrimpton 1984).
Similarly low intakes have been described in other parts of the developing world

including South Asia and Papua New Guinea. Nevertheless, Gibson and others have
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demonstrated the theoretical possibility and the feasibility in West Africa of increasing
the bio-availability of micronutrients in plant-based diets (Hotz & Gibson 2007).

2.5.2 Folate

Folate (or its most common supplemental form of folic acid) has come to prominence
recently as the flour in the USA, and other countries, is now fortified with folic acid.
Folate is required for DNA synthesis and so its deficiency is clinically expressed in
tissues with high rates of cell turnover. The principal sign is megaloblastic anaemia.
However, its current public health importance is as a cause of anaemia and neurological
tube defects, and possible role in cardiovascular disease. The recent fortification with
folic acid in several countries (FFI 2005) was to prevent neural tube defects and success
has been demonstrated e.g. in Canada and the USA. There is also some questioning
the rationale and continuing debate although it seems clear that neural tube incidence
has declined where flour fortification has taken place (Oakley & Mandel 2004).

However, there is also a role of lowering homocysteine, which is thought to have an
impact on reducing cardiovascular disease (Malinow et al. 1998); and with folic acid’s
facilitating role it is likely to continue, even if this is a stronger argument in richer
countries (Lawrence & Worsley 2007). It has had a longer tradition as a supplement
with iron (which will be discussed further in future chapters on effectiveness)). It may
also an important cause of anaemia in many places, especially in West Africa (Darnton-
Hill, Paragas, Cavalli-Sforza 2007). It was originally described in Bombay (Mumbai) as
an anaemia associated with poverty and a diet deficient in animal protein and vegetables
(Wills 1993 quoted in Halsted 1993).

2.6 Conclusion

There has recently been considerably more attention given to the fact that quality of
diets is a measure of inequity and poverty, and so micronutrient deficiencies rarely occur
singly (Huffman & Ramakrishnan 2001, Hambidge & Krebs 2007). This may not be true
of iodine in some settings. The relatively recent publication of the FAO and WHO report
on vitamin and mineral trace element requirements gives useful overviews of the key
micronutrients (WHO/FAO 2006). These details are beyond the scope of this thesis. It
is also beyond the scope of this thesis to examine the question of whether affluent

populations, often with a majority of the population micronutrient replete, benefit from
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more vitamins and minerals (Bendich & Deckelbaum 2001). The next chapter looks at
ways in which micronutrients are delivered to be consumed to those that need them, but
which often includes the general population, and how coverage, whether by food-based

or supplementation strategies, can be increased in deficient populations.
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Table 2.5 Country status: VAD public health problem

VAD public health

VAD likely public

VAD not a public

No recent data

the Congo
Djibouti

Dominica

Dominican Republic

Egypt
Eritrea
Ethiopia
Gambia
Ghana
Guatemala
Guyana
Honduras
Iran (Islamic Republic
of)

Iraq
Jamaica
Jordan

Saudi Arabia

Senegal

Serbia and
Montenegro
Solomon Islands
Sudan
Swaziland
Tajikistan
Thailand
Turkey
Uzbekistan
Venezuela
Viet Nam

Yemen

United Kingdom of
Great Britain and
Northern Ireland
United States of
America

Vanuatu

Australia
Italy
Tuvalu
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problem® health problem*® health problem available

Angola Afghanistan Armenia Albania

Antigua and Barbuda Argentina Austria Algeria

Bangladesh Brazil Bosnia and Andorra
Herzegovina

Belize Burkina Faso Canada Azerbaijan

Benin Chad Cook Islands Bahamas

Bhutan China El Salvador Bahrain

Bolivia Congo France Barbados

Botswana Cote d’lvoire Germany Belarus

Cambodia Ecuador Greece Belgium

Cameroon Georgia New Zealand Brunei Darussalam

Cape Verde India Palau Bulgaria

Central African Indonesia Poland Burundi

Republic

Colombia Kazakhstan Republic of Korea Chile

Comoros Mauritania Russian Federation Croatia

Costa Rica Myanmar Samoa Cyprus

Cuba Pakistan Singapore Czech Republic

Democratic Republic of | Papua New Guinea Spain Democratic People's

Republic of Korea
Denmark

Equatorial Guinea
Estonia

Fiji

Finland
Gabon
Grenada
Guinea
Guinea-Bissau
Haiti

Hungary
Iceland

Ireland
Israel
Japan




Kenya Kuwait
Kiribati Kyrgyzstan
Lao People’s Latvia
Democratic Republic
Lesotho Lebanon
Liberia Libyan Arab Jamahiriya
Madagascar Lithuania
Malawi Luxembourg
Malaysia Malta
Maldives Monaco
Mali Nauru
Marshall Islands Netherlands
Mauritius Niue
Mexico Norway
Micronesia (Federated Paraguay
States of)
Mongolia Portugal
Morocco Qatar
Mozambique Republic of Moldova
Namibia Romania
Nepal Saint Kitts and Nevis
Nicaragua Saint Lucia
Niger San Marino
Nigeria Sao Tome and Principe
Oman Seychelles
Panama Sierra Leone
Peru Slovakia
Philippines Slovenia
Rwanda Suriname
Saint Vincent and the Sweden
Grenadines
Somalia Switzerland
South Africa Timor Leste
Sri Lanka Tonga
Syrian Arab Republic Trinidad and Tobago
The former Yugoslav Tunisia
Republic of Macedonia
Togo Turkmenistan
Uganda Ukraine
United Republic of United Arab Emirates
Tanzania
Zambia Uruguay
Zimbabwe
70 30 23 69

# Based on clinical and/or biochemical data
®Based on national data (1989-2004)
“Based on sub-national data (1989-2004)

Methodology

Criteria for defining countries with vitamin A deficiency as a public health problem:
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192 WHO Members States
Pre-SAC, PW
Last 15 years: 1989-2004 with priority to latest available

Countries:
Population groups:
Data selected from:
survey

Cut-off applied: See table 1

Table 2.6 Prevalence below cut-offs to define a public health problem and its level of importance:

BIOCHEMICAL CLINICAL
Degree of Serum retinol XN X1B
severity PreSAC PW PreSAC PW PreSAC
Serum retinol Serum retinol
(<0.70 pmol/L) (<0.70 pumol/L)
Mild 22-<10% 22-<10% 21% =5%* =2 0.5%
Moderate 210-<20% 210-<20%
Severe 220% 220%

Adapted from: WHO et al. 1996, *UNICEF et a. 1997 and Sommer & Davidson 2002.

A country has been classified as having “VAD public health problem” when national data on
clinical and/or biochemical VAD in PreSAC and/or PW has been identified according to
classification in table 1. Degree of severity was no taken into consideration for the overall
classification.

A country has been classified as having “VAD likely public health problem” when only sub-
national data (local, district, regional) on clinical and/or biochemical VAD in PreSAC and/or
PW has been identified according to classification in table 1. Degree of severity was no taken
into consideration for the overall classification.

When prevalence data are not reported below cut off, but data on mean SR are available, a
country is classified as having a VAD public health problem when the mean SR for the
population is <1.05 ymol/L.

Countries with no data available have not been classified but listed under “no data available”.

National surveys were used over any sub-national data
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Chapter Three

The control and prevention of micronutrient malnutrition

3.1 Prevention, control and treatment

As discussed in Chapter One, the recognition of the magnitude of the prevalence and
impact of micronutrient deficiencies has resulted in a series of international goals. A
meeting in Ottawa in 1991 reviewed and recommended ways to reach these goals (see
Chapter 4). These built on experience gained over previous decades (since 1920s in
the case of iodized salt). As more experience has been gained (Darnton-Hill et al.
1998a, IOM 1998, MI/UNICEF 2003), and funding increased, these have been
continuously refined and expanded. This chapter examines the current most commonly
used interventions. Chapter Four then looks at why the prevention and control of
micronutrient deficiencies became higher global priorities. Among the reasons
suggested is that not only is the problem reasonably easy to demonstrate but
interventions are known that can address the problems, and that the impact can be

relatively easily measured.

A suggested categorization of such interventions is seen in Table 3.1 (McGuire &
Galloway 1994, Darnton-Hill 1998a, IOM 1998, Ahmed & Darnton-Hill 2004) and
is broadly:

(i) food-based approaches, including dietary diversification, nutrition education
and fortification of staple and value-added foods;

(a) supplementation with vitamin A capsules, iron-folate tablets and iodized oil
with increasing interest in a multi-micronutrient supplements and weekly low-
dose supplements;

(b) public health interventions such as immunization, adding vitamin A
supplementation to other programmes such as National Immunization Days
and Child Health Days, promotion of breast-feeding, and treatment of

infectious diseases; and,
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(c) change in the possibilities that are available to people by modification of the
political, socioeconomic and physical environment. As with so much of public
health, those most vulnerable to micronutrient malnutrition are those who are

poorest.

Table 3.1: Different public health approaches to modifying micronutrient intake
used in the prevention and control of micronutrient malnutrition.

Food-based
Dietary diversification
Home gardening
Nutrition education
Development of high micronutrient content varieties of staple foods (also called
‘bio-fortification’)
Fortification
Staples e.qg. flour, noodles
Fats and oils e.g. margarine, edible oils
Condiments e.g. salt, sugar, soy sauce, fish sauce
Complementary foods for infants 6 months and older
Home-based fortification e.g. ‘sprinkles’
Beverages e.g. fortified juices, condensed milk and other diary products

Supplementation
National distribution to all preschool children
National Immunization Days
Through health system centers, including MCH programmes, and routine
treatment
Outreach e.g. with E.P.I. and other programmes
Post-partum supplementation
‘Life Cycle’ distribution to adolescents and young women through schools and
factories
Home-based supplementation e.g. ‘foodlets’
Public health measures
Immunization
Appropriate prevention and control of diseases such as diarrhoea, malaria etc.
Promotion of exclusive breastfeeding
Appropriate complementary feeding
Water and sanitation measures
Appropriate birth spacing
Global equity corrections, poverty reduction and socio-political change
Increased availability and accessibility of micronutrient-rich foods
Improved health systems
Improved status and education of women

The important point about these different approaches is that they are complementary,

and should be started in concert, as they may have different time frames and differing
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feasibility depending on local circumstances. Behaviour change to improve the intake
of micronutrients is an essential part of whatever method is being used; through
communications, social and political facilitation, social marketing, and nutrition
education. The overall strategy is to reduce the size of the most vulnerable group (to
the left of the curve in Figure 3.1) by improving the coverage of the middle group by
fortification, dietary diversification and reduction of the disease burden (Darnton-Hill
1998b). The most at-risk group is likely to continue to need supplementation for many
years to come (Figure 3.1). The factors listed in Table 3.1 have all been shown, to a
greater or lesser degree, to have an evidence-based impact on micronutrient

programmes as demonstrated in the following sections.

A deficient
populations with

little access to moderately
fortified foods: deficient
supplementation population to
C needed which fortified
§e) foods are available
H .
®© and accessible
=
Q
(@]
. replete, affluent
population

Socio-economic Status

Figure 3.1:  Increasing micronutrient intakes in populations, (Darnton-Hill
1998b).
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3.2 Food-based approaches and fortification

3.2.1 Dietary and horticultural interventions

With the exception of iodine in certain ecological settings, micronutrients are found
abundantly in many plant foods and animal products. However, many poor families do
not have enough to eat, as for example in Bangladesh where nearly half of all women
are categorized as underweight (HKI 2001a). Of greater significance is the quality of
the diet, as diets characterized by poverty are not likely to include many micronutrient-
rich foods which are in any case generally more expensive and often less accessible,
and so diets are likely to be low in vitamins and minerals, as well as energy (Calloway
1995). This low accessibility to food sources is aggravated by the usually low bio-
availability of micronutrients in the diets eaten by poor families and it is poor dietary
quality, rather than quantity, that is considered to be the key determinant of impaired

micronutrient status (Allen & Ahluwalia 1997).

Food-based approaches have been categorized as: (i) increasing small-scale production
of micronutrient-rich foods, by community fruit and vegetable gardening, school
gardening and/or small animal, poultry or fish production; (ii) increasing community
production of micronutrient-rich foods, such as horticultural products, oil seeds, palm oil,
beverages and natural nutrient supplements; (iii) maintaining micronutrient levels in
commonly eaten foods with food storage and preservation techniques, improving food
safety, and better food preparation; (iv) plant breeding to increase micronutrient levels,
including through genetic engineering; and, (v) community strategies to increase
consumption of micronutrient-rich foods (Talukder & Bloem 1992, Nemer, Gelband, Jha
2001, Neumann et al. 2007).

In poorer communities where more than 80% of the diet is of plant origin, as in much of
Asia and the Pacific, it appears that dietary diversification may be adequate to prevent
vitamin A deficiency but not correct it (de Pee et al. 1995, de Pee et al. 1998a). A study
of Chinese schoolchildren found they were protected from becoming vitamin A deficient
during seasons when pro-vitamin A sources are limited through the consumption of
green-yellow vegetables over a 10-week period (but did require about 250g of
vegetables per day) (Tang et al. 1999). Nevertheless, studies from Asia and Africa

report high prevalences of vitamin A deficiency, even in communities with high intakes of
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carotenoid-containing foods (de Pee et al. 1999, Oso et al. 2003). In diets
characterized by poverty, iron sources in the diet are especially unlikely to be adequate
during pregnancy and in conditions of high parity, and given poor diets and low
bioavailability, even in female adolescents before pregnancy. While theoretically it is
possible to improve iron status by carefully chosen foods in the diet, it is practically
extremely difficult in poor settings (Allen & Ahluwahlia 1997), although Gibson et al.
(2000) have demonstrated this for iron, zinc and vitamin A in developing countries.
Dietary practices may also contribute to iron deficiency e.g. tea drinking at an early age,
even infancy, and to iodine deficiency in the case of goitrogens such as cassava in West
Africa. Poor diets are also usually high in phytates, further reducing availability of iron, as
well as zinc. Where iron is low in diets, zinc is also likely to be low (Hotz & Brown 2004).
Many nutritionists are now identifying the need for animal (including fish) source foods in
diets of the poor where they are available and accessible (Allen & Ahluwahlia 1997, HKI
2003a, Neumann et al. 2007, Roos et al. 2007), as well as a variety of strategies to

enhance the bio-availability of micronutrients in plant-based diets (Hotz & Gibson 2007).

Nevertheless, improving dietary diversification through increasing variety and frequency
of micronutrient-rich food sources through nutrition education and horticultural
approaches has been shown to be effective in many settings. Measuring effectiveness
should use indicators of outcomes that may go beyond only increased serum levels of
micronutrients, to clinical outcomes (reduction in night-blindness) to social outcomes
such as women’s empowerment (Darnton-Hill et al. 2005a, Bushamuka et al. 2005).
Food preparation interventions to achieve dietary diversification can include: nutrition
education concerning available foods and their more effective utilization; horticultural
approaches such as home gardens; and improved methods of food preparation,
preservation and cooking that better conserve the micronutrient content. Inadvertent
sources can be important in the diet e.g. iodine in the Australian diet from iodophors
used in disinfecting cow teats before commercial milking (Hetzel et al. 2004), and less
s0, in the case of iron from other sources, such as cooking in iron pots, and less
frequently geophagia (Harvey, Dexter, Darnton-Hill 2000). There is also increased
interest in the genetic manipulation and breeding of staples and other foods (Bouis,
Lineback, Scheeman 2002, Lonnerdal 2003, Darnton-Hill, Margetts, Deckelbaum 2004).
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Much of the community nutrition interventions rely on nutrition education, although these
are rarely evaluated (Mitra & Darnton-Hill 1988). Nevertheless, interventions in West
Africa persuaded fathers to buy liver for their children with presumed improvement of
micronutrient intakes (HKI/Manoff research quoted in Darnton-Hill et al. 1998).

Devadas (1987) reports several successful behaviour change interventions to increase
intakes in India, at least one of which reported a reduction in corneal xerosis (as a
manifestation of vitamin A deficiency). HKI (the INGO Helen Keller International) has had
documented success in increasing consumption of eggs in Indonesian communities and
evaluated the process (de Pee et al. 1998b, de Pee, Bloem, Kiess 2000, HKI 2002).
Interestingly, this practice persisted throughout the Asian financial crisis of 1997-98,
when it was observed mothers gave up their own weekly consumption to ensure their
children continued to consume one or two eggs a week (Bloem & Darnton-Hill 2000). All
approaches to preventing and controlling micronutrient deficiencies involve some degree
of nutrition education, as some degree of behaviour change is required for all, including

fortification.

While home gardening is a traditional family food production system widely practised in
many developing countries in the world (Talukder & Bloem 1992, Talukder et al. 2000),
anecdotal experience suggests home gardening (as an intervention method for
improving nutrition) has been generally successful at the pilot or local phase, but often
not been scaled up successfully. Recent ex