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Foreword
It is generally acknowledged that malnutrition imposes a heavy burden on society, with far
reaching consequences for the well-being, health and productivity of the individuals at-risk.
This is true for overweight and obesity in industrialised countries and, increasingly, in emerging economies, and it is true for undernutrition in low income countries. However, there is a
particular form of undernutrition, known as micronutrient malnutrition, that largely goes unnoticed by the general public, by many decision makers and even by the affected individuals
themselves, because its – often severe – health consequences are not attributed to poor nutrition. This is why this form of malnutrition is also called “hidden hunger”. For the same reason as micronutrient malnutrition, the search for potential remedies and their respective assessments have for a long time attracted relatively little attention among academics outside
the more obvious fields of nutrition and public health. Yet, more recently a new, agriculturebased approach to help control micronutrient malnutrition has emerged: “biofortification” –
breeding staple food crops for higher levels of essential minerals and vitamins. Information on
biofortified crops and their potential impact and cost-effectiveness is scarce. As such, biofortified crops are not yet grown at a larger scale. Nonetheless, given the novelty of the approach,
thorough, policy-relevant information is needed to evaluate this proposition relative to more
common micronutrient interventions to be able to design strategies to address the problem of
hidden hunger effectively and efficiently. This is the more indispensable if a crop is biofortified
through genetic engineering, a technology that is often met with considerable – and emotional
– resistance, irrespective of the purpose it is used for.
In this analysis Alexander Stein puts micronutrient malnutrition and biofortification into a
wider context and he develops a framework for ex ante evaluation of biofortification, both regarding its potential impact on public health and its cost-effectiveness. He applies this methodology to three case studies for India, of biofortified rice and wheat that are to address deficiencies in iron, zinc and vitamin A. As such, his study is the first detailed and comprehensive
assessment of several biofortified staple crops within one consistent framework. Moreover,
paying particular attention to the more contentious “Golden Rice”, he seeks to clarify common
misconceptions about this genetically modified crop, with an attempt to rationalise the ongoing debate.
The results of this work indicate that biofortification may prove to be an effective and very
efficient intervention to reduce the overall burden of micronutrient malnutrition, both for society and at the individual level. As biofortified crops follow the normal food chain, biofortification may also reach those consumers and subsistence farmers that are not regularly covered
by other interventions. Therefore biofortification may become a valuable intervention to complement existing strategies. However, as Alexander Stein also points out, for biofortification to
have the maximum impact, it will be necessary to achieve sufficiently high levels of minerals
and vitamins in the crops, which consumers and farmers alike will have to accept and adopt
at a larger scale. He therefore suggests that, for this to happen, current research and breeding efforts should continue and appropriate agricultural extension and social marketing strategies will have to be devised.
The findings of this study provide a sound and important basis for decision makers in the
fields of human nutrition, public health, agricultural policy and economic development; they
also point other researchers to as of yet unresolved issues and open questions, thus hopefully furthering the academic debate and generally sparking broader interest in the important
topic of agricultural technology, nutrition and public health.
Dr. Howarth Bouis, Director, HarvestPlus
International Food Policy Research Institute, Washington, DC
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Summary
Worldwide, one out of seven people suffers from hunger. Yet, there is a stealthier form of
hunger than lack of food: micronutrient malnutrition or “hidden hunger”. While often providing
enough calories, monotonous diets (of the poor) frequently fail to deliver sufficient quantities
of essential minerals and vitamins. Estimates indicate that over two-thirds of the world population – for the most part women and children – are deficient in at least one micronutrient.
This can have devastating consequences for the life, health and well-being of the individuals
concerned (like premature death, blindness, cretinism or weakened immune systems). In
many countries these deficiencies are public health problems of primary concern. When malnutrition is widespread, it also reduces overall productivity and a country’s economic growth,
hence affecting an important element of social welfare.
In the long run, economic development can be expected to address the problem of malnutrition, but relying on income growth alone will not help controlling micronutrient deficiencies in
the near future. Conventional approaches to solve this issue more directly (like supplementation, fortification and dietary diversification) have weaknesses that limit the overall progress in
controlling micronutrient deficiencies. Therefore, the recent emergence of “biofortification” – a
complementary approach to address micronutrient malnutrition – may be promising. The
underlying idea is to breed food crops for higher micronutrient content. By focusing on staple
crops, which form the mainstay in the diets of the poor, this intervention is expected to be selftargeting and to circumvent some of the drawbacks of alternative interventions. Yet, the major
reason put forward in support of biofortification is an economic one: because an essentially
one-time investment into the development of a biofortified crop may benefit countries around
the world, and farmers everywhere can grow and reproduce the crops year on year, a continuous stream of widespread benefits could result. Thus, accumulating over time and space,
the investments in the development of biofortified crops could reap huge returns in terms of
improved health, overall welfare and economic growth. Therefore, given the recurring costs of
the alternative interventions, biofortification promises to be very cost-effective. In a world of
scarcity such an argument weighs heavily: making better use of resources in developing
countries’ health sectors literally saves lives.
Currently, biofortified crops are at an advanced stage of research and development. But,
apart from a few sporadic and crop-specific studies with often more exemplary character, a
more rigorous and comprehensive assessment of this approach is lacking. To offer a sound
basis for future research and policy decisions, economic analyses are needed to assess this
novel approach. The provision of such an ex ante evaluation of biofortification is the contribution of this study, in which five different biofortified crops (iron-rich rice, iron-rich wheat, zincrich rice, zinc-rich wheat and beta-carotene-rich rice) are analysed. These crops are intended
to address three different micronutrient deficiencies (iron, zinc and vitamin A). Empirically, this
study focuses on India, a country where these micronutrient deficiencies are prevalent and
where rice and wheat are consumed widely. Moreover, the first biofortified varieties might be
released within the next few years.
Before entering the analysis of the biofortified crops, this study provides an overview of the
problem of micronutrient malnutrition and the related interventions. Furthermore, the economic and legal justification for taking steps to solve this problem is presented and biofortification is put into the wider context of historical and technological developments in agriculture,
namely the Green Revolution and plant biotechnology. (One of the crops analysed, the betacarotene-rich rice, is genetically engineered. While the rationale of developing this “Golden
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Rice” – as it is known because of its yellow hue – is no different from that of the other crops,
the fact that it is genetically modified singles it out in the controversy about transgenic crops.)
In the main body of the study an analytical framework is developed to quantify the amount
of ill health that is caused by the three micronutrient deficiencies. After discussing the concept
critically, this framework builds on the “disability-adjusted life years” (DALYs) method. Yet, it
models the adverse functional health outcomes of the three deficiencies more explicitly and it
integrates more nutritional and epidemiological details than previous studies. The application
of this framework to India shows that – without biofortification – each year 4 million healthy life
years (or DALYs) are lost due to iron deficiency, 2.8 million are lost due to zinc deficiency and
2.3 million due to vitamin A deficiency. Taken together, these deficiencies may reduce gross
national income by 0.8-2.5 percent.
Using detailed food consumption data from a nationally representative household survey,
the distributions of iron, zinc and vitamin A intakes are computed for the status quo and projected for different “with biofortification” scenarios. (The scenario approach takes account of
the uncertainty inherent in ex ante analyses.) The shifts in the intake distributions of these
micronutrients in the “with” scenarios are then explicitly translated into reductions of the incidence of the different health outcomes of each deficiency. Again, this has not been done
before in such detail and, for iron, a new method has been devised to take account of the
particularities of this deficiency. The results of this exercise indicate that the biofortified crops
may reduce the burden of each of the three deficiencies by more than 50 percent. The projected reductions in the burden of the respective deficiencies are, in particular, 19-58 percent
for iron-rich rice and wheat, 16-55 percent for zinc-rich rice and wheat and 5-54 percent for
Golden Rice.
Based on these estimated health benefits, a cost-effectiveness analysis (CEA) is carried
out. The resulting costs per DALY saved amount to US$ 0.46-5.39 for biofortification of rice
and wheat with iron, US$ 0.68-8.80 for zinc biofortification and US$ 3.40-35.47 for Golden
Rice. As such, biofortification is more cost-effective than alternative interventions (whose
costs are US$ 6-16 for iron interventions, US$ 5-18 for zinc interventions and US$ 84-599 for
vitamin A interventions) and it outperforms the benchmarks of US$ 217-620 that are suggested by international organisations. While the study underlines the merits of the DALYsbased CEA, the options for transforming DALYs into monetary values are also discussed.
Once having converted the health benefits into dollar terms, conventional cost-benefit analyses are carried out for the various biofortified crops: the internal rate of return (IRR) for developing iron-rich rice and wheat is 61-168 percent, the IRR for developing the zinc-rich cereals
is 53-153 percent and the IRR for Golden Rice is 30-76 percent. (The benefit-cost ratios are
186-2,180, 114-1,472 and 28-295, respectively.) These results are contrasted with the returns
of other agricultural projects, which fall into the range of 17-81 percent. They are also set
against a common selection criterion of 10 percent. In a rejoinder to the discussion of biotechnology, the validity of common arguments against Golden Rice is discussed.
Finally, given the necessary caution in interpreting the results of ex ante analyses, the favourable findings of this evaluation are highlighted. Given the variation in the results for different projections, the importance of the commitment and the support of key stakeholders to
realise the full potential of biofortification is stressed. Likewise, the importance of a comprehensive strategy to eliminate micronutrient deficiencies as public health problem, which includes a mix of different interventions, is underlined. While the present findings are deemed
to justify the ongoing biofortification efforts, future research may corroborate these results and
confirm that biofortification is a very cost-effective intervention that can help to better control
micronutrient deficiencies and reduce hidden hunger.
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Zusammenfassung
Weltweit leidet jeder siebte Mensch an Hunger. Es gibt jedoch eine unauffälligere Form von
Hunger als der Mangel an Nahrung: Mikronährstoffmangel oder „verdeckter Hunger“. Eintönige Kost (der Armen) vermag oftmals genügend Kalorien zu liefern, sie kann jedoch häufig
keine ausreichende Versorgung mit wichtigen Mineralstoffen und Vitaminen sicherstellen.
Schätzungen zufolge mangelt es über zwei Dritteln der Weltbevölkerung – zum größten Teil
Frauen und Kindern – an einem oder mehr Mikronährstoffen. Das kann verheerende Folgen
für das Leben, die Gesundheit und das Wohlbefinden der betroffenen Individuen haben (wie
vorzeitiger Tod, Blindheit, Kretinismus oder ein geschwächtes Immunsystem). In vielen Ländern stellen diese Mangelerscheinungen ein Problem ersten Ranges für die öffentliche Gesundheit dar. Sind solche Mangelerscheinungen weitverbreitet, so schränken sie die allgemeine Produktivität und das Wirtschaftswachstum eines Landes ein, was wiederum das Gemeinwohl beeinflusst.
Langfristig gesehen kann wirtschaftliche Entwicklung dazu beitragen, das Problem der
Mangelernährung zu lösen. Nur auf Einkommenszuwächse zu vertrauen wird jedoch nicht
ausreichen, um Mikronährstoffmangel in der näheren Zukunft unter Kontrolle zu bringen. Herkömmliche Ansätze zur direkten Behebung des Problems (durch Mikronährstoffpräparate, angereicherte Lebensmittel und Bemühungen um eine ausgewogene Ernährung) haben
Schwächen, die Fortschritte bei der Beseitigung der Mangelerscheinungen erschweren.
Daher könnten die jüngsten Entwicklungen in Bezug auf natürliche Anreicherung (engl. „Biofortification“) vielversprechend sein, da dieser Ansatz existierende Alternativen ergänzen
könnte. Die zugrundeliegende Idee ist hierbei, Nahrungsmittelpflanzen mit erhöhtem Mikronährstoffgehalt zu züchten. Geschieht diese natürliche Anreicherung bei Grundnahrungsmitteln, welche in der Ernährung der Armen überwiegen, so kann man davon ausgehen, dass
diese Maßnahme ihre Zielgruppe automatisch erreicht und einige der Nachteile von alternativen Eingriffen umgeht. Allerdings ist das Hauptargument, das für diese Maßnahme vorgebracht wird ein ökonomisches: Da eine weitestgehend einmalige Investition in die Entwicklung dieser angereicherten Feldfrüchte verschiedenen Ländern nutzen kann, und da diese
Pflanzen von Bauern überall nachgebaut und vervielfältigt werden können, könnte daraus
fortgesetzt und weit gestreut Nutzen gezogen werden. Diese Investition verspricht daher akkumulierende Gewinne in Form von besserer Gesundheit, gesteigertem Gemeinwohl und
Wirtschaftswachstum abzuwerfen. In Anbetracht der wiederkehrenden Kosten der alternativen Maßnahmen, könnte sich natürliche Anreicherung als sehr kosteneffizient erweisen. In
einer Welt des Mangels wiegt ein solches Argument schwer: Ressourcen im Gesundheitswesen von Entwicklungsländern besser zu nutzen, bedeutet Leben zu retten.
Gegenwärtig befindet sich die Entwicklung von natürlich angereicherten Feldfrüchten in einem fortgeschrittenen Stadium. Von vereinzelten Studien bestimmter Pflanzen abgesehen,
die oftmals eher Beispielcharakter haben, fehlt es jedoch an einer gründlichen und umfassenden Einschätzung dieses Ansatzes. Um für zukünftige Forschungs- und Politikentscheidungen eine solide Basis zu schaffen, ist eine Reihe konsistenter Analysen dieses neuartigen Ansatzes notwendig. Eine solche ex ante Bewertung natürlicher Anreicherung durchzuführen ist
der Beitrag dieser Studie. Hierzu werden fünf verschiedene, angereicherte Feldfrüchte (eisenreicher Reis, eisenreicher Weizen, zinkreicher Reis, zinkreicher Weizen und betakarotinreicher Reis) analysiert, die drei Mikronährstoffdefizite (Eisen-, Zink- und Vitamin A-Mangel)
decken sollen. Empirische ist diese Studie auf Indien ausgerichtet, einem Land in dem alle
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drei Mangelerscheinungen weitverbreitet sind. Darüber hinaus werden dort sowohl Reis als
auch Weizen in größerem Ausmaß gegessen und die ersten angereicherten Pflanzenarten
könnten innerhalb der nächsten Jahre in Umlauf gebracht werden.
Vor der eigentlichen Analyse der angereicherten Pflanzen, gibt diese Studie einen Überblick über das Problem des Mikronährstoffmangels und möglicher Gegenmaßnahmen. Überdies werden wirtschaftliche und rechtliche Begründungen für die Lösung dieses Problems
vorgestellt und natürliche Anreicherung wird in den größeren historischen und technologischen Zusammenhang der Grünen Revolution und der grünen Gentechnik gestellt. (Eine der
Pflanzen, der betakarotinreiche Reis, ist gentechnisch verändert. Obwohl sich die Motivation
für die Entwicklung des „Goldenen Reis“ – wie er aufgrund seiner gelben Färbung auch genannt wird – nicht von der der anderen Pflanzen unterscheidet, so hebt ihn dies in der Kontroverse um gentechnisch veränderte Pflanzen hervor.)
Im Hauptteil der Studie wird der analytische Ansatz für die Quantifizierung des durch Eisen-, Zink- und Vitamin A-Mangel verursachten Gesundheitsschadens entwickelt. Nach einer
kritischen Erörterung baut dieser Ansatz auf der Methode der „gesunden Lebensjahre“ auf
(engl. „disability-adjusted life years“ bzw. DALYs). Gegenüber früheren Studien werden hier
allerdings die Gesundheitsfolgen der drei Mangelerscheinungen deutlicher herausgearbeitet
und es werden mehr Ernährungs- und Krankheitsdaten verwendet. Die Anwendung dieses
Modells auf Indien zeigt, dass durch Eisenmangel jährlich 4 Mio. gesunde Lebensjahre verloren gehen, durch Zinkmangel 2,8 Mio. und durch Vitamin A-Mangel 2,3 Mio. Zusammen können diese Defizite die indische Wirtschaft 0,8-2,5 Prozent kosten.
Gestützt auf ausführliche Nahrungsmittel-Konsumdaten einer landesweiten, repräsentativen Haushaltsbefragung in Indien, wird in der Studie die Verteilung der Eisen, Zink- und Vitamin A-Aufnahme berechnet, sowohl für den Status quo, wie auch für verschiedene Szenarien
in denen die angereicherten Feldfrüchte konsumiert werden. (Die Szenarien berücksichtigen
die Unsicherheit, die ex ante Analysen innewohnt.) Die Verschiebungen dieser Verteilungskurven in den Szenarien werden dazu genutzt, das verminderte Auftreten der verschiedenen
Gesundheitsfolgen der jeweiligen Mangelerscheinungen explizit zu berechnen. Auch dieses
wurde zuvor noch nicht in solcher Ausführlichkeit getan, und für Eisen wurde eine neue
Methode entwickelt um den Besonderheiten der Eisenversorgung Rechnung zu tragen. Die
Ergebnisse dieser Übung zeigen, dass die angereicherten Getreidearten die Krankheitslast
der drei Mangelerscheinungen über 50 Prozent reduzieren können. Insbesondere werden
Verringerungen von 19-58 Prozent für das eisenreiche Getreide, 16-55 Prozent für das zinkreiche Getreide und 5-54 Prozent für Goldenen Reis projeziert.
Aufbauend auf die geschätzten Gesundheitsnutzen wird eine Analyse der Kosteneffizienz
durchgeführt. Die Kosten für die Bewahrung eines gesunden Lebensjahrs belaufen sich auf
0,46-5,39 US$ bei der Anreicherung von Reis und Weizen mit Eisen, auf 0,68-8,80 US$ bei
der Anreicherung des Getreides mit Zink und auf 3,40-35,47 US$ bei Goldenem Reis. Somit
ist natürliche Anreicherung kosteneffizienter als alternativen Eingriffe. (Maßnahmen gegen Eisenmangel kosten 6-16 US$, gegen Zinkmangel 5-18 US$ und gegen Vitamin A-Mangel 84599 US$). Natürliche Anreicherung erfüllt auch die von internationalen Organisationen vorgeschlagenen Kriterien von 217-620 US$ mit Leichtigkeit. Obwohl in der Studie die Vorzüge der
durchgeführten Analyse der Kosteneffizienz hervorgehoben werden, werden auch Möglichkeiten diskutiert, wie gesunde Lebensjahre in Geldeinheiten bewertet werden können. Nachdem die Gesundheitsgewinne in Dollars umgerechnet wurden, wird auch eine herkömmliche
Kosten-Nutzen-Analyse für die verschiedenen angereicherten Feldfrüchte durchgeführt: der
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interne Zinsfuß für die Entwicklung von eisenreichem Reis und Weizen beläuft sich auf 61168 Prozent, für die Entwicklung des zinkreichen Getreides beträgt er 53-153 Prozent und bei
Goldenem Reis 30-76 Prozent. (Die entsprechenden Nutzen-Kosten-Koeffizienten sind 1862.180, 114-1.472 und 28-295). Diese Ergebnisse werden den Renditen anderer landwirtschaftlicher Projekte gegenübergestellt, die zwischen 17-81 Prozent fallen. In Bezug auf die
Diskussion um Gentechnik wird die Stichhaltigkeit verbreiteter Argumente gegen Goldenen
Reis erörtert.
Unter Beachtung der Einschränkungen von ex ante Analysen wird schließlich das günstige
Ergebnis der Bewertung hervorgehoben. In Anbetracht der Schwankungen der Ergebnisse
bei unterschiedlichen Projektionen, wird jedoch auch auf die Bedeutung des Engagements
und der Unterstützung durch alle Akteure und Beteiligten hingewiesen, um das volle Potential
natürlicher Anreicherung ausschöpfen zu können. Ebenso wird die Wichtigkeit einer umfassenden Strategie zur Bekämpfung von Mikronährstoffmangel als Problem der öffentlichen
Gesundheit unterstrichen, welche eine Kombination verschiedener Eingriffe beinhaltet. Die
derzeitigen Ergebnisse werden dahingehend bewertet, dass sie die laufenden Bemühungen
um natürliche Anreicherung rechtfertigen. Zukünftige Forschung mag diese Ergebnisse bekräftigen und bestätigen, dass natürliche Anreicherung eine sehr kosteneffizienten Maßnahme ist die dazu beitragen kann Mikronährstoffmangel zu kontrollieren und verdeckten Hunger
zu verringern.
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Introduction
“Men and women have the right to live their lives and raise their children ... free from hunger.”
(United Nations Millennium Declaration)

Hunger is a scourge of humanity since times immemorial – and until our present days. At the
dawn of the new millennium (2000-2002) more than 850 million people worldwide were
undernourished (FAO 2004a). Given a total population of 6 billion2 people this means that
one out of seven people is suffering from hunger. While this situation is appalling and while
only episodes of acute hunger and not the more prevalent chronic hunger receive broader
attention, the problem is generally acknowledged and the task is now rather to move from
political commitment and the setting of goals to action and the achievement of actual outcomes (Sanchez and Swaminathan 2005; von Braun et al. 2004). And action is indeed imperative, because the unacceptability of hunger is also underlined in numerous human rights
declarations, international conventions and resolutions (c.f. section 2.5.2). Still, since Malthus
(1798) established the connection between the level of the means of subsistence (like food)
and the preventive and positive checks on population growth (like early marriages and famines, respectively), human ingenuity in increasing the means of subsistence has so far mostly
succeeded in avoiding the deadly mechanism of outright famines that Malthus envisioned
otherwise. In our times, science has brought about great progress in ensuring food security
for millions of people: the Green Revolution, with the introduction of high-yielding crop varieties and the more intense use of inputs like irrigation and agro-chemicals, has helped to avoid
widespread starvation and impede famines, especially in Asia.
However, much larger numbers of people suffer from a different, stealthier form of hunger
than simple lack of sufficient quantities of foodstuffs: micronutrient malnutrition, or “hidden
hunger”, is caused by a lack of food of sufficient dietary quality (Kennedy et al. 2003). While
often providing enough calories, monotonous diets based on cereals and other starchy staple
foods frequently fail to deliver sufficient quantities of essential minerals and vitamins like iodine, iron, zinc and vitamin A (Demment et al. 2003).3 The resulting micronutrient deficiencies
can have devastating consequences for the life, health and well-being of the affected individuals: premature death, blindness, cretinism, weakened immune system, stunting, reduced
productivity, fatigue and lack of drive.4 In many countries the dimension of these deficiencies
attains proportions that make micronutrient malnutrition to a public health problem of primary
concern – with concomitant effects on productivity and overall welfare of the affected societies (FAO 2004a; MI/UNICEF 2004; UN-SCN 2004; WHO 2002, World Bank 1994). In total,
more than two-thirds of the world population – for the most part women and children – suffer
from at least one micronutrient deficiency: 4-5 billion people are iron deficient (WHO 2003a),
2 billion are iodine deficient, about 150 million are vitamin A deficient (UN-SCN 2004) and as
many as 3 billion people are at risk of zinc deficiency (Hotz and Brown 2004) (Figure 1).
Given these large figures and the general agreement on the individually debilitating and

To avoid misunderstandings, in this study “billion” is used in its US notation, i.e. 1 billion = 1,000,000,000.
Incidentally, the Green Revolution is partly blamed for this situation as its primary focus was increasing the
quantity of food but not its quality or diversity (Demment et al. 2003; Welch and Ross 2000).
4 While above I have stated that humankind has mostly succeeded in preventing general and widespread famines,
I should perhaps add that Malthus (1798) has also counted “unwholesome” food as a secondary cause of other
positive checks on population growth (like poor health and epidemics).
2
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economically damaging effects of micronutrient malnutrition, focussing public attention and
research on this more subtle form of malnutrition is certainly warranted (Black 2003).
Figure 1. Number of people suffering from malnutrition worldwide
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Source: WHO (2002); UN-SCN (2004); Hotz and Brown (2004).

In the long run, economic development and rising incomes of the poor can be expected to
help solving the problem of malnutrition and ill health – but the reverse may also be true,
namely that reducing malnutrition can boost economic growth (Strauss and Thomas 1998;
WHO 2001a), especially in very poor countries that may be caught in a poverty trap (Sachs et
al. 2004). In either case, relying on economic growth alone will not be sufficient to meet the
challenge of halving malnutrition in the near future (Behrman et al. 2004; FAO 2005a; World
Bank 2006). To do so, a balanced strategy – including micronutrient interventions – is necessary to accelerate reductions in malnutrition (Haddad et al. 2003). To address the problem of
micronutrient deficiencies directly, the conventional approach is to resort to supplementation,
fortification, dietary diversification and nutrition education. Further measures may include
public health measures like control of parasites (e.g. deworming) and efforts to improve sanitation and personal hygiene. Depending on the context, these interventions may be effective
in reducing the prevalence of the targeted deficiency.5 However, to work properly all these
interventions have different prerequisites and they also have their particular restrictions and
weaknesses, which limit the overall progress in controlling micronutrient deficiencies (Hotz
and Brown 2004; Allen 2003; Kennedy 2003; ACC/SCN 2000; Elder 2000; Underwood and
Smitasiri 1999; Buyckx 1993). Nevertheless, micronutrient interventions in general are considered to be very cost-effective (World Bank 1993 and 1994; Horton 1999; WHO 2002;
Behrman 2004).
In recent years a new, complementary approach to address micronutrient deficiencies has
emerged: biofortification. Starting from the premise that micronutrient malnutrition is essentially a food-based problem (but that producing micronutrient-dense food crops (still) is of little
relevance in agricultural production systems), the underlying idea is to enlarge the scope of
agricultural research and breeding programmes to include the micronutrient content in food
This is particularly true for the iodisation of salt, through which the control of iodine deficiency has become very
successful (e.g. Ramakrishnan 2002; ACC/SCN 2000).
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crops as an explicit goal. In this case, plants could be bred to fortify themselves (Bouis et al.
2000). Moreover, focusing this approach on staple crops could increase the micronutrient intake of the poor, who are most at risk of suffering from vitamin and mineral deficiencies because they cannot afford a diet adequate in better sources of micronutrients like fruits, vegetables and livestock products. Hence, biofortification is expected to be self-targeting (Welch
and Ross 2000; Bouis 2002a). Consumer acceptance of biofortified crops is not expected to
be an issue, because – at least in the case of iron and zinc – micronutrient density is largely
an unnoticeable trait. However, these traits have to be bred into agronomically superior varieties to ensure adoption among farmers. In this context, one welcome side effect is that biofortified crops may perform better on micronutrient-poor soils (Welch 2002). Apart from these
more technical arguments, the major reason that is put forward in support of biofortification is
an economic one: because a largely one-time investment into the development of a biofortified crop may benefit various countries around the world, and farmers everywhere can grow
and reproduce the crops year on year, the result could be a continuous stream of widespread
benefits. With the benefits thus accumulating over time and space, the investment in research
and development (R&D) of biofortified crops has the potential to reap huge returns in terms of
improved public health, overall welfare and economic growth. Given the annually recurring
costs of the major current alternatives (fortification and supplementation), biofortification holds
the promise to be a more cost-effective intervention (Bouis 2002b).
To promote the development and dissemination of biofortified food crops, the International
Food Policy Research Institute (IFPRI) and the International Maize and Wheat Improvement
Centre (CIMMYT) of the Consultative Group on International Agricultural Research (CGIAR)
have initiated the HarvestPlus programme (Bouis et al. 2000; HarvestPlus 2006); the more
narrow aim of promoting beta-carotene-rich “Golden Rice” is pursued by the Golden Rice
Humanitarian Board, which is formed by members of the University of Freiburg, the Swiss
Federal Institute of Technology, the Swiss Agency for Development and Cooperation, the
Rockefeller Foundation, the US Agency for International Development (USAID), Syngenta,
the International Rice Research Institute (IRRI) and Tufts University (Golden Rice 2005).
Biofortified crops are still at an – albeit advanced – stage of R&D. Their actual effectiveness in terms of agronomic and health outcomes remains unknown. However, to compare
this new approach with existing interventions, information on the cost-effectiveness of biofortification is sorely needed, whether it is carried out through conventional breeding or genetic
engineering. Filling this knowledge gap regarding the possible impact of biofortification is both
vital and urgent: neglecting a potentially effective intervention and any delays in its implementation may literally cost lives.
One contribution of my work is to narrow this knowledge gap, i.e. I determine the effectiveness of biofortification for five biofortified crops (iron-rich rice, iron-rich wheat, zinc-rich rice,
zinc-rich wheat and Golden Rice)6 that address three different micronutrient deficiencies (iron
deficiency, zinc deficiency and vitamin A deficiency). Yet, to assess such health interventions,
determining their effectiveness is necessary but not sufficient: in a world of scarcity (relative)
costs matter. Indeed, as the World Bank (1993, p. 61) puts it: “Because interventions can difWhile research is also being carried out to increase the levels of bioavailable micronutrients in various staple
crops through transgenic approaches (Goto et al. 1999; Holm et al. 2002; Lucca et al. 2001 and 2002; MurrayKolb et al. 2002; Vasconcelos et al. 2003; Shivaprakash 2004; Lakshmikumaran 2004; Ducreux et al. 2005; Drakakaki et al. 2005), my analyses of mineral-rich cereals are based on ongoing R&D efforts to increase the iron
and zinc content through conventional breeding. In my analysis Golden Rice is the only transgenic crop.
6
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fer so much in cost-effectiveness, making allocative decisions badly in either the public or the
private sector costs lives. [...] Insisting on value for money is not only fully consistent with
compassion for the victims of disease, it is the only way to avert needless suffering.” And in a
more recent assessment of strategies to achieve the millennium development goals, the
World Health Organization’s CHOICE Team (Evans et al. 2005a, p. 1133) finds that “making
best use of resources is vital in developing countries that are struggling to improve public
health with limited funds.” Hence, a further contribution of my work is the establishment of the
cost-effectiveness of biofortification with regard to potential alternatives (and other suitable
benchmarks).
Prior to analysing the effectiveness of an intervention it is necessary to quantify the underlying problem, though. While the cause of micronutrient deficiencies is essentially poor nutrition, the outcome is poor health. Therefore, the methodological challenge when analysing and
comparing these deficiencies is to measure “health” in a consistent manner. Once the different health outcomes of micronutrient deficiencies are combined in a single index, they can be
aggregated to determine the underlying “burden” of each deficiency. One method that avoids
the rather inegalitarian results of cost-of-illness or willingness-to-pay (WTP) approaches are
“disability-adjusted life years” (DALYs). DALYs weight different health states according to
their respective severity before adding up their durations to obtain the burden of a disease
expressed in “healthy life years” that are lost. This method was introduced by the World Bank
(1993) and subsequently popularised by Murray and Lopez (1996a). The method has become widely adopted and accepted (for a literature review see Fox-Rushby 2002). It has
been used by other international organisations (WHO 2001a and 2002; UN-SCN 2004; FAO
2004a) and for analyses in the context of developing countries (Gwatkin 1999); it is now used
to quantify health-related costs in such diverging areas as the global incidence of civil war
(Collier and Hoeffler 2004), poor water and sanitation infrastructures (Rijsberman 2004) or
communicable diseases (Mills and Shillcutt 2004). Hence, DALYs are not only methodologically adequate to measure the health burden of micronutrient malnutrition, results expressed
in DALYs are also widely comparable.
More recently, DALYs have been used to carry out a cost-benefit analysis (CBA) for a single biofortified crop (Zimmermann and Qaim 2004). In other economic analyses of biofortified
crops, assessments have been based on potential improvements in micronutrient intake or on
expected reductions in the prevalence rates of the respective deficiency (Bouis 2002a; Dawe
et al. 2002; Albrecht 2002), i.e. the actual adverse functional outcomes of the underlying micronutrient deficiencies were ignored. And all these studies either rely on limited, regional
food intake data from small-scale surveys, on highly aggregated national food consumption
data or on assumptions on the food intake of a representative adult only.
In this study I discuss and refine the DALYs methodology to analyse iron deficiency anaemia (IDA), zinc deficiency (ZnD) and vitamin A deficiency (VAD) within a single, systematic
and consistent framework. To do so, I model the individual health outcomes of these micronutrient deficiencies more explicitly and consider more nutritional and epidemiological details
than previous studies. I then use this improved framework to compare and assess the potential impact of the five different biofortified crops mentioned above on the burden of IDA, ZnD
and VAD, respectively. (So far burdens of ZnD had not been calculated explicitly.) Because
all these crops are still at the R&D stage I resort to an ex ante analysis and simulate their
consumption for different scenarios. In an improvement over previous work, these simulations
are based on detailed food consumption data from a nationally representative household
4

survey, which – although more demanding in terms of data, computing power, programming
and time – adds further accuracy and robustness to the result of the analysis. The shift in the
whole intake distribution of the different micronutrients, which occurs when biofortified crops
are consumed, is then explicitly translated into a reduction of the incidence of the different
health outcomes of each of the three micronutrient deficiencies. (In this context I develop a
new approach to link iron intakes to the incidence of health outcomes of IDA.) Hence, my results represent a more precise and more detailed estimation of the burden of the micronutrient deficiencies and of the potential impact of biofortification on public health.
Based on the estimated health benefits, I proceed to carry out a cost-effectiveness analysis (CEA) of biofortification. Given that DALYs are a standardised unit of “health”, the potential
health benefits of the biofortified crops – which are expressed in the number of DALYs that
may be saved – are comparable across different interventions. Juxtaposing these health
benefits and the costs of biofortification (for R&D, dissemination, social marketing, extension
and maintenance) over a suitable period of time yields a cost-effectiveness indicator in the
form of the “cost per DALY saved”. These relative costs of the different biofortified crops are
ranked and compared with other micronutrient interventions and benchmarks set by international organisations. Yet, focusing on DALYs has its limits because not all scientists and policy-makers are familiar with this concept and not all interventions can or will be assessed
using this method. Therefore, in an additional step, a monetary value is attached to DALYs to
transform the health benefits into monetary benefits. (In this context, where previous work has
resorted to more ad hoc valuations, I discuss in more depths the different approaches that are
possible to value one DALY.) Having expressed both costs and benefits in monetary terms, a
CBA is carried out and economic indicators like the internal rate of return and benefit-cost
ratios are produced for the different biofortified crops. These results are then compared with
average returns of agricultural R&D projects and recommended cut-off levels for health programmes, which allows for assessing the relative profitability of biofortification. The conversion of DALYs into monetary terms is also used to estimate the impact of micronutrient malnutrition on overall economic growth in India, which has not been done this way before. In an
extension to the main discussion of the results, I enter the controversy about plant biotechnology and Golden Rice, challenge the validity of often quoted arguments of critics of Golden
Rice and discuss the corresponding background as well as the implications of my findings in
greater detail.
The regional focus of this economic analysis of biofortification is India. In a nutrition index
of 106 countries, India ranked 77th and its nutrition situation was defined as “bad” (Wiesmann
2004). In India about half of the women and three quarters of the children are anaemic (NFHS
2000),7 the risk of ZnD is estimated to be high (Hotz and Brown 2004) and almost one-third of
all preschool children are vitamin A (VA) deficient (UN-SCN 2004). Moreover, the efficacy and
coverage levels of India’s existing iron and VA supplementation programmes are low (Kapil
2003; GoI 2002) and for zinc there are no significant interventions at all (MI 2005).8 At the
same time rice and wheat are consumed widely – for example, in rural India the average

IDA is only a subgroup of anaemia, but because it is the most important one it is often used as proxy for IDA.
Yet, individuals can also suffer from ID without being anaemic (Nestel and Davidsson 2002).
8 While ZnD in humans is known since over 40 years (Prasad 2003), the extent and severity of this deficiency has
only become apparent more recently (Hotz and Brown 2004; UN-SCN 2004), largely because of the difficulty in
measuring zinc status.
7
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monthly per capita consumption of rice is 6.8 kg and of wheat 4.6 kg (NSSO 2001).9 And for
India data is available of a nationally representative survey of 120,000 households. The survey was carried out by the National Sample Survey Organisation (NSSO 2000) and comprises the households’ consumption of over 140 different foodstuffs. This background makes
India an ideal test case for the purpose of my analyses.
Apart from this introduction, the study comprises five more chapters. The next chapter provides some background information to put this study into its wider context. This includes an
overview of the problem of micronutrient malnutrition, of possible interventions in general and
of biofortification in particular; biofortification and genetic engineering are put in perspective to
the technological developments in agriculture and society; and economic as well as legal
reasons for addressing micronutrient deficiencies are offered. In chapter 3 the actual analysis
begins with an explanation and justification of the DALYs method, which is used for quantifying the amount of ill health that is caused by IDA, ZnD and VAD in India. In this chapter the
data that is used in the analyses is presented, too, and the concepts that are used for linking
micronutrient intakes to health outcomes are described and developed. In the last section of
chapter 3 the different approaches that are used in the economic analyses are clarified. In
chapter 4 the results of the analyses of the three case studies of (i) iron-rich rice and wheat,
(ii) zinc-rich rice and wheat and (iii) Golden Rice are reported, before they are condensed,
compared and discussed in chapter 5. In a separate section of chapter 5 popular criticisms of
Golden Rice are examined. Finally, in the last chapter, conclusions are drawn and policy
implications of the findings are pointed out.

Of course such aggregate figures mask regional and socioeconomic differences: while in the south of India rice
is the predominant staple crop, in the north wheat is more important. Moreover, there are also inter-household
differences. In my analysis this is taken care of through the use of household data.
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2.1

Background
Micronutrient malnutrition worldwide

As already described in the introduction, billions of people are deficient in iron, iodine, zinc
and/or VA (Figure 1). Yet, while micronutrient deficiencies, in particular iron deficiency, may
also be a health problem for sub-groups within the societies in industrialised countries – like
low income populations (Ramakrishnan and Yip 2002), children (Marx 1997; Moy and Early
1999; Ramakrishnan 2002; Ganji et al. 2003), women (Marx 1997; Ramakrishnan 2002; Biesalski et al. 2003; Cogswell et al. 2003), the elderly (Marx 1997; Wakimoto and Block 2001;
Mukhopadhyay and Mohanaruban 2002; Biesalski et al. 2003), migrants and minorities (Marx
1997; Looker et al. 2002; Ramakrishnan and Yip 2002; Ganji et al. 2003), blood donors (Marx
1997), vegetarians, some groups of athletes (Marx 1997; Biesalski et al. 2003), indigenous
populations (Ramakrishnan and Yip 2002), people on a weight reduction diet, hospitalised
and institutionalised people, subjects with a chronic inflammatory disorder, subjects with
chronic administration of certain drugs and clinically defined groups of patients (Biesalski
et al. 2003) –, micronutrient deficiencies as public health problem are largely under control in
industrialised countries since the first half of the 20th century. Although, poor eating habits
around the world contribute to increasing consumption of processed, energy-dense but micronutrient-poor foods (DellaPenna 1999; WHO 2003b). Where micronutrient deficiencies are
controlled, this is generally attributed to successful food fortification efforts (Mannar 2001;
Clugston and Smith 2002; Beinner and Lamounier 2003), even if the respective policies may
differ between industrialised countries (Nugent and McKevith 2004).
Figure 2. Estimated prevalence of stunting among children under 5 years of agea

Notes: a The prevalence of stunting is a proxy measure for malnutrition in general and for ZnD in particular.
Source: Hotz and Brown (2004).

However, it was probably a broader range of factors that contributed to the present situation, namely a combination of scientific advances, economic development, supplementation,
fortification, commercialisation of food processing and improved infant formula (Ramakrishnan and Yip 2002). A relatively educated public that understood the concept of fortification
and created a stable market for fortified products may also have helped, as may the consumption of over-the-counter supplements (Underwood and Smitasiri 1999). But the principal
problem persists, namely that people do not necessarily relate ill health to the impact of mi7

cronutrient deficiencies and are frequently unable to reconcile their food preferences with
nutritional requirements, i.e. they may change their consumption choices only partially (Behrman 1995; Smith 2002). Hence, some control mechanisms for micronutrient deficiencies are
necessary both in industrialised and in developing countries.10 Because in the developing
world the income level is low and fortification and supplementation have only limited success
(c.f. section 2.2), the biggest burden of micronutrient malnutrition is carried by Africa, large
parts of Asia and some regions in Latin America (for example see Figure 2). Looking more
particularly at Asia, Figure 3 gives an overview of the relative importance of micronutrient
deficiencies in a region where, in total, more than 300 million DALYs are lost due to diseases
and injuries.
Figure 3. The WHO’s burden of disease in the SEAR-D-region in 2000 (DALYs lost)
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Notes: “Nutritional deficiencies” include protein-energy malnutrition, iodine deficiency, IDA and VA-related visual
problems; for more details c.f. section 5.1. “SEAR-D” corresponds to South Asia (c.f. list of acronyms).
Source: WHO (2002).

2.2

Micronutrient interventions

2.2.1 Current micronutrient interventions
There are three broad concepts of interventions to control micronutrient deficiencies. First,
efforts that are aimed at increasing the micronutrient content in the food that people usually
eat are called fortification. This can be (i) “industrial fortification”, i.e. the addition of (synthetic)
vitamin or mineral compounds during the processing of foodstuffs, whether commercially
motivated, as part of public-private partnerships or required by law, (ii) “home fortification”,
e.g. the voluntary application of sprinkles, or (iii) fortification by distributors somewhere along
the food chain, e.g. the blending of grains or flour with micronutrient premixes.
Second, efforts that are aimed at supplying micronutrients in addition to the usual food (in
the form of tablets or syrups) are called supplementation. This can be (i) “medical supplementation”, e.g. VA mega doses that are administered by health personnel, (ii) “pharmaceutical supplementation”, e.g. iron pills that are prescribed but taken at home, or (iii) dietary supplements of safe dosages that are taken voluntarily.
Third, dietary diversification refers to strategies that seek to (i) increase the production of
micronutrient-rich foods (e.g. through appropriate agricultural policies or the promotion of
The reliance on fortification in richer countries has, for instance, become apparent during the “Humana baby
food scandal” in Israel, where several infants were hospitalised and two have died – possibly because the fortified baby formula they were fed accidentally lacked vitamin B1 (Siegel-Itzkovich 2003; BBC 2003).
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home gardens), (ii) directly increase the micronutrient content in people’s diets through promoting the consumption of micronutrient-rich foods (which requires a change in people’s
usual diets) and (iii) improve the bioavailability of the micronutrients that are consumed in the
everyday food (e.g. through the joint consumption of food rich in potential promoters or the
promotion of new food preparation techniques); dietary diversification usually requires nutrition education and communication for behaviour change. Biofortification, the subject of this
study, could be seen as a combination of fortification and dietary diversification.
These distinctions do not necessarily follow common definitions but are made here to
structure the different approaches, because each of the interventions has several dimensions.
For example, fortification and dietary diversification are preventive measures, while supplementation can also be used for treatment of micronutrient deficiencies; supplementation and
dietary diversification programmes are usually funded by governments or by donors, while the
costs of fortification may be handed down to the consumers; with legislated fortification consumers do not need to do anything, while they need to be more active for dietary diversification or in the case of supplementation (i.e. take the tablets). These approaches are well established and discussed in the literature to varying degrees and for different micronutrients
(e.g. World Bank 1994; Underwood and Smitasiri 1999; ACC/SCN 2000; Kennedy et al.
2003; Allen 2003; Hotz and Brown 2004). Yet, while it is generally acknowledged that iodisation of salt is an effective solution that contributes successfully to the elimination of iodine
deficiency, and while VA supplementation programmes are given some credit for reducing the
prevalence of VAD, the overall success of micronutrient interventions in developing countries
has been mixed (ACC/SCN 2000; Underwood 2000; Ramakrishnan 2002; Dalmiya and
Schultink 2003; Allen 2003; Adamson 2004). An overview of successful programmes is given
in Mason et al. (2004).

Supplementation
Supplementation may be an effective strategy to reach specific target groups that require
larger doses of micronutrients in a short period of time (Hotz and Brown 2004; Allen 2003;
Mora 2002; Underwood 2000). However, the success of supplementation efforts is often limited due to economic constraints and the intense requirements in terms of health personnel,
which is also why it is considered to be unsustainable in the long run (Cook et al. 1994; Underwood and Smitasiri 1999; Underwood 2000; Beinner and Lamounier 2003; Hotz and
Brown 2004). Another weakness is seen in bad delivery and poor health systems, ineffectively implemented programmes, inadequate supply of supplements and, hence, poor coverage (Cook et al. 1994; Gillespie 1998; Underwood and Smitasiri 1999; Dillon 2000; ACC/SCN
2000; Hotz and Brown 2004). On the side of the potential beneficiaries, poor compliance and
adherence (because of side effects and forgetfulness, respectively) are often mentioned as
factors limiting the success of supplementation programmes (Cook et al. 1994; Gillespie
1998; Underwood and Smitasiri 1999; ACC/SCN 2000; Dillon 2000; Allen 2003; Beinner and
Lamounier 2003; Hotz and Brown 2004).11 Pangaribuan et al. (2003) report for samples of
rural and suburban households in Indonesia that limited knowledge of caretakers about the
health benefits of VA reduces the likelihood of regular participation in VA supplementation
Evidence from the US and the UK indicates moreover that groups who could benefit most from supplements are
often least likely to use them (Cogswell et al. 2003; Conner et al. 2003; Jasti et al. 2003). This is also reflected in
the statement of Adamson (2004, p. 6) that “the children least likely to receive VA supplements are those most at
risk from VAD.”
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programmes. Shortcomings are also seen in poorly designed information and communication
messages (Cook et al. 1994; Dillon 2000; Hotz and Brown 2004), the absence of commitment
at the national and community levels (Hotz and Brown 2004) or the “top-down” approaches of
supplementation programmes that divert attention from more sustainable food-based interventions (Allen 2003). In the case of India, reports of child deaths that may have been caused
by VA overdosing due to supplementation efforts in the state of Assam have stirred a controversy about the appropriateness of routine supplementation with VA mega doses – versus
fortification efforts that use lower doses or interventions that rely on beta-carotene (Mudur
2001; West and Sommer 2002; Desai 2002; Kapil 2002; Solomons and Schümann 2002;
Reddy 2002; Bhaumik 2003; Kapil 2004a; Solomons and Schümann 2004).

Fortification
Fortification is generally seen as a non-obtrusive, cost-effective long-term strategy for deficient populations that regularly purchase and consume centrally processed foods (Underwood and Smitasiri 1999; Underwood 2000; Mannar 200; Hotz and Brown 2004). Moreover,
fortification may increase the intake of multiple micronutrients at once (Allen 2003; Mehansho
et al. 2003; regarding simultaneous micronutrient interventions also c.f. section 5.1). However, especially the poor and undernourished purchase fewer processed products and, in
rural areas, are often self-subsistent (Mannar 2001), i.e. poverty and geography are obstacles
for the targeting of fortification efforts. In the case of young children the portions that are consumed may be insufficient to supply adequate amounts of the micronutrient in question (Mora
2002). Hence, the lack of appropriate vehicles, i.e. processed food that is eaten in larger
quantities by target populations, may limit the success of fortification efforts (Cook et al. 1994;
Dillon 2000; Mannar 2001; Allen 2003). Similarly, it may be difficult to find a suitable fortificant, i.e. a micronutrient compound that is bioavailable, does not react with the vehicle or
affect the sensory qualities of the food and is functional throughout storage and when heated
(Dillon 2000; Mannar 2001; Allen 2003; for a more practical guide c.f. Merx et al. 1996).
If fortification is legislated the government needs to regulate, monitor and enforce this decision – and if fortification is subsidised, the government needs the political will and the financial capacity to fund these activities (Underwood and Smitasiri 1999).12 Otherwise, if food
processors can be convinced to fortify their products voluntarily, social marketing and public
education strategies are necessary to create demand for the – more expensive – fortified
products (Underwood and Smitasiri 1999; Kennedy 2003; Hotz and Brown 2004). However,
in many developing countries the lack of centralised processing facilities and weak mechanisms for quality control may impede implementation of fortification in the first place (Cook
et al. 1994; Dillon 2000; Underwood 2000; Kennedy 2003).

Dietary diversification and nutrition education
Dietary diversification, which is closely connected to nutrient adequacy and the nutritional
status of children (Ruel 2002) and which may be used as an indicator for food security (Hoddinott and Yohannes 2002), is commonly considered to be an ideal and sustainable approach
to control micronutrient deficiencies in the long run (Ruel 2001; Allen 2003; Pangaribuan et al.
2003). Hotz and Brown (2004, p. S171) summarise this approach when writing:
In the case of economic crises fortification efforts – whether voluntary or legislated – may suffer setbacks. This
was, e.g., the case in Guatemala where VA fortification of sugar was temporarily suspended because of an economic downturn and an increase in international VA prices (Underwood and Smitasiri 1999).
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“Dietary diversification/modification represents a sustainable, economically feasible, and culturally
acceptable approach that may be used to improve the adequacy of dietary intakes of several micronutrients simultaneously with limited risk of antagonistic interactions. Because the process
empowers individuals and households to take ultimate responsibility over the quality of their diet
through self-production or acquisition of nutrient-rich foods and informed consumption choices.
Once the expected behavior changes are achieved, it is also expected that inputs will be minimal
as the practices become self-perpetuating through the natural mechanisms of information sharing.”

Unlike supplementation programmes that target certain individuals, dietary diversification
could benefit all household members (Allen 2003). Yet, achieving the necessary sustainable
behaviour change may be difficult (Gillespie 1998). Dietary diversification involves changes in
production, processing and consumption of food; therefore the proposed changes must be
practical, economically feasible and culturally acceptable for the target groups (Hotz and
Brown 2004). A final verdict on these food-based approaches is difficult, though, because
their real potential has not been explored adequately (Ruel 2001). Evaluations of nutrition
education and related social marketing programmes, which are closely linked to dietary diversification efforts, as well as analyses of the influence of formal schooling, commonly find
some sort of positive impact on nutritional status in target populations. Yet, the period during
which the information is heeded may differ depending on the source of the information (Webb
and Block 2004); additional sources of nutrition information – like access to village health
centres – may also play a role in improving nutrition knowledge (Block 2004).

2.2.2 Micronutrient interventions in India
The main micronutrient interventions currently implemented in India are iodisation of salt and
supplementation with VA and iron (GoI 2002). The “Nutritional Anaemia Control Programme”
is in place since 1970. It is generally acknowledged that this iron programme has little real
impact, though: it is considered to be insufficiently administered and monitored, underfunded
and suffering from logistic and infrastructure problems as well as poor compliance (Kapil et al.
1996; Kumar 1998; Nair et al. 1998; Nair 2001; Vijayaraghavan 2002; Gautam et al. 2002;
Kapil 2003; MI 2005). The effectiveness and coverage of India’s VA programme – the “National Prophylaxis Programme Against Nutritional Blindness”, which also dates back to 1970 –
are assessed in a similar way (Kapil et al. 1996; GoI 2002; Kapil 2003).
To provide concrete figures, 30 percent of pregnant women consume at least 60 iron-folate
tablets and 10 percent of adolescent girls receive weekly iron-folate supplements. Thirty-four
percent of children under 5 years of age receive two doses of VA per year and 37 percent of
all households use iodised salt. But trends differ over time: while the coverage of the VA programme has doubled between 2001 and 2004, the use of iodised salt went down by 16 percent between 1995 and 2003 (MI 2005). And there are regional differences. For example,
while in Lakshadweep and on the Andaman and Nicobar Islands 95 and 90 percent of pregnant women receive iron-folate tablets, respectively, in Uttar Pradesh and Bihar the numbers
are 28 and 17 percent only. Similar differences exist in the coverage of children with iron-folic
supplements. In Daman and Diu and in Mizoram the coverage is 28 and 27 percent, respectively, but in Rajasthan and Bihar it is only 2.5 and 1.4 percent (Reproductive and Child
Health Survey 1998-99, taken from Kapil 2004b). For VA supplementation the picture looks
similar: in Goa and Mizoram 52 and 42 percent of children aged 12-35 months, respectively,
have received at least one dose of VA within the past 6 month; in Bihar and Nagaland it were
only 7 and 4 percent (NFHS 2000).
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Yet, there are more than only regional differences: 21 percent of urban children have received at least one dose of VA within the past 6 month, but only 16 percent of children living
in rural areas have; 27 percent of children whose mothers have completed high school received the VA doses but only 13 percent of children whose mothers are illiterate. Similarly,
while 24 percent of children of the better off households received VA supplements, only 13
percent of the poorer children were covered. And there is also a small gender difference: 18
percent of boys have received at least one dose of VA within the past 6 month, but only 16
percent of girls. For iron-folate tablets and iodised salt similar patterns apply (c.f. NFHS
2000). Hence, in addition to the negative overall assessment and the strong regional differences, micronutrient interventions in India seem to be rather pro-urban, pro-educated and
pro-rich.
Apart from iodised salt, only VA fortification of “vanaspati” (shortening made from hydrogenated vegetable oil) and – in some locations – milk are mandatory (Chakravarty 2000a).
According to Chakravarty (2000a), the mandated VA level in vanaspati is very low and the
rural population consumes very little of it; she also questions the effectiveness of the fortification of milk because of its low consumption among target groups. Government plans are to
extend the VA fortification to all vegetable oils, though (Gupta 2004). Voluntary fortification is
taking place for branded wheat flour and fruit juice (Chikhalikar 2004). Yet, this only benefits
consumers who can afford to buy these products.

2.2.3 A novel micronutrient intervention: biofortification
As has been shown so far, micronutrient deficiencies are a serious problem, but there are
limitations to the interventions that are currently used for their control. Therefore, biofortification may be a complementary approach to help addressing the issue of micronutrient malnutrition more efficiently and sustainably.
The development of crop varieties with high micronutrient concentration and superior agronomic traits is, above all, pursued by the HarvestPlus programme of the CGIAR. This programme is supported by the Bill and Melinda Gates Foundation, the World Bank, USAID, the
Danish International Development Assistance, the Asian Development Bank, the UK Department for International Development, the Canadian International Development Agency and the
Austrian Ministry of Finance. Biofortification efforts focus on staple crops identified as foods
consumed by the poor: beans (for iron and zinc), rice (primarily for iron and zinc), maize (for
beta-carotene), wheat (primarily for iron and zinc), cassava (primarily for beta-carotene), and
sweet potatoes (for beta-carotene). In a future step more crops like banana/plantains, barley,
cowpeas, groundnuts, lentils, millet, pigeon peas, potatoes, sorghum and yams are to be
biofortified (HarvestPlus 2006).
The cost-effectiveness of biofortification is put forward as its major advantage (Bouis
2002a), because after a one-time investment in the development of the germplasm, multiplier
effects may be realised if it is shared internationally; and farmers can reproduce the seeds
themselves year on year, which requires only minimal recurrent costs. Hence, once the crops
are released, biofortification may be highly sustainable (Nestel et al. 2006). The cost-effectiveness is the main topic of my work and will, therefore, be discussed and analysed in more
detail in the remainder of this study; this section covers the other potential strengths and
weaknesses of biofortification.
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The idea of breeding crops for higher micronutrient content to improve human nutrition
dates back to 1993, when this subject was brought up within the CGIAR, where it overlapped
with ongoing breeding efforts to increase the uptake of minerals from the soil for improved
plant nutrition (Bouis 1994a). According to Bouis (1994a), this coincidence between human
and plant nutrition was crucial for the initiation of biofortification efforts, since the previous
experience with high-quality protein maize had underlined the importance of reconciling agronomic performance with consumer attributes (Vasal 2000). Breeding for mineral content may
improve disease resistance in plants, contribute to better developed root systems and boost
seedling vigour, thus resulting in a win-win situation for both farmers and consumers (Bouis
1994a, Welch 2002). The agronomic aspect of biofortification is described in more detail by
Ascher-Ellis et al. (2001) and the feasibility of biofortification – sufficient genetic variation,
suitable selection methods and markers, workable heritabilities and the fact that desirable
traits can be combined with high yield – has been reviewed by Graham et al. (1999). For rice,
sufficient genetic variation for iron and zinc concentrations has been found (Gregorio et al.
2000). The same is true for wheat (Monasterio and Graham 2000; Cakmak et al. 2000). And
for iron-rich rice the effectiveness of biofortification could already be demonstrated in a trial
setting (Haas et al. 2005).13
Apart from its cost-effectiveness and the potential synergies in the field of human and plant
nutrition, another main advantage of biofortification is the self-targeting of the approach: it is
above all the poor who suffer from micronutrient malnutrition – and it is also the poor who
usually consume large amounts of food staples. And relying on staple crops has a further
advantage: people’s vulnerability regarding micronutrient malnutrition is reduced if micronutrients are provided through the food items that also supply the bulk of calories. For example,
Block et al. (2004) report in their study of rural households in Central Java that Indonesia’s
crisis of 1997/98 had a significant negative impact on the micronutrient status of children,
while their overall nutritional status was less affected. Block et al. (2004) explain this with the
food price shocks that may have lead poor households to change their food consumption
pattern: protein-energy intake – especially from rice – was maintained at the expense of
overall dietary quality. At the same time the economic crisis also lead to a reversal of the
previous success of supplementation efforts (Underwood 2000). In such a context biofortified
staple crops could help to safeguard people’s micronutrient status.
A further advantage is that biofortification not only covers individual family members (like
supplementation); food staples are eaten by everyone (Bouis et al. 2000; Nestel et al. 2006).
In addition, biofortification may reach urban populations and the undernourished in remote
rural areas that may not be reached with fortified processed food products (Nestel et al.
2006). As such, biofortification promises to be a more general, pro-poor and pro-rural intervention that, at least in the case of India, could complement existing interventions (c.f. section
2.2.2). Indeed, biofortification is considered a complement to fortification (Nestel et al. 2006)

To what extent these results can be applied to the real world is less certain. For instance, the authors write
that “careful control of the milling process ensured less iron loss than might be expected from commercial mills”
(p. 2825, my emphasis). It is also odd that the acceptability test for the iron-rich rice and the control rice were
carried out with the iron-rich rice and “a commercially available rice variety similar to the one chosen as the control rice” (p. 2825, my emphasis). Yet, R&D efforts are still ongoing and the study could answer a central question, namely that simply increasing the iron content in cereals (without reducing the content of inhibitors or increasing the level of promoters) may be effective in reducing ID.
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and an intermediate intervention between short-term supplementation efforts and long-term
dietary diversification:
“We all envision a future when nutrition education and increased incomes of the poor will be combined with greater availability and lower food prices to improve dietary quality. However, this will
require the eventual investment of many billions of dollars by small farmers, the business sector,
and governments over several decades to increase the production and availability of these nutrient-rich, nonstaple foods. In the meantime, specific agricultural strategies can be implemented to
improve nutritional status. One of these is ‘biofortification’ – breeding for micronutrient-dense staple food crops, a strategy of getting plants to fortify themselves” (Bouis 2002b, p. 352).

One potential shortcoming of biofortification could be sensory changes in the crops. This
argument may not be true for mineral biofortification, because it is not expected that the small
additional amounts of iron or zinc alter the appearance, taste, texture or cooking quality of the
crops (Bouis et al. 2000). However, in the case of beta-carotene a visible trait is introduced,
namely a deeper yellow or orange colour. In this case, biofortification may not rely on existing
consumer behaviour alone. Therefore, the HarvestPlus strategy is to create demand for these
varieties by linking producers and consumers through product and market development, i.e.
HarvestPlus addresses users (producers and consumers) and institutional diffusers and enablers alike (Nestel et al. 2006). Then, if it can be marketed as a quality trait, the distinct colour of crops rich in beta-carotene could be turned into an advantage (Bouis et al. 2000).

2.3

Micronutrient malnutrition and the Green Revolution

In the previous section I explained that the feasibility of biofortification hinges on the possibility of reconciling agronomic breeding targets with the requirements of human nutrition. It is
this – understandable – preoccupation with the agronomic characteristics of crops that may
have contributed to the current state of affairs. For example, Monasterio and Graham (2000)
describe how the grain yield in a historical set of wheat cultivars released by CIMMYT has
increased between 1950 and 1992. This is what may have been expected of the Green
Revolution. However, Monasterio and Graham (2000, p. 395, my emphasis) also find “a small
but statistically significant negative trend in iron and zinc concentrations” in this set (Figure 4).
Similarly, Cakmak et al. (2000) found higher iron and zinc concentrations in primitive wheat
cultivars than in modern varieties and Frei and Becker (2004) affirm that the genetic diversity
in rice landraces reflects their favourable nutritional characteristics compared to most highyielding varieties. This is the very reason that Welch and Graham (2000, p. 15) put forward in
favour of biofortification in their call for a paradigm change in agriculture:
“The path set down for world agriculture into the twenty-first century was defined barely a decade
ago, but we already need new thinking to avert global food system failures. This has much to do
with the impact of the Green Revolution and its perceived inadequacies: we have begun to address the environmental concerns about modern, technological agriculture, but evidence is growing that our global food systems are failing to deliver adequate quantities of healthy, nutritionally
balanced food, especially to underprivileged people.”

Hence, micronutrient malnutrition seems to be another shortcoming that is partly blamed
on the Green Revolution – next to its focus on irrigated areas, environmental damage, soil
degradation, chemical pollution, aquifer depletion and soil salinity (Evenson and Gollin 2003;
IRRI 2002), adverse health consequences for farmer who apply the necessary pesticides
(Huang et al. 2002), the neglect of root crops, traditional legumes and African staples (Chrispeels 2000; Timmer 2003; Conway 2003), or an increase in inequality between well-endowed
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Figure 4. Iron and zinc concentrations in wheat cultivars released by CIMMYT
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Source: Monasterio and Graham (2000).

and resource-poor areas (Pinstrup-Andersen and Cohen 2000; Chrispeels 2000). Some of
these problems are described as transitory – because millions of largely illiterate farmers first
had to learn using modern inputs (IRRI 2002). Others may be avoidable, like poorly implemented irrigation schemes and production technologies (Borlaug 2000a). And yet other
problems related to the Green Revolution were only understood slowly, which lead to a lag in
calls for environmentally sound agricultural systems (Conway 2003). On the other hand,
some social problems are attributed to reasons beyond the Green Revolution. For example,
Conway (2003) and Pinstrup-Andersen and Cohen (2000) stress the importance of poverty
alleviation strategies, access to resources such as land and credit, tenancy rights, efficient
markets, non-discriminatory trade-policies or policies like input subsidies (for the poor) as
prerequisites for avoiding an increase in inequality due to the adoption of Green Revolution
technologies.
However, when discussing the Green Revolution, the relevant question to ask is what
would have happened without it. For instance, Conway and Toenniessen (1999) affirm that,
without the Green Revolution, today there would be 2 billion hungry people instead of 800
million. Borlaug (2000b) highlights that – if crops would still have had their 1961 average
yields – 850 million hectares of additional land (i.e. almost the combined land area of Germany and France) would have been needed to produce the global cereal harvest of 1999.
Khush (2001) points out that that rice and wheat prices in the 1990s were 40 percent lower
than 40 years earlier, while the proportion of the malnourished population in developing
countries fell by 15 percent over the 30 years prior to 1995. And, in a simulation of scenarios
without international agricultural research in developing countries between 1960 and 2000,
Evenson and Gollin (2003) provide a similar benchmark: they find that crop yields in developing countries would be 20-24 percent lower without the Green Revolution, while prices
would be 33-66 percent higher. The lower yields would have led developing countries to increase their food imports by about 30 percent, while the higher prices would have increased
the area of cultivated land worldwide. Even then calorie consumption in developing countries
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would be about 14 percent lower and the proportion of malnourished children would be 6-8
percent higher than it was in 2000.
A more general argument is that those who gain most from the Green Revolution are consumers, who benefit from lower food prices, and the poor, because they spend the highest
proportion of their income on food (Conway and Toenniessen 1999; Conway 2003; Evenson
and Gollin 2003). This is also true for small farmers who are net food consumers (Hossain
et al. 2000), while other farmers benefit only when cost reductions due to new technologies
exceed price reductions due to the bigger offer on the market (Evenson and Gollin 2003).
Of course, one obvious objection to these assessments is that the Green Revolution
should not be compared to no progress and no development at all, but rather to a counterfactual depicting an alternative scenario. However, Evenson and Gollin (2003, p. 761) assert:
“It is unclear what alternative scenario would have allowed developing countries to meet, with
lower environmental impact, the human needs posed by the massive population expansion of the
20th century. Nor is it true that chemical intensive technologies were thrust upon the farmers of
the developing world. Both international agricultural research centers and national agricultural research systems breeding programs attempted to develop modern or high-yielding crop varieties that
were less dependent on purchased inputs, and considerable effort has been devoted to research
on farming systems, agronomic practices, integrated pest management, and other ‘environmentfriendly’ technologies. But ultimately it is farmers who choose which technologies to adopt, and
many farmers in developing countries – like those in developed countries – have found it profitable
to use modern or high-yielding crop varieties with high responsiveness to chemical fertilizers.”

While these achievements of the Green Revolution are real and have helped to avoid
widespread starvation and impede famines, especially in Asia (Serageldin 1999; Hossain
et al. 2000; Khush 2001; Huang et al. 2002; IFPRI 2002; Conway 2003), agriculture is now
called to address the new challenges posed by the changing perceptions of what the most
pressing nutrition problems are (Underwood 2000). Figure 5 illustrates how biofortification, as
an agricultural response to these challenges, fits into this context and may perpetuate the
achievements of the Green Revolution. It also introduces genetic engineering as a further
means to biofortify crops. This “special” case is discussed in the next section.
Figure 5. Biofortification as breeding objective for different breeding techniques
Agronomic traits
(yield, pest
resistance, etc.)

Conventional breeding
Green Revolution
(publicly and donor funded,
developed for developing countries)

Consumer traits
(nutrition, health)

Biofortification
(publicly and donor funded)

Genetic engineering
First generation GM cropsa
(profit driven, developed for
industrialised countries)
Transgenic biofortificationb
(publicly and donor funded,
public-private partnerships)

Notes: a “GM” stands for “genetically modified”. b What I term “transgenic biofortification” is, of course, also biofortification. The term serves only to differentiate between the two breeding approaches that underlie the biofortification efforts described in this figure.

2.4

Micronutrient malnutrition and the “Gene Revolution”

2.4.1 Plant biotechnology and the Gene Revolution
Plant biotechnology, the application of genetic engineering in agriculture, is one of a growing
number of applications in the field of biotechnology: genetic engineering is also used in medicine, by the pharmaceutical industry, for environmental applications and in aquaculture. Since
this technology attracts attention and criticism far beyond the academic world, a more general
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discussion may be warranted. Medical or pharmaceutical use of biotechnology may be less
controversial, but there is scepticism surrounding the more recent introduction of genetically
modified – or transgenic – crops (Hoban 2004; Pinstrup-Andersen 2005; Kameswara Rao
2005).14 These views on plant biotechnology may, in turn, vary between different genetically
modified (GM) crops, different types of produce or different traits (Strategy Unit 2003). On the
other hand, certain consumer groups may be concerned about the use of biotechnology in
food production, but not about natural contaminations (Roosen et al. 2004).
Box 1: Illustration of changing perceptions of technologies over time
New technologies and discoveries are always welcomed by some but met with doubt or even feared by
others (Kameswara Rao 2005). In the early days of the railway, there was concern for both human
health and the environment: anecdotes have it that people feared the trains would induce miscarriages
in pregnant women and people watching the “speeding” trains would suffer permanent eye damages
(Meyer 2005). However, in due course and with more experience with the technology, people could
assess the opportunities and risks better to – eventually – embrace the technology. In other cases
people were too carefree with new technologies. Blind trust in modern shipbuilding has sunk the
Titanic and, having been rather cautious with the railway, people seem to have been too enthusiastic
about Count Zeppelin’s airships. Also in this latter case, in due course and with more experience with
the technology (deadly experience in the case of the catastrophe with the “Hindenburg” at Lakehurst),
people could assess the opportunities and risks better to – eventually – discard the technology. In the
case of other aircraft, the Tupolev 144 and the Concorde, time and experience proved the initial promise of progress elusive: for efficiency and security reasons the employment of supersonic technology in
civil aviation was discontinued, at least for the time being. And as a last example: while Marie Curie’s
unsuspecting handling of radioactive material brought her two Nobel prices, very likely it also caused
the anaemia of which she eventually died. Also in this case, after more time and with more experience
with nuclear technology, people could assess the opportunities and risks better to – eventually – differentiate their embrace of the new technology. Nowadays most people accept the use of nuclear
technology in medicine but much less so in the generation of energy: a technology may be safe if controlled and monitored properly, but the people who handle whatever technology are only humans and,
thus, fallible. Three Mile Island or Chernobyl are cases in point.
Given the scepticism regarding GM crops and the experience with people’s changing positions towards new technologies (c.f. Box 1), it becomes apparent that the perception of risks
is a dominant factor in explaining people’s attitudes. And while these perceptions may or may
not be grounded in facts, the underlying fears are real (Ropeik 2004).15 Risks of GM crops
may also be less acceptable because – unlike large moving vehicles and machines – they
are invisible, they cannot be detected personally and they are difficult to avoid. Moreover,
current GM crops lack a close nexus between risks and benefits to ordinary consumers in
industrialised countries (Cranor 2003). Consequently, people’s current attitudes may be explained by the perceived risks, i.e. people evaluate any benefit or additional piece of information based on their preconceived perception (Brunsø et al. 2002). Yet, because cultivation of
While there are obvious differences between pharmaceutical and agricultural biotechnology (not least
pharmaceuticals are produced in closed systems, while crops are grown in the open), the benefits of pharmaceuticals may be easier to understand than benefits accruing to agriculture – at least in industrialised countries.
Moreover, the approval of recombinant human insulin, the first genetically engineered drug, in 1982 (c.f. Miller
2002; Zwart-van Rijkom 2002; Steinberg 1998) happened 12 years before the introduction of the “Flavr Savr”
tomato, the first GM crop, in 1994 (c.f. FDA 1994, USDA 1994). Hence, by now, one generation has already
grown up with biopharmaceuticals.
15 According to Ropeik (2004), novelty itself is a determinant of the perception of risk (lack of experience increases the perceived risk); other determinants that increase perceived risks are: little trust in people and institutions regulating or creating a potential source of risk, lack of control and feeling of impotence, the origin of risk in
man-made sources, uncertainty and lack of understanding, awareness (novelties are more present in people’s
minds than other, perhaps more probable risks) and the lack of perceived benefits.
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GM crops started out in only a few countries and they are only grown commercially on a larger scale since 1996 (James 1997), public opinion regarding plant biotechnology may still be
evolving in many countries (Hoban 2004; Roosen et al. 2004). Therefore, a public debate is
important for transparency reasons and to inform decision makers (Masood et al. 2005). In
this context, improvements to the regulatory system can help bolster public confidence and
address concerns that exist within society (Byrne 2006). Although, these concerns may be
misrepresented in the debate (Cormick 2005) and results of surveys may be influenced
through their design (Lusk 2003).
In my work, the focus is on developing countries only. In this context, there are generally
four arguments in favour of GM crops (Figure 6) namely that they have the potential to:
! increase effective yields and contribute to the fight against poverty and hunger,
! promote sustainable agriculture and help reduce environmental degradation,
! have a positive impact on people’s nutrition and health,
! strengthen the position of poor and small-scale farmers.
On the other hand, GM crops are – sometimes diametrically – criticised for their potential to:
! threaten human and animal health (i) through overlooked toxins or allergens in the crops,
(ii) through the build-up of antibiotic resistances or (iii) through as of yet unknown risks,16
! erode biodiversity and threaten the ecosystem through vertical or horizontal gene flow,
! interfere more generally with ecosystem dynamics also at the molecular level,
! promote external, insular interventions as “quick fixes” that disregard interconnected and
interdependent relationships of complex living systems,
! further a trend towards unsustainable monoculture and expansion of farming into pristine
forests and other valuable habitats,
! neutralise their previous success over time (i) through the build-up of resistant pests or (ii)
through the appearance of “super weeds” through gene flow,
! generate a predominant position of multinationals in agricultural markets and create new
dependencies for poor farmers and poor countries on seed and food supplies,
! cause a misallocation of scarce resources due to a one-sided focus on technological
solutions and economic competitiveness rather than on justice and ethics
! overstrain the technical and financial capacities of small-scale farmers to safely manage
GM crops,
! overtax developing countries capacities to develop biosafety regulations or to implement
appropriate policies to allow poor farmers have access to the delivery systems,
! oversimplify the issue of hunger and poverty and detract from other strategies,
! overshadow the genuine needs of small-scale farmers, like access to means of production,
education and markets, etc.,
! endanger export markets and markets of organic farmers, if buyers reject GM crops,
! neglect the sovereignty of poor countries and the freedom of choice for poor and
uninformed farmers and consumers.
To reproduce this discussion in detail is beyond the scope of this section, but more comprehensive discussions and sometimes different points of views are, for example, represented in
Conko and Prakash (2004), Brookes and Barfoot (2005), FAO (2004c), FEC (2003); FYF

While proponents of biotechnology often underline that over the last 20 years of cultivation of GM crops (10
years in field trials and another 10 years in farming) no harm could be shown (e.g. Vasil 2003; Berg 2004), a
popular retort of opponents of GM crops is the pun that the absence of evidence is not the evidence of absence.
While this is true, it is also a killer argument; for a discussion of the “precautionary principle” see Belt (2003).
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Figure 6: Potential benefits of GM food crops and their underlying rationale
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(2002), Kirschenmann (2001), McHughen (2000), Nuffield Council (2003), Orton (2003),
Persley (2003), Pew Initiative (2004), Pinstrup-Andersen and Cohen (2000), Qaim (2001 and
2005), Raven (2004), Sahai (2004), Timmer (2003), WHO (2005c) and Zilberman et al.
(2004).
While there are technical and political means to address most of the potential risks of
GMOs, and while there is regulation to ensure that theses risks do not materialise, adequate
steps may also need to be taken to ensure that the potential benefits of GM crops can be
realised in the context of developing countries – to help reduce rural poverty and improve the
livelihoods of those farmers who do not benefit from the Green Revolution (c.f. section 2.3).
Because it is not only conventional crop breeding but also the potential of plant biotechnology
that is highlighted by many researchers as a chance for enlarged “future green revolutions”
(Evenson and Gollin 2003; Huang et al. 2002). Although accepting this general potential,
some caution against the proprietary nature of the “Gene Revolution” (c.f. section 5.5.4),
which requires a stronger public engagement to actually benefit the poor (Pingali and Raney
2005); they call for a re-focus of research on the problems of the poor (Hossain et al. 2000);
or they stress the problems with expensive, burdensome or time consuming regulatory frameworks in developing countries (Pray et al. 2005; Eicher et al. 2005; Rao 2004; Das Gupta
2004). Hence, the possibility that the benefits of GM crops could bypass poor farmers and
consumers in developing countries is often viewed as the biggest risk of plant biotechnology
(Pinstrup-Andersen and Cohen 2000; Serageldin and Persley 2000; Delmer 2005). An overview of GM crops that already provide concrete benefits to farmers and consumers in developing countries, and of pertinent crops that are in the pipeline, is given by Toenniessen et al.
(2003). The specific field of genetic engineering for improved human nutrition is reviewed by
Lönnerdal (2003).
Tangible benefits of current GM crops are probably the obvious explanation for their increasing adoption – especially by small and resource poor farmers in developing countries
(James 2005; Figure 7). Among the developing countries that cultivate GM crops there are
Figure 7. Adoption of GM crops worldwide (number of farmers)
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Source: James (2000b-2002; 2003b-2005).
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also the world’s two most populous countries, China and India. China, which attaches a high
priority to plant biology in general and to biotechnology in particular (Xu and Bai 2002), grows
GM crops since the 1990s (James 1998). India, on which I focus in this study, has so far only
approved GM cotton for commercial cultivation. The benefits of cultivating the latter were
projected by Qaim (2003) and Qaim and Zilberman (2003), while Qaim et al. (2006) analyse
the actual results and experiences from the first season of commercial cultivation in India.
Despite this development, most scientists and institutions agree that biotechnology is not a
panacea or a silver bullet to solve the problem of hunger and poverty in the world (c.f. James
2000a; Dodds et al. 2001; Timmer 2003; Vasil 2003; Wambugu 2003; FAO 2004c; Brink et al.
2004; Delmer 2005; Qaim and Matuschke 2005; SDCMA n.d.).

2.4.2 The second generation of the Gene Revolution: Golden Rice
In the discussion about the potential benefits of plant biotechnology one crop attracts particular attention: Golden Rice. Because no rice cultivars produce provitamin A17 in the endosperm (the edible part of the rice grain that remains after milling), a conventional breeding
approach could not be used to biofortify milled rice with beta-carotene. Hence, to control VAD
in rice eating populations, Golden Rice is genetically engineered to produce beta-carotene in
the endosperm (Ye et al. 2000; Beyer et al. 2002). As has been described above, existing
GM crops were developed for farmers in industrialised countries. Golden Rice, however, is a
crop that may benefit consumers in developing countries. Transgenic crops that provide a
benefit to consumers are commonly categorised as second generation of GM crops (in contrast to the first GM crops that had agronomic advantages only).18
Given this new quality of Golden Rice, it has been under attack of activists, not only for
being a GMO but also for being a supposed hoax regarding its original purpose of improving
the VA status in rice eaters (c.f. section 5.5). Yet, at that time Golden Rice was still at an early
stage of R&D and a conclusive assessment was impossible. This reaction is emblematic for
the controversy around plant biotechnology: for some, GM crops represent the prevailing
(agricultural, economic, social and political) system. Therefore, while these crops may be
assessed favourably from within the system (which produces them, accepts them and benefits from them), they are only part of the problem if the system itself is assessed in a negative
way – and if the solution is seen in a fundamental system change (Figure 8). If such a change
is indeed the objective, any improvement within the system is negative because it strengthens
and perpetuates what is considered to be inherently bad, unsustainable and unjust (e.g. compare Kirschenmann 2001).19

Carotenoids are also subsumed under the term “provitamin A”, which is why these terms are used somewhat
interchangeably in this study. In turn, VA is also called “retinol” (c.f. NIH 2005).
18 For a review of transgenic approaches that increase the level of other nutritionally relevant components in rice
see Datta and Bouis (2000). Sasson (2005) gives a broader overview of the role biotechnology may play in human nutrition worldwide.
19 Still, e.g. recombinant pharmaceuticals (like the aforementioned insulin) attract much less attention of activists
(c.f. Berg 2004), even though the risk of unforeseen threats to human life may be as present in these applications
as in GM crops. And, while Golden Rice is in the public domain, the corresponding biopharmaceuticals are generally produced by global multinationals. Therefore, a cynic observer may wonder whether Golden Rice is not
sometimes simply exploited to mobilise a well-nourished public in rich countries (where people do not worry
about food but about cheaper and better drugs; also c.f. Pinstrup-Andersen 2005).
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Figure 8. A possible dimension in the rejection of Golden Rice and other GM crops
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In contrast to such fundamental reflections, scientific studies have indicated that Golden
Rice can contribute – in a cost-effective manner – to the alleviation of VAD, save children’s
eyesights and lives, provide considerable welfare gains and boost the productivity of unskilled
workers (Dawe et al. 2002; Zimmermann and Qaim 2004, Anderson et al. 2004). In the
meantime Golden Rice has been improved continuously: after initial transformations in Japonica rice, elite Indica varieties were transformed (these varieties are predominantly consumed by populations where VAD is prevalent); to facilitate the future regulation of Golden
Rice, antibiotic markers were abandoned for the transformation; and free licences were obtained from third parties for patents that were used to develop Golden Rice (Hoa et al. 2003).
Further research has resulted in another success when the beta-carotene level in new lines of
Golden Rice (the second generation) could be increased up to 20 times compared to the level
in the first lines (Paine et al. 2005). Hence, the basis for assessing Golden Rice has changed
substantially over the last couple of years. Moreover, germplasm of Golden Rice has already
been transferred to India, where its country-specific adaptation to a selection of local rice
varieties is taking place (Barry 2005; Singh 2005; Dubock 2005b) – and where attitudes towards GM crops tend to be more positive than in other countries (Hoban 2004).

2.5

Micronutrient malnutrition and why to bother

So far in this chapter I have described the situation regarding micronutrient malnutrition, the
interventions that are available to control the respective micronutrient deficiencies and related
technological developments. In this section I present reasons why measures have to be taken
to address micronutrient malnutrition – beyond the perhaps obvious moral reasons in the face
of (hidden) hunger and ill health. The following sub-section provides an economic rationale for
controlling micronutrient deficiencies, then some limitations of economic concepts are discussed and, finally, the legal background that forms the basis for an obligation to help those
suffering from hunger and micronutrient malnutrition is lined out.

2.5.1 Micronutrient malnutrition and its economic dimension
Malnutrition traps: Are the poor hungry or are the hungry poor?
The first notion when thinking about poverty and hunger is most likely that the poor are hungry because they are poor, i.e. because they lack the economic means to buy proper food.
(Or, following Sen (1981), they lack entitlements to sufficient food, i.e. the failure of entitlements is the cause of hunger.) On a second thought, one may ponder the possibility that the
22

reasoning could also go the other way, namely that the hungry are poor because they are
hungry, i.e. because they are too weak and frail to secure themselves proper employment. (In
this case, the reason for the failure of (own-labour) entitlements is hunger.) These two ideas
invariably lead to a vicious circle of malnutrition and poverty (Figure 9).
Figure 9. The individual malnutrition-poverty trap
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More formally, one half of the vicious circle can be described by the function
(1) Cf = f (Y, X)
while the other half of the circle can be described by
(2) Y = f (Cf, X)
where Cf is the consumption of food, Y is income and X is a vector of other variables.20
The suggestion that individuals are paid according to the amount of work they can perform –
and that this capacity, in turn, depends on their energy and consumption levels and “most
directly on the nutritive value” of their food intakes – goes back to Leibenstein (1957, p. 94).21
However, in this and subsequent work (Mazumdar 1959; Rodgers 1975; Stiglitz 1976; Bliss
and Stern 1978a and 1978b), the main interest was to analyse the allocation of labour, the
wage setting mechanisms and the institutional arrangements that seemed to reconcile positive wages rates with rural surplus labour (i.e. a situation in which the marginal product of
labour is zero). The explanation was that even though workers in such regions may be working a full day, they are much less effective than they could be if they were well nourished –
because they do not earn enough to feed themselves properly. In this context Bliss and Stern
(1978a) distinguish “clock hours” and “efficiency hours” of work.22 In these early analyses, the
low productivity of agricultural workers was less seen under the perspective of a nutrition or

Obviously, studies analysing this relationship in a quantitative manner have to deal with the issue of endogeneity and simultaneity.
21 In this study of micronutrient malnutrition it is of interest to note that Leibenstein not only mentions energy levels but also the nutritive value of food. Later in the text (p. 96) he also mentions the impact of “calorie intake, but
also other nutritive elements” and relates them to “debilitating diseases, absenteeism, and lethargy.”
22 The alternative would be that some workers earn well enough to be fully functional and to be able to perform
the given amount of labour alone, with the remaining workers having no income at all. Yet, in such a situation,
the unemployed would compete for the scarce jobs and, hence, drive wages down – with the consequence that
the falling wages do not provide the workers with enough food to enable them to work effectively. In the end,
employers may choose either to distribute the available amount of work among all, with the consequence that
each worker earns little but is also only little effective, or to retain a more efficient labour force at higher wages
despite the unemployed trying to undercut these wages.
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health problem, but it was merely seen as a consequence of the prevailing employment system in rural areas: the workers earn very little because there is no need for them to be more
productive in the face of surplus labour. As Mazumdar (1959, p. 197,) wrote: “Industry needs
its labour force to be in continuous employment throughout the year [it] must pay a minimum
wage which will enable the worker to attain physical efficiency sufficient to supply as many
work-days of effort as are available in the year; whereas agriculture [...] has no necessity to
have this minimum” (my emphasis). In later studies, while Ward and Sanders (1980), for instance, reported that higher incomes lead to higher calorie intakes, Strauss (1986) has provided empirical support for the “efficiency-wage hypothesis” (i.e. for the other half of the vicious circle). Also building on the efficiency-wage hypothesis, Dasgupta and Ray (1986 and
1987) focused their analysis on conditions under which an escape from the malnutrition trap
is possible – a possibility which they saw being limited through resource scarcity and unequal
asset distribution, in particular of land. Therefore, in rural areas hunger may also be a consequence of inequality: the poor are malnourished because they have no land to provide them
with an initial stock of food and energy that would enable them to sell their – then more efficient – labour on the market, but the total amount of effective labour that is demanded on the
market is not enough to require a fully efficient workforce either and, hence, wages do not
need to be so high as to afford each worker adequate food.
Labour demand grows with the economy, but economic growth may be restricted through
malnutrition (Figure 10).23 Therefore, apart from a more egalitarian redistribution of assets
(c.f. Dasgupta and Ray 1987), this vicious circle of malnutrition and economic stagnation
needs to be broken to improve the lot of the poor and malnourished. Dasgupta (2004) suggests that public safety nets could provide access to nutrition and health care and, thus, help
the malnourished to escape from the poverty trap. Yet, government earnings depend on the
economic productivity of the country and may, therefore, be caught in a similar circle of malnutrition and low productivity.24
Figure 10. The social malnutrition trap
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In the context of rural poverty in India, Foster and Rosenzweig (2004) report that low wages may attract rural
industries, which may induce income growth in regions where agricultural productivity slacks. Yet, nutritional
status and the effective productivity of workers in rural areas was not explicitly included in their analysis.
24 For a panel of OECD countries, Beraldo et al. (2005) report that welfare expenditures, in particular for health,
have a positive impact on economic growth (and overcompensate the distortions caused by the tax system).
Hence, for poor countries the challenge is to reverse the vicious circle and to create a virtuous one. Implementing cost-effective interventions in such a situation may decrease malnutrition despite low government earnings.
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Another dimension of the malnutrition trap is the negative impact of malnutrition on education and human capital formation (Demment et al. 2003; Hunt 2002; ACC/SCN 2000; Miller
Del Rosso 1999). This long-term effect also shows how the vicious circle of malnutrition can
perpetuate into the future. A similar mechanism is at work when children of malnourished
mothers are themselves smaller and more prone to suffer from diseases later on in life, which
makes them less productive... (Fogel 2004a; Horton 1999). Related vicious circles are also
discussed by the World Bank (2006).

The potential impact of malnutrition on productivity and economic growth
Having described potential malnutrition traps in general, here I look at the impact of malnutrition on productivity and economic growth. In the literature the impact of micronutrient malnutrition – especially IDA – on productivity has been measured using different methods (intervention studies, regression analyses), at different levels (society, individuals) and over different time horizons (short-term, inter-generational). Intervention studies to ascertain the negative impact of ID and anaemia (and the positive impact of iron supplementation) on work capacity and physical performance of individuals were not only carried out with the often quoted
rubber tappers (Basta et al. 1979) and tea pickers (Husaini et al. 1981), but in numerous
other settings (Davies et al. 1973; Davies and Haaren 1973; Viteri and Torun 1974; Gardner
et al. 1977; Wolgemuth et al. 1982; Vijayalakshmi et al. 1987; Rowland et al. 1988). A more
comprehensive overview is given by Haas and Brownlie (2001). Using wages as a proxy for
productivity, regression analyses were used to establish the negative impact of stunting on
productivity (Haddad and Bouis 1991; Alderman et al. 1996) and of insufficient iron intakes on
productivity (Weinberger 2003).
Beyond such direct productivity losses through the poor physical condition of those affected by malnutrition, economic losses occur also due to increased health care costs and, in
particular, through reduced cognitive capacities and deficits in schooling (World Bank 2006;
FAO 2004a; Behrman et al. 2004; Hunt 2002; WHO 2001a). The literature on the nutritionproductivity link at the level of the economy has been reviewed by Strauss and Thomas
(1998) and Broca and Stamoulis (2003), who affirm that better nutrition and health has a
positive impact on economic growth. More recently, the negative impact of malnutrition on
overall economic growth has been estimated by Arcand (2001) and Wang and Taniguchi
(2003). In as far as malnutrition affects adult mortality, Lorentzen et al. (2005) show that this
has a negative impact on overall productivity, too. And in a historic analysis Fogel (2004b)
found that 30 percent of the growth in British per capita income over the last two centuries
was due to better nutrition.25 Other authors directly estimated the loss of national income
through micronutrient malnutrition – for different combinations of micronutrient deficiencies
and for developing countries in general or for India in particular (c.f. section 5.4).26

In his study Fogel (2004b) also mentions iodine, iron and folate, and he relates dietary diversity and dietary
supplements to micronutrient status. But, because his historic analysis does not allow for a more disaggregated
analysis, the quoted impact covers the impact a better food supply in general.
26 Obviously, the main interest here is the impact of malnutrition on economic growth and general welfare. This is
not to say that other issues – like health in general, education, infrastructures, markets, political stability, good
governance, the rule of law, monetary stability, liquidity constraints, etc. – may not have an important role to play
for economic development and overall well-being. Quite to the contrary, these other factors may still impose limits on development, even if the problem of malnutrition is addressed.
25
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The potential impact of higher incomes on micronutrient malnutrition
Above I highlighted studies showing that better nutrition increases productivity – and that
micronutrient malnutrition reduces economic growth. Given the previously described poverty
traps, a related question is to what extent higher incomes reduce micronutrient malnutrition?
With higher incomes people can afford to purchase more and better food, i.e. rising incomes
should lead to improved nutritional status. Yet, micronutrient malnutrition is termed “hidden
hunger” for a reason, namely that people are often unaware of a lack of essential nutrients in
their diets; the micronutrient content in food is by and large an unnoticeable attribute (World
Bank 2006). Hence, because people do not perceive the potential benefits of changing their
food consumption patterns, it is by no means guaranteed that they use higher incomes to
improve their overall nutritional status (beyond filling their stomachs when they feel hungry).
Studies indicate that even the income elasticity of calorie intake may be low (Wolfe and
Behrman 1983; Behrman and Deolalikar 1989 and 1990; Subramanian 2001), although the
interpretation of these results may differ (c.f. Ravallion 1990). In the case of micronutrients,
income elasticities are even less predictable and may be both high and low, depending on
whether the principal source of the micronutrient is staple food or more expensive or seasonal
food (Bouis and Novenario-Reese 1997; Abdulai and Aubert 2004). Because the utility people
derive from food is not influenced by any explicit preference for micronutrients, the resulting
consumption of micronutrients is incidental, i.e. it depends on whether the food people prefer
happens to be rich in micronutrients or not. This general food preference, in turn, may be
dominated by non-nutritive attributes like appearance, taste, odour, diversity or the status
value of the food (Behrman and Deolalikar 1987, 1989 and 1990).27

Limits of the concept of productivity and economic growth
In the preceding sub-sections it was shown that malnutrition and economic productivity influence each other – but that relying on the market or rising incomes alone may not be sufficient
to address the issue of micronutrient malnutrition. It was also pointed out that economic
growth is but one determinant of malnutrition. Similarly, the potential benefits of controlling
micronutrient deficiencies extend beyond the economic sphere and may contribute to human
development in a more comprehensive manner.
The limits of using national per capita income as indicator for the development of a country
have long been recognised and, therefore, in 1990, the United Nations Development Programme (UNDP) has developed the “Human Development Index” that captures basic aspects
of human development, namely (i) longevity, (ii) knowledge and (iii) a decent standard of
living (UNDP 2005).28 By reducing morbidity and mortality, micronutrient interventions are
liable to increase longevity; by reducing morbidity and enhancing mental development, they

Apart from the impact of household income on micronutrient consumption, this consumption may also be determined by various other household characteristics (Wolfe and Behrman 1983; Bouis and Novenario-Reese 1997;
Abdulai and Aubert 2004). Hence, this consumption can be explained more formally as:
C mn = f (I, P, F, H, R) where C mn is the consumption of micronutrients, I is household income, P are food
prices, F are food characteristics, H are household characteristics and R are regional determinants.
In an analysis of determinants of iron consumption – based on household survey data from a Living Standard
Measurement Study (LSMS) in Nicaragua – I found that household income, household size, dietary diversity, the
price of iron-rich staple crops, receipt of iron-rich food in kind, the social background of the wife, involvement of
the household in agricultural activities and the region are all significant (Stein 2003).
28 A perhaps more intuitive version of this reasoning, which complements the concept of Gross National Income,
is Bhutan’s “Gross National Happiness” (c.f. Thinley 1998; Priesner 1999; Tashi Phuntshi et al. 1999).
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are likely to improve schooling and by breaking the vicious circles of micronutrient malnutrition and low productivity, they may raise standards of living.
More recently, the multiple dimensions that contribute to human development and wellbeing have also been underlined in the “Millennium Development Goals” of the United Nations (UN 2000) that are expressed in the intent of the heads of state and government to
1. halve extreme poverty and hunger,
2. achieve universal primary education,
3. achieve gender equality,
4. reduce child mortality by two-thirds,
5. reduce maternal mortality by three quarter,
6. reverse the spread of major diseases,
7. ensure environmental sustainability and
8. create a global partnership for development.
Controlling micronutrient deficiencies may – to some extent – contribute to the fulfilment of
the first six of these eight goals. (The least obvious relation exists perhaps between gender
equality and micronutrient malnutrition. But apart from children, it is usually adolescent girls
and women of reproductive age who suffer most from the consequences of micronutrient
malnutrition.) In these goals the concept of productivity is only implicit, i.e. productivity is not
an end but a means to achieving the other, fundamental ends.

2.5.2 Micronutrient malnutrition and human rights
In the previous sub-section I drew attention to the potential impact of micronutrient malnutrition on overall economic and human development, which represents an important motivation
to control micronutrient deficiencies. Yet, fighting “hidden hunger” is an end in itself – not only
because of a moral or philanthropic impetus to help those in need, but also because of concrete legal obligations. As Scherr (2003, p. 42) writes in a background paper of the Millennium Project Task Force “tackling hunger is not about charity or food aid, but about fulfilling
obligations to protect and promote rights to adequate and safe food.” Such a right to food can
be deducted from the Universal Declaration of Human Rights (OHCHR 1948), the International Covenant on Economic, Social and Cultural Rights (OHCHR 1966), the Convention on
the Elimination of All Forms of Discrimination against Women (OHCHR 1979) and the Convention on the Rights of the Child (OHCHR 1989). Moreover, the right to food has been further elaborated by the Committee on Economic, Social and Cultural Rights (OHCHR 1999)
and underlined in political pledges like the World Food Summit Plan of Action (FAO 1996),
the United Nations Millennium Declaration (UN 2000) or more recently “The Right to Food
Resolution” of the General Assembly of the United Nations (UN 2003).
While the Universal Declaration of Human Rights (Art. 25) states more generally that “everyone has the right to a standard of living adequate for the health and well-being of himself
and of his family, including food,” the Right to Food Resolution explicitly affirms “the right of
everyone to have access to safe and nutritious food, consistent with the right to adequate
food and the fundamental right of everyone to be free from hunger so as to be able fully to
develop and maintain their physical and mental capacities” (UN 2003, point 2, my emphasis).
As far as micronutrient malnutrition is a consequence of inadequate and little nutritious food
that results in physical and mental impairments or even death (c.f. section 3.2.1), the realisation of the right to food requires the adoption of appropriate economic, environmental and
social policies to control micronutrient deficiencies, both at the national and international level
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(c.f. Robinson 1999). Because the right to food is a positive right, it obliges government to
take active steps for its fulfilment (Ziegler and Way 2001).
In India, the Supreme Court has affirmed the State and Union Governments’ obligation to
provide for people who are unable to feed themselves adequately. In particular, the Court has
ruled that beneficiaries of the official food security programmes enjoy legal entitlements to the
programmes and that these have to be implemented effectively (Jaishankar and Drèze 2005;
UN-SCN 2004; OHCHR 2004; OHCHR 2003). In this ruling the Supreme Court interpreted
the right to food to include the obligation of the state not only to respect, protect and facilitate
the right to food (which are the primary, secondary and tertiary levels of the state’s obligations
in the framework of the International Covenant on Economic, Social and Cultural Rights
(OHCR 1966), respectively), but also to fulfil this right (Eide 1998; Eide and Kracht 1999;
OHCR 1999; Ziegler and Way 2001; FAO 2005b).
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Methods and data

In agricultural economics the usual approach to evaluate new technologies or investments in
agricultural research is to quantify the economic benefits arising from yield increases (or the
cost reductions resulting from lower input requirements) that follow the adoption of the technology. Any such change in agricultural production causes a shift in the supply curve of the
produce concerned and, from this, changes in the producer and consumer surplus can be
calculated. The overall economic impact of the technology is the aggregated net surplus and,
if juxtaposed to research costs, economic indicators like the net present value or the internal
rate of return can be determined. However, this economic surplus approach relies on a
change in agricultural productivity and on the related shift in the supply curve. While in section
2.2.3 I described that biofortification may be compatible with higher yields, this is not the main
focus. Above all, biofortification is intended to improve the nutritional status of consumers of
the biofortified crops, i.e. it introduces a consumer trait into the crops and not an agronomic
trait (c.f. Figure 5). Hence, a shift in the demand curve could come about – if consumers were
aware of the nutritional benefits of the crops and could afford to pay a higher price (which
results from an increase in demand). In such a situation it would still be possible to calculate
the change in producer and consumer surplus and proceed as described above. Yet, one
reason of micronutrient malnutrition is lack of nutritional awareness (c.f. section 2.2.1) and
another is lack of entitlements to adequate food (c.f. section 2.5.1).
Relying on market mechanisms in such a context is of little avail. Instead of capturing the
productivity effect, it is necessary to quantify the health impact of the biofortified crops: this is
the purpose of biofortification, to improve human health and well-being by reducing the burden of disease caused by micronutrient malnutrition. To analyse and compare the effect of
different biofortified crops it is necessary to quantify their health impact in a consistent manner. Once the different health outcomes of a micronutrient deficiency are measured in a single index, the health loss in the status quo can be determined as well as any health gain
through an intervention.29

3.1

The disability-adjusted life years framework
“Quantification requires a unit of measure.” (C.J.L. Murray)

To address the issue of how to measure “health”, the World Bank (1993) introduced the concept of “disability-adjusted life years” or DALYs. In recent years, DALYs have become increasingly popular through the Global Burden of Disease (GBD) project and the seminal book
by Murray and Lopez (1996a), which were supported by the World Health Organization
(WHO) and the World Bank. DALYs have been used by other international organisations
(FAO 2004a; UN-SCN 2004; WHO 2001a and 2002), for studying health in the context of
developing countries more specifically (Gwatkin 1999) and in other, very different analyses –
e.g. of the global incidence of civil war (Collier and Hoeffler 2004) or poor water and sanitation
While in section 2.5.1 the relevance of malnutrition for economic productivity, for human capital formation and
for physiological development are discussed, potential positive ramifications of biofortification in these regards
are only captured implicitly if the analysis focuses on health alone. To quantify economy-wide and interrelated
effects, multisectoral or general equilibrium models would be necessary. However, anticipating the linkages in the
economy in an ex ante analysis over longer periods is difficult and a more global model would also necessitate a
higher level of aggregation at each level (c.f. Qaim and von Braun 1998). By explicitly focusing on the health
impact of biofortification, its overall effect on the economy may be underestimated. Later in this chapter possible
approximations will be discussed.
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infrastructures (Rijsberman 2004). A more comprehensive literature overview is given by FoxRushby (2002). One previous study has used DALYs to carry out a CBA for a single biofortified crop, namely Golden Rice (Zimmermann and Qaim 2004).
DALYs are particularly appealing because they measure health directly and, thus, are not
influenced by the earnings of individuals. Therefore this method is more equitable than costof-illness or WTP approaches, which aim at approximating the impact of ill health through
monetary quantification. In the case of cost-of-illness analyses the income of individuals contributes to the overall “cost” of an illness – and hence to the benefit of avoiding it – via the
opportunity cost of the time they are ill. This means that patients with high incomes cause
higher costs than sick persons with lower incomes. One result of such analyses may be that
curing the better to do should take precedence over saving lives of the poor. Similar outcomes are possible with WTP approaches: because health is a normal good it is subject to
positive income elasticity, i.e. the more individuals earn, the more they are willing to pay for
health. A discussion of the concepts of cost-of-illness and WTP is, e.g., given in Kuchler and
Golan (1999). It is possible to avoid this equity problem, for instance through using average
per capita income in cost-of-illness studies, or to incorporate WTP-related “values of a statistical life” estimates (c.f. section 3.4.3). Yet, in these cases a similar result may be obtained
through the use of DALYs – with the additional benefit of also quantifying the actual burden of
ill health. While cost-of-illness and WTP analyses use monetary approximations to quantify
the impact of ill health, DALYs measure the burden that is caused by adverse functional outcomes and allow for an extension of the analysis to a monetary evaluation of the impact of
pertinent interventions.30 Because of the income bias of the alternative methods, because of
the primary focus on the health impact of biofortification in my study and because of the increasing use of DALYs that allows for putting my work in a wider context, I use the DALYs
approach in this study. Given the novelty of the application of DALYs in the field of agricultural
economics, an illustrative comparison of this concept is given in Box 2, before the method is
presented more formally and discussed in more detail in the remainder of this section.
Box 2: Explaining DALYs by means of a comparison
Ill health, like poverty, can be measured by a head count. In the case of ill health the percentage of
people being classified as suffering from a given condition is the prevalence rate. Hence, the prevalence rate, like the head count ratio, is a stock figure. In contrast, the incidence rate (which is used in
the DALYs formula) is a flow figure because it does not reflect how many people are ill but how many
people become ill in a given period of time. Together with the information on the duration of a condition
(which also enters the DALYs formula), each of these two figures can be converted into the other. Using the incidence rate and the duration of a health outcome adds a dynamic dimension to DALYs, because, like poverty, ill health can be transitory or permanent. Finally, just as the head count ratio is
little satisfactory because it neglects the depth of poverty, the prevalence rate (and by extension the
incidence rate) does not capture the severity of a condition. This shortcoming is remedied through the
inclusion of a disability weight in the DALYs formula. The disability weight indicates the “depth” of ill
health relative to the “line” above which people are assumed to be healthy and relative to being completely destitute of health (i.e. being dead). Apart from the need of a meaningful measure to capture
the severity of ill health, this also allows for summing up the amount of ill health across different adverse functional outcomes in a single index.
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For additional arguments balancing DALYs against the cost-of-illness approach, see Zimmermann (2004).
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3.1.1 The DALYs formula
DALYs weight different health outcomes of a condition according to their respective severity
before adding up their durations across all cases to obtain the number of “healthy life years”
that are lost due to the particular condition. By attaching a maximum weight to premature
mortality, DALYs can measure both morbidity and mortality in a single index. Then, the burden of a condition is the sum of “years of life lost” (YLL) due to cause-specific mortality and
the sum of “years lived with disability” (YLD) (Murray 1996):
(3)

DALYslost = YLL + YLD

The “disability weights” that are attached to the different health outcomes of a condition range
from 0-1, with a disability weight of 0 representing perfect health and 1 corresponding to (a
state equal to) death. Hence, a death that occurs one year prematurely produces a loss of
one DALY and if an individual suffers for two years from a disease that carries a disability
weight of 50 percent (like blindness), she loses one DALY as well. Because DALYs can capture the whole scope of a disease, this approach circumvents the shortcomings of proxymeasures, like mortality, which may attract the attention of policymakers and divert resources
from non-fatal but more widespread health problems (Brown 1996).31
Following Zimmermann and Qaim (2004), adding a term to discount future health losses
and taking account of different target groups (for which the incidence and severity of a condition may be different), equation (3) can be represented more formally as
(4)

DALYslost

 1 − e − rL j
= ∑ j T j M j 
 r

− rd ij


 + ∑ ∑ T j I ij Dij  1 − e
i
j


r








where
Tj =
Mj =
Lj =
Iij =
Dij =

total number of people in target group j
mortality rate associated with the condition in target group j
average remaining life expectancy for target group j
incidence rate of health outcome i in target group j
disability weight for health outcome i in target group j
(for mortality Dj = 1 is implicit because Mj = Mj*1 = Mj Dj)
dij = duration of the health outcome i in target group j
(for permanent conditions dij equals Lj)
r = discount rate for future health losses

An exemplary calculation may serve to illustrate the workings of the formula. The target group
be the 230.5 million children aged 6-14 years in India. Then, if the incidence of an adverse
functional health outcome (e.g. impaired physical activity due moderate IDA, c.f. section
3.2.1) is 0.0184, there are about 4.24 million new cases of this health outcome among these
children each year. Next, if the assumption is that the physical activity of these children is
impaired throughout the time they spend in this target group, each of these 4.24 million cases
lasts 9 years (age 6-14 years, inclusive), i.e. there are 38.2 million accumulated years during
which these children suffer from this condition. Yet, the disability weight for this health out-

In the context of general malnutrition, another approach has been to combine different indicators (prevalence
of undernourishment, percentage of underweight children and under-five mortality rate) to overcome the limitations of each individual indicator and to represent and compare the nutrition situation consistently across different countries (Wiesmann 2004).
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come is “only” 0.011 (section 3.2.5), i.e. the health and functioning of the affected children is
only reduced by about 1 percent. Consequently only about 420,000 accumulated healthy life
years are lost and, after discounting, this translates into about 370,000 DALYs lost annually
due to this health outcome in this target group.
In departure from Murray (1996), I did not include an age weighting term in the DALYs
formula because of ethical considerations. A discussion of this and other ethical and theoretical aspects of the DALYs approach is given in the following sub-section.

3.1.2 Criticism of the DALYs methodology
During and after the development of the original DALYs method, this concept has attracted
criticism on numerous theoretical and ethical grounds. A very detailed and informative discussion of the underlying issues is given by Murray (1994 and 1996) and Fox-Rushby (2002).
Therefore I limit my discussion to those issues that are relevant to the present study.

Age weighting
One component of the DALYs formula that was used in the calculation for the GBD was an
age weighting term (Murray 1996). Using these age weights means that, ceteris paribus,
more DALYs are lost if a disease of the same duration is suffered by, say, a 34 year old person than if it is suffered by a 43 year old person. But it also means that prolonging the life of a
25 year old person by 5 years saves more DALYs than prolonging the life of a 75 year old
person by as many years. This has been criticised by various authors, either on practical and
empirical grounds (Williams 1999; Richardson 1999a) or on ethical grounds because it is
deemed inequitable (Anand and Hanson 1998; Lyttkens 2003). The need for including age
weighting in the DALYs formula has also been qualified by some of its developers (Musgrove
2000). Yet, even if age weighting is not meant to capture variations in the economic productivity of individuals over their lifetime but rather their emotional and social importance to others
(e.g. of young adults who have to look after both their children and elderly parents), using age
weights could be compared to “opening Pandora’s Box” (Lyttkens 2003). Doctors and nurses
also have more important social roles than other people (Anand and Hanson 1998) and many
Hollywood stars (or Bollywood stars, for that matter) may cause considerable emotional turmoil.32 Therefore, ignoring data constraints, where should this “socio-emotional weighting”
end? Should the premature death of an orphan teenager or of an unmarried adult count differently than that of their peers who have families? While Musgrove (2000) rightly points out
that treating all ages equally is not a value-free judgement either, the ethical ramifications of
admitting socio-emotional weighting go very far and therefore I omitted age weights in the
DALYs formula used here (which corresponds to using age weights of 1). In doing so, I also
follow the call of Williams (1999) for more simplicity and for separation of moral judgements
from factual estimates. And Murray and Lopez (1996b) have renounced age weights in their
sensitivity analysis, too.

While this is only an anecdote, the idea that patients should have access to medical care depending on the
relevance of their profession, skills or accomplishments seemed to be controversial and outlandish enough for
the (US American) producers of the television series “Star Trek” to create an episode about an alien society in
which health treatment is solely determined based on a “treatment coefficient”, which, in turn, is calculated from
the patient’s value to society (c.f. Windell 2000).
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Average remaining life expectancies
Another deviation from the DALYs approach of the GBD studies is the average remaining life
expectancies that are used here. The GBD measures the burden of all diseases and injuries
at one given point in time – and if all diseases and accidents would be eliminated, people
would live much longer. Therefore, as an approximation, Murray (1996) bases the calculations of the GBD on the standard life expectancy of Japanese women (82.5 years) because
they live longest.33 For men he assumes a slightly lower standard life expectancy (80 years)
because of a “biological” difference in survival potential. Leaving the gender differentiation
aside, this approach ensures inter-regional equality: the same number of DALYs is lost
whether a person in a rich country dies (where people live longer) or in a poor country (where
people often have shorter actual life expectancies). While this part of the explanation for using
standard life tables is accepted, the gender differentiation has been met with criticism because of its inherent inequality and the potential ethical ramifications if biological (i.e. also
genetic) factors form the basis for decisions in health policy (Lyttkens 2003).
While I share the ethical concerns, the reason for using actual national life tables in this
study instead of international standard life tables is pragmatic: my work focuses on one particular condition at a time (ID, ZnD or VAD). Reducing the prevalence of a single condition is
not expected to change overall average life expectancy significantly and, thus, national life
tables remain valid. Using higher standard life expectancies would not only increase the burden of micronutrient deficiencies beyond actual life experience, it would also increase the
(absolute) impact of any micronutrient intervention. Hence, using national life tables separates “fiction” and “factual” matter (Williams 1999) and it is also the more conservative approach, i.e. the results are more acceptable and relevant to scientists and policy makers alike.

Discounting
The discounting of DALYs is a further, contentious issue that is discussed in the literature and
reviewed extensively by Murray (1996) as well as Tan-Torres Edejer et al. (2003). The latter
also provide a concise explanation of the rationales for discounting (p. 67):
“The logic for discounting costs is that the value of a unit of consumption to individuals and society
decreases over time, for three possible reasons. First, individuals take into account the fact that
they might not be alive to benefit from future consumption, and society takes into account the possibility of catastrophe – the possibility that any or all interventions might at some point in the future
become valueless due to the technology becoming obsolete, climate change or social chaos, for
example. Second, people and society might simply prefer consumption now to consumption in the
future – called the pure rate of time preference or, sometimes, myopia. Third, if it is expected that
incomes will increase, the marginal welfare gain from an additional unit of consumption will be lower
in the future, when people are richer, meaning that any given increase in consumption is more
valuable now than in the future. Accordingly it is standard practice to discount future costs to their
present values to allow for differences in the value of one extra unit of consumption over time.”

The main reproach to discounting is that it is inequitable because it benefits the present generation at the expense of future generations: all other things equal, with discounting saving
one life today is worth more than saving one life next year and much more than saving one
life 50 years from now (c.f. Figure 11). However, discounting avoids other theoretical problems like the “time paradox”: if funds can be invested to yield a higher return in the future, it
This does not mean the life expectancy of a 80 year old women is assumed to be zero. Murray (1996) uses
“standard life tables”, which provide the average remaining life expectancy at each age group: a 80 year old
women can expect to live another 9 years and a 100 year old women can still expect to live 2 more years.
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may be advantageous to defer an intervention indefinitely because the future return can be
used to reach more beneficiaries and, thus, produce more benefits (Musgrove 2000). Taking
a more pragmatic view, Richardson (1999a) points out that such reasoning is based on the
assumption that funds of current health budgets can be invested in the capital market to be
used for future health interventions, which is generally not true for most budgets. Nevertheless, he concedes that discounting is justified by the social opportunity cost of capital and
people’s time preferences (which he also traces back to concepts of marginal utility, risk
aversion and “myopia”). Lyttkens (2003) differentiates between DALYs as a measure of ill
health (for which he sees no case for discounting) and the value of health or life years, which
may be discounted. Yet, this still leaves open the question of the appropriate discount rate to
use.
Given these unresolved theoretical and empirical issues and the potential impact of the
choice of the discount rate on the results of this study, I report the main results for different
discount rates (inclusive a rate of zero) in the form of a sensitivity analysis; this is also the
approach taken by Murray and Lopez (1996b). In the general representation of the results,
following established practice (c.f. World Bank 1993; Murray and Lopez 1996; WHO 2002;
Tan-Torres Edejer et al. 2003), a discount rate of 3 percent is used.
Figure 11. The effect of discounting: the present value of 100 over time
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Disability weights
Next to age weighting, the life expectancies used and discounting, also the use of disability
weights is criticised. Some criticism (e.g. Groce et al. 1999) might partly originate in a misconception of what DALYs measure (namely people’s functioning or the degree to which they
are unable to achieve their full physical and cognitive potential in relation to the societal ideal
of good health) and what not (namely the intrinsic value of people’s lives, their potential contribution to society or their individual achievements). A good explanation of this concept is
given in Tan-Torres Edejer et al. (2003).
Other criticisms are more technical or empirical in nature and question (i) the person tradeoff method that was used to determine the disability weights (Arnesen and Nord 1999;
Lyttkens 2003), (ii) the selection of the people who determined the disability weights (Groce
et al. 1999; Lyttkens 2003), (iii) the applicability of the weights to different people within one
34

setting (Olsen et al. 2003), or (iv) their uniform application in different social, cultural and environmental contexts (Allotey et al. 2003; Reidpath et al. 2001; Groce et al. 1999; Anand and
Hanson 1998).34 This last criticism may also be combined with a call for the development of
an independent weighting system for poorer developing countries (Jayasinghe et al. 2002).
Analysing the robustness of disability weights, Baltussen et al. (2000) introduce a different
way of determining these weights, a culturally-adapted visual analogue scale that is suitable
for eliciting community values. In a comparison of their results with expert estimates they
conclude that the judgement of experts – as in the GBD studies – may be used as a proxy for
lay people’s preferences. Stouthard et al. (2000) confirm as well that the GBD’s person tradeoff method can yield comprehensive and coherent disability weights. Moreover, Richardson
(1999b) points out that in other contexts the taxpayers, i.e. the general public, do not always
specify how their funds should be spent (on the composition of the armed forces, the location
of roads, etc.). Therefore, decision makers in the health sector may spend funds based on
expert judgement (in this case on the definition and weighting of disabilities) and need not
always elicit the opinion of the general public. Finally, most decisions in the field of health
policy imply a valuation; with the DALYs method this valuation at least becomes transparent.
The disability weights I use in this study are the outcome of a workshop that was held at
the CIMMYT office in Kathmandu on March 13-15, 2004.35 For the deliberations of this workshop the disability weights given in Murray and Lopez (1996) served as benchmarks and the
health experts, mainly from the Indian subcontinent themselves, were told to set the disability
weights for a developing country context. 36
As a last rejoinder to the reproach that DALYs discriminate against the disabled because
one of the person trade-off questions (PTO1) used in the GBD studies implies that saving the
lives of disabled individuals saves less DALYs than saving the lives of fully functional individuals (Anand and Hanson 1998; Arnesen and Nord 1999): when computing the DALYs that
are lost due to premature mortality the existing health state of the individuals (disabled or not)
did not enter my calculations. Discrimination of the disabled can be ruled out; a life lost counts
the same for all individuals.

Concluding remarks about the DALYs method
In discussing the various criticisms of the DALYs method, technical, empirical and especially
ethical issues have repeatedly come to the fore, which is not surprising given the sensitive
field of its application. To respond to some of the criticisms I adapted the DALYs formula
where appropriate and, in other cases, explained my understanding of the issues. While
DALYs are used for various purposes and criticised for different reasons, I presented the
rationale for choosing this method for the particular purpose of this study. At some point in

Reidpath et al. (2001) and Allotey et al. (2003) give a very illustrative account of this criticism, comparing the
lives of individuals suffering from paraplegia or epilepsy in rural Cameroon and urban Australia.
35 This workshop was one of several workshops in the framework of HarvestPlus in which I participated. Others
were held at IFPRI, Washington, D.C. (2-3 September 2003 and 19-21 October 2004) and at ZEF, Bonn (16-17
December 2003). Other participants of the workshop in Kathmandu were Prof. Z.A. Bhutta (Aga Khan University,
Karachi), Dr. J.V. Meenakshi (HarvestPlus, Washington, DC), Dr. E. Meng (CIMMYT, Mexico), Dr. P. Nestel (HarvestPlus, Wageningen), Prof. M. Qaim (University of Hohenheim, Stuttgart) and Prof H.P.S. Sachdev (University
of Southampton and Maulana Azad Medical College, New Delhi).
36 The disability weights used in the GBD were the result of a special meeting convened at the WHO and sponsored by the World Bank, in which a rigorous, consultative protocol was followed; these results also matched
closely with the pooled results of previous exercises (Murray 1996).
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time, decisions about biofortification will have to be made, so an appropriate study is needed.
By building on and improving upon the DALYs approach, this work not only represents a
methodological contribution to the application of DALYs and to their use in agricultural economics, it also has a relevant policy background.

3.2

Data used for the calculation of DALYs

In section 3.1, I described the DALYs method in theory. However, to establish the burden of
ID, ZnD and VAD, the DALYs formula needs to be filled with content and real data. This factual basis for each of the components is described in the following. For many of the sources
and references used here, and especially for their evaluation, I am particularly indebted to the
nutrition and health experts at the Kathmandu workshop (c.f. footnote 35), both for the inputs
obtained during the workshop and in subsequent communications. Tables with an overview of
all the data and assumptions described in the following can be found in the annexe (Annexe 1
shows the data used for the analysis of IDA, Annexe 2 shows the data used for the analysis
of ZnD and Annexe 3 shows the data used for the analysis of VAD).

3.2.1 Adverse functional outcomes of ID, ZnD and VAD
The subject of this study is micronutrient deficiencies and their disease burden. Yet, micronutrient deficiencies as such are only the cause of the burden: the burden itself is the result of
the adverse functional outcomes of the deficiencies. Therefore, to determine the burden of
each of the three micronutrient deficiencies considered here, it is necessary to clarify what
health outcomes are caused by which micronutrient deficiency. This was discussed at the
Kathmandu workshop and the ultimate decisions were – where appropriate and possible –
based on randomised controlled trials and meta-analyses that clearly indicate the causality
and that were deemed to reflect what the general scientific consensus is. Given this very
cautious approach, it is probably warranted to underline that the results are bound to be an
underestimate of the true burden of the micronutrient deficiencies.

Health outcomes of iron deficiency
In the human body, iron is principally found in haemoglobin (in red blood cells), as storage
iron, in myoglobin and in several enzymes that are necessary for the oxidative metabolism.
Haemoglobin is needed to deliver oxygen to tissues throughout the body, while myoglobin
facilitates the diffusion of oxygen to mitochondria in muscle cells (IOM 2000). ID results from
an inadequate intake of bioavailable dietary iron and its existence is based on measurements
of haemoglobin concentrations and body iron stores (Nestel and Davidsson 2002). Severe ID
results in iron deficiency anaemia (IDA). Other factors such as malaria and hookworm can
also cause anaemia, thus it is important to stress that IDA is a subgroup of anaemia. Anaemia in turn is classified as mild, moderate and severe.
At the Kathmandu workshop, three adverse functional outcomes were attributed to IDA:37
1. impaired physical activity (Hallberg and Scrimshaw 1981),
2. impaired mental development (Nokes and Bundy 1997),

Although certain studies suggest that stunting might also be a consequence of ID, a recent meta-analysis could
not establish a significant cause-effect relationship (Ramakrishnan et al. 2004); similarly, a relationship between
IDA and perinatal mortality has been suggested but was not considered in the present analysis.

37

36

3. maternal mortality (Rush 2000), which leads to further negative outcomes such as
stillbirths and child deaths due to the absence of breastfeeding and care.
In specifying these functional outcomes, this approach goes beyond the GBD studies, in
which DALYs are calculated for IDA only. In other words, the GBD treats anaemia as a “disease” without considering its multiple health consequences. Nevertheless, like in the GBD,
the assumption is that ID has no quantifiable impact on functional outcomes as long as it
does not result in anaemia. Because the scientific evidence that mild IDA is linked with adverse functional outcomes is not conclusive (Rush 2000; Stoltzfus 2001), it is excluded from
the model as well. Thus, adverse functional consequence are only considered for moderate
and severe IDA. For moderate IDA, a link exists with impaired physical activity and with
mental development. For severe IDA, links exist with maternal mortality as well as with more
severe expressions of impaired physical activity and mental development. In all cases, except
for maternal mortality, it is assumed that each moderately or severely anaemic individual is at
risk of enduring the adverse functional outcomes stated.

Health outcomes of zinc deficiency
Zinc is present throughout all biologic systems, where it participates in catalytic, structural,
and regulatory functions. As a component of many enzymes, it has a part in the maintenance
of the structural integrity of proteins, in the regulation of gene expression and ultimately in
cellular division. As such, it is the most ubiquitous of all trace elements involved in metabolic
processes (Hotz and Brown 2004; IOM 2000).
Regarding ZnD, four specific health outcomes were identified at the Kathmandu workshop:
1. diarrhoea (Bahl et al. 200; Bhutta et al. 2000),
2. pneumonia (i.e. severe acute respiratory infection) (Bhutta et al. 1999),
3. stunting (Brown et al. 2002) and
4. mortality (due to diarrhoea as well as pneumonia).

Health outcomes of vitamin A deficiency
VA is an essential micronutrient for normal vision, gene expression, reproduction, growth and
development, immune function and the integrity of epithelial cells. More specifically, it is required in the eye for the transduction of light into neural signals, for the maintenance of the
cornea and for the photoreceptors of the retina; it promotes the regulatory role of surface
linings of the respiratory, urinary and intestinal tracts; it regulates the expression of various
genes that encode for proteins and enzymes; and it is involved in the development of the
limbs and organs as well as in the production of white blood cells, which fight harmful viruses
and bacteria (IOM 2000; NIH 2005).
While individual studies suggest that diarrhoea, acute respiratory infection, maternal mortality or stunting may also be associated with VAD, causality has not been shown (Vijayaraghavan 1999; Sachdev 1999; Ronsmans et al. 1999; West et al. 1999; Caulfield et al. 2004).
Therefore, at the Kathmandu workshop only five health outcomes were attributed to VAD:
1. night blindness,
2. corneal scars,
3. blindness,
4. measles and
5. child mortality.
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Bitot’s spot and corneal ulceration, although attributed to VAD, were dropped from the list
because these outcomes were not deemed to lessen functionality further.

3.2.2 Target groups and their size
After fixing the health outcomes of the different micronutrient deficiencies, the experts at the
Kathmandu workshop also discussed which target groups are relevant for the analysis of
each deficiency. For the health outcomes of IDA the target groups were differentiated into
pre-school children (under 6 years), children 6-14 years old, women and men (15 years and
older) and, for maternal mortality, pregnant mothers. In the case of ZnD only infants (under 1
year) and children 1-5 years old were defined as target groups. For VAD the target groups
were set to be pre-school children (under 6 years) and pregnant as well as lactating women
only.38 The size of these groups was taken from Census of India data (GoI 2001a), the number of pregnant women was derived from India’s total fertility rate and the number of lactating
women was estimated using information on live births and breastfeeding in India (NFHS
2000).

3.2.3 Mortality rates and average remaining life expectancy
Mortality due to iron deficiency
As specified in section 3.2.1, IDA may increase maternal mortality and, subsequently cause
stillbirths and child mortality. At the Kathmandu workshop it was specified that 5 percent of all
maternal mortality is caused by severe IDA39 and that 30 percent of these deaths result in
stillbirths of the baby; the maternal mortality rate in India is 540 deaths per 100,000 live births
(NFHS 2000). The mortality risk of the 70 percent surviving newborns during their early childhood is also greater, because they are not breastfed. (This only applies to those children who
would otherwise have been breastfed.) The Bellagio Child Survival Study Group (Jones et al.
2003) found that universal coverage with breastfeeding can prevent 13 percent of under-five
deaths; the under-five mortality rate for India is 93 deaths per 1,000 live births (UNICEF 2003)
and 55.2 percent of the children under the age of four months are exclusively breastfed
(NFHS 2000). Hence, 55 percent of the 70 percent surviving newborns are not breastfed but
would be if their mothers were alive. Putting this information together (0.13* 0.093* 0.55), it
can be expected that 0.67 percent of the surviving newborns die later on due to a lack of
breastfeeding – and ultimately because their mother died due to severe IDA.

Mortality due to zinc deficiency
According to Jones et al. (2003), 4 percent of under-five deaths may be prevented if all children have sufficient intakes of zinc.40 Therefore, the assumption is that the under-five mortality rate due to ZnD in India is 4 percent of the overall under-five mortality rate of 93 deaths per
1,000 live births (c.f. UNICEF 2003). These 4 percent cover all deaths that may be attributed
to ZnD, whether they are induced by diarrhoea or pneumonia.

For ZnD and VAD any adverse functional outcomes that might occur amongst older children are ignored and,
therefore, the resulting estimates of the respective burdens may underestimate the true burdens.
39 These 5% are an assumption that was made because there is only observational data for maternal mortality
associated with severe anaemia but not with ID.
40 Four percent is the more conservative value given; more limited evidence would even allow assuming 5%.
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Mortality due to vitamin A deficiency
Again according to Jones et al. (2003), 2 percent of all under-five deaths could be prevented
if all children have sufficient intakes of VA and one (additional) percent of all under-five deaths
could be avoided if all children receive therapeutic doses of VA for pertinent infections.
Hence, a combined figure of 3 percent is used to determine the under-five mortality rate due
to VAD from the overall under-five mortality rate (Figure 12).41 This figure is much more
conservative than other figures that can be found in the literature on infant and child mortality
due to VAD, which range from 23-64 percent (c.f. Allen and Gillespie 2001).42
Figure 12. Under-five mortality due to vitamin A deficiency
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“preventive intervention”
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Source: Own illustration, based on Jones et al. (2003).

Average remaining life expectancy
Information on the average remaining life expectancy for different gender and age groups is
taken from the standard life table for India (WHO 2001b); the underlying data and methods
are discussed in Lopez et al. (2001). For maternal mortality the average age of death is taken
to be the average age of women at child birth (24 years), which was calculated from reproductive health statistics (NFHS 2000). For under-five mortality the average age of death can
be set before the first birthday because most under-five deaths occur among infants.43 For
stillbirths the average age of death is zero years. Given this information, the average remaining life expectancy of Indian women aged 24 years is 51.2 years, that of newborns is 60.7
years and that of infants is 61.2 years (Figure 13).

Calculating the potential impact of biofortification is different. Biofortified crops provide additional amounts of
provitamin A in the food, but these amounts are not meant to treat acute VAD. Hence, their potential impact is
limited to a reduction of the 2% of under-five deaths that occur due to insufficient VA body stores.
42 The 23% reduction in mortality rates of children due to improved VA status goes back to Beaton et al. (1994).
This report is, for instance, cited by the WHO (2005a), MI (2005), Ching et al. (2000) and Behrman et al. (2004).
A 25% figure is also cited by critics of Golden Rice (Greenpeace 2001a; Lorch 2001). Yet, if such a high figure
would be used, the burden of VAD would be much bigger – and so would be the potential impact of Golden Rice.
(But this is an anticipation of the discussion of Golden Rice in section 5.5.)
43 According to data of the Sample Registration System (Registrar 2001), 75.2% of under-five deaths in India
occurred below one year of age and 64.3% of all infant deaths occurred below 28 days of age.
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Figure 13. Average remaining life expectancies for India
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3.2.4 Incidence rates and duration of health outcomes
The incidence of adverse functional outcomes of iron deficiency
As explained in section 3.2.1, all adverse functional outcomes of ID may be attributed to either moderate or severe IDA and it is assumed that the health outcomes manifest themselves
in each case. Hence, what are needed are the incidence rates of moderate and severe IDA.
However, for India only information on anaemia and only in the form of prevalence rates is
available. Anaemia has several causes, but the experts of the Kathmandu workshop agreed
that it is reasonable to attribute 50 percent of anaemia to ID; for infants this figure increases to
60 percent (INACG 2003). The National Family and Health Survey (NFHS 2000), which is
deemed to be the more reliable source, only collected data for children under 5 years and
their mothers, thus I had to combine this data with that from the National Institute of Nutrition
(NIN 2003) to get more comprehensive data on the prevalence of anaemia.44 The combined
data still lacked anaemia prevalence rates for adult men. In such cases the experts of the
Kathmandu workshop had judged that prevalence rates for men could be approximated by
taking 50 percent of the corresponding prevalence rates for women. The set of prevalence
rates that I obtained based on these data and assumptions is given in Table 1.
To convert prevalence rates into incidence rates it is necessary to convert a “stock” figure
into a “flow” figure. Assuming, in accordance with the discussions at the Kathmandu workshop, that moderate and severe IDA (or their long-term effects) are permanent conditions in
each target group, the prevalence rates are the same across all age cohorts within one
group.45 Then the prevalence rates can be applied to the first age cohort in each target group
Choosing the data sources carefully is essential to obtain correct estimates, because as Brown (1996, p. 13)
notes: “The accuracy of the underlying basic epidemiological data from which [the] disease burden is calculated
will influence the final results much more than the discount rate [...] or the disability weighting method. [...] The
GBD researchers conclude that researchers’ efforts should be invested in improving the basic data rather than in
spending excessive energy on analysing the effects of small adjustments to the measure itself.”
45 However, if 27.5% of children below 5 years of age suffer from the consequences of moderate IDA, there is
obviously no immediate recovery of 11.9% of the children on their 6 th birthday to achieve the prevalence rate of
44
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Table 1. Prevalence rates of iron deficiency anaemia in India (percent)
Children ≤ 5 years

Children aged
6-14 years

Women over
14 years

Men over 14 years

Moderate IDA

27.5

15.6

7.4

3.7

Severe IDA

3.2

0.8

1.0

0.5

Source: Own calculations, based on NFHS (2000) and NIN (2003).

to calculate the number of new cases of moderate and severe IDA in this target group. And
the number of new cases divided by the size of the target group yields the respective incidence rates:
(5)
where
Iij =
Pij =
Cj =
Tj =

Iij = Pij * Cj / Tj
incidence rate of health outcome i in target group j
prevalence rate of health outcome i in target group j
number of people in the first age cohort of target group j
total number of people in target group j

The incidence of adverse functional outcomes of zinc deficiency
To derive incidence rates for IDA it was possible to revert to prevalence data on anaemia. For
ZnD such representative prevalence data is not available. Therefore a different approach
proved to be more workable, namely to look at the general incidence rates of the health outcomes of ZnD and to attribute a share of them to the deficiency.
Based on Kosek et al. (2003), the average incidence rate for diarrhoea is assumed to be
2.6 episodes per infant and 1.3 episodes per child per year.46 And of all cases of diarrhoea 18
percent can be attributed to zinc deficiency (Bhutta et al. 1999). Hence, the incidence rate for
diarrhoea due to ZnD is 47 percent for infants and 23 percent for children. The duration of
one case of infantile diarrhoea is assumed to be three days, for children it is assumed to be
four days (c.f. Kosek et al. 2003; Bhandari et al. 1994).
According to Rudan et al. (2004), the median incidence of acute lower respiratory infections in developing countries is 0.29 episodes per child (and infant) per year. Of all cases of
pneumonia, 41 percent can be attributed to ZnD (Bhutta et al. 1999).47 Therefore, the incidence rate for pneumonia related to ZnD is 12 percent. For pneumonia the average duration
for one case is assumed to be four days for both infants and children.48
To consider the impact of stunting due to ZnD, the experts at the Kathmandu workshop
assumed that with adequate zinc intakes all stunted children would be on average one centimetre taller. For this approach the basis for the DALYs calculation is the incidence of stunting
15.6% moderate IDA among children aged 6-14 years. It may be that the incidence rate of moderate IDA in the
former target group is higher while the duration of the condition is shorter (which results in the same prevalence
rate). Yet, the experts at the Kathmandu workshop were more at ease with the simplification made here than with
making other assumptions about the “true” incidence rates and the corresponding duration of the conditions for
each target group.
46 Here “child” relates to the target group of children aged 1-5 years, in contrast to the target group “infants” who
are younger than 1 year of age.
47 Also see Brooks et al. (2004) for the effect of zinc on pneumonia outcomes.
48 Due to a lack of pertinent data, this is based on the expert opinion of the participants of the Kathmandu workshop and on Bhutta (2005).
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(height-for-age below -2 SD). However, for India only the prevalence rate of stunting among
children under the age of 3 years (45.5 percent) is available (NFHS 2000). Therefore the
same conversion of prevalence rates to incidence rates as for IDA is necessary (c.f. equation
(5)). This is possible because stunting is considered to be permanent from 6 months of age
onward (Shrimpton et al. 2001).

The incidence of adverse functional outcomes of vitamin A deficiency
To calculate the burden of VAD, the related incidence rates for night blindness, corneal scars
and measles are needed. Such cause-specific statistics are not available. However, according to the experts at the Kathmandu workshop it is safe to assume that all cases of night
blindness are due to VAD, for corneal scars 20 percent of all cases can be attributed to VAD,
and half of these are assumed to lead to blindness; hence half of these cases of corneal
scars will be a permanent but non debilitating condition (visual impairment), while the other
half of the affected individuals will suffer from blindness. For measles it is assumed that 20
percent of all cases of measles are due to VAD, and complications can be expected in 50
percent of these cases.
Night blindness during pregnancy is expected to continue through the first months of lactation; its duration is assumed to be 5 months for pregnant and 6 months for lactating women.
For children night blindness is assumed to appear one year after birth and to last for one
year. Children are assumed to acquire corneal scars at the age of one year; for the 50 percent who are assumed to go blind, this is assumed to happen after a period of another 1.5
years during which they suffered from corneal scars. Both corneal scars and blindness are
permanent conditions, i.e. the duration of these functional outcomes corresponds to the remaining life expectancy of the age group 1-4 years, which is 64.4 years. Measles is a temporary disease and its duration is assumed to be 10 days. When complications set in, the duration is assumed to be 20 days. Again, these are estimates and assumptions made at the
workshop in Kathmandu.
For night blindness and corneal scars only prevalence data are available. The prevalence
of night blindness among children in India is 1.03 percent; among pregnant and lactating
women it is 2.76 percent. The prevalence rate of corneal scars among children is 0.12 percent (Toteja et al. 2001). For corneal scars as permanent condition, incidence rates can be
derived following the approach that is used for IDA (c.f. equation (5)). For night blindness,
which is defined as a short-term condition, prevalence rates can be converted into incidence
rates by using the simplified formula
(6)

Iij = Pij / dij

where
Iij = incidence rate of health outcome i in target group j
Pij = prevalence rate of health outcome i in target group j
dij = duration of the health outcome i in target group j
In the case of measles the incidence rate of 5.4 percent for the group of “children” in India
was obtained from Sachdev (2005).49

Sachdev assumed a higher incidence rate for measles than the one that is given in the official data of the Central Bureau of Health Intelligence (CBHI) because for some states no data is available and it is known that there
is substantial under-reporting of the morbidities reported by the CBHI.
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3.2.5 Disability weights
As already outlined in section 3.1.2, the disability weights I used in the DALYs calculations
are an output of the Kathmandu workshop and build on the disability weights used in the
GBD. For the adverse functional outcomes of IDA the disability weights for the respective
target groups are:
! 0.011 for all target groups for impaired physical activity due to moderate IDA,
! 0.087 for all children and 0.09 for adults for impaired physical activity
due to severe IDA,
! 0.006 for children under six for impaired mental development due to moderate IDA,
! 0.024 for children under six for impaired mental development due to severe IDA.
For the health outcomes of ZnD the disability weights are:
! 0.2 and 0.15 for infants and children, respectively, for diarrhoea,
! 0.3 and 0.2 for infants and children, respectively, for pneumonia and
! 0.0001 for infants, for stunting, if it is assumed that adequate zinc intakes
reduce stunting by one centimetre.
Finally, for the health outcomes of VAD the disability weights are:
! 0.1 and 0.05 for women and children, respectively, for night blindness,
! 0.2 for children for corneal scars,
! 0.5 for children for blindness and
! 0.35 and 0.7 for children for measles and for measles with complications, respectively.
This data enters the DALYs calculations to determine the burden of ill health of IDA, ZnD and
VAD, respectively. Yet, because biofortification addresses insufficient micronutrient intakes
and not the health consequences per se, in the following section I explain how intakes can be
related to the adverse functional outcomes specified in this section.

3.3

Assessing the impact of biofortification

To measure the economic impact of biofortified staple crops on public health, both the number of DALYs lost under the status quo and the number of DALYs lost under a hypothetical
scenario, in which people consume biofortified crops, need to be calculated. The underlying
reasoning is that the consumption of biofortified crops reduces the prevalence of the respective micronutrient deficiency. This, in turn, reduces the incidence of the associated health
outcomes, which translates into less DALYs lost to the deficiency. If less DALYs are lost, the
disease burden of the deficiency in a “with biofortification” scenario is smaller. Then the difference to the status quo is the impact of the biofortified crop. Ultimately, the benefit to public
health is given as the number of DALYs saved through the technology.
In addition to the information needed to calculate DALYs under the status quo, developing
a hypothetical scenario where people consume biofortified crops requires further information.
The potential impact of biofortified crops on public health depends primarily on four factors:
1. The current intake of the micronutrient in question, i.e. the baseline. (Given the causality of
the micronutrient deficiencies for the health outcomes described in section 3.2.1, their incidence rates can be associated with this baseline.)
2. The number of people who are expected to consume biofortified crops, i.e. the coverage
rate. (This depends on producers’ and consumers’ accessibility to and their acceptance of
the new technology.)
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3. The additional amount of the micronutrient that consumers of a biofortified crop consume
and actually absorb, i.e. the “bioefficacy”. (This depends on the quantity of the crop consumed, on the additional amount of the micronutrient in the crop and on its bioavailability
to the human body.)
4. The size of the effect of the additionally absorbed micronutrient on the adverse functional
outcomes of the respective micronutrient deficiency, i.e. the dose-response. (This depends on the body’s efficiency in using the absorbed micronutrient.)
In section 3.3.1 the calculation of micronutrient intakes is described, factors 2 and 3 are discussed and quantified in section 3.3.2, factor 4 is discussed in section 3.3.3 and in section
3.3.4 the calculation of the actual impact of the biofortified crops is described

3.3.1 Data and methods used for computing micronutrient intakes
There are several ways to determine food intakes. Nutritionists generally use food-frequency
questionnaires or food record and food recall instruments like 24-hour recalls, 4-day-weighed
food records or 7-day diaries. Economists also resort to household food expenditure surveys.
All of these methods have shortcomings and potential biases, though (e.g. Kipnis et al. 2002;
Bouis 1994b). However, as Bouis (1994b, p. 223) points out: “policy decisions will continue to
be made irrespective of the quality of existing food consumption data; but it can only help to
be aware of these potential biases”. Therefore, while acknowledging that more detailed data
may be desirable, I also accept the need to carry out analyses to obtain preliminary results
and to be able to identify potential future improvements regarding methods and data. For the
analysis of biofortified crops in India a nationally representative data set is needed to take
account of the different dietary patterns and eating habits across this country of one billion
people (c.f. Meenakshi and Ray 1999). Given this dimension, the data is necessarily surveybased secondary data.
For this study I used the 55th survey on household consumption of the National Sample
Survey Organisation (NSSO 2000). This survey was carried out between July 1, 1999 and
June 30, 2000 and covered 119,554 households. It recorded the quantities of over 140 different foodstuffs consumed by the household over a 30-day recall period. The corresponding
instructions of the codebook of the survey are the following (schedule 1.0, p. D-17, paragraph
4.5.6):
“Here, consumption includes all consumption of monetary and non-monetary purchases and goods
received as gift, loan etc. However, the consumption data should be strictly confined to the domestic consumption of the household. The expenditure incurred on account of pet animals will be
excluded. [...] consumption by livestock belonging to the household will not be included in household consumption. Accounting should, however, be made of the livestock products like milk, meat,
egg, etc., obtained from such livestock and consumed by the household. While making entries on
household consumption care should be taken not to include any transfer payment in kind, like
loans, advances, charities, gifts and other payments in kind, if any. But consumption from transfer
receipts will be included. Consumption of the household will consist of consumption made out of:
(i) commodities purchased in cash; (ii) commodities received in exchange of goods and services;
(iii) home-grown/home-produced stock; (iv) transfer receipts such as gifts, loans, charities, etc.,
and (v) free collection.”

While following established praxis when using such a household survey, this survey is more
precise than food expenditure surveys because – apart from its high level of disaggregation –
it also contains quantitative and not only monetary information on the foodstuffs consumed.
Moreover, the big sample size of nearly 120,000 households contributes to the robustness of
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the results derived thereof. Finally, for the purposes of my analysis, cardinal values are less
relevant than both the ordinal ranking of the individual micronutrient intakes and the relative
changes in these intakes that occur due to biofortification, i.e. demands on data quality are
less stringent. Hence, the NSSO data set is appropriate for the purpose of my analyses and
the results are expected to be robust.
Based on the survey’s unit record data on household food consumption, I used food composition tables to translate the food quantities consumed by each household into micronutrient consumption. For India the standard food composition reference is Gopalan et al. (1989),
which was supplemented with food conversion factors of the USDA (2004) and Erhardt
(2005).50 To convert the VA intake of animal source foods into beta-carotene intake, a conversion factor of 1:12 was used (IOM 2002; Erhardt 2005). Having thus computed the micronutrient consumption at the household level, adult equivalent weights were used to attribute this
consumption to the individual family members. This is necessary because it is highly unlikely
that the food in a household is (incidentally) distributed according to each member’s micronutrient requirements (IOM 2000). The assumption is rather that the food is distributed according to the energy requirements of each household member. In this case, because their energy requirements are higher, men generally get a bigger share of the food than women. Yet,
for example, women’s iron requirements are higher than those of men – which they have to
cover with a smaller share of food. Therefore, in the same household men may exceed their
iron requirements while women are still deficient. In an analysis at the household level, such
important details would get lost (i.e. the household’s iron consumption could be considered
sufficient) and the burden of ID would be underestimated. Disaggregating the NSSO household data by means of adult equivalent weights to the level of individual household members
increases the size of the data set to over 0.5 million observations, complicates the programming and puts a strain on the computing power, but this approach also represents a major
improvement over looking at the aggregated micronutrient consumption of households. In
previous work on biofortification either detailed but only regional data was used (Dawe et al.
2002), or highly aggregated national food consumption data (Zimmermann and Qaim 2004),
or assumptions on the food intake of a representative adult in a hypothetical setting (Bouis
2002a; Albrecht 2002).
To determine the adult equivalent weights, I used the energy requirements of the different
target groups: the energy requirements of adult men were set equal to one and the energy
requirements of all other age and gender groups were then defined as fractions thereof.51 For
this approach the underlying assumption is that the distribution of food within the household is
unbiased. Regarding this issue the literature is not conclusive. Haddad et al. (1996) quote a
number of studies that indicate a preference for boys in the distribution of food, but only in
richer families (where micronutrient malnutrition is less of an issue); in other studies regional
differences are stronger. The conclusions of these studies regarding a gender bias in the
anthropometric outcomes for India are also weak. In a series of publications Behrman (1988a;
1988b; with Deolalikar 1990) found no significant differences in the distribution of nutrients
In the case of iron and zinc intakes I obtained the raw intake data at the household level from J.V. Meenakshi
and Rekha Sharma, Department of Economics, Delhi School of Economics. I modified these data to take account
of the possibility of contamination iron in the food composition values used. In the case of milled rice, while
Gopalan et al (1989) report a value of 7-10 ppm iron, it is believed that the content is only about 3 ppm (Barry
2005; Nestel 2005). This lower figure was used to determine the baseline iron intake.
51 This approach follows the logic of estimating the required nutrient density of the household diet (IOM 2000).
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and “little or no support” for the existence of gender discrimination, except for differences in
the variability of nutrient intakes, which may translate into greater vulnerability of female
members and younger children during lean seasons. And, as quoted by Haddad et al. (1996),
Brahman et al. (1988) did not find a gender bias in the distribution of food within households
either. Still, to verify the adult equivalent weights, I regressed the households’ iron consumption on household composition (age and gender groups) and used the coefficients of the independent variables to construct a different set of adult equivalent weights. For the minerals
the resulting adult equivalent weights equalled the adult equivalent weights that I had derived
from the energy requirements (presumably because both energy and mineral intakes are
closely related to cereal intakes). However, in the case of VA there was a substantial difference between the two sets of adult equivalent weights. An inspection of the results indicated
that within the households VA-rich food (especially milk) is not distributed according to energy
requirements. Therefore, for VA the adult equivalent weights from the regression were used
for the subsequent analysis.

3.3.2 Simulating the consumption of biofortified crops
A starting point for the simulation of the consumption of biofortified crops is to establish a
baseline for the current content of the micronutrients in the different crops and to determine
how much more of the micronutrient in question plant breeders can breed into the respective
target crop.52 In a next step the potential coverage rate of the biofortified crop needs to be
estimated (in terms of the production share of the crop or of its share in consumption). Finally,
the potential post-harvest loss and a potential change in the bioavailability of the added micronutrient has to be determined. Given the multiple sources of uncertainty in such an ex ante
analysis, I use an “extreme scenario analysis” (Briggs and Gray 1999), i.e. optimistic and
pessimistic values of the different inputs are systematically combined at the same time and
the effects on the outcome are studied. To this end I elicited or determined a pessimistic and
an optimistic estimate for each statement (Table 2). Subsequently, throughout the whole
analysis, sets of pessimistic and optimistic assumptions are used to calculate the upper and
lower bounds of the likely results. This increases the reliability of the findings because, if the
policy implications of the analysis do not change dramatically, the results can be considered
robust (Walker and Fox-Rushby 2001; Tan-Torres Edejer et al. 2003).
To estimate the potential coverage rate of the iron-rich and zinc-rich cereals, the assumption is that the respective “iron trait” and “zinc trait” will be bred into more and more varieties.
Furthermore, the estimates are based on the premise that the biofortification strategy explicitly involves breeding nutrient-dense and agronomically-superior varieties to facilitate adoption
among farmers, i.e. the assumption is that farmers adopt the new varieties for their other
(agronomically advantageous) characteristics and not for their micronutrient density. For
these cereals the main mechanism to achieve wide-spread consumption is, therefore, to rely
on a supply-driven push through their adoption by farmers and the subsequent spreading
through the food chain. As these varieties are expected to be developed in collaboration with
national agricultural research systems as part of ongoing research efforts, seed prices should
For the iron-rich and zinc-rich cereals there is a positive probability that, given the complexities of the underlying genetics and the ex ante nature of the present exercise, plant breeders will be unable to achieve the estimated nutrient levels in these crops. This analysis does not take account of this source of uncertainty. (For
Golden Rice, however, the beta-carotene levels used have already been shown in experimental lines of Golden
Rice (c.f. Table 2)).
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be unaffected and represent no obstacle for adoption. Given that these cereals would look
and taste no different from the present varieties, consumer acceptance may be less of an
issue – even though some social marketing will need to be carried out to inform and educate
the public about this crop improvement. All in all, the experts could base their estimates of the
future share of biofortified varieties (in overall production of the respective crop) on past experience with the introduction of new varieties and on current seed replacement rates. Because rice and wheat imports in India are negligible (FAO 2004b), production shares are
assumed to equal consumption shares.53
Table 2. Assumptions used to simulate the consumption of biofortified crops
Iron-rich
a
rice
Baseline MN
content

c,e

3 ppm Fe

Iron-rich
b
wheat

Zinc-rich
a
rice
d

Zinc-rich
b
wheat

c,f

38 ppm Fe

13 ppm Zn

d,f

31 ppm Zn

Golden
a
Rice
f

0 µg/g βC

Pessimistic scenario
Increase in MN
content
Improved MN
content
Coverage rate of
improved crops
Post-harvest
losses
Change in
bioavailability

100%

20%
c

6 ppm Fe
20%

c,h

d

none

k

none

none

20 ppm Zn

d,h

k

20%
c

45.6 ppm Fe
30%

none

54%

20%

c,h

k

none

k

none

d

37.2 ppm Zn
30%

d,h

k

none

k

k

none

∞
g

14 µg/g βC
i

10-20%
80%

c,m,n

k

none

p

120%

d

∞

68.2 ppm Zn

31 µg/g βC

Optimistic scenario
Increase in MN
content
Improved MN
content
Coverage rate of
improved crops
Post-harvest
losses
Change in
bioavailability

167%

60%
c

8 ppm Fe
50%

c,h

d

50%

35 ppm Zn

d,h

none

k

none

none

c

60.8 ppm Fe

k

none

169%

50%

c,h

k

none

k

none

50%

d,h

k

none

k

none

g

i

50-100%

k

35%

k,m

k

double

q

Notes: MN = micronutrient, ppm = parts per million, Fe = iron, Zn = zinc, µg = microgram, βC = beta-carotene.
are for milled rice (where appropriate). b Values are for whole grain (where appropriate). c Barry (2005).
d Ortiz-Monasterio (2004). e Nestel (2005). f Gopalan et al. (1989). g Average and maximum beta-carotene content
of the second generation of Golden Rice (Paine et al. 2005). h Coverage rate 20 years after release of the biofortified crop, assuming a linear increase from the time of release to the percentage given in the table in year 20.
i See Table 3. k As the additional iron and zinc will be bred into the biofortified varieties by means of non-transgenic methods, the compounds will be the same as in existing varieties and there is no reason to assume that the
post-harvest losses or bioavailability of this additional iron and zinc changes; it is simply more of the same. m Dubock (2005a). n Beyer (2005). p Until the results of up-coming feeding trials with Golden Rice have been established, in the pessimistic scenario it is assumed that the beta-carotene content in Golden Rice is converted into
VA at a factor of 12:1. This is the conventional conversion factor for beta-carotene in plant foods (IOM 2002). q In
the optimistic scenario, following Zimmermann and Qaim (2004), I assume that the beta-carotene content in
Golden Rice is converted into VA at a rate of 6:1, i.e. twice as much beta-carotene is converted into VA as in the
pessimistic scenario. (These conversion rates include both the absorption of beta-carotene through the human
body and its conversion into VA.)
a Values

Exports are not relevant because the targeted crop varieties are those that are normally consumed locally.
Therefore, even if some biofortified crops are exported, their share in exports can be expected to be low.
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In the case of Golden Rice the beta-carotene content is easily recognisable through the
yellow colour of the rice, i.e. Golden Rice is distinct from conventional rice. Therefore, the
“golden” trait cannot simply be bundled with other desirable traits like higher yields or better
disease resistance, as it is the plan for mineral-dense cereals. Hence, in addition to agronomic superiority, also demand-driven pull factors need to play a role in achieving the desired
dissemination and coverage. This requires substantial large-scale social marketing efforts.
Yet, the corresponding marketing strategies are not yet developed and the acceptance of
Golden Rice remains an open question. This acceptance can be influenced through appropriate measures, though. Therefore, the task of an ex ante analysis cannot be to try to secondguess future developments, but to provide information that can help in the design of these
very strategies and to support policy makers in their decisions (Qaim and von Braun 1998).
Here I use scenarios with different coverage rates to demonstrate possible effects of different
strategies.
Potential avenues for the dissemination and promotion of Golden Rice to the target groups
in India are, in particular, the existing systems in place to ensure food security, like the Public
Distribution System (PDS) and the Integrated Child Development Services (ICDS) (Rao
2004). In “fair price shops” essential commodities are sold at subsidised prices through the
PDS. There is also a “Targeted Public Distribution System” in place, a delivery system that
specifically targets the poor (GoI 2005a, GoI 2005b, GoI 2001b). In the framework of the
ICDS, in community-based childcare centres (anganwadis), children from low-income families
and from deprived sections of the society receive supplementary feeding. The anganwadis
are also used as contact points to counsel mothers and pregnant women, to provide nutrition
education and to distribute targeted supplementation (GoI 2005c).54 The Ministry of Human
Resource Development, supported by the Ministry of Consumer Affairs, Food & Public Distribution, also implemented a mid-day meal scheme that covers children in primary schools,
who are supplied with 100 grams of food grains (wheat or rice) per school day (GoI 2005a).
Obviously, the success of using these channels depends on their effectiveness in fulfilling
their purpose (which was doubted by some experts I interviewed during my field work, who
suggested that corruption and misallocation of targeted food takes place in the PDS (c.f.
Ramachandran 2003; Das Gupta et al. 2005; Chakravarty and Dand 2005)).
One advantage of using the public systems is that a market for Golden Rice will be created
because public authorities generate demand for it – which gives an incentive to farmers to
cultivate Golden Rice. Hence, the underlying assumption is that the cultivation of Golden Rice
and any share it can gain in overall rice consumption will be rather demand-driven – demand
that will be generated by both the government’s assumed role as a buyer and by any social
marketing campaigns that promote Golden Rice. The initial demand that is built up if public
systems starts sourcing Golden Rice may not only ensure a sales market for Golden Rice, it
may feed through to the cultivation of rice in general, with more farmers learning of it and
more consumers asking for it. This potential mechanism may also counteract a weakness of
promoting Golden Rice through the public systems, namely that a market demand for Golden
Rice will not persuade subsistence farmers to grow it, nor will rural labourers who receive
their payment in kind be reached as long as Golden Rice is confined to the PDS. Therefore,
the agricultural extension system will also have a role to play in the promotion of Golden Rice
According to GoI (2005c), the budgetary allocation to the ICDS for the year 1999-2000 was Rs. 8.6 billion,
which is US$ 214.4 million in 2004 (annex 4; BLS 2005).
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in rural areas, as will the general health system. As stated above, this approach differs from
the supply-driven approach that is planned for the introduction of biofortified crops that do not
experience a colour change. Here the combination of the “golden trait” with other, agronomic
traits in new crop releases is only a necessary but not a sufficient condition for the success of
Golden Rice.
To take account of the considerable uncertainty that surrounds the potential share of
Golden Rice in overall rice consumption, a differentiated set of assumptions is used for the
pessimistic and optimistic scenarios (Table 3). In both cases it is assumed that the scenario
described will be reached 15 years after the first release of Golden Rice (c.f. Table 5).
Table 3. Assumptions about the consumption of Golden Rice
Pessimistic scenario

Optimistic scenario

20%

100%

20%

100%

14.3%

50%

10%

50%

a

Share of Golden Rice 15 years after release
b

- in government shops
c

- in school meals

b

- on the free market
- in rice products

Notes: a It is assumed that the “golden” trait will be incorporated in at least four relevant and popular rice varieties
with superior agronomic traits. b While the government can influence what is sold in its “fair price shops” and
“push” Golden Rice in these outlets, the free market follows actual consumer demand. For the free market, I
assume in the pessimistic scenario that people eat Golden Rice only one day a week (= 1/7 = 0.143), while in the
optimistic scenario people eat Golden Rice every other day. c The survey of the NSSO (2000) recorded the number of meals received by each household member over the last 30 days at schools and similar institutions; I
assume that outside the predominantly wheat eating states (Haryana, Punjab, Rajasthan, Uttar Pradesh, Uttaranchal, Chandigarh and Delhi) these meals include 100 grams of Golden Rice.

An assumption that I need to make for simulating the consumption of biofortified crops is
that each individual consumes them to the same extent. While this assumption may be justified in the case of mineral-rich cereals (for consumers who purchase their cereals on the
market), this may be a simplification in the case of subsistence farmers and in the case of
Golden Rice.55 However, across the whole population these effects cancel out and, as was
explained before, the purpose of my ex ante analyses is to show the potential of biofortified
crops and not to predict their exact future consumption. Given this qualification, the micronutrient intake in a scenario in which people consume biofortified crops can be computed as
follows:
(7)

(

new
old
old
new
MnCtotal
= MnC total
+ MnC crop
× ∆Mncrop × CRcrop

)

where
new
MnC total

= New total consumption of the micronutrient (with biofortification)

old
MnC total

= Total consumption of the micronutrient in the status quo

old
MnC crop

= Current intake of the micronutrient from the crop in question

Consumers who buy their cereals on the market may not be able to distinguish between mineral-rich cereals
and other rice and wheat. Therefore, one day they may buy mineral-rich cereals, the other day they may not –
approximately with the probability of the overall share of mineral-rich cereals in overall crop production. Among
subsistence farmers it may be the case that some adopt biofortified varieties and others not, or not to the same
extent. And in the case of Golden Rice some consumers may respond to the awareness campaigns while others
stick to white rice.
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∆Mncrop

= Increase of the micronutrient content in the crop through biofortification

new
CRtotal

= Coverage rate of the biofortified crop

So far, I explained how the impact of the adverse functional outcomes of micronutrient malnutrition on public health is quantified and how the improvement in the consumption of the
micronutrients is captured. In a next step the improved intakes need to be translated into a
reduction of the adverse functional outcomes to quantify the potential impact of biofortification
on public health. This is dealt with in the next sub-section.

3.3.3 Relating micronutrient intakes to health outcomes
To relate the effect of improved micronutrient intakes to the health outcomes of a micronutrient deficiency, it is possible to specify a dose-response function that captures the body’s
efficiency in using the absorbed micronutrient and in preventing negative health outcomes
(Zimmermann and Qaim 2004). This approach, which I used for ZnD and VAD, is described
under the following heading. To relate increased iron intakes to the prevalence of the health
outcomes of IDA, I developed a different and more precise approach that I explain thereafter.

Zinc intakes, vitamin A intakes and the concept of the dose-response
To measure the impact of biofortification on the health outcomes of a micronutrient deficiency,
it is important to determine how much an incremental increase in micronutrient intake decreases the adverse functional outcomes caused by the deficiency. This can be done with a
dose-response function. The principal idea of this concept is the concavity of the association
between micronutrient intakes and adverse functional outcomes. For example, if two individuals consume the same amount (dose) of bioavailable zinc, the more deficient individual is
expected to show a relatively bigger, positive response with regard to her health status than
the individual with the lower level of deficiency. This concept is explained in Zimmermann and
Qaim (2004), where it is applied to VAD. According to the experts of the Kathmandu workshop, a similar relationship can also be assumed for ZnD. Figure 14 shows this association in
for a constructed example: following an increase in micronutrient intake due to biofortification
(arrow 1), the health status improves (arrow 2). Another, equal increase in micronutrient intake, but starting from a higher initial intake level (arrow a), would result in a lower health
response (arrow b). This example also shows that micronutrient increases that fail to achieve
sufficiency in the individual concerned can still do a lot of good.
As long as the intake of a micronutrient is below requirements, an increase in intake
(through the consumption of biofortified crops) improves the health status. Therefore, the gap
between actual micronutrient intakes and requirements in the status quo can be compared to
the smaller gap between micronutrient intakes and requirements in a situation where biofortified crops are consumed.56 Based on this comparison, the efficacy of the biofortified crop in
closing the “intake gap” can be computed. Because the details of this approach are well described in Zimmermann and Qaim (2004), in the following I only explain some central improvements to their model.
In theory, if iron, zinc or VA intakes (though not beta-carotene intakes) are increased far above requirements,
the health status might deteriorate again due to toxicity issues. However, such increases are impossible to attain
through biofortification. For example, the tolerable upper limits for zinc intake are 2-4 times higher than the corresponding recommended dietary allowances (for infants and adults, respectively) (IOM 2002). For a more detailed discussion of this issue see Stein et al. (2005).
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Figure 14. Relationship between micronutrient intake and health outcome

Micronutrient intake

a

1

Requirements

Intake with biofortification

Current intake
2

b

Health status
Source: Adapted from Zimmermann and Qaim (2004).

Zimmermann and Qaim (2004) use recommended dietary allowances (RDAs) as cut-off
levels to calculate the intake gap based on national average VA intakes. However, according
to Murphy and Poos (2002), average intakes cannot be used to assess the nutrient adequacy
of group diets, because the prevalence of inadequacy depends on the shape and variation of
the intake distribution. This issue does not arise for this analysis, because I use more detailed
data from a household survey. Also, the micronutrient requirements used for my calculations
are estimated average requirements (EARs) – of the Institute of Medicine (IOM 2002) for VA
and of the International Zinc Nutrition Consultative Group (IZiNCG) (Hotz and Brown 2004)
for zinc. According to IOM (2000, p. 3) an EAR is “the average daily nutrient intake level estimated to meet the requirement of half the healthy individuals in a particular life stage and
gender group”,57 while an RDA is “the average daily nutrient intake level sufficient to meet the
nutrient requirement of nearly all (97-98 percent) healthy individuals in a particular life stage
and gender group.” These definitions show the importance of differentiating between these
concepts. “RDAs have been established as a target or goal for intake by an individual, and it
can be assumed that individuals whose usual intakes are above the RDA are likely to be
meeting their individual requirements and thus have adequate intakes. However, the converse is not true. For this reason the RDA is not a useful reference standard for assessing an
individual’s intake” (p. 51); “the best estimate for an individual’s unobservable requirement is
the EAR” (p. 50). Hence, RDAs ensure sufficiency at an individual level by fixing the recommended intake at a very high level. Yet, such a high threshold overestimates the intake gap at
a group level because 97-98 percent of the individuals are already sufficient at intake levels
(far) below the RDA (Figure 15; Barr et al. 2002; Murphy and Poos 2002).
Intakes and requirements of zinc and VA are expected to be uncorrelated and normally
distributed. Therefore, as Barr et al. (2002) write: “Some individuals with usual intakes below
the EAR will meet their individual (lower-than-average) requirements. However, [...] they
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Barr et al. (2002) rightly point out that the EAR actually represents an estimated median requirement.
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Figure 15. The concept of EARs and RDAs and an exemplary intake distribution
EAR

RDA

Target group

Distribution of
requirements

Requirements & intakes
EAR

RDA

Target group
Individual
intakes

Requirements & intakes

will be counterbalanced by a similar number of individuals with intakes above the EAR, but
below their individual (higher-than-average) requirements” (p. 785; also c.f. IOM 2000, especially Fig. 4-8). Given this context, the right requirements to use are EARs; 58 for VA the appropriateness of this choice was also confirmed by Sachdev (2005) and for zinc it was confirmed by Bhutta (2005). Nevertheless, given the precedence of Zimmermann and Qaim
(2004), when analysing Golden Rice I also carry out a sensitivity analysis using RDAs.
Another improvement of the dose-response model of Zimmermann and Qaim (2004) is the
computation of the efficacy of zinc-rich rice, zinc-rich wheat and Golden Rice in closing the
respective intake gap for each individual; Zimmermann and Qaim (2004) have computed the
efficacy of – in their case – Golden Rice based on highly aggregated, national average consumption figures only. (Although their averages were based on actual individual intakes.) The
more thorough approach followed here allows for taking account of differing consumption
patterns, which is particularly important in India where there are predominantly rice eating
regions, regions where wheat is the main staple crop and regions where a mix of different
cereals forms the mainstay of people’s diet (Figure 16).

Following a different reasoning, Fiedler et al. (2000) use intakes below 70% of RDA as proxy indicator of VAD.
The EARs for VA are about 70% of the respective RDAs; this seems to corroborate the actual size of the cut-off
figures I use.
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Figure 16. Consumption of cereals in rural areas (kg/capita/month, 1999/2000)
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Source: NSSO (2001).

Calculating the biofortified crops’ efficacy for each individual also prevents variations in the
micronutrient intake of individuals to cancel out in the average figure – for example, for a
given target group the average consumption of a micronutrient may fulfil requirements, but
the intake of one half of the target group may still be 50 percent below requirements while the
intakes of the other half are 50 percent above requirements. However, if the overall efficacy is
based on individual efficacy ratios, the efficacy of the biofortified crop in closing the intake gap
will be zero for all individuals with intakes above requirements; the sufficiency of these individuals cannot “compensate” the deficiency of other individuals in the group. To obtain the
overall efficacy of each biofortified crop, I therefore calculated the weighted average of the
efficacy ratios across each target group only at the end of the operation.
Once having obtained the global efficacy of a biofortified crop in reducing the intake gap of
a target group, this reduction can be applied to the incidence rates of the adverse functional
outcomes of the micronutrient deficiency in question. The result of this exercise is a set of
incidence (and mortality) rates that can be used in the DALYs formula to calculate the new
burden of the deficiency in a scenario in which the biofortified crop is consumed. While this
approach might also be used to approximate the impact of iron-rich rice and iron-rich wheat,
Murphy et al. (2002) highlight that the distribution of iron requirements is not normal and that
iron intakes should not be categorised using RDAs or EARs the same way they can be used
for other nutrients. Fortunately, the permanent nature of the health outcomes of IDA and the
quality of the prevalence data that is available for anaemia allow for a more precise approach.
This is developed and explained under the next heading.

The cumulative distribution of iron intakes
The major health outcomes of ZnD and VAD are higher risks of experiencing short-term diseases (or mortality). When associating the health outcomes to the respective deficiency the
starting points for the analyses are the incidence rates of the health outcomes – of which a
certain share is then attributed to the deficiency. In the case of IDA, the major health outcomes are considered to be permanent and the starting point for associating health outcomes
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with ID is the prevalence of ID – which is also used for the health outcomes. Therefore it is
possible to rank individuals within a target group according to the iron consumption they attain
with their current diets and, because my calculations are based on representative data, to
assume that those with the lowest iron consumption are also those who suffer from IDA.59
When the prevalence rate of IDA is applied to the cumulative distribution of iron intakes of the
target group, it determines how many of the individuals with low iron intakes suffer from IDA.
(If the prevalence rate of IDA in a target group is 30 percent, then the 30 percent of individuals with the lowest iron intakes are assumed to suffer from IDA.) The iron intake of the next
individual (ranked 30 percent plus 1) can be defined as the cut-off for iron intake for this target
group below which IDA can be expected (Figure 17). The consumption of iron-rich rice or
iron-rich wheat moves the curve for iron intake in Figure 17 to the right, which implies that
more individuals cross the cut-off level. The percentage of individuals who still remain below
the cut-off level can then be used to determine the new prevalence rate of IDA.60
Moreover, prevalence rates are available for both moderate and severe IDA, which allows
for a more differentiated analysis of the impact of iron-rich cereals on IDA and the related
health outcomes (i.e. above described approach needs to be repeated for both prevalence
rates). Another advantage of this approach is that the effect of the improved iron intake on the
adverse functional outcomes of IDA can be derived from within the data set, while for the
previously described dose-response function it is necessary to use externally defined requirements. The discussion of the correct choice of these requirements (EARs vs. RDAs) has
shown that this may add some uncertainty to the results of such an analysis.
Yet, the concept of the cumulative distribution of iron intakes comes with its own problems:
it assumes that the iron intakes of each individual within one target group are comparable in
terms of bioavailability. If the cut-off levels derived from the prevalence rates of IDA and the
cumulative distribution of intakes are to be meaningful, the same amount of dietary iron consumed by two individuals has to be absorbed to the same extent. This is not the case for iron
intakes of rice and wheat eaters in India: the bioavailability of iron from rice is higher because
much of the wheat is consumed as whole meal. Whole meal wheat has a higher content of
phytate – a potent inhibitor of iron absorption – than milled and polished rice (Nestel 2005;
Meenakshi 2005). Therefore the analyses of the impact of iron-rich rice and wheat are carried
out separately for three dietary regions in India, namely a “rice eating region”, a “wheat eating
region” and a “mixed region”.61
Having derived a new set of prevalence rates (which can be transformed into incidence
rates, c.f. section 3.2.4), the new burden of IDA in a scenario with iron biofortification can be
computed to determine its potential impact on public health. This is described in section 3.3.4.

Perhaps it should be pointed out again that this refers to IDA and not to anaemia in general, i.e. other causes
but the (insufficient) consumption of iron are taken care of by the rate of anaemia less the rate of IDA.
60 This approach to model the impact of biofortified crops on IDA cannot be used for maternal mortality, though.
In this case the relative reduction of severe IDA among women is applied to the maternal mortality rate.
61 The wheat eating region comprises the states of Haryana, Punjab, Rajasthan, Uttar Pradesh, Uttaranchal,
Chandigarh and Delhi; the mixed region (where also coarse cereals may be common) comprises Bihar, Jharkhand, Gujarat, Himachal Pradesh, Jammu & Kashmir, Karnataka, Madhya Pradesh, Chhatisgarh, Maharashtra,
Dadra & Nagar Haveli, and Daman & Diu; the rice eating region comprises the remaining states and territories.
59
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Figure 17. Cumulative distribution of iron intakes and the prevalence of IDA
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3.3.4 Determining the reduction in the burden of IDA, ZnD and VAD
Once having obtained new incidence rates for the different health outcomes of IDA, ZnD and
VAD for the different “with biofortification” scenarios, these incidence rates can be used to
calculate the number of DALYs lost in each scenario. The difference between the burden of a
micronutrient deficiency in the status quo and the new burden represents the impact of the
respective biofortified crop:
(8)

old
new
IM crop = DALYs MnD
− DALYs MnD

where

IM crop

= Impact of the biofortified crop

old
DALYsMnD
= DALYs lost in the status quo due to the MN deficiency
new
DALYsMnD
= DALYs lost when the biofortified crop is consumed
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The result of this calculation can be left as such, to indicate the potential absolute impact of
biofortification. However, in discussing the discounting of DALYs in section 3.1.2, I pointed
out that the discount rate can have a considerable impact on the result of the DALYs calculation. If, for example, a discount rate of zero is used, both the initial number of DALYs lost due
to the micronutrient deficiency and the number of DALYs that are lost in a “with biofortification” scenario will be bigger than with a higher discount rate. With a lower discount rate also
the potential absolute impact of biofortified crops will be bigger: lowering the discount rate
increases the (absolute) impact of biofortification. One way to address this weakness is to
supply the base to which the impact has to be compared. Therefore, when reporting the impact of biofortification, I also express the DALYs gained due to biofortification as fraction of
the burden in the status quo; the discount rate does not change this relative value. Because
IDA, ZnD and VAD are already recognised public health problems, a statement that biofortification may reduce the problem by X percent can already be a forceful statement in its own
right, irrespective of the actual number of DALYs that may be saved.
The complete layout of the method described so far for calculating the impact of iron biofortification and the individual steps of the underlying calculations are illustrated in Figure 18,
the corresponding method for zinc and beta-carotene is illustrated in Figure 19. Yet, as I
pointed out in the introduction, determining the effectiveness of biofortification is necessary
but not sufficient for a comprehensive assessment: the potential impact of biofortification, i.e.
its health benefit, needs to be put into a wider economic context and compared to its costs.
How this is done is described in section 3.4.

3.4

The cost-effectiveness of biofortification

When assessing a novel intervention the first concern is, of course, to find out whether and
how well it might work. However, once the functioning of the intervention has been established, it is equally important to quantify and analyse the costs of the intervention to find out
whether it is affordable in the first place, whether it is relatively cheaper compared to alternaFigure 18. Layout for calculating the impact of iron biofortification
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Figure 19. Layout for calculating the impact of zinc biofortification and Golden Rice
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tive interventions, how well the resources are spent that are used for the intervention and
what the impacts of the intervention are at a more aggregated (economy-wide) level.
In this section, after quantifying the costs of biofortification, I present the details of a costeffectiveness analysis (CEA) of biofortification. Through CEAs it is possible to maintain the
information included in a DALY – which reflects a non-monetary dimension. The advantage of
this approach is that comparisons with alternative interventions can be made at more concrete levels. This avoids simplifications and aggregations that are necessary to produce more
general but also more abstract economic indicators. Although, these have other merits and
the basis for extending the economic analysis to a CBA is described in section 3.4.3. At the
end of this section I also describe shortly how the disease burden of micronutrient malnutrition can be assessed in terms of productivity and economic growth.

3.4.1 Quantification of the costs of biofortification
When talking about costs it is first of all necessary to define which costs are relevant in the
context of this analysis: the costs that occur to an individual, the costs that are incurred by a
physician, the costs of private companies, the costs of the health system, the costs that are
relevant for the budget of the government, the costs that need to be carried by the Indian
society as a whole or costs of humanity? Which costs are included in the evaluation depends
on its purpose. My study is about biofortified crops in India, therefore one possible way could
be to look at the costs that need to be covered by the Indian government (e.g. for the dissemination of the biofortified seeds). This approach would neglect the costs that are carried
by other parties (e.g. the R&D done by donor organisations), but the results of the subsequent analysis could show the decision makers in the Indian government whether it is advantageous – from their point of view – to implement the intervention. It would also be possible to look at the costs that need to be carried by an individual (e.g. the time it takes – if any –
for a detour to get to a market where Golden Rice is sold). This approach would neglect the
costs that are carried by the Indian government and others, but the results of the analysis
could show this person whether it is advantageous – from her perspective – to eat biofortified
crops.
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The concern of this study is a different one, though. I want to clarify whether biofortification
can be advantageous for society as a whole. In my case, the cost-effectiveness of this approach needs to be established in a preliminary (because ex ante) economic analysis. The
results can then be used for the overall assessment of biofortification and for priority setting
from a social point of view. Private profitability is not an issue in this context. For this analysis
costs need to be considered comprehensively. This is also the point of view taken by the
WHO in the assessment of the cost-effectiveness of interventions designed to achieve the
Millennium Development Goals, where “costs are measured from the perspective of society
as a whole, to understand how best to use resources regardless of who pays for them”
(Evans et al. 2005b, p. 1137). At the same time there is a limit of what can be ascertained.
Within the scope of this study it is impossible to follow up all possible ramifications of the introduction of biofortified crops. For instance, biofortification might decrease the need and the
demand for micronutrient supplements and therefore lead to job losses in the pharmaceutical
industry. Or the improvements in public health may contribute to economic growth, which, in
turn, may improve public health, etc. (c.f. section 2.5.1). This is not a dynamic analysis (c.f.
footnote 29.) Other costs that are not included in this analysis are basic R&D costs, like
proofs of concept that were not aimed at a concrete product but that nevertheless contributed
to the development of biofortified crops. Because all R&D builds on existing knowledge, basic
research produces more general and diffuse benefits. A comprehensive assessment of this
research would require comparing all expenditures spent on basic research with total returns
on all subsequent developments. Yet, this would still leave the question unanswered what
basic research (and its cost) would need to be attributed to what extent to which final product.
Also, it is probably safe to assume that society is funding basic R&D irrespective of specific
results and products. In this case the corresponding costs are of no relevance for the economic evaluation of biofortification. (In this respect I follow a marginal costing approach.)
Regarding the costs that I consider for the development and promotion of the micronutrient-rich crops, a marginal approach is followed as well: only those costs are considered that
arise in addition to regular breeding and dissemination costs of new crop varieties, which
would be released by the agricultural research institutes anyway. Finally, not the full costs at
all levels are included in the evaluation: development costs at the international level (in this
case mostly at CIMMYT and IRRI) are attributed to India according to its share in the current
overall production of the crop in question by potential beneficiary countries. These beneficiary
countries were determined in expert interviews based on the regional focus of the ongoing
research activities and the interest shown by the different countries. This splitting of the international R&D costs is necessary because the development of a micronutrient-rich crop is
likely to benefit more countries than just India – which is one of the main arguments for biofortification (c.f. section 2.2.3). Not attributing costs relative to benefits would bias the results.
In the case of iron and zinc biofortification, the costs were computed based on the HarvestPlus budget (CIAT/IFPRI 2004) and the input by the crop leaders at IRRI and CIMMYT
(Barry 2005; Ortiz-Monasterio 2004). The time frame for the development and release of the
biofortified varieties was also estimated by these experts. Even though the budget is a given,
the underlying figures of the budget were doubled for the pessimistic scenario to be cautious
and to allow for future cost increases. (Moreover, in the pessimistic scenario the costs are
shared among less potential beneficiary countries, i.e. the costs that are attributed to India are
higher.) For both iron and zinc biofortification the costs and time frames are the same for
each crop (Table 4).
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Table 4. Costs and time frame of biofortification with either iron or zinc
Crop

Rice

Scenario

Wheat

Pessimistic

Optimistic

Pessimistic

Optimistic

US$ 1.1 m

US$ 0.2 m

US$ 1.1 m

US$ 0.3 m

Country-specific activities

US$ 0.8 m

US$ 0.5 m

US$ 0.8 m

US$ 0.5 m

Maintenance breeding

US$ 0.2 m

US$ 0.1 m

US$ 0.2 m

US$ 0.1 m

8 years

6 years

9 years

7 years

5 years

3 years

7 years

Average annual costs
a,b

India’s share of internat. R&D
c

Duration
a

International R&D

c

Country-specific activities

5 years
d

Maintenance breeding

Remainder of the 30 year period

Total cost for 30 years
in base year (discounted at 3%)

US$ 12.6 m

US$ 3.5 m

US$ 13.8 m

US$ 4.5 m

Average annual cost

US$ 0.42 m

US$ 0.12 m

US$ 0.46 m

US$ 0.15 m

Average annual cost without
international R&D costs

US$ 0.16 m

US$ 0.08 m

US$ 0.18 m

US$ 0.10 m

Notes: a International R&D comprises screening, breeding, testing and release of the advanced lines. b India’s
share of international R&D for rice corresponds to its share in overall rice production of the target countries of
biofortified rice: (i) for the pessimistic scenario Bangladesh, India and the Philippines (India’s share is 70.5 percent) and (ii) for the optimistic scenario Bangladesh, China, India Indonesia, the Philippines and Vietnam (India’s
share is 27.5 percent). India’s share of international R&D for wheat corresponds to its share in overall wheat production of the target countries: (i) for the pessimistic scenario India and Pakistan (India’s share is 78.5 percent)
and (ii) for the optimistic scenario China, India and Pakistan (India’s share is 39.3 percent). The production
shares are based on FAO (2004b). c Country-specific activities include adaptive breeding, dissemination and extension activities. d 30 years is the time period used for the analysis.
Source: CIAT/IFPRI (2004), Barry (2005) and Ortiz-Monasterio (2004).

To establish the costs for Golden Rice is less straightforward because more research institutes are involved and more (parallel) activities are necessary to get the rice to the consumers: because it is a GM crop Golden Rice has to pass regulation and because of its yellow colour additional social marketing activities are necessary. At the same time Golden Rice
is already at a more advanced stage than any of the other biofortified cereals. Therefore there
is less uncertainty regarding costs and time frame, which is reflected in lower mark-ups for
the pessimistic scenario. The costs that have to be incurred for Golden Rice can be divided
into five categories: (i) R&D costs that are incurred at the international level, (ii) breeding
costs within India, (iii) regulatory costs that need to be incurred prior to the release of Golden
Rice, (iv) social marketing costs that need to be incurred to promote and popularise Golden
Rice and (v) costs for maintenance breeding (Table 5). As for iron and zinc biofortification, the
overall time horizon for the analysis is set at 30 years because this is deemed a sensible time
frame for the life-cycle of such an agricultural intervention (and after 30 years the effects of
discounting are diminishing both costs and potential benefits considerably anyway).

3.4.2 Carrying out a cost-effectiveness analysis
Having established total costs, they need to be discounted to a base year (c.f. Figure 11).
Moreover, to become comparable to the costs of alternative interventions, the issue of inflationary adjustment becomes relevant prior to making any comparisons if results originate from
different years (Kumaranayake 2000). For such inflationary adjustments I use BLS (2005).
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Table 5. Costs and time frame of Golden Rice
Pessimistic scenario
Years

Optimistic scenario

Total costs for
given period

Years

Total costs for
given period

India’s share of internat. R&D

2001-2007

US$ 7.5 m

a,b

2001-2007

US$ 3.3 m

a,b

R&D within India

2002-2011

US$ 1.2 m

a,c

2002-2009

US$ 0.8 m

a,c

Regulatory process

2003-2012

US$ 2.5 m

a.d

2003-2010

US$ 2.2 m

a,d

Release of GR

2012-2013
a,e

2011-2015

US$ 30.7 m

a,e

f

2011-2029

US$ 1.9 m

2010-2011

Social marketing

2013-2015

US$ 15.6 m

Maintenance breeding

2013-2029

US$ 2.1 m

Total cost in 2001
(discounted at 3%)

2001-2030

US$ 21.4 m

2001-2030

US$ 27.9 m

Average annual cost

2001-2030

US$ 0.7 m

2001-2030

US$ 0.9 m

Average annual cost without
international R&D costs

2001-2030

US$ 0.5 m

2001-2030

US$ 0.8 m

f

Notes: a In the pessimistic scenario costs reported before 2005 are increased by 10 percent to account for possible underreporting, while the more uncertain future costs are increased by 25 percent. In the optimistic scenario
only future costs are increased by 10 percent. b R&D costs at the University of Freiburg, Syngenta and IRRI, of
which India’s share corresponds to its share in overall rice production of potential beneficiary countries: (i) for the
pessimistic scenario Bangladesh, India and the Philippines (India’s share is 70.5 percent) and (ii) for the optimistic scenario Bangladesh, China, India and the Philippines (India’s share is 34.2 percent). The production shares
are based on FAO (2004b). Indonesia and Vietnam are secondary target countries and are not considered for the
attribution of costs. c R&D costs at the Indian Agricultural Research Institute, the Directorate for Rice Research
and the Tamil Nadu Agricultural University. d Costs that need to be incurred in the framework of the institutional
biosafety committees, the Review Committee on Genetic Manipulation, the Genetic Engineering Approval Committee and the Seed Act. e Based on the costs for different combinations of awareness programmes in the framework of India’s ICDS, campaigns in the bigger ICDS units, special programmes in the ICDS units and video spots
and nation-wide campaigns in the electronic media (as obtained in expert interviews). In the optimistic scenario
higher costs for social marketing are assumed because of stronger assumed political support, i.e. more activities
are carried out over a longer period of time; this also justifies the assumption of higher coverage rates of Golden
Rice in the optimistic scenario in Table 3.
Source: b Mayer (2005), Dubock (2005a) and Barry (2005). c Singh (2005). d Rao (2005). f Barry (2005).

While simply comparing costs is not a CEA because it does not inform about the effect of
an intervention (i.e. the size of the benefits), it can indicate its financial feasibility – given liquidity constraints, high costs could prevent an intervention from being implemented even if
the expected benefits are high. The magnitude of the costs of an intervention is also relevant
for risk considerations: if the costs involved are small, a potential failure of the intervention
might not be perceived to be too severe to prevent if from being implemented. Expressed in
per capita terms, the costs of an intervention can also be set in context to what people would
have to pay for it on average if the intervention was not partially paid for by international donors.
If looking at the impact of an intervention only is not sufficient for a final assessment and if
looking at the costs of an intervention only is of little use beyond establishing its affordability,
matching impact and costs in a single analysis provides a sound basis on which to assess an
intervention relative to other, similar interventions. Juxtaposing the costs of biofortification and
the DALYs a biofortified crop may save (for a given time frame), the resulting “cost per DALY
saved” can easily be compared with other interventions whose benefits are expressed in
DALYs: highest priority should be given to interventions that save a DALY at the lowest cost.
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If a new intervention proves to be cost-effective, this means DALYs could be saved at a lower
“price”.
For such analyses also other units to quantify the impact of a micronutrient intervention are
used, like the “cost per death averted” (Rassas 2004) or “cost per beneficiary” (Fiedler et al.
2000; Phillips and Sanghvi 1996). Yet, these concepts can only be applied to more specific
contexts. For example, an intervention that improves the health of tens of thousands at a low
cost – but does not avert any deaths – will be indefinitely costly in terms of “cost per death
averted”, while a very expensive intervention that only saves one life will perform much better.
Similarly, the “cost per beneficiary” also fails to take account of the depth of a deficiency,
which is a common shortcoming of head count approaches: not all beneficiaries are deficient
to the same extent; therefore the health benefits they derive from the intervention differ and
the cost per beneficiary compares apples and oranges. In contrast, DALYs are more universally applicable in that they capture mortality, morbidity and severity. Therefore, the costeffectiveness of interventions can be compared across different settings. In this study, I compare the cost-effectiveness of the different biofortified crops to the cost per DALY saved of
alternative micronutrient interventions.
Another way of using the “cost per DALY saved” is to compare it to benchmarks that are
set by international organisations. The World Bank (1993) characterised costs of gaining one
DALY between US$ 50 and US$150 (1990 US dollars) as being highly cost-effective; in 2004
US dollars the upper limit of this range corresponds to US$ 217. The WHO (2001a) suggests
valuing each DALY conservatively as equal to per capita income and more conventionally at
three times the per capita income. Hence, the conservative value could be used as benchmark for indicating high cost-effectiveness (while the conventional value could be interpreted
as benchmark for acceptable cost-effectiveness). The per capita income in India in 2004 was
US$ 620 (World Bank 2005). In this case another issue is purchasing power parity (PPP): a
good part of the costs of biofortification (i.e. research carried out at the international level or
paid for by international donors) occur in US$ while the benefits accrue to India. Hence, it
could be argued that the value of the per capita income should not be biased by nominal
exchange rates. The last year for which the Indian per capita income is available at PPP is
2000. In 1996 international dollars (I$), the per capita income was I$ 2,480 (Heston et al.
2002). In 2004 US$ this corresponds to US$ 2,986. To evaluate the cost-effectiveness of
biofortification I use all these possible benchmarks (Table 6).
Table 6. Benchmarks for assessing the cost-effectiveness of DALYs saved in India
Cost-effective if saving one DALY costs less than US$ (in 2004)
World Bank (1993)

217

WHO (2001a)

620

WHO (2001a)

2,986

a
c

Notes: a Per capita income from World Bank (2005). c Per capita income at PPP from Heston et al. (2002).

3.4.3 Extending the economic analysis to a cost-benefit analysis
Evaluating the cost-effectiveness of biofortification relies on DALYs, a concept of health economics, which – although more precise – might not be intuitive for a more general audience.
For example, in a qualitative survey of policy makers in Uganda, Kapiriri et al. (2003) found
that expressing the burden of a disease in quantitative estimates appeals to politicians, but
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the concept of DALYs itself was poorly understood. Similarly, Yip (2002, p. S804) notes:
“Most policy makers who shape decisions on funding and commitment to health programs do
not have nutrition or health backgrounds. More likely, these policy leaders are versed in economics. For this reason, putting the principle argument in economic terms, rather than health
or nutritional terms, may prove to be more useful to this particular audience”. But putting
health benefits into economic terms may also appeal to health professionals, as Rosenberg
(2002, p. 371) relates: “I was stunned by these results [of estimations of the return on medical
research investments]. I knew, of course, that research had given us longer and more productive lives. But I was always taught to consider these outcomes as incalculable. To have an
economic value put on our national investment and to find that it was so large was surprising
and exhilarating.” Hence, it seems to be expedient to include a purely economic analysis of
biofortification in my study. This also enables comparing the investments that are necessary
for the development and dissemination of the different biofortified crops with interventions that
are not or cannot be measured in DALYs.
Popular indicators in CBAs are the internal rate of return (IRR) and the benefit-cost ratio
(BCR). While money on the bank earns an annual interest rate, the IRR is the “interest rate”
the money earns on average each year if it is invested in a project. The BCR reflects how
many times the original investment in a project pays off in total. Gittinger (1982, p. 329-346)
describes this more comprehensively:
“The discount rate that makes the net present worth of the incremental net benefit stream or incremental cash flow equal zero [...] is called the IRR. It is the maximum interest that a project could
pay for the resources used if the project is to recover its investment and operating costs and still
break even [...] The IRR is a very useful measure of project worth. It is the measure the World
Bank uses for practically all its economic and financial analyses of projects and the measure used
by most other international financing agencies [...] The formal selection criterion for the IRR
measure of project worth is to accept all independent projects having an IRR equal to or greater
than the opportunity cost of capital [...] The BCR [...] is the ratio obtained when the present worth
of the benefit stream is divided by the present worth of the cost stream [...] Note that the absolute
value of the BCR will vary depending on the interest rate chosen. The higher the interest rate, the
smaller the resultant BCR, and, if a high enough rate is chosen, the BCR will be driven down to
less than 1 [...] One convenience of the BCR is that it can be used directly to note how much costs
could rise without making the project economically unattractive [...] Although in practice projects
with higher BCR are often regarded as being preferable (other things being equal), ranking by
BCR can lead to an erroneous investment choice. The BCR discriminates against projects with
relatively high gross returns and operating costs, even though these may be shown to have a
greater wealth-generating capacity that that of alternatives with a higher BCR.”

Gittinger (1982, p. 329) also indicates the limits of the net present value (NPV, or net present
worth), another popular indicator, when he writes: “No ranking of acceptable, alternative independent projects is possible with the net present worth criterion because it is an absolute, not
relative measure. A small, highly attractive project may have a smaller net present worth than
a large, marginally acceptable project.”
Having recourse to such economic indicators overcomes a major limitation of CEAs,
namely that all benefits in CEAs need to be quantified in a given, often context-specific unit.
Economic indicators can be used for comparisons across a much wider spectrum. Also,
CEAs are necessarily relative, i.e. the information that saving a DALY costs US$ X is not very
useful without a reference value. When recipients of the information simply judge whether
US$ X is a good “price” for one DALY, this is already a first step towards a CBA: in this kind
of analyses the most crucial difference to CEAs is the necessary monetary valuation of
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DALYs. (Costs and benefits can only be offset if they are expressed in monetary terms).
Hence, a CEA may simply push the pricing problem on to the decision maker (Kuchler and
Golan 1999).
While the very beauty of DALYs and CEAs resides in avoiding putting a monetary value to
human life and health,62 the aforementioned reasons warrant a departure from these concepts. Yet, if carrying out a CBA requires attaching a monetary value to one DALY, this does
not mean to value life as such; it is merely a pragmatic approach to be able to assess, compare and prioritise interventions that involve human life and health on the basis of (to some)
more familiar economic indicators. The dilemma of accepting the need to value human life to
be able to generate information that may be used to make more efficient investments in
health is described by Harberger and Jenkins (2002, p. xlvii):
“From the dawn of modern cost-benefit analysis to the present day, professionals in this field have
struggled with the ultimate imponderable – the value of human life – and its close relative, the
value of improvements in human health. It is probably fair to say that most analysts have grasped
at any plausible excuse to avoid dealing with this problem ‘in public’. However understandable this
attitude may be, it remains demonstrably true that a wide variety of public actions (a) have the effect of saving human lives and (b) also carry a cost (explicit or implicit) of doing so. [...] Standard
economic thinking tends to drive one in the direction of saying, cut back on the expensive ways,
and push forward on the cheaper ways of saving lives. This should end up saving more lives at the
same cost, and getting the strongest life-saving results from any increment of costs society is
willing to bear.”

However, as described above, one may argue that a CBA is only an extension of a CEA:
while it would be desirable to save all DALYs that can potentially be saved worldwide, this
misses reality as it exceeds the economic capacities of society. (As Viscusi (1993, p. 1912)
writes: “Health and safety risks comprise one aspect of our lives that we would all like to
eliminate. Even if we set out to provide a risk-free existence, however, our efforts would be
constrained by our economic resources.”) Therefore, it seems reasonable to attach a value to
one DALY that reflects the economic possibilities of the countries in question or the economic
benefit that saving one DALY may generate subsequently. This is the approach suggested by
the WHO (2001a) and described in section 3.4.2 to determine a benchmark for evaluating
DALY-based CEAs. One shortcoming of this approach is limited international comparability:
because each country has a different per capita income, ceteris paribus, interventions would
always pay off more in richer countries where saving one DALY would bring a bigger monetary benefit. This may not be justifiable on ethical and equity grounds. One solution to this
problem is to use standardised values for one DALY. In the context of developing countries’
per capita incomes, values of US$ 500-1,000 per DALY look plausible and have been used
more recently: Rijsberman (2004) used US$ 500 and Collier and Hoeffler (2004) used US$
1,000. Mills and Shillcutt (2004) use the mean per capita income in low and middle income
countries as standard to value one DALY.
A rather different approach is based on value of life estimates like “values of a statistical
life” (VSL) and “values of a statistical injury”, which are ultimately founded in people’s WTP for
incremental reductions in their risk of dying or of suffering a non-fatal injury. Often the estimates are also based on studies that investigate people’s willingness to accept a higher risk
of having an accident or of dying if they earn higher wages. VSL, which focus on mortality
See chapter 3.1. Similarly, Garber and Phelps (1997, p. 2) write about CEAs using Quality Adjusted Life Years
(a predecessor of DALYs): “Many physicians and others who perform CEA prefer it to CBA because it does not
require placing a dollar value on a health outcome.”
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only, are estimated more often. Whether the mortality risk some people are willing to accept
for higher wages may be used for a good approximation of the value of saving one healthy life
year is an open question: the empirical basis for using these estimates in applications to specific countries is rather thin and individual studies often rely on homogenous sub-groups of
people – most often workers whose wage-risk trade-off may not be representative (Viscusi
1993; Viscusi and Aldy 2003). Such estimations are also prone to problems and biases of
their own (Armantier and Treich 2003). Hence, using little robust, occasional, non-representative estimates to reflect the values of whole, more heterogeneous societies could be problematic. This is acknowledged by Viscusi (1993), but, referring to VSL estimates for richer
countries, he qualifies the applicability of the estimates:
“Given the range of uncertainty of the value-of-life estimates, perhaps the most reasonable use of
these values in policy contexts is to provide a broad index of the overall desirability of a policy. In
practice, value-of-life debates seldom focus on whether the appropriate value of life should be $3
million or $4 million – narrow differences that cannot be distinguished based on the accuracy of
current estimates and the potential limitations of individual behaviour underlying these estimates.
However, the estimates do provide guidance as to whether risk reduction efforts that cost $50,000
per life saved or $50 million per life saved are warranted” (p. 1943).

To explore this avenue for valuing DALYs, too, I carry out an illustrative calculation based on
India-specific VSL estimates. Miller (2000) reports “low”, “high” and “best” estimates for the
VSL in India and expresses these estimates as multiples of the national per capita income.
For India his “best” estimate is 158 times bigger than the national per capita income; for 2004
this would be US$ 97,960. In assuming that the estimations are based on the values of adults
aged 30-39 years, I use an average remaining life expectancy of these statistical lives of 38
years (WHO 2001b).63 This results in an average value of a statistical life year of US$ 2,578.
According to these different suggestions, one DALY gained in India may be valued between US$ 500-9,000 (Table 7). The choice of this value has a substantial impact on the size
of the monetary benefits that are derived from the number of DALYs lost due to micronutrient
malnutrition – and consequently on the results of the CBAs. When reporting the main results
of the CBAs, the standardised value of US$ 1,000 per DALY is used for better comparability
and to be conservative. The results for the other possible DALY values (with the exception of
Table 7. Possible monetary valuations of one DALY gained in India
2004 US$
a,b

Per capita income in India

620
a,b

Triple per capita income in India

Per capita income in India (at PPP)

1,860
a,c,d

Triple per capita income in India (at PPP)

2,986
a,c,d

8,958

e

Standardised value

500

f

Standardised value

1,000
b,g

Mean per capita income in low & middle income countries
Average value of a statistical life year

b,h

1,460
2,578

Source: a WHO (2001a), b World Bank (2005), c Heston et al. (2002), d BLS (2005), e Rijsberman (2004), f Collier and
Hoeffler (2004), g Mills and Shillcutt (2004), h Miller (2000).
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This comes close to the 40 year working life that Gibson et al. (2005) use for their calculations.
64

the two extremes) are provided in the tables to make the impact of the choice of the DALY
value transparent.
As stated previously, the results of CEAs are relative because determining the desirability
of the underlying interventions requires comparison with other interventions. In addition to
such evaluations of the technical efficiency of interventions, CBAs allow for measuring their
allocative efficiency in a context that goes beyond the health sector (Walker 2001). The results of CBAs can be assessed on a more formalised basis: if IRR > ropp, BCR > 1 or NPV > 0
(where ropp is the opportunity cost of capital), then implementing an intervention would be a
Kaldor-Hicks improvement, i.e. – through appropriate compensations and redistributions – a
Pareto optimum could be achieved.64 In this case, if one DALY is valued at US$ 1,000 and if
one of the efficiency criteria laid out above is fulfilled by an intervention, individuals who gain
one healthy life year through this intervention would need to reimburse less than US$ 1,000
to society – for society at large to be no worse of than before. (And the individuals themselves
gained one DALY for less than what was defined its maximum value.) This example also
illustrates the reason for the range of DALY values given in Table 7. If an actual compensation would take place, the VSL estimate would probably be the correct value to use because it
is based on individuals’ WTP. However, if no compensation takes place, society at large
bears the costs of the intervention but – disregarding potential but more intangible motives
like compassion or philanthropy – only benefits from the productivity gain that results from
saving one healthy life year. In this case, society may only be willing to value one DALY at the
average per capita income (or slightly more, assuming that a healthy individual is more productive than the average).
In the previous paragraph I discussed how the results of a CBA should be assessed, but
important limitations in real life were neglected: resource and liquidity constraints. If there are
not enough resources to implement all formally profitable interventions, also the results of
CBAs need to be compared with the results of alternative interventions to ensure that the
scarce resources are allocated efficiently and generate the biggest benefit possible. Therefore, at the end of this section, it seems warranted to underline again that the conversion of
DALYs into monetary terms, which is necessary for a CBA, results in a certain aggregation
and simplification: dimensions like well-being, health, compassion or other intangibles – which
may still resonate in the concept of DALYs – get lost and cannot be taken into consideration
when basing decisions on pure economic indicators.65 This is particularly relevant in the context of human life and health, where – even in theory – redistribution of benefits and compensation of costs between winners and losers is not always possible.

3.4.4 Assessing the relevance of biofortification for economic productivity
In the previous two sections, I argued that one DALY may be valued at simple to triple the
national per capita income because this is the range of economic benefits that saving one
DALY may generate. On this basis, one further step is to extend the focus of the analysis

Of course, this does not mean that the Pareto optimum reflects the socially optimal final distribution of goods
and resources; this concept simply is a principle of efficiency (c.f. Rawls 1971).
65 The same reasoning resounds in the recommendation of Belli et al. (1996, p. 69) that: “Analysts should use the
simplest technique possible to address the problem at hand: cost-effectiveness where possible and [...] costbenefit analysis only where they are needed for intersectoral comparisons.”
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from health-centred DALYs to overall economic productivity. The underlying rationale is that
micronutrient malnutrition has an adverse effect on economic growth (c.f. section 2.5.1).
In this context, translating DALYs into economic terms and extending the focus of the
analysis to productivity requires determining the possible economic loss in national income
due to micronutrient malnutrition and, in a second step, determining the potential impact of
biofortification on overall productivity and economic growth. Given that the DALYs lost due to
the different micronutrient deficiencies are already transformed into monetary terms for the
CBA (c.f. 3.4.3), this simply requires multiplying the economic value of one DALY with the
total number of DALYs that are lost with and without biofortification. This provides an estimation of the possible economic loss at the national level through micronutrient deficiencies. The
smaller loss with biofortification reflects the potential economic gain of this intervention.
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4

Results

In the previous chapter the methods and data used in this study were described and the rationale of the different components of the analysis was explained. Therefore, in this chapter,
the results of the case studies are reported rather briefly. I only go into more details where the
cases differ from each other or where additional explanations are necessary. A more detailed
discussion of the results of the three case studies is then presented in chapter 5.

4.1

Case 1: iron-rich rice and iron-rich wheat in India

4.1.1 The disease burden of iron deficiency anaemia in India
Based on the DALYs method and the data described in chapter 3, the disease burden of IDA
in India amounts to an annual loss of 4 million DALYs. As will be seen in section 5.1, this
result demonstrates that IDA is indeed a big disease burden in India – of which 55 percent
are borne by girls and women (Table 20). Almost half of all DALYs are lost due to impaired
physical activity, the “classic” symptom of IDA, but almost as many are lost due to impaired
mental development, with only 6 percent of DALYs being lost due to mortality (Table 21). This
Figure 20. The burden of IDA by gender groups (DALYs lost)

1.8 m

Females
2.2 m

Males

Figure 21. The burden of IDA by health outcomes (DALYs lost)

Impaired
physical
activity
1.9 m

1.9 m
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development
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0.2 m
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indicates that IDA has both immediate and long-term consequences, i.e. it directly affects
(physical) productivity of the individuals concerned, but it also affects their (cognitive) human
capital (c.f. section 2.5.1). The annual death toll due to IDA in India is 9,000 lives lost. As
could perhaps be expected, severe IDA is responsible for more than 40 percent of the burden
of IDA, even though less than 10 percent of the people affected by IDA suffer from this severe
form (Figure 22). Similarly, 67 percent of the burden of IDA is attributed to the group of preschool children, even though in this group only 38 percent of all cases of IDA occur (Figure
23); this is mainly due to the fact that the impact of impaired mental development is accounted for in this group even though its effect is permanent.
Figure 22. The burden of IDA by severity and in relation to the number of cases
Moderate IDA

Severe IDA
11 m
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25%
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Figure 23. The burden of IDA by target groups and in relation to the number of cases
Children =< 5 years
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4.1.2 The potential impact of iron biofortification of rice and wheat
In chapter 3 I described how – based on household food consumption data, expert assumptions about the potential success of biofortification and the cumulative distribution of iron intakes – new prevalence rates of IDA can be simulated for situations in which iron-rich crops
are consumed (Table 8). These new prevalence rates suggest a modest decrease of IDA in
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the pessimistic scenario and a substantive decrease in the optimistic case. The resulting
potential impact on the burden of IDA in India is illustrated for the national level in Figure 24
and it is reported on a disaggregated basis in Table 9.66 (These figures show the impact of
the biofortified crops once the full coverage, as described in Table 2, is achieved.) Biofortifying both rice and wheat with iron may reduce the disease burden of IDA in India by 19-58
percent, which is a considerable impact given the limited success of the current iron control
programme (c.f. section 2.2.2). Between iron biofortified rice and iron biofortified wheat, the
latter has a somewhat weaker impact.
Table 8. Prevalence of IDA with and without iron biofortification of rice and wheat
All India

Current prevalence
rates of IDA (%)

Target group
(age in years)

Reduced rates with biofortification (%)
Pessimistic scenario

Optimistic scenario

Moderate

Severe

Moderate

Severe

Moderate

Severe

Children ≤ 5

27.5

3.2

23.5

1.6

16.5

0.3

Children 6-14

15.6

0.8

12.9

0.4

7.0

0.1

Women ≥ 15

7.4

1.0

6.5

0.6

3.0

0.1

Men ≥ 15

3.7

0.5

3.3

0.3

1.5

0.0

Source: Cf. section 3.2.3 and 3.2.4; own calculations.

Figure 24. DALYs gained and lost in different scenarios with biofortified crops
2.3 m
60%

1.5 m

40%

1.0 m

20%

0.8 m

0.5 m

0.3 m

0%
-20%
-40%
-60%
-80%
-100%

-4.0 m
Status R&W
quo
(opti.)

Rice Wheat R&W
Rice Wheat
(opti.) (opti.) (pess.) (pess.) (pess.)

For IDA, an analysis at a more disaggregated level is possible because data on the prevalence of anaemia is
available at the state level. Such a detailed analysis is also expedient because the cumulative distribution of iron
intakes – which is used to translate improved iron intakes into a reduction of the health burden of IDA – is sensitive to differences in the bioavailability of dietary iron between dietary regions (because of the phytate content in
rice and wheat). When analysing ZnD and VAD a dose-response function is used, which circumvents this issue
(c.f. section 3.3.3). Here, the regional results are simply reported for information. The further analysis of iron
biofortification is based on the results at the national level, which is the focus of this study.
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Table 9. The disaggregated impact of biofortification on the burden of IDA in India
Biofortified crop
Scenario

Rice & wheat
Pessim.

Optim.

Rice only
Pessim.

Optim.

Wheat only
Pessim.

Optim.

All India (DALYs lost in status quo: 4.0 m)
Remaining DALYs lost with
biofortification

3.2 m

1.7 m

3.5 m

2.5 m

3.7 m

3.0 m

DALYs saved through
biofortification

0.8 m

2.3 m

0.5 m

1.5 m

0.3 m

1.0 m

Change relative to status quo

-19%

-58%

-12%

-38%

-7%

-26%

Rice eating regions (DALYs lost in status quo: 1.1 m)
Remaining DALYs lost with
biofortification

0.8 m

0.3 m

0.8 m

0.3 m

1.1 m

1.1 m

DALYs saved through
biofortification

0.3 m

0.8 m

0.3 m

0.8 m

0.0 m

0.0 m

Change relative to status quo

-29%

-73%

-29%

-72%

-0%

-4%

Wheat eating regions (DALYs lost in status quo: 1.3 m)
Remaining DALYs lost with
biofortification

1.0 m

0.5 m

1.2 m

1.1 m

1.1 m

0.6 m

DALYs saved through
biofortification

0.2 m

0.8 m

0.0 m

0.2 m

0.2 m

0.7 m

Change relative to status quo

-18%

-60%

-3%

-13%

-15%

-55%

Mixed diet regions (DALYs lost in status quo 1.6 m)
Remaining DALYs lost with
biofortification

1.4 m

0.9 m

1.5 m

1.0 m

1.5 m

1.3 m

DALYs saved through
biofortification

0.2 m

0.7 m

0.1 m

0.6 m

0.1 m

0.3 m

Change relative to status quo

-13%

-46%

-9%

-35%

-5%

-17%

All India (discounting at 5%, DALYs lost in status quo: 3.0 m)

a

Remaining DALYs lost with
biofortification

2.5 m

1.3 m

2.7 m

1.9 m

2.8 m

2.3 m

DALYs saved through
biofortification

0.6 m

1.8 m

0.4 m

1.2 m

0.2 m

0.8 m

Change relative to status quo

-19%

-58%

-12%

-38%

-7%

-26%
a

All India (no discounting, DALYs lost in status quo: 7.3 m)
Remaining DALYs lost with
biofortification

5.9 m

3.1 m

6.4 m

4.5 m

6.8 m

5.4 m

DALYs saved through
biofortification

1.4 m

4.2 m

0.9 m

2.8 m

0.5 m

1.9 m

Change relative to status quo

-19%

-58%

-12%

-38%

-7%

-26%

Notes: a For the discussion of discounting of DALYs c.f. 3.1.2.

4.1.3 The cost-effectiveness of iron biofortification in India
Having established the costs that need to be incurred for the development and dissemination
of iron-rich rice and iron-rich wheat in Table 4, and having stated the potential impact of these
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crops in Table 9, the cost-effectiveness of iron biofortification can be determined by juxtaposing costs and the number of DALYs gained. In the pessimistic scenario over the 30 year period considered, 4.9 million DALYs in present terms can be saved, while discounted costs
equal US$ 26.4 million.67 Hence, even in the pessimistic scenario the current “price” of saving
one healthy life year through iron biofortification of both rice and wheat is only US$ 5.39. In
the optimistic scenario 16.7 million DALYs in present terms can be saved through biofortification, while the present cost amounts to US$ 8 million. In this case the price of saving one
DALY is only US$ 0.46, i.e. if invested in iron biofortification of rice and wheat in India, saving
one healthy life year costs only half a dollar. An overview of the disaggregated results, including different approaches to discounting, is given in Table 10. The (hypothetical) per capita
costs of iron biofortification are reported as well, which are at most 0.01¢ per year.
Table 10. The cost-effectiveness and the cost per capita of iron-rich cereals in India
Biofortified crop

Rice & wheat

Scenario

Pessim.

Rice only

Optim.

Pessim.

Optim.

Wheat only
Pessim.

Optim.

Overall discounting with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

5.39

0.46

3.96

0.30

8.71

0.63

0.0009

0.0003

0.0004

0.0001

0.0004

0.0001

c

Overall discounting with 5 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

9.17

0.74

6.81

0.49

14.76

1.03

0.0007

0.0002

0.0004

0.0001

0.0004

0.0001
c

Only discounting of monetary values with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

1.52

0.13

1.12

0.09

2.45

0.19

0.0009

0.0003

0.0004

0.0001

0.0004

0.0001

Notes: a Calculated from the present value of the costs over 30 years (Table 4) and the present number of DALYs
saved (Table 9). b Calculated from the average of the present value of the annual costs and the size of the Indian
population (GoI 2001a). c See also the discussion on discounting of DALYs in section 3.1.2.

Compared to the benchmarks for assessing the cost-effectiveness of an intervention that
are given in Table 6 (US$ 217-2,986), the costs of saving a healthy life year through iron
biofortification of rice and wheat in India are negligible: by World Bank and WHO standards
iron biofortification can be classified as a very cost-effective intervention. However, in section
3.4.2 I pointed out that the major role of a CEA is to facilitate comparisons of concrete
interventions. Gillespie (1998) gives a more specific overview of the cost-effectiveness of ID
control programmes; he quotes figures of US$ 4.4-12.8 per DALY saved for iron fortification
and supplementation programmes, respectively. In 2004 the costs of these interventions
correspond to US$ 5.6-16.3 per DALY saved. While individual methods of calculating DALYs
may slightly differ (c.f. section 3.1.2), the magnitudes of these costs of other iron interventions
seem to indicate that iron biofortification is a very cost-effective approach.68

As noted earlier (3.1.2), an overall discount rate of 3% is used when reporting general results.
Looking specifically at the efficacy of food-based interventions to reduce ID in India, albeit not biofortification,
Vijayalakshmi et al. (2003, p. 27) also point out their cost-effectiveness when writing “due to the large number of
iron deficient persons in India, and the large and negative effects on productivity of individuals, it can be expected that food-based approaches to improve the iron status of the population will yield good results at a relatively low cost per person.”
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However, in India, there is also a concrete iron supplementation programme in place, even
though its effectiveness is rather low (c.f. section 2.2.2).69 Nevertheless, to obtain an idea of
the magnitudes involved and to reflect the potential of this programme, I calculated the annual
costs for the tablets that would be distributed by a fully functioning programme (Table 11). If,
furthermore, it is assumed that 90 percent of the recipients comply and take their tablets as
required and if this compliance results in complete iron sufficiency in these individuals and, in
the case of pregnant women, in their babies (and if the 50 percent target coverage of the
programme also covers 50 percent of those who are iron deficient in the first place, which is
another strong assumption), then this supplementation programme could save 1.3 million
DALYs each year. Hence, if only the costs of the tablets are considered and if a highly successful supplementation programme is assumed, this partial cost per DALY saved amounts
to US$ 1.93. Yet, this is an unrealistic assumption and, in fact, the limitations of the current
iron supplementation programme (funding, logistics and monitoring) may be overcome by
biofortification (low costs, use of existing seed and food distribution channels and no important monitoring activities – plus targeting of rural and remote areas).
Table 11: Cost of the tablets for India’s Nutritional Anaemia Prophylaxis Programme
Size of target
a
group

Target
b,c
coverage

Dose

Pregnant women
e
without severe IDA

27.4 m

50%

100 big
tablets/case

Rs. 5.45

US$ 1.7 m

Pregnant women
f
with severe IDA

0.6 m

50%

200 big
tablets/case

Rs. 10.90

US$ 0.07 m

127.6 m

50%

100 small
tablets/year

Rs. 2.50

US$ 3.5 m

Target group

Children aged
1-5 years

c

Cost per
c
dose

Total costs
d
(for 2004)

Total annual cost of the iron and folic acid tablets

US$ 5.2 m

Source: a GoI (2001a), b Kapil (2003 and 2004b), c Kapil (2004b), d Table 41, e NFHS (2000), f NIN (2003).

Apart from studies that used DALYs to gauge the cost-effectiveness of iron interventions,
there is other literature that uses economic indicators like IRRs or BCRs (c.f. section 3.4.3). If
a standardised value of US$ 1,000 is attached to one DALY (Table 7), the IRR for iron
biofortification of rice and wheat is 61 percent in the pessimistic scenario and 168 percent in
the optimistic case; the respective BCRs are 186 and 2,180. An overview of these results, for
different DALY values and without discounting of DALYs, is given in Table 12.
These results can be compared with those of other interventions to control ID. Twenty
years ago, in an analysis of iron fortification and supplementation, Levin (1986) focused on
quantifiable benefits like productivity only, because of the difficulties to quantify other benefits.
The BCRs he calculated for different scenarios and for different developing countries range
from 5-79 for iron fortification and from 1.6-59 for iron supplementation. In a more recent
overview of micronutrient interventions, Behrman et al. (2004) give BCRs of 176-200 for iron
fortification and 6.1-14 for iron supplementation. Looking at the economics of ID in ten different developing countries, Horton and Ross (2003) find a BCR for iron fortification of 36 (if
It could be argued that the burden of IDA in India is not only the loss of 4 million DALYs, but that the money
spent on iron interventions with only limited success should be incorporated, too.
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Table 12. The results of a cost-benefit analysis of iron biofortificationa,b
Biofortified crop
Scenario

Rice & wheat
Pessim.

Rice only

Optimistic

Pessim.

Optimistic

Wheat only
Pessim.

Optimistic

1 DALY = US$ 620
IRR

53%

149%

57%

165%

43%

115%

BCR

115

1,352

156

2,046

71

984

1 DALY = US$ 1,000
IRR

61%

168%

65%

185%

50%

129%

BCR

186

2,180

252

3,300

115

1,587

1 DALY = US$ 1,460
IRR

68%

184%

72%

202%

55%

140%

BCR

271

3,183

368

4,818

168

2,317

1 DALY = US$ 1,860
IRR

72%

195%

77%

214%

58%

148%

BCR

345

4,056

469

6,138

213

2,952

1 DALY = US$ 2,578
IRR

78%

210%

83%

230%

63%

159%

BCR

479

5,621

650

8,508

296

4,091

66%

164%

343

4,738

121%

1 DALY = US$ 2,986
IRR

81%

217%

86%

237%

BCR

554

6,511

753

9,854
c

1 DALY = US$ 1,000 (discounting at 5%)
IRR

57%

157%

61%

173%

46%

BCR

109

1,344

147

2,032

68

971
c

1 DALY = US$ 1,000 (only monetary values discounted at 3%)
IRR

71%

194%

76%

212%

58%

147%

BCR

656

7,489

894

11,328

408

5,527

Notes: a Calculated over a period of 30 years. b For the DALY values used see Table 7. c See the discussion on
discounting of DALYs in section 3.1.2.

future benefits attributable to cognitive improvements are included). However, they only look
at the economic impact of increased physical and cognitive productivity and not at the more
fundamental health benefits per se. Analysing in more detail micronutrient programmes in
different Asian countries, Horton (1999) finds BCRs of 3.6-10.3 for iron supplementation.70
One analysis that focuses specifically on iron biofortification in India (and Bangladesh) can be
found in Hunt (2002) and in Bouis (2002a and 2002b). Based on conservative assumptions
She reports one exception, though. In Pakistan she finds a ratio below one (0.9). She explains this finding with
the low participation of women in the labour market, which she suspects to prevent effects other than productivity
increases on the formal labour market from showing up in her indicators. Acknowledging that focusing on productivity only and neglecting the non-formal labour market has certain drawbacks, she then underlines the social
value of micronutrient programmes and finds that they rank very high in cost-effectiveness, since they have low
unit costs and their effects can be dramatic.
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about the increase in micronutrient content and the adoption of biofortified rice and wheat
varieties, the authors attach a given monetary value per case of anaemia averted and juxtapose these benefits and the expected costs for R&D and extension. The resulting BCRs are
in the range of 19-85 and correspond to an IRR in the range of 29-45 percent. In their calculation only nutritional benefits are considered but they expect that inclusion of agricultural
benefits (i.e. expected yield gains due to better iron availability for the plant) increases these
results considerably. Again, compared to these other studies, biofortification produces the
most promising results (Table 13).
Table 13. Ranges of benefit-cost ratios of different studies of iron interventions
Source

Iron intervention

BCRs

Own calculations, c.f. Table 12

Biofortification

186

- 2,180

Behrman et al. (2004)

Fortification

176

- 200

Horton and Ross (2003)

Fortification

36

Hunt (2002) and Bouis (2002a and 2002b)

Biofortification

19

- 85

Behrman et al. (2004)

Supplementation

6

- 14

Levin (1986)

Fortification

5

- 79

Horton (1999)

Supplementation

3.6

- 10

Levin (1986)

Supplementation

1.6

- 59

4.1.4 An evaluation of the overall economic impact of iron biofortification
As described in section 2.5.1, micronutrient malnutrition is closely linked to economic
productivity and national income. Following section 3.4.4 and based on the recommendations
of the WHO how to consider the economic potential of saving one DALY (WHO 2001a; Table
7), the annual loss of 4 million DALYs translates into a loss of US$ 2.5-7.4 billion for DALY
values at the single or triple per capita income, respectively. In relation to India’s gross national income (GNI) of US$ 674.6 billion in 2004 (World Bank 2005), this amounts to an annual loss of 0.37-1.10 percent of the national income.71 The corresponding potential productivity gains through iron biofortification are shown in Table 14. While the adverse effect of micronutrient malnutrition on economic growth is discussed and illustrated in section 5.4, these
results demonstrate the relevance of IDA as a problem that goes far beyond the sphere of
public health. Losing one percent of national income growth due to a single reason is a matter
of concern for any society.
Table 14. IDA in India and the potential economic impact of biofortification
1 DALY = single
a
per capita income

1 DALY = triple
a
per capita income

-0.37

-1.10

Potential gain (pessimistic scenario %)

0.07

0.21

a

0.21

0.64

b

Loss in national productivity due to IDA (%)
a

Potential gain (optimistic scenario, %)

Notes: a See Table 7. b GNI for India for 2004 taken from World Bank (2005). a See Table 9.
In 2004 India’s GNI was 97.5% of India’s gross domestic product (GDP) (World Bank 2005). Therefore, in the
following when illustrating matters of magnitude, the terms GNI, GDP and national income are used interchangeably.
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4.2

Case 2: zinc-rich rice and zinc-rich wheat in India

4.2.1 The disease burden of zinc deficiency in India
Given the method and the data laid out in chapter 3, the calculation of the disease burden of
ZnD in India yields an annual loss of 2.8 million healthy life years. This is less than the burden
imposed by IDA, but still a public health problem of sizeable proportion, as the discussion in
section 5.1 will show. More than two-thirds of this burden is borne by infants (Figure 25) and
95 percent of the burden of ZnD are lost due to mortality (Figure 26). This corresponds to an
annual loss of 95,500 lives of infants and children.
Figure 25. The burden of ZnD by age groups (DALYs lost)
Infants < 1 year
Children 1-5 years
0.8 m

2.0 m

Figure 26. The burden of ZnD by health outcomes (DALYs lost)
Mortality

0.07 m

Diarrhoea
Pneumonia
Stunting

2.7 m
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4.2.2 The potential impact of zinc biofortification of rice and wheat
Using the food consumption data, the assumptions concerning the biofortification efforts and
the dose-response function that were explained in chapter 3, I computed new incidence rates
for the adverse functional outcomes of ZnD for a pessimistic and an optimistic scenario in
which zinc-rich cereals are consumed (Table 15). These incidence rates result in different
impacts on the burden of ZnD in India, depending on the crop that is biofortified and the scenario chosen (Figure 27). Zinc biofortification of rice and wheat may save 0.5-1.6 million
DALYs each year (once the full coverage of the biofortified crops is achieved (Table 2)). This
corresponds to a reduction of the burden of ZnD in India of 16-55 percent (Table 16). While
the burden of ZnD is bigger among infants than among children aged 1-5 years (Figure 25),
biofortification has a much bigger impact on the burden of the latter group (
Figure 28). As will be explained later (c.f. section 5.2), this is because of the bigger quantities
of cereals consumed by the older children. Given that currently there are no zinc interventions
in India (c.f. section 2.2.2), zinc biofortification holds great potential to address this disease
burden and may prevent thousands of children from dying each year.
Table 15. Incidence rates of health outcomes of zinc deficiency for different scenarios
Health outcome

Diarrhoea

Target group

Status quo

Zinc biofortification of rice & wheat
pessim. scenario

optimist. scenario

infants

0.468

0.436

0.268

children 1-5

0.234

0.142

0.038

infants

0.119

0.111

0.068

children 1-5

0.119

0.072

0.019

Stunting

infants

0.455

0.424

0.212

Infant mortality

live births

0.00268

0.00250

0.00153

Child mortality

live births

0.00104

0.00063

0.00017

Pneumonia

Source: Cf. section 3.2.3 and 3.2.4; own calculations.

Figure 27. DALYs gained and lost in different scenarios with biofortified crops
1.6 m
60%

1.2 m
0.5 m 0.5 m
0.4 m

40%
20%

0.1 m

0%
-20%
-40%
-60%
-80%
-100%

-2.8 m
Status R&W Rice R&W Wheat Rice Wheat
quo (opti.) (opti.) (pess.) (opti.) (pess.) (pess.)
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Table 16. The impact of biofortification on the burden of ZnD in India
Biofortified crop

Rice & wheat

Scenario

Pessim.

Optim.

Rice only
Pessim.

Optim.

Wheat only
Pessim.

Optim.

DALYs lost in status quo: 2.8 m
Remaining DALYs lost with
biofortification

2.4 m

1.3 m

2.4 m

1.7 m

2.8 m

2.4 m

DALYs saved through
biofortification

0.5 m

1.6 m

0.4 m

1.2 m

0.1 m

0.5 m

Change relative to status quo

-16%

-55%

-14%

-41%

-2%

-16%

Discounting at 5%, DALYs lost in status quo: 2.0 m
Remaining DALYs lost with
biofortification

1.6 m

0.9 m

1.7 m

1.2 m

1.9 m

1.6 m

DALYs saved through
biofortification

0.3 m

1.1 m

0.3 m

0.8 m

0.0 m

0.3 m

Change relative to status quo

-17%

-55%

-15%

-41%

-2%

-16%

No discounting, DALYs lost in status quo: 6.1 m
Remaining DALYs lost with
biofortification

5.1 m

2.8 m

5.2 m

3.6 m

6.0 m

5.1 m

DALYs saved through
biofortification

1.0 m

3.4 m

0.9 m

2.5 m

0.1 m

1.0 m

Change relative to status quo

-16%

-55%

-14%

-41%

-2%

-16%

Figure 28. The reduction of the burden of ZnD through biofortification by age group
90%
84%
Infants
60%

30%

0%

39%

Children
aged 1-5

43%

7%

Pessimistic
scenario

Optimistic
scenario

In Table 16 the results are also given for different rates at which future DALYs are discounted (c.f. 3.1.2). When comparing these, it becomes obvious that discounting changes the
absolute number of DALYs lost or saved, but not the relative decrease of the burden through
biofortification: the relative impact of biofortification is not sensitive to the choice of the discount rate!

77

4.2.3 The cost-effectiveness of zinc biofortification in India
Given the expenditures that are necessary to develop and disseminate zinc-rich rice and zincrich wheat (Table 4), and given the potential impact of these biofortified cereals (Table 16),
the cost-effectiveness of zinc biofortification can easily be derived following the approach
described in chapter 3. Over the 30 year period considered in this analysis, 3.7-7.8 million
DALYs in present terms may be saved in the pessimistic and optimistic scenario, respectively. These health benefits need to be contrasted with present costs of US$ 8.0-26.4 million
in the optimistic and pessimistic scenario, respectively. Then, saving one healthy life year
through zinc biofortification of rice and wheat in India may cost less than 70¢ (Table 17). The
overall costs of zinc biofortification on a per capita basis are negligible.
Table 17. The cost-effectiveness and the cost per capita of zinc-rich cereals in India
Biofortified crop

Rice & wheat

Scenario

Pessim.

Rice only

Optim.

Pessim.

Optim.

Wheat only
Pessim.

Optim.

Overall discounting with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

8.80

0.68

4.81

0.40

39.45

1.42

0.0009

0.0003

0.0004

0.0001

0.0004

0.0001

c

Overall discounting with 5 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

16.32

1.21

8.97

0.71

73.85

2.56

0.0007

0.0002

0.0004

0.0001

0.0004

0.0001
c

Only discounting of monetary values with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

2.11

0.17

1.15

0.10

9.32

0.34

0.0009

0.0003

0.0004

0.0001

0.0004

0.0001

Notes: a Calculated from the present value of the costs over 30 years (Table 4) and the present number of DALYs
saved (Table 16). b Calculated from the average of the present value of the annual costs and the size of the
Indian population (GoI 2001a). c See also the discussion on discounting of DALYs in section 3.1.2.

When discussing the theoretical basis of CEAs, in Table 6 benchmarks of the World Bank
and the WHO were reported that may be used to gauge the cost-effectiveness of interventions whose impact can be measured in DALYs: saving one DALY at a cost below US$ 217 is
highly cost-effective. This holds true for all scenarios of zinc biofortification of rice and wheat.
In section 3.4.2, the strength of CEAs for comparisons with other interventions was underlined. Currently there are no significant interventions to control ZnD in India (MI 2005). However, Tan-Torres Edejer et al. (2005) have estimated the cost-effectiveness of different hypothetical interventions to improve child health in the WHO region “SEAR-D”. Next to India
(1,000 m inhabitants), this region comprises Bangladesh (136 m), Bhutan (0.9 m), Democratic
People’s Republic of Korea (23 m), Maldives (0.3 m), Myanmar (49 m) and Nepal (24 m);
hence India accounts for 81 percent of the population in this region (WHO 2002; population
figures from World Bank 2005). Tan-Torres Edejer et al. (2005) focused on the expansion
path for the most cost effective set of interventions (i.e. they started with the most-cost-effective intervention and successively added the next best cost-effective intervention, reporting
the costs per DALY for each bundle). But in their data supplement (online Table B) they also
report the costs of saving one DALY for each individual intervention – amongst others also
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zinc fortification (of wheat flour) and zinc supplementation (Table 18).72 While Tan-Torres
Edejer et al. (2005) use a discount rate of 3 percent in their analysis, they also use age
weighting, which is not done here. In this context they write: “Removal of age weighting and
discounting for DALYs increases the health gains and makes the interventions more cost
effective” (p. 1180). Moreover, they use international dollars (I$) with the year 2000 as base
to eliminate the differences in price levels between the countries in their analysis. Hence, to
become comparable, the international dollars need to be converted into US dollars, which
then need to be inflated to the year 2004 (Table 18). The potential of zinc biofortification, i.e.
the lower end of the range of US$ 0.7-9 per DALY saved, compares rather favourably with
the potential of zinc fortification (with a range of US$ 5-7 per DALY saved). And zinc biofortification promises to be more cost-effective than zinc supplementation.
Table 18: Cost-effectiveness of zinc fortification and zinc supplementation
a

Coverage

50%

80%

95%

I$/DALY (2000)
Zinc fortification

19

15

14

Zinc supplementation

50

48

48
b

US$/DALY (2004)
Zinc fortification

6.8

5.3

5.0

Zinc supplementation

18

17

17

Notes: a The coverage is explained in footnote 72. b To convert I$ into rupees the table provided in WHO (2005b)
was used, to converted these rupee figures into US$ the exchange rates provided in the Annexe in Table 41.
Source: Tan-Torres Edejer et al. (2005).

Because 95 percent of all DALYs lost due to ZnD are lost due to mortality, it may also
make sense to approximate the cost-effectiveness of zinc biofortification by looking at the
cost of saving the life of a child: over the 30 year period considered, zinc biofortification of rice
and wheat in India may save 190,000 lives in the pessimistic scenario and more than 750,000
lives in the optimistic scenario. If these figures are juxtaposed to the present costs of US$
26.4 million and US$ 8.0 million in the pessimistic and optimistic scenario, respectively, saving the life of a child may cost as little as US$ 11 and no more than US$ 139.
In addition to determining the cost-effectiveness of zinc biofortification, to make this intervention comparable on a broader basis it is also recommendable to carry out a CBA (c.f. section 3.4.3). To this end, the DALYs saved are converted into monetary benefits according to

In the online supplement Tan-Torres Edejer et al. (2005) provide the following explanation for zinc supplementation: “During one of the first immunisations contacts in infancy, the health worker prescribes zinc gluconate or
sulfate, 10 mg in solution as part of a routine. Thereafter, the zinc solution is administered by a caregiver at
home daily to every child until the child reaches five years of age. Effectiveness of the intervention is adjusted by
an assumed adherence of 60% for medications being taken daily.” And regarding zinc fortification they explain:
“The intervention has the same characteristics as for VA fortification[*] except the nutrient added is zinc oxide
and the food vehicle is wheat, not sugar. Note that in the absence of documented field experience, the effectiveness of zinc fortification was modelled relative to the effectiveness of supplementation at approximately the level
of VA supplementation to fortification.” [* “The amount of VA required is calculated based on a consideration of
the expected sources of VA and the average per capita intake of sugar in different settings. Intervention includes
provision of guidelines for quality control of sugar fortification in the mills, regular visits to mills by inspectors,
and regular sampling and testing of sugar taken from mills, markets and homes for VA content. Samples from
homes are taken opportunistically during mass surveys carried out for other purposes. Effectiveness is adjusted
using assumptions regarding access to processed food.”]
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the values reported in Table 7. Then, for the standard value of US$ 1,000 per DALY saved,
the IRR for zinc biofortification of rice and wheat is 53 percent in the pessimistic scenario and
153 percent in the optimistic scenario; the corresponding BCRs are 114 -1472 (Table 19).
Table 19. The results of a cost-benefit analysis of zinc biofortificationa,b
Biofortified crop
Scenario

Rice & wheat
Pessim.

Rice only

Optimistic

Pessim.

Optimistic

Wheat only
Pessim.

Optimistic

1 DALY = US$ 620
IRR

46%

135%

54%

154%

26%

94%

BCR

70

912

129

1,549

16

437

1 DALY = US$ 1,000
IRR

53%

153%

62%

173%

31%

106%

BCR

114

1,472

208

2,498

25

704

1 DALY = US$ 1,460
IRR

59%

167%

69%

189%

35%

117%

BCR

166

2,149

304

3,648

37

1,028

1 DALY = US$ 1,860
IRR

63%

177%

73%

200%

38%

123%

BCR

211

2,737

387

4,647

47

1,310

1 DALY = US$ 2,578
IRR

69%

192%

79%

216%

42%

133%

BCR

293

3,794

536

6,441

65

1,816

1 DALY = US$ 2,986
IRR

72%

198%

82%

223%

44%

137%

BCR

339

4,395

621

7,460

76

2,103

97%

c

1 DALY = US$ 1,000 (discounting at 5%)
IRR

48%

139%

56%

158%

27%

BCR

61

824

111

1,399

14

390
c

1 DALY = US$ 1,000 (only monetary values discounted at 3%)
IRR

66%

184%

76%

207%

40%

128%

BCR

244

3,169

446

5,379

55

1,516

Notes: a Calculated over a period of 30 years. b For the DALY values used see Table 7. c See the discussion on
discounting of DALYs in section 3.1.2.

4.2.4 An evaluation of the overall economic impact of zinc biofortification
Similar to the approach used in the preceding section of attaching a monetary value to one
healthy life year saved, the impact of ZnD on the national income of India can be approximated following the WHO recommendation on how to take account of the economic potential
of saving one DALY (WHO 2001a; Table 7). If one DALY is valued at single per capita income, the health loss of 2.8 million DALYs translates into an economic loss of US$ 1.8 billion;
if one DALY is valued at triple per capita income, the economic loss is even US$ 5.3 billion.
Given India’s GNI of US$ 674.6 billion in 2004 (World Bank 2005), the corresponding losses
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are 0.26-0.78 percent, respectively. The potential gain in economic productivity due to zinc
biofortification of rice and wheat is shown in Table 20. Again, the adverse effect of micronutrient malnutrition on economic growth is discussed in more detail in section 5.4, but this loss of
national income due to one single cause, is a matter of concern.
Table 20. ZnD in India and the potential economic impact of biofortification
1 DALY = single
a
per capita income

1 DALY = triple
a
per capita income

-0.26

-0.78

Potential gain (pessimistic scenario %)

0.04

0.13

a

0.14

0.43

Loss in national productivity due to ZnD (%)

b

a

Potential gain (optimistic scenario, %)

Notes: a See Table 7. b GNI for India for 2004 taken from World Bank (2005). a See Table 16.

4.3

Case 3: Golden Rice in India
“In endorsing continuing research on crops such as Golden Rice, we emphasise that
evaluation of its cost-effectiveness... is vital” (Nuffield Council 2003).

4.3.1 The disease burden of vitamin A deficiency in India
Using the method and the data reported in chapter 3, calculating the disease burden of VAD
in India gives a result of 2.3 million DALYs lost each year. Almost the entire burden is borne
by pre-school children (Figure 29). Of the health outcomes of VAD, child mortality contributes
88 percent to the overall burden of VAD; night blindness contributes 8 percent and blindness
2 percent (Figure 30). The 88 percent of DALYs lost through child mortality translate into
71,600 lives of pre-school children that are lost due to VAD each year. According to these
calculations, the number of new cases of VAD-related blindness amounts to 3,663 each year,
all of which occur at an early age. Because blindness is often used to highlight the negative
impact of VAD, it is noteworthy that the biggest share of DALYs is lost due to VAD-related
mortality. Therefore, the exclusion of mortality in similar calculations is one reason why other
studies find lower burdens of VAD. This will be discussed in section 5.1.
Figure 29. The burden of VAD by target groups (DALYs lost)
0.1 m

Children
Women
2.2 m
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Figure 30. The burden of VAD by health outcomes (DALYs lost)

0.2 m

Child mortality
Nightblindness
Blindness
Conreal scars
2.0 m

Measles

4.3.2 The potential impact of Golden Rice
Based on the survey data, the information on Golden Rice and the dose response function
(c.f. chapter 3), new incidence rates of the health outcomes of VAD were derived for a
pessimistic and an optimistic scenario in which Golden Rice is consumed (Table 21). Using
these new rates to calculate the impact of Golden Rice on the burden of VAD yields potential
reductions of 5-54 percent of the total burden of VAD in India (Table 22; Figure 31). Because
of the change in colour of Golden Rice due to biofortification, and because of the associated
uncertainty regarding its acceptance (c.f. section 3.3.2), I varied the underlying assumptions
in different scenarios to establish the robustness of the results and to identify the key parameters that are important for the success of Golden Rice (Table 23). This variation shows
that it is insufficient to rely on government channels (like fair price shops and school feeding)
to reach the target group. The variation also shows that it is relatively more important to realise high levels of bioavailable beta-carotene in the rice than to have people eat Golden Rice
as often as possible. This will be discussed in the next chapter (c.f. section 5.2).
Table 21. Incidence rates of health outcomes of VAD for different scenarios
Health outcome

Target group

a

Status quo

Golden Rice
pessim.
scenario

optimist.
scenario

children 1-6

0.0103

0.0097

0.0026

pregnant women

0.0662

0.0566

0.0070

lactating women

0.0552

0.0472

0.0058

Corneal scars

children ≤ 5

0.00002

0.00002

0.00001

Blindness

children ≤ 5

0.00002

0.00002

0.00001

simple

children ≤ 5

0.0027

0.0025

0.0007

with complications

children ≤ 5

0.0027

0.0025

0.0007

children ≤ 5

0.0028

0.0027

0.0014

Night blindness

Measles

Child mortality

Notes: a Target group changed from “children ≤ 5” to “children 1-6” for reasons of data availability.
Source: Cf. section 3.2.3 and 3.2.4; own calculations.
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Table 22. The impact of Golden Rice on the burden of VAD in India
Scenario

Pessim.

Optim.

a

A

b

B

DALYs lost in status quo: 2.3 m
Remaining DALYs lost with
biofortification

2.2 m

1.1 m

2.1 m

1.7 m

2.3 m

2.1 m

DALYs saved through
biofortification

0.1 m

1.3 m

0.3 m

0.7 m

0.0 m

0.3 m

Change relative to status quo

-4.8%

-54%

-11%

-28%

-0.5%

-12%

Discounting at 5%, DALYs lost in status quo: 1.6 m
Remaining DALYs lost with
biofortification

1.6 m

0.7 m

1.5 m

1.2 m

1.6 m

1.4 m

DALYs saved through
biofortification

0.1 m

0.9 m

0.2 m

0.5 m

0.0 m

0.2 m

Change relative to status quo

-5.0%

-55%

-11%

-29%

-0.6%

-12%

No discounting, DALYs lost in status quo: 5.0 m
Remaining DALYs lost with
biofortification

4.8 m

2.4 m

4.5 m

3.6 m

5.0 m

4.4 m

DALYs saved through
biofortification

0.2 m

2.6 m

0.5 m

1.3 m

0.0 m

0.6 m

Change relative to status quo

-4.5%

-52%

-10%

-27%

-0.5%

-11%

Notes: a = pessimistic content, optimistic coverage; A = optimistic content, pessimistic coverage; b = pessimistic
content, distribution only through government channels; B = optimistic content, distribution only through government channels; for a more detailed explanation of the scenarios see Table 23.

Figure 31. DALYs gained and lost in different scenarios with Golden Rice
1.2 m
60%

0.7 m

40%

0.3 m

0.1 m

20%

0.3 m
0.0 m

0%
-20%
-40%
-60%
-80%

-2.3 m

-100%
Status
quo

Opti.

Pess.

A

a

B

b

Notes: A = optimistic content, pessimistic coverage; a = pessimistic content, optimistic coverage; B = optimistic
content, distribution only through government channels; b = pessimistic content, distribution only through government channels; for a more detailed explanation of the scenarios see Table 23.
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Table 23. Sensitivity scenarios for analysing the impact of Golden Ricea
Scenario

Optim.

Pessim.

A

a

B

b

Beta-carotene content

31 µg/g

14 µg/g

31 µg/g

14 µg/g

31 µg/g

14 µg/g

Bioavailability of the βC

6:1

12:1

6:1

12:1

6:1

12:1

35%

80%

35%

80%

35%

80%

100%

20%

20%

100%

100%

20%

100%

20%

20%

100%

100%

20%

- on the free market

50%

14.3%

14.3%

50%

0%

0%

- in rice products

50%

10%

10%

50%

0%

0%

Post-harvest losses
b

Share of Golden Rice

- in government shops
c

- in school meals

d

Notes: a C.f. Table 2 and Table 3. b The assumption here is that the social marketing and awareness campaigns
result in equal acceptance among all rice consumers and that, after the adoption period of 15 years, the given
percentage of Golden Rice is demanded by the consumers (or grown by the farmers themselves). While this is a
simplification, it serves the purpose of showing the potential of Golden Rice if it is accepted by the population at
large. c Outside the predominantly wheat eating states. d This includes the rice from subsistence farming.

Other parameters that may influence the measure of the impact of biofortification are the
requirements that are used in the dose-response, i.e. RDAs or EARs. As I have described in
section 3.3.3, EARs seem to be the appropriate choice, but given the precedence (c.f. Zimmermann and Qaim 2004), I also used RDAs to generate one set of results. With RDAs the
potential impact of Golden Rice goes down from 4.8 to 3.5 percent in the pessimistic scenario
and from 54 to 48 percent in the optimistic scenario. This confirms the obvious, namely that
pushing up requirements (by using higher cut-off levels in the dose-response function) increases the intake gap and, hence, reduces the impact of interventions aimed at closing it.
Golden Rice can only reduce the burden of VAD in the part of the population that usually
consumes rice. Therefore, measuring its impact regarding the total population may be misleading, even if some rice is also consumed in many households whose principal staples are
other cereals. Yet, because of the lack of disaggregated incidence rates, the burden of VAD
(and hence the potential impact of Golden Rice) cannot be calculated separately for rice eating regions. For the same reason, it is impossible to calculate the burden of VAD for different
income groups. Based on the extensive, nationally representative survey data, it is possible to
calculate the efficacy of Golden Rice in closing the intake gap of VA separately for each observation, though (c.f. section 3.3.3). Hence, it is also possible to compute the efficacy of
Golden Rice in closing the intake gap of VA separately for different income groups or for the
rice eating region alone (Table 24).73
The projected elimination of VA malnutrition through Golden Rice in the rice eating regions
in the optimistic scenario can be supported by an exemplary calculation: according to IOM
(2002), the EAR for VA for women is 500 µg. In the optimistic scenario the beta-carotene
content of Golden Rice is 31 µg/g, of which 35 percent are lost during storage and processing, i.e. 20 µg/g end up on the consumers’ plates; this beta-carotene is transformed into VA at
a rate of 6:1 (Table 2). Hence, one gram of Golden Rice provides the equivalent of 3.4 µg VA.
Then, to cover their full EAR, women do not even have to eat 150 grams of Golden Rice per
day. While the assumption in the optimistic scenario is that they only consume Golden Rice
every other day, nobody needs to fulfil her entire requirements through Golden Rice. In the
73

For a definition of the different dietary regions in India see footnote 61.
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optimistic scenario Golden Rice may suffice in most cases to close the remaining intake gap
of VA and, thus, to eliminate VA malnutrition. As Table 24 shows as well, the efficacy of Golden Rice in closing the intake gap of VA among children (the group that bears the biggest
burden of VAD) is bigger in the poorest quintile than in the richest. Again, this will be discussed further in the next chapter (c.f. section 5.2).
Table 24. The efficacy of Golden Rice in closing the intake gap of vitamin A (percent)a
Children
Scenario

Women

Pessimistic

Optimistic

Pessimistic

Optimistic

All India

6.2

74.6

14.6

89.4

Rice eating regions

9.2

98.1

20.8

99.9

Richest quintile

5.1

72.4

16.8

93.2

Poorest quintile

7.1

77.9

13.7

88.6

Notes: a Even an efficacy of 100 percent would not eliminate the burden of VAD because one percent of the child
mortality that is attributed to VAD, which produces the biggest loss in terms of DALYs, cannot be prevented
through sufficient VA body stores but only through treatment with VA (c.f. Figure 12).

4.3.3 The cost-effectiveness of Golden Rice in India
The costs for R&D, regulation and dissemination of Golden Rice (Table 5) and the information
on the potential impact of Golden Rice on VAD in India (Table 22) can be used to calculate
the cost-effectiveness ratio for Golden Rice (c.f. chapter 3). Analysing a 30 year period shows
that Golden Rice may save 0.6-8.3 million healthy life years in present terms in the pessimistic and optimistic scenario, respectively. The corresponding present costs amount to US$
21.4-27.9 million. Hence, with Golden Rice one DALY may be saved at US$ 3.4-35 (Table
25). On a per capita basis, the cost of introducing Golden Rice in India is negligible.
Table 25. The cost-effectiveness and the cost per capita of Golden Rice in India
Scenario

Pessimistic

Optimistic

Overall discounting with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

35.47

3.40

0.0007

0.0009

c

Overall discounting with 5 percent
a

US$ per DALY saved

62.74
b

Annual cost per capita (US$)

5.90

0.0006

0.0007
c

Only discounting of monetary values with 3 percent
a

US$ per DALY saved

b

Annual cost per capita (US$)

8.75

0.83

0.0007

0.0009

Notes: a Calculated over a period of 30 years from the present value of the costs (Table 5) and the present number of DALYs saved (Table 22). b Calculated from the average of the present value of the annual costs and the
size of the Indian population (GoI 2001a). Contrary to the per capita costs of iron and zinc biofortification, here
the costs in the pessimistic scenario are lower because I project a weaker awareness programme (with a smaller
budget); c.f. note (e) under Table 5. c See also the discussion on discounting of DALYs in section 3.1.2.

Comparing the cost-effectiveness ratios of Golden Rice with the benchmarks of the World
Bank and the WHO, as laid out in Table 6, shows that Golden Rice is clearly a very costeffective intervention. Even in the pessimistic scenario biofortifying rice with beta-carotene
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costs only one sixth of the more conservative benchmark of the World Bank of US$ 217. Yet,
as explained in section 3.4.2, CEAs can also be used for comparative assessments of
alternative interventions. The World Bank (1994) quotes costs per DALY saved of US$ 9 for
VA supplementation of children under five and of US$ 29 for VA fortification. These costs
correspond to US$ 12-37 in 2004. Apart from these older and regionally unspecific figures,
Tan-Torres Edejer et al. (2005) estimated the cost-effectiveness of VA fortification and VA
supplementation in SEAR-D (c.f. section 4.2.3) and in the WHO region AFR-E (sub-Saharan
Africa).74 When comparing the results for these two regions, the relevance of the regional
focus of the analyses becomes apparent (Table 26). Therefore the unspecific and rather old
results that are reported by the World Bank were discarded. According to Tan-Torres Edejer
et al. (2005), saving one DALY through VA fortification in the SEAR-D region in 2004 costs
US$ 84-98. VA supplementation, though more common, costs US$ 134-599 (Table 26). In
this context, saving one DALY through Golden Rice promises to be considerably cheaper – at
US$ 3.4-35 per DALY saved.
Table 26: Cost-effectiveness of VA fortification and VA supplementation
Coverage

50%

80%

95%

I$/DALY (2000)
VA fortification

a

Asia

a

Africa
VA supplementation

a

Asia

a

Africa

277

244

237

41

34

32

377

1,378

1,686

52

168

260
b

US$/DALY (2004)
VA fortification
VA supplementation

a

Asia

98

87

84

134

490

599

Notes: a Here “Asia” refers to the WHO region “SEAR-D”, which comprises large parts of South Asia (c.f. the
explanation in the list of acronyms); “Africa” refers to the WHO’s regional construct “AFR-E”, which basically
comprises sub-Saharan Africa. b To convert I$ into rupees the table provided in WHO (2005b) is used, and for the
conversion of these rupee figures into US$ the exchange rates provided in the Annexe in Table 41.
Source: Tan-Torres Edejer et al. (2005).

For illustrative purposes, I also derived the cost-effectiveness of an exemplary VA supplementation programme in India, based on the costs of the actual programme (Box 3). At US$
92-124 per DALY saved, these generously approximated costs are lower than the results of
Tan-Torres Edejer et al. (2005) for VA supplementation, but they are still higher than the es-

In the online supplement Tan-Torres Edejer et al. (2005) provide the following explanation for VA supplementation: “Oral VA supplements are provided to all children under five years of age twice a year at a health centre.
The dose is 200,000 i.u. [international units] for children from their first birthday. For those less than one year of
age, the dose is 50-100,000 i.u. Effectiveness of the intervention is adjusted by an assumed adherence of 75%.
And regarding VA fortification: “Fortification of a food staple with VA (in this case assumed to be sugar), whether
locally produced or imported, or whether for industrial or domestic use, is assured through legislation. The
amount of VA required is calculated based on a consideration of the expected sources of VA and the average per
capita intake of sugar in different settings. Intervention includes provision of guidelines for quality control of
sugar fortification in the mills, regular visits to mills by inspectors, and regular sampling and testing of sugar
taken from mills, markets and homes for VA content. Samples from homes are taken opportunistically during
mass surveys carried out for other purposes. Effectiveness is adjusted using assumptions regarding access to
processed food.”
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Box 3: Deriving a yardstick for the cost-effectiveness of VA interventions in India
Even though India has a long-standing VA supplementation programme, it only reaches one-third of all
children under five (MI 2005), which speaks for the problems such large-scale programmes have to
cope with. For the sake of this illustrative calculation it is assumed that supplementation is nevertheless to be used to completely eliminate VAD among children. The current cost of the VA liquid used is
Rs. 2 per 2 ml. Children from the age of 1 year onward are given doses of 2 ml, children aged 6-12
months receive only 1 ml (Kapil 2004b). The marginal cost of the Micronutrient Initiative’s VA capsules
is 5¢ (Laviolette and Bulusu 2005), which corresponds to Rs. 2. Based on a study in the Philippines, it
can be assumed that the cost of the supplement constitutes around 3 percent of the total cost of providing one dose of VA (Fiedler et al. 2000). Consequently, each dose provided costs around Rs. 67.
Kapil (2004b) gives a somewhat lower estimate of Rs. 50 per dose. In India there are 140 million children aged 6-60 months (GoI 2001a). As each child needs two doses of VA per year, and using the
costs of Rs. 50 and Rs. 67 per dose, the cost of a VA programme with 100 percent coverage among
pre-school children in India amounts to Rs. 14-19 billion, or US$ 308-414 million, each year.*
Since 34 percent of all pre-school children are currently covered by the VA programme, the assumption is that the current burden of 2.2 million DALYs lost by the group of children under five is caused
by the 66 percent children that are not covered. Then, assuming that the children who are currently
covered by the VA programme are no different from those who are not, without current supplementation the annual burden of VAD on the group of under-fives would amount to 3.35 million DALYs lost.
Assuming 100 percent effectiveness of the supplementation programme, the original burden of VAD
of 3.35 million DALYs lost by pre-school children in India could be eliminated at costs of US$ 92-124
per DALY saved. This is the lowest bound for the cost-effectiveness of the projected VA programme,
because marginal costs must be expected to increase with coverage; assuming 100 percent effectiveness of the programme is also unrealistic and contrary to its assessment in the literature (c.f. section
2.2.2). Yet, if the effectiveness is lower, the money that is spent on the current programme saves less
DALYs than assumed and extending the programme to full coverage requires the same costs but saves
less DALYs.
*To facilitate the calculation it is assumed that the cost of providing 1 ml to infants equals the cost of providing
2 ml to the older children. This may also account for possible spilling and other losses. Although this is an unrealistic (but conservative) assumption, for these cost estimates it is assumed that increasing the coverage of
the programme does not run into increasing costs – even when coverage is extended to the most remote areas.

timated costs of VA fortification and they are far higher than the estimated costs of US$ 3.435 per DALY saved through Golden Rice.
While in the case of VAD only 88 percent of the burden is lost due to mortality, other studies have used the average cost per death averted as a cost-effectiveness measure: for VA
supplementation in Ghana, Nepal and Zambia in 2000, Rassas (2004) reports costs of US$
236 per death averted.75 However, one flaw in his calculation is omitting the full costs of
volunteer labour, because he writes: “In all three countries, community volunteers play a vital
role in program implementation. These volunteers receive no pay, their only monetary compensation being an allowance for attending training sessions and a travel allowance during
VA distribution days” (p. 7). Hence, two-thirds of the personnel costs Rassas considers are
costs of government personnel – even though he acknowledges that in Nepal alone more
than 45,000 volunteers support the national VA programme, while in Ghana about 65,000
volunteers are active. Failing to approximate the cost of volunteer labour ignores the opportunity costs of the time of the volunteers: instead of distributing VA capsules they could, for
instance, engage in other socially valuable activities. Hence, an indirect cost of the VA programme is that society cannot benefit from these other activities. Fiedler et al. (2000) ana-

Here the estimate Rassas provides based on “total costs” is used, because his estimate based on “programmespecific costs” does not include any personnel or capital costs but only materials, utilities and services. Yet,
given the mobilisation and the planning that is necessary for an all out supplementation programme, the inclusion
of personnel costs is certainly warranted.
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lysed a VA programme on the Philippines, although not by means of DALYs. They report that
80 percent of the personnel who works for the VA programme are volunteers – whose labour
time they value at the regional minimum wage. They also report that personnel costs account
for 72 percent of the total costs of the VA programme and that the estimated opportunity
costs of volunteer labour constitutes 41 percent of personnel costs and 30 percent of the total
costs of the programme. If these proportions are applied to the costs reported by Rassas, it
turns out that his overall costs need to be inflated by 85 percent, i.e. his cost per death
averted of US$ 236 rises to US$ 436. In 2004 US dollars this corresponds to US$ 478.76 In
another cross-country study, Ching et al. (2000) report average costs per death averted
through routine VA supplementation of US$ 313-359 (converted to 2004 dollars). However,
as they concede in the discussion of their results, their assumption of a 23 percent reduction
in all-cause mortality among children receiving two doses of VA per year may be a limitation
of their estimates: if the reduction is lower, the impact is smaller and the unit costs rise (also
c.f. 3.2.3).
In the case of Golden Rice in India, over the given time frame of 30 years, biofortification
may save 32,300-463,300 lives at present costs of US$ 21.4-27.9 million, respectively. Saving the life of a child through Golden Rice may cost US$ 60 only – if the optimistic assumptions are fulfilled. In the pessimistic case, saving the life of a child (i.e. potentially saving a
whole productive working life) costs US$ 661. Hence, already a medium success of Golden
Rice promises to be more cost-effective than the VA supplementation programmes analysed
by Rassas (2004) and Ching et al. (2000). Yet, as was shown above, there can be substantial
regional differences in the cost-effectiveness of VA interventions, with these interventions
Table 27. The results of a cost-benefit analysis of Golden Ricea,b
Scenario

Pessimistic

Optimistic

Scenario

1 DALY = US$ 620

Pessimistic

Optimistic

1 DALY = US$ 1,000

IRR

26%

68%

IRR

30%

76%

BCR

17

183

BCR

28

295

1 DALY = US$ 1,460

1 DALY = US$ 1,860

IRR

33%

82%

IRR

35%

86%

BCR

41

430

BCR

52

548

1 DALY = US$ 2,578

1 DALY = US$ 2,986

IRR

39%

92%

IRR

40%

94%

BCR

73

759

BCR

84

879

1 DALY = US$ 1,000

1 DALY = US$ 1,000

c

c

(discounting at 5%)

(only monetary values discounted at 3%)

IRR

27%

71%

IRR

36%

88%

BCR

16

170

BCR

114

1207

Notes: a Calculated over a period of 30 years. b For the DALY values used see Table 7. c See the discussion on
discounting of DALYs in section 3.1.2.

In a somewhat older paper Horton (1999) reports a similar cost per death averted through VA supplementation
(US$ 237), which in 2004 dollars corresponds to US$ 269. However the costs appear to only include the costs of
the VA mega dose and, hence, suffer from the same limitation as Rassas’ figures.
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being more expensive in South Asia than in sub-Saharan Africa (Table 26). Therefore, the
results of these cross-country studies may not be a good benchmark for assessing the costeffectiveness of a VA intervention in India.
Another way to assess Golden Rice is to carry out a CBA to generate economic indicators
like IRRs and BCRs (c.f. section 3.4.3). If the DALYs saved through Golden Rice are converted into dollar terms (c.f. Table 7), for a DALY value of US$ 1,000 the IRR for Golden Rice is
30 percent in the pessimistic and 76 percent in the optimistic scenario, and the corresponding
BCRs are 28 and 295 (Table 27).

4.3.4 An evaluation of the overall economic impact of Golden Rice
Like in the case of iron and zinc biofortification, the impact of Golden Rice can be assessed at
the level of national income. Valuing one DALY according to its economic potential (WHO
2001a; Table 7) turns the health burden of VAD in India of 2.3 million DALYs lost each year
into an annual loss of US$ 1.4-4.3 billion, depending on whether one DALY is valued at the
single or triple per capita income. Juxtaposing India’s GNI of US$ 674.6 billion in 2004 (World
Bank 2005) with these figures shows that VAD may be responsible for losses of 0.21-0.64
percent of national income. Golden Rice, in turn, could help prevent the loss of one-third percent of economic growth (Table 28).
Table 28. VAD in India and the potential economic impact of biofortification
1 DALY = single
a
per capita income

1 DALY = triple
a
per capita income

-0.21

-0.64

Potential gain (pessimistic scenario %)

0.01

0.03

a

0.11

0.34

Loss in national productivity due to VAD (%)

b

a

Potential gain (optimistic scenario, %)

Notes: a See Table 7. b GNI for India for 2004 taken from World Bank (2005). a See Table 22.

After having described the results of my analysis for the three case studies in this chapter,
in the following chapter I synthesise, interpret and compare the results across the case studies to come to an overall assessment of biofortification per se. Next to establishing the general desirability of this approach, also the possible implications for India are discussed and, in
a separate section, I examine criticisms that are raised against Golden Rice.

89

5

Discussion

5.1

The disease burden of micronutrient malnutrition in India

In the introduction of this study I sketched the current situation in India regarding micronutrient
malnutrition by referring to studies that report the prevalence rates of anaemia, ZnD and VAD.
Only recently the Micronutrient Initiative published a report (MI 2005) that states that 60 percent of Indian women are anaemic. The corresponding results of the last National Family
Health Survey (NFHS 2000) indicate that “only” 52 percent of ever-married women are anaemic. And while Hotz and Brown (2004) report that 26 percent of the Indian population is at risk
of inadequate zinc intakes, the Micronutrient Initiative writes of 26 percent of India’s population that is zinc deficient. The UN Standing Committee on Nutrition (UN-SCN 2004) quotes a
figure of 31 percent of preschool children in India being VA deficient; the Micronutrient Initiative points out that “57 per cent of children under 6 years of age are at potential danger from
sub-clinical Vitamin A deficiency” (p. 11). In this context, quantifying the actual burden of each
deficiency contributes to more transparency and, because the burdens are measured in a
single metric, their overall severities are made comparable.
According to my estimates, with 4.0 million DALYs lost each year, IDA imposes by far the
biggest disease burden in India. With annual losses of 2.8 and 2.3 million DALYs due to ZnD
and VAD, respectively, these two deficiencies still represent an important loss of health and
life, too (Figure 32). This result shows also that VAD, which is popularly associated with severe health outcomes (blindness and child deaths), imposes the smallest burden of the three
micronutrient deficiencies. IDA, however, which is commonly rather equated with less severe
health consequences like fatigue and reduced productivity, is of much bigger concern. The
reason for this is obvious: even though some health outcomes of VAD (and ZnD) are severe,
only few people are afflicted with these severe outcomes. IDA, in contrast, affects many more
people, but the consequences are less severe: the 4.0 million DALYs lost due to IDA each
year are caused by 8.4 million new cases of one form of IDA or another. On the other hand,
the 2.3 million DALYs lost due to VAD are caused by “only” 4.3 million new cases each year.
ZnD causes the loss of 2.8 million DALYs each year, but this loss is caused by 11.5 million
new cases of ZnD. Yet, most of these cases are cases of stunting, which only carry a very
minor disability weight and, consequently do not contribute significantly to the burden of ZnD
(Table 29). In this respect, each new case of IDA causes an average loss of 0.48 DALYs,
each new case of VAD an average loss of 0.55 DALYs and each new case of ZnD of 0.25.
Figure 32. IDA, ZnD and VAD in India, ranked by the number of DALYs lost
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Table 29: Width and depth of IDA, ZnD and VAD in India
Health outcomes

New cases per year

DALYs lost per year

(problem width)

(problem depth)

Impaired physical activity (mIDA)

a

7,489,502

Impaired mental development (mIDA)
I Impaired physical activity (sIDA)
D
A Impaired mental development (sIDA)

1,061,245
1,268,448
820,951

a

874,615

Maternal mortality (sIDA)

592,511
181,577

Stillbirths and child mortality
Sum for IDA
Average of DALYs lost per case

2,115

59,274

8,366,232

3,984,006

0.48

Stunting

11,401,923

Z Pneumonia
n
D Diarrhoea

31,953
43,030

b

95,500

Child mortality

68,333
2,688,943

Sum for ZnD

11,497,423

Average of DALYs lost per case

2,832,259

0.25

Night blindness among
pregnant and lactating women

1,850,402

Night blindness among children

114,513
78,576

c

V Corneal scars
A
Blindness (preceded by corneal scars)
D
Measles among children

1,595,201

20,876
53,264
3,949

d

823,942

Measles with complications
Child mortality

15,789
2,041,145

Sum for VAD

4,269,545

Average of DALYs lost per case

2,327,448

0.55

Notes: a By definition all individuals who suffer from moderate or severe IDA suffer from both impaired physical
activity and impaired mental development. Hence, these two outcomes only count as one case. The same is true
for maternal mortality: only mothers with severe IDA are supposed to be at risk, hence their deaths are no new
cases. b To avoid double counting it is assumed that children who die due to ZnD-related causes suffered from
either pneumonia or diarrhoea, i.e. these deaths are not counted as new cases. c To avoid double counting it is
assumed that children who suffer from corneal scars or blindness due to VAD previously also suffered from night
blindness. d To avoid double counting it is assumed that children who die due to VAD-related causes previously
also suffered from measles.

Figure 33 shows a similar connection, namely the annual burden of each deficiency due to
mortality and the corresponding health loss expressed in DALYs. This figure illustrates very
well why using cause-specific mortality to approximate the burden of a disease may be misleading: ZnD is highest up on the scale of “lives lost”, i.e. more lives are lost due to ZnD than
to either VAD or to IDA. But, when looking at the number of “DALYs lost”, IDA ranks highest.
Hence, by only considering mortality all other health outcomes and their – sometimes severe
– consequences for human well-being are ignored.
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Figure 33. The annual loss of life and health due to IDA, ZnD and VAD in India
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The issue of the width and the depth of each deficiency are also relevant when it comes to
controlling the respective micronutrient deficiencies. For example, to completely eliminate
IDA, 8.4 million people would need to become iron sufficient. However, to reduce the burden
of IDA by 42 percent, only 875,000 people need to become iron sufficient (namely those who
suffer from severe IDA). In this case an appropriate strategy may be to choose an iron intervention that provides smaller amounts of additional iron to many people at a low cost (like
fortification or biofortification) and to complement this intervention with supplementation efforts targeted at the relatively few individuals who suffer from severe IDA and for whom
smaller amounts of additional iron may be inadequate to achieve sufficiency. On the other
hand, in the case of VAD, an undifferentiated and global approach to control the deficiency
may waste resources because the problem is a more focal one. In this case analysing more
thoroughly in which regions and sub-groups of society VAD is a problem and targeting the VA
interventions accordingly may be a reasonable approach – whether it is the targeting of supplementation efforts, of the food that is fortified or of the crops that are biofortified. Yet, the
burdens of IDA, ZnD and VAD that I calculated here are based on conservative assumptions
about the extent of the adverse functional outcomes they cause;77 the possible health effects
of sub-clinical deficiencies are ignored altogether. Therefore, any micronutrient intervention
may benefit many more people (albeit to a lesser extent) than is suggested here. This can
also qualify the assessment of the appropriate VA intervention that I just made.
If the DALYs lost due to each deficiency are combined, the overall burden of IDA, ZnD and
VAD amounts to an annual loss of 9.1 million DALYs. Given India’s population of one billion
people, this represents a loss of about 0.01 DALYs – or 3.2 “disability-adjusted life days” –
per person per year. Of these 9.1 million DALYs lost, 52.4 percent are lost due to infant and
child mortality. Despite my cautioning against looking at mortality figures only, this nevertheless shows the severity of the problem of micronutrient malnutrition and it also underlines who
suffers most from micronutrient malnutrition: children. Apart from children, it is women who
are affected the most by micronutrient deficiencies. Not only are women affected twice as
For example the Micronutrient Initiative (MI 2005, p. 11) claims that “vitamin a deficiency precipitates the death
of 330,000 children every year in the country.” My own calculations indicate a loss of “only” 71,625 child lives
due to VAD.
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badly by impaired physical activity due to IDA than men, severe IDA also contributes to maternal mortality, while VAD causes night blindness in pregnant and lactating women. Assuming that half of all DALYs lost by children are lost by girls, of the 9.1 million DALYs lost due to
the three micronutrient deficiencies, 4.8 million DALYs, or 53 percent, are lost by females –
even though they only make 48 percent of the population (GoI 2001a).
Yet, the combined disease burden of IDA, ZnD and VAD in India may be bigger than the
added burdens of the single deficiencies because of multiple and overlapping micronutrient
deficiencies. I based the DALYs calculations on the incidence and the severity of adverse
functional outcomes for which the causality of the respective micronutrient deficiency was
clearly proven. But these underlying clinical studies only investigated the health limitations
imposed by deficiency of a single micronutrient. Therefore, if individuals are deficient in two or
more micronutrients, alleviating one limitation may only improve the health of the individuals
to the level the other micronutrient deficiency permits, or deficiency in one micronutrient may
even limit the bioavailability of another. Although, the literature is not conclusive on the issue
of multiple micronutrient deficiencies and concurrent interventions (e.g. Hess et al. 2005;
Lawlor et al. 2004; Ramakrishnan et al. 2004; Pangaribuan et al. 2003; Walczyk et al. 2003;
Osendarp 2003; Christian et al. 2003; Christian 2003; Allen 2002; Rahman et al. 2002; Webb
2002; Ramakrishnan 2002; Bhan et al. 2001; Mason et al. 2001; Graham and Rosser 2000;
Gillespie 1998; García-Cascal et al. 1998). Controlling multiple micronutrient deficiencies simultaneously in such a situation may result in a bigger combined health gain. Accordingly,
estimating the burden of each micronutrient deficiency separately may result in an underestimate of the overall burden. The prevalence of such multiple deficiencies is estimated to be
27-36 percent among pre-school children in South Asia (for undernourishment, VAD, iodine
deficiency or anaemia; Mason et al. 2001) and confirmed for sub-sets of the Indian population
by Kapil and Pathak (2003).
While adding up the burden of the three micronutrient deficiencies may only provide a
lower bound of the true combined burden, the estimate of the individual burden of IDA of 4
million DALYs lost roughly corresponds to the projection of Murray and Lopez (1996c) for the
burden of IDA in India in 2000 and to the estimates of the WHO (2002) – if the same functional outcomes are considered for each micronutrient (Table 30). In the case of VAD the
differences are slightly more pronounced, but the order of magnitude of the three estimates is
still the same. These differences in the case of VAD may be explained by the difficulty of
measuring VAD. While the extent of IDA can be approximated by measuring haemoglobin
levels, the prevalence of VAD is usually estimated based on the occurrences of Bitot’s spot
Table 30. A comparison of burdens of IDA and VAD in India (DALYs lost)
a

a

b

c

a

Year

1990

2000

1999-2003

2000

2010

IDA (without mortality)

6.0 m

3.7 m

3.7 m

3.3 m

2.3 m

IDA (incl. all sequelae)

-

-

4.0 m

-

-

0.8 m

0.4 m

0.3 m

0.1 m

0.2 m

-

-

2.3 m

-

-

VAD (visual problems only)
VAD (incl. all sequelae)

Source: a The burdens in 1990 are estimated by Murray and Lopez (1996a), the burdens in 2000 and 2010 are
their projections. b My own calculations are based on the newest data available in each case, i.e. population figures are from 2001 and prevalence and incidence data from 1999-2003. c The burden in 2000 is 81 percent of an
estimate of the WHO (2002) for SEAR-D (c.f. explanation to SEAR-D in the list of acronyms).
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and corneal scars, which are clear signs of VAD but rather rare, i.e. extrapolations have bigger margins of error.
The main difference between these other estimates of the burdens of IDA and VAD and
my own is the inclusion of all sequelae of each micronutrient deficiencies in my estimates
from the very beginning.78 The WHO (2002) calculates the burden for each health outcome
separately and considers the underlying causalities in the form of “attributable” DALYs (i.e.
DALYs taken from the burden of other health outcomes) only in a second step. This approach
may be useful for the purposes of the WHO and for estimates of the complete burden of disease due to all causes. But my interest is to determine how much health is lost only due to
IDA, ZnD and VAD and how much of it can be saved through biofortification. In this context it
makes sense to attribute all adverse functional outcomes directly to the respective deficiency.
In the case of ZnD the WHO does not estimate any direct loss of DALYs at all. The burden of
ZnD that is reported in the World Health Report 2002 is the result of attributions of shares of
the burden of the health outcomes that are partially caused by ZnD: “Worldwide, ZnD is responsible for approximately 16% of lower respiratory tract infections, 18% of malaria and 10%
of diarrhoeal disease” (p. 55). This is how the WHO arrives at a burden of 28 million DALYs
lost due to ZnD worldwide. Taking the share of 34.2 percent of SEAR-D in this burden and
applying India’s population weight in relation to the population of SEAR-D gives a loss of 7.8
million DALYs due to ZnD in India. Similarly, the WHO’s figure for the number of “attributable”
DALYs that are lost due to IDA in India can be set at 10.1 million (Figure 34). This shows that
the experts at the Kathmandu workshop were conservative in accepting studies that establish
the causality of micronutrient deficiencies and in determining the extent of the potential impact
of the respective deficiencies on the adverse functional outcomes (c.f. section 3.2).
Figure 34. The WHO’s “attributable” burden of IDA and ZnD (DALYs lost)
WHO
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Source: WHO (2002) and own calculations.

Keeping in mind the different approach of the WHO to computing and attributing DALYs,
Figure 35 shows the approximate order of magnitude of my calculations of the burden of IDA,
ZnD and VAD in relation to the burden of selected diseases. (The limitations of this comparison are explained in the notes to the Figure.) These comparisons indicate that the burden of
micronutrient deficiencies in SEAR-D is bigger than the burden imposed by road traffic acci-

Another, minor difference is that both Murray and Lopez and the WHO use age weighting. Age weighting has
the biggest impact if DALYs are lost at an early age – it reduces the burden that is lost. This may explain why my
estimates are higher than those of the more recent WHO estimates.
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dents or malignant cancers and equivalent to the burdens imposed by tuberculosis or
HIV/AIDS; the burden of ZnD on its own is comparable to the burden of malaria. Investigating
new ways of addressing these deficiencies is clearly warranted.
Figure 35. The burden of selected disease in SEAR-D in 2000 (DALYs lost)
Cardiovascular dis.

35 m

Respiratory infect.

30 m

Diarrhoeal diseases

21 m

Tuberculosis

12 m

HIV/AIDS

12 m

MN def. (own calc.)

12 m

Childhood diseases

11 m

Cancer

10.6 m

Maternal cond.

8.6 m

Road accidents

7.2 m

PE malnutrition

5.1 m
4.9 m

IDA (own calculat.)

4.2 m

Liver cirrhosis
Asthma

3.6 m

ZnD (own calculat.)

3.5 m

Diabetes mellitus

3.4 m

Malaria

3.3 m

VAD (own calculat.)

2.8 m

Epilepsy

1.9 m

Alzheimer

1.7 m

Iodine deficiency
Leprosy

0.4 m
0.1 m

Notes: In this illustration the WHO figures for IDA and VAD were dropped (see Table 30 and the related discussion) and replaced with my own results – which were extrapolated from the estimates for India based on its share
in the overall population of SEAR-D. My calculations of the burden of ZnD were included as well. This inclusion of
my own estimates is an approximation only, because of slight differences in the way DALYs are calculated and
because it leads to double counting: my burden of VAD contains a share of the burden of measles and my burden
of ZnD contains a share of the burden of pneumonia and diarrhoea; the WHO calculates these burdens separately for the respective diseases. More obviously, the aggregate figure of “MN def.” consists of the individual
figures for IDA, ZnD, VAD and iodine deficiency. Yet, the purpose of this figure is simply to illustrate the rough
orders of magnitude involved and therefore these shortcomings may be acceptable.
Source: WHO (2002) and own calculations.

Returning to Table 30, one interesting aspect is the decrease in the burden of IDA and
VAD over time. Starting with the burdens in 1990, Murray and Lopez (1996c) based their
projections on a model using (i) historic panel data to estimate age-, sex- and cause-specific
mortality rates as functions of socio-economic variables and (ii) assumptions about the relationship between incidence and duration of disability and mortality. Therefore, their projected
decreases reflect what the countries where the historic data came from have undertaken –
over of time and with rising incomes – to reduce micronutrient malnutrition. Hence, these
projections show the result of increasingly more effective control of IDA and VAD through
supplementation and fortification and the impact of dietary diversification through rising standards of living, because this is what has helped to control micronutrient deficiencies in countries that have become wealthier (Underwood and Smitasiri 1999; Ramakrishnan and Yip
2002; Clugston and Smith 2002). It would be misleading to conclude from the projections that
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solving the problem of micronutrient malnutrition is only a question of time and that these
deficiencies will disappear by themselves within a couple of years.79 In this context, the relevant question is whether biofortification may be a more efficient and sustainable approach to
help achieve what wealthier countries have already achieved already. This is what I discuss
in the following two sections.

5.2

The potential impact of biofortification in India

Having established the importance of the disease burden of IDA, ZnD and VAD in India, I
now turn to the potential impact of biofortified crops. While all crops that are analysed here
hold the promise to reduce the burden of the respective deficiency considerably (Table 31),
there seem to be some fundamental differences between the crops, the micronutrients and
the approaches used: biofortification of rice seems to be more effective than biofortification of
wheat, the results of biofortification with minerals seem to vary less than those of biofortification with beta-carotene, and biofortification through genetic engineering seems to hold a
greater potential than biofortification through conventional breeding. These issues will be
discussed in the following.
Table 31. The potential impact of biofortification (percent reduction of burden)
Crop
Scenario

Rice & wheat

Rice only

Wheat only

Burden in
status quo
(DALYs lost)

Pessim.

Optim.

Pessim.

Optim.

Pessim.

Optim.

Fe biofortification

19

58

12

38

7

26

4.0 m

Zn biofortification

16

55

14

41

2

16

2.8 m

βC biofortification

N/A

N/A

5

54

N/A

N/A

2.3 m

Source: See Table 9, Table 16 and Table 22.

Biofortification of wheat seems to be slightly less promising than biofortification of rice. This
may have different reasons:
! the higher baseline content of iron and zinc in wheat as compared to rice may make it
more difficult to increase the micronutrient content at the margin,
! overall, in India more people eat rice than wheat – or those who primarily eat wheat also
eat rice but not vice versa (c.f. Table 9),
! the prevalence rates of IDA are slightly higher among individuals whose diets are
dominated by wheat, which makes the deficiency more severe and more difficult to
overcome; this may also be true for the health outcomes of ZnD,
! the wheat breeders at CIMMYT may have been more cautious when estimating the
mineral content they are able to breed into wheat than their colleagues at IRRI when
estimating the potential mineral content in rice,
! the bioavailability of iron in diets that are dominated by wheat is assumed to be lower than
the bioavailability in predominantly rice-based diets (due to the higher phytate content in
wheat), which reduces the effectiveness of the additional mineral content in wheat,

For example, the Micronutrient Initiative (MI 2005) reports a decline of households consuming adequately
iodised salt in India from 50% in 1999 to about 37% in 2003 and compares this to the coverage levels achieved in
poorer neighbouring countries like Bhutan and Bangladesh – where 95 and 70% of households consume iodised
salt, respectively. Hence, initially positive developments can change directions.
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!

the more pronounced difference in the case of zinc biofortification may be due to the fact
that the impact of zinc-rich cereals was derived using the dose-response (c.f. section
3.3.3), which relies on externally set levels for the zinc requirements of each target group,
i.e. if actual requirements are different for rice and wheat eaters the result may be biased.

The difference between biofortification with minerals and beta-carotene may be traced back
to the colour change that accompanies biofortification with beta-carotene. Because of the
visible difference between the biofortified crop and conventional varieties, the assumed coverage rates of Golden Rice in the pessimistic scenario are lower than the pessimistic coverage rates of the mineral-rich cereals (c.f. Table 2 and Table 3). Hence, the main difference
between biofortification with minerals and beta-carotene lies in the coverage rates. In the
case of biofortification through conventional breeding vs. genetic engineering, the main difference lies in the potential increases in micronutrient content: genetic engineering may overcome the limits imposed by conventional breeding (c.f. Table 2); in the case of Golden Rice
this increase is infinite (from zero to a positive number).
Another difference that may be seen in Table 31 is the difference between biofortifying one
crop rather than two: biofortification of both rice and wheat with iron or zinc has a smaller
impact on the overall burden of IDA or ZnD than the sum of the impacts of each crop. This is
because many individuals consume both crops to some extent (even though one of the two
cereals may dominate their diets). If biofortification of one crop already results in sufficiency,
biofortifying the other crop will not have an additional benefit for this individual. Therefore,
simply adding up the results of the separate biofortification efforts would lead to double
counting and, hence, result in an overestimate of the true impact. In this context, the disaggregated results for iron biofortification (Table 9) are particularly interesting: it appears that
rice consumption is generally more widespread than wheat consumption, but also the casual
consumption of rice (or rice products) appears to be more frequent in predominantly wheat
eating regions than vice versa. Hence – to some extent – biofortification of wheat in India only
duplicates what biofortification of rice may also achieve. Given this insight, the question is
how effective biofortification of wheat may be once there is biofortified rice. Table 32 shows
the marginal benefit of biofortifying wheat in a situation where rice is already biofortified: iron
biofortification of wheat may still reduce the burden of IDA by an additional 19 percent, while
additional zinc biofortification of wheat may reduce the overall burden of ZnD by 14 percent
(in the optimistic scenarios). Still, looking at the potential impact of biofortifying only wheat
Table 32. The marginal gain of biofortifying wheat with iron or zinc
Biofortification of rice
Pessimistic

Optimistic

Additional
biofortification of wheat
Pessimistic

Optimistic

Biofortification
of rice and wheat
Pessimistic

Optimistic

DALYs saved
Iron

0.5 m

1.5 m

0.3 m

0.8 m

0.8 m

2.3 m

Zinc

0.4 m

1.2 m

0.1 m

0.4 m

0.5 m

1.6 m

Percent reduction of the total burden of the respective deficiency
Iron

12

38

7

19

19

58

Zinc

14

41

2

14

16

55

Source: See Table 9 and Table 16.
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and no rice may provide information about the effectiveness of biofortification as such – which
may provide some preliminary ideas about its effectiveness in countries other than India
(where wheat is the only staple crop and where the burdens of IDA or ZnD are comparable).
As already pointed out in section 4.2.2, the choice of the rate at which future DALYs are
discounted changes the absolute results, both of the current burden of each deficiency and of
the potential impacts. However, the relative decrease in the burden of each deficiency remains unchanged (c.f. Table 9, Table 16 and Table 22); this relative measure is very robust.
Hence, as long as there is agreement that IDA, ZnD and VAD are public health problems that
need to be controlled, the present analysis shows that biofortification may be an effective
means to address these problems – whatever their absolute size.
In the case of zinc biofortification another issue arises when assessing the potential impact
of zinc-rich rice or zinc-rich wheat: using adult equivalent weights to attribute the households’
overall consumption to each household member only approximates actual individual intakes.
Because infants may not eat the full family diet, this approach may overestimate their intakes.
As the biggest share of the burden of ZnD is borne by infants, such biases would matter. Yet,
zinc biofortification has a considerably higher impact on the burden of ZnD among children
aged 1-5 years than among infants (
Figure 28). This finding does not support the suggested bias. Moreover, any possible
overestimation due to the use of adult equivalent weights may be compensated if maternal
zinc status can be improved through (long-term) consumption of zinc-biofortified rice and
wheat. Then it is plausible that the status of newborn infants will be better than it would be
otherwise; consequently, such infants may have a lower morbidity risk. And, while with shortcomings of its own, the use of adult equivalent weights is an improvement over previous work
(on VAD) that used highly aggregated national average consumption data – although of individual intakes – as the basis for projecting the potential impact of a biofortified crop
(Zimmermann and Qaim 2004). It is also an improvement over the use of national food balance data to assess population zinc status (Wuehler et al. 2005). Further research with better
data may be necessary to corroborate these findings for zinc, though.
For Golden Rice different sensitivity analyses were performed (Figure 31 and Table 23).
The importance of beta-carotene content vs. coverage rate on the impact of Golden Rice was
examined (Scenarios A and a), as well as the impact of the choice of the distribution channel
(Scenarios B and b). In Table 33 the relative importance of the effective beta-carotene conTable 33. Effective beta-carotene content vs. coverage of Golden Rice
Scenario

a

Optimistic

Pessimistic

A

a

4.8 µg/g

0.4 µg/g

4.8 µg/g

0.4 µg/g

50%

14.3%

14.3%

50%

Average effective βC content in rice (VA
equivalents)

2.4 µg/g

0.1 µg/g

0.7 µg/g

0.2 µg/g

DALYs saved

1.21 m

0.1 m

0.7 m

0.3 m

Effective βC content in Golden Rice
b
(VA equivalents)
Share of Golden Rice in overall
c
rice consumption

Notes: a For an explanation of the scenarios see Table 23. b This “effective beta-carotene content” was calculated
based on the actual beta-carotene content, its assumed bioavailability and the assumed post-harvest losses (Table
23). Hence, these figures indicate the amount of beta-carotene (expressed in VA equivalents) that ends up in consumers’ stomachs. c For simplicity only the consumption of rice grown for subsistence or purchased on the free
market is used, as this is the key parameter for consumption (c.f. scenarios B and b in Table 22 and Figure 31).
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tent in Golden Rice is shown. If this effective content is high enough, even relatively rare consumption of Golden Rice may have a significant impact on the burden of VAD. On the other
hand, if the effective beta-carotene content is relatively minor, even frequent and regular consumption of Golden Rice cannot compensate this lack.
This is an important finding because it shows that it may suffice if consumers eat Golden
Rice only on one or two days a week and otherwise stick to their familiar white rice. (This
means that people can, perhaps, use Golden Rice for dishes that have a yellow colour anyway (due to the spices used) and continue to eat conventional rice in dishes where they deem
the white colour more appealing.) While in this way the maximum impact of Golden Rice may
not be achieved, such a scenario is probably more realistic and people may be easier convinced of such a partial switch to Golden Rice. On the other hand, this finding underlines the
necessity of achieving high beta-carotene levels in Golden Rice (or of achieving a high conversion rate of beta-carotene into retinol or of reducing post-harvest losses). Given this analysis, the success of Golden Rice hinges relatively more on the technical success of the biofortification efforts than on the success of the social marketing activities – which, so far, has
been considered the major stumbling block. A similar conclusion can be drawn from the results of biofortification of rice and wheat with iron and zinc: the higher the micronutrient content in the crops and the higher their coverage rate, the bigger the potential impact of biofortification. While in these cases the potential to increase the micronutrient content may be limited due to the conventional breeding, the coverage rates may be easier to increase because
the iron-rich and zinc-rich crops are not expected to pose an acceptance problem among
consumers. Hence, the issue here is to breed the micronutrient-rich trait into as many varieties as possible.
The other two sensitivity scenarios that were examined for Golden Rice concern the impact of the choice of the distribution channel (Scenarios B and b in Figure 31 and Table 23).
The main question in this case was to find out whether reliance upon government channels to
distribute Golden Rice may have an appreciable impact on the burden of VAD in India. From
these findings it appears that the current PDS and ICDS programmes in India only reach a
fraction of the individuals suffering from VAD. This corroborates the assessment of Allen and
Gillespie (2001) that the impact of the ICDS on nutrition status is limited and that the quality of
its services is low, or that the PDS is fraught with problems of leakages and inefficiencies
(also c.f. Ramachandran 2003; Das Gupta et al. 2005; Chakravarty and Dand 2005). While
future improvements in these systems are possible, my findings suggest it would be necessary to introduce Golden Rice on a more comprehensive scale. So, while in the previous paragraph I underlined that the technicalities of Golden Rice are more important for its success
than consumer acceptance, it is obvious that consumers (and subsistence farmers) do need
to consume some Golden Rice – and that pushing Golden Rice through government channels alone does not reach enough people for Golden Rice to be successful in reducing VAD.
The impact of the choice of the cut-off level in the dose-response function was examined in
a last set of sensitivity analyses. The finding is that this choice may be crucial: simply switching from EARs to RDAs reduces the calculated impact of Golden Rice by 9-28 percent. This
underlines the need to choose the correct cut-off level, an issue that was discussed at more
length in section 3.3.3.
When reporting the results of the potential impact of Golden Rice in section 4.3.2, also the
efficacy of Golden Rice in closing the intake gap of VA was reported separately for the rice
eating region and for women and children in the richest and poorest quintile, respectively. As
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can be seen from Table 24 and is explained in section 4.3.2, in the optimistic scenario Golden
Rice can almost entirely close the VA intake gap in the rice eating region. When comparing
the efficacy of Golden Rice in closing the intake gaps of the richest and the poorest quintile, it
becomes evident that Golden Rice has a bigger impact on the VA intake of poor children –
and 95 percent of all DALYs that are lost due to VAD are lost in the group of children. The
generally higher efficacy of Golden Rice among women may simply be due to the fact that
women consume more rice than children.
Having discussed the limitations of aggregating the burden of different micronutrient deficiencies in the previous section, it may nevertheless be warranted to point out a lower bound
of the potential impact of biofortification on micronutrient malnutrition in India. If potential interactions and synergies of alleviating multiple micronutrient deficiencies simultaneously are
ignored, the combined biofortification efforts analysed here may save up to 5.1 million healthy
life years each year in the optimistic scenarios. To illustrate the magnitude of this impact differently: saving 5.1 million DALYs in India corresponds to saving the lives of about 220,000
adults in their early thirties (given their average remaining life expectancy of 40.3 years, which
translates into 23.4 DALYs because of the discounting of future life years).
Having established the disease burden of micronutrient deficiencies in India in the preceding section and the potential impact of biofortification in this section, the potential costeffectiveness of biofortification is discussed in the next section.

5.3

The cost-effectiveness of biofortification in India

To decide whether biofortification is a worthwhile undertaking and to establish whether further
investments in this technology may be justified, it has not only to be effective (which was
shown in the previous section), it must also be no more expensive than other health interventions in general. Or, in a direct comparison between different micronutrient interventions, it
has to be cheaper than the generally accepted alternative interventions.
Based on the results of my analyses in chapter 4, biofortification of individual crops costs
US$ 0.30-39.45 per DALY saved (Table 34). Measured by yardsticks of the World Bank, even
the most expensive biofortification intervention still proves to be extremely cost effective.
These very favourable results for biofortification of different crops, with different micronutrients
Table 34. The overall cost-effectiveness of biofortification in India (US$/DALY saved)
Scenario

Pessimistic

Optimistic

Iron-rich rice

3.96

0.30

Zinc-rich rice

4.81

0.40

Iron-rich wheat

8.71

0.63

Zinc-rich wheat

39.45

1.42

Iron-rich rice and wheat

5.39

0.46

Zinc-rich rice and wheat

8.80

0.68

35.47

3.40

Golden Rice

World Bank threshold for cost-effectiveness

217.00

WHO threshold for cost-effectiveness

620.00

Source: See Table 6, Table 10, Table 17 and Table 25.
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and by different approaches seem to indicate that biofortification can be very cost-effective
indeed – if the respective micronutrient deficiencies are prevalent and if sufficient people
consume the biofortified crop. However, this is only the result of case studies in one country.
It will be interesting to compare these findings with the results of ongoing analyses of other
biofortified crops in other countries.80
Apart from the assessment of biofortification in the context of more general benchmarks, a
comparison of the cost-effectiveness of the different biofortified crops with alternative interventions shows that, also in this case, biofortification tends to be more cost-effective (Table
35). Given the favourable comparison with the benchmarks of pertinent international
organisations and with the DALY costs of concrete alternatives, these results validate the
concept of biofortification and justify the respective breeding efforts – at least for the time
being. With the emergence of new insights regarding the potential success of increasing the
(bioavailable) micronutrient content in the target crops, the costs of doing so or the speed of
adoption of biofortified varieties, my analyses may need to be revised.
Table 35. Ranges of DALY costs of different interventions (US$/DALY saved)
IDA

ZnD

VAD

Biofortification

0.5-5

0.7-9

3-35

Alternative interventions

6-16

5-18

84-599

Source: See chapter 4.

Given the positive overall assessment of the cost-effectiveness of biofortification, a more
practical question is in which order the different crops should be biofortified in the case of
India – or which mix of micronutrient interventions may be most cost-effective. To answer this
question the marginal approach already discussed in the context of Table 32 becomes relevant. Starting with the biofortification of the most cost-effective micronutrient-crop combination, biofortifying the second crop with the same micronutrient saves only a more limited
number of additional DALYs. It is this marginal gain that needs to be juxtaposed to the costs
of biofortifying the second crop. The results of this exercise are reported in Table 36 and put
into the relevant context. The most cost-effective strategy to fight micronutrient malnutrition in
India seems to be to start out with biofortifying rice with both iron and zinc. Depending on the
scenario, it then seems possible that industrial fortification of wheat flour (with iron and zinc)
Table 36. The marginal cost-effectiveness of biofortification (US$/DALY saved)
Iron
Scenario

Zinc

βC/VA

Pessim.

Optimist.

Pessim.

Optimist.

Pessim.

Optimist.

Biofortification of rice

4.0

0.3

4.8

0.4

35.5

3.4

Additional b. of wheat

8.8

0.8

40.1

1.6

N/A

N/A

Fortification

5.6

6.8

5.0

98.0

84.0

Supplementation

16.3

18.0

17.0

599.0

92.0

These analyses are carried out by HarvestPlus and the results of these analyses may become available on
their website at www.harvestplus.org in due course. One set of results are already given in a Masters’ thesis that
simulated the consumption of Golden Rice in Bangladesh and of orange-fleshed sweet potato in Uganda and
derived a cost of US$ 25.22 and 2.05 per DALY saved, respectively (Sandler 2005).
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may be a viable alternative to biofortification – or that Golden Rice may be more cost-effective. However, to decide upon the most cost-effective mix of micronutrient interventions, it
would be necessary to carry out detailed analyses of fortification and supplementation as
well. The costs of each intervention would need to be compared to the DALYs it may save at
the margin, i.e. in addition to the DALYs already saved through the preceding intervention.
Yet, such a more thorough analysis of concrete policy options for controlling micronutrient
malnutrition in India is neither possible in the context of this study nor my objective. Still, what
may be of interest for the assessment of biofortification from a national (i.e. Indian) perspective is the cost-effectiveness based on the costs that need to be incurred by India – given that
most of the R&D for the biofortified crops is carried out at the international level in the framework of humanitarian projects. These results clearly show the superior cost-effectiveness of
biofortification from a national point of view (Table 37), both when compared to the international thresholds in Table 34 and when compared to the cost-effectiveness of the alternative interventions (fortification and supplementation) in Table 36.
Table 37. The cost-effectiveness of biofortification based on national costsa
(US$/DALY saved)
Scenario

Pessimistic

Optimistic

Iron-rich rice and wheat

2.0

0.3

Zinc-rich rice and wheat

3.3

0.4

24.2

3.0

Golden Rice

Notes: a Here the costs for R&D of biofortified crops at the international level (e.g. at IRRI and CIMMYT) are disregarded and only national costs are included (e.g. adaptive breeding in India).

So far, by looking at the cost-effectiveness of biofortification, any assessment is limited to
comparisons with other measures or interventions that are based on DALYs. Yet, even in the
field of micronutrient interventions, many studies do not use DALYs and it may also be interesting to know how biofortification compares to interventions beyond the sphere of health and
nutrition. To this end it is necessary to carry out a CBA (c.f. section 3.4.3) and this is what I
have done in chapter 4. Across the different biofortification efforts, the IRRs fall into the range
of 30-168 percent and the BCRs vary between 28 and 2,180 (Table 38). With BCRs greater
than 1 and IRRs greater than 3-5 percent (the benchmark given by the discount rates used in
this study), biofortification must be considered a profitable undertaking in principle. This is
also true if the IRRs are compared to a commonly used selection criterion of 10 percent for
health sector and agricultural projects in developing countries. Compared to other research
projects of CGIAR centres, biofortification proves to be an equally advantageous enterprise.
And when compared to a meta-analysis of agricultural R&D projects in general, biofortification
efforts outperform most projects in terms of profitability. (This meta-analysis included studies
with IRRs bigger than 1,000 percent. This not only explains the difference between the mean
and the median value reported in Table 38, it also leads to an overall upward bias in these
values. Moreover, when assessing the individual studies, the possible omission of negative
environmental consequences of agricultural R&D projects (like transmission of specific exotic
pests) or selection bias of the projects that were analysed (namely exclusion of failures) may
have lead to overestimates of the returns of these projects (Alston et al. 2000; Raitzer 2003)).
Having confirmed that biofortification promises to be a good investment from a social point
of view, even beyond the direct context of micronutrient interventions, one more point of in102

Table 38. Results of analysing costs and benefits of biofortification in a wider context
IRR
Scenario

BCR

Pessimistic

Optimistic

Pessimistic

Optimistic

Iron-rich rice

65%

185%

252

3,300

Zinc-rich rice

62%

173%

208

2,498

Iron-rich wheat

50%

129%

115

1,587

Zinc-rich wheat

31%

106%

25

704

Iron-rich rice & wheat

61%

168%

186

2,180

Zinc-rich rice & wheat

53%

153%

114

1,472

Golden Rice

30%

76%

28

295

-

-

5

200

Iron fortification
Iron supplementation

1.6

59

a

44%

b

81%

c

-

-

d

CGIAR research

17%

35%

2

17

Criterion for selection of
e
health sector projects

10%

-

-

-

Cut-off point for agricultural
f
R&D projects

10%

-

-

-

Agricultural R&D

-

-

Notes: a The rates of return of the projects included in this meta-analysis range from -100 to 5,645 percent.
b Median of the rate of return estimates. c Average of the rate of return estimates.
Source: Chapter 4, a Alston et al. (2000), d Raitzer (2003) e Adhikari et al. (1999) and f Qaim (2000).

Table 39. Annual costs of biofortification and current programmes in India (US$)
Scenario

Pessimistic

Optimistic

Iron-rich rice

420,000

120,000

Zinc-rich rice

420,000

120,000

Iron-rich wheat

460,000

150,000

Zinc-rich wheat

460,000

150,000

Golden Rice

710,000

930,000

2,470,000

1,470,000

-

5,200,000

414,000,000

308,000,000

Iron supplementation programme (tablets only)
VA supplementation programme
Source: Table 4, Table 5, Table 11 and Box 2.

terest is the principal affordability of biofortification. In chapter 4, the annual costs of biofortification were already reported on a per capita basis: they range from 0.01-0.1¢ per crop. In
Indian currency, this corresponds to no more than 1-5 Paise. Given that the smallest Indian
coin in use is 10 Paise,81 this indicates that funding may not be a limiting factor for carrying
out biofortification. This becomes the more apparent when the Micronutrient Initiative under-

81

100 Paise are Rs. 1. For the exchange rates of Rs. into US$ see Table 41 in the annexe.
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lines the “very low” annual cost of Rs. 4.20 for supplementing children in India with VA82 – or
when Merx et al. (1996) report per capita fortification costs of 2.7-64¢ (converted to 2004
dollars). Similarly, if the annual costs of biofortification are compared to the annual costs of
current micronutrient interventions, its costs are only a fraction of the latter (Table 39). Therefore, biofortification may not only be a very cost-effective micronutrient intervention, it also
seems to be a very affordable one.

5.4

An evaluation of the overall economic impact of biofortification in India

So far, in this chapter, the impact of micronutrient malnutrition on public health in India was
discussed, the potential cost-effectiveness of biofortification was demonstrated and its social
profitability as well as its affordability were shown. In this section, the economic aspect of
micronutrient deficiencies will be discussed. While the connection between malnutrition and
economic productivity have already been discussed in section 2.5.1, the saying “the difference between a manager and an office boy is iodine” may quickly illustrate again the concrete
negative effects micronutrient deficiencies can have in the economic sphere.
The economic loss due to micronutrient malnutrition can be approximated by valuing each
DALY lost according to the economic potential of one healthy life year (c.f. section 3.4.4). If
this potential is taken to be the simple to triple average per capita income of US$ 620 (c.f.
Table 7), the current economic loss due to IDA, ZnD and VAD in India may be as high as 2.5
percent of the Indian GDP. Compared to other estimates of economic losses due to malnutrition, this is a more conservative estimate (Figure 36). Nevertheless, set against the annual
economic growth in India of 6.9 percent in 2004 (or of 3.9 percent in 2000), it is still sizeable
and illustrates how significant the economic loss due to micronutrient malnutrition may be and
how important it is to control micronutrient deficiencies.
Figure 36. Economic growth and the loss through micronutrient malnutrition
3.3%

Economic growth in OECD (2004)
Economic growth in India (2004)

IDA, ZnD, VAD in India (own calc.)

6.9%

-0.8%

IDA, ZnD, VAD in India (own calc.)
-2.5%

-1.0%

IDA, VAD, iodD, folate in India (a)
IDA, iodD, PEM in India (b)

-4.4%

IDA, VAD, iodD (c)

-5.0%

IDA in India (d)

-6.0%

Source: a Adamson (2004), b Horton (1999), c World Bank (1994), d Horton and Ross (2003).

“Every single child in India can be easily protected from the damaging effects of VAD at a very low additional
cost of just 0.70 Paise for syrup and additional support costs of Rs 1.40 per dose” MI (2005, p. 13). Hence, syrup
and support costs amount to Rs. 2.10 – and each child needs two doses per year.
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5.5

In the spotlight: Golden Rice

In the general public biofortification is of little interest and in the literature there is less of a
controversy around it – with one exception: Golden Rice (c.f. section 2.4.2). While few people
take issue with mineral-rich rice or wheat because it is being developed through conventional
breeding, the fact that Golden Rice has been developed through genetic engineering has
caused some academic debate and mobilised numerous activist groups after first results
were published (Shiva 2000; Schnapp and Schiermeier 2001; Greenpeace 2001a and 2001b;
Lorch 2001; Pollan 2001; MASIPAG 2001; van Wijk 2002; Ho 2002; Egana 2003; Koechlin
n.d.; ISIS n.d.).83 This debate was upheld – largely with the same and partially outdated arguments – after the second and more effective generation of Golden Rice has been introduced
to the public in early 2005 (c.f. section 2.4.2; Greenpeace 2005; Gola 2005).84 Therefore, a
separate discussion of this crop is warranted. As Shiva (2000) is frequently quoted, even if
implicitly, as basis for arguments against Golden Rice, I analyse her paper in the following
section, before looking at red rice and red palm oil and at other food-based interventions that
are popularly suggested as alternatives to Golden Rice. To conclude this discussion of
Golden Rice, it is assessed based on criteria that are supported by activist groups.

5.5.1 Shiva’s hoax
A notable first impression of Shiva’s article on “The ‘Golden Rice’ Hoax.” (2000), which is only
available online from an activists’ website, is the frequent absence of proper references to
support her more specific claims and numbers. This is dissatisfactory, as it makes it difficult to
double-check the information she provides and opens the floor for inconsistencies. (For instance she writes “it is not even known how much VA the genetically engineered rice will
produce” but yet she affirms confidently that “it will be totally ineffective in removing VAD.”)
Yet, in the following, I will closely look at her arguments.
Shiva bases her argument on a “daily average requirement” of 750 µg of VA, which she
seems to suggest would need to be fulfilled to 100 percent through the consumption of
Golden Rice alone for the technology to be considered effective. This all-or-nothing definition
of effectiveness implies that there is no difference between, say, an individual achieving 50
percent of her requirements and an individual achieving 99.9 percent of her requirements
through the current diet: for both individuals, current intakes are not sufficient to prevent VAD.
One consequence of this implicit definition of effectiveness is the statement that one has to
eat more than 2 kg of Golden Rice to prevent VAD, which is clearly misleading. And, indeed,
the more detailed analysis in this study has shown that, based on current consumption patterns and quantities, Golden Rice can have a substantial and beneficial impact if it replaces
conventional rice in every other meal (Table 22).
After introducing the term of “daily average requirement”, Shiva uses the acronym “RDA”
without defining it anywhere in her text. RDA commonly stands for “recommended dietary
allowance”. Yet, it is unclear whether this is the same as a “daily average requirement”. There
are “estimated average requirements” or EARs, though. According to IOM (2000, p. 3) an
See Conway (2001) for a direct reply to Shiva (2000) and Greenpeace (2001a and 2001b).
In this context I do not want to go into the false claims and rumours that can be read in poorly researched
newspaper articles or purposeful communications of opponents, like the potential toxicity of Golden Rice due to
its alleged VA content, the suggestion that Golden Rice is commercialised by Monsanto or that it is already cultivated on a commercial basis.
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EAR is “the average daily nutrient intake level estimated to meet the requirement of half the
healthy individuals in a particular life stage and gender group”, while an RDA is “the average
daily nutrient intake level sufficient to meet the nutrient requirement of nearly all (97-98 percent) healthy individuals in a particular life stage and gender group.” These definitions show
that it is important to differentiate between these concepts (c.f. section 3.3.3), because “RDAs
have been established as a target or goal for intake by an individual, and it can be assumed
that individuals whose usual intakes are above the RDA are likely to be meeting their individual requirements and thus have adequate intakes. However, the reverse is not true. For this
reason the RDA is not a useful reference standard for assessing an individual’s intake”
(p. 51); “the best estimate for an individual’s unobservable requirement is the EAR” (p. 50).
To validate Shiva’s “daily average requirement” of 750 µg, for which she has neither given
a reference nor a target group to which the requirement is applicable, I compare this figure
with a list of different requirements: Gopalan et al. (1989) give India-specific RDAs of 600 µg
VA for men, women and children above the age of 6 years, 400 µg for children aged 1-6
years and 350 µg for infants below the age of 1 year. IOM (2002) gives more detailed RDAs
of, for example, 900 µg retinol activity equivalents (RAEs) for men, 700 µg for women, 400 µg
for children aged 4-6 years and 300 µg for children aged 1-3 years. IOM (2002) also gives
EARs of 625 µg RAEs for men, 500 µg for women, 275 µg for children aged 4-6 years and
210 µg for children aged 1-3 years. (For brevity not all groups are reported here.) While it is
unclear on which of these concepts Shiva based her figure of 750 µg (probably on RDA for
men), the above quoted, published figures of different sets of requirements are generally
smaller – and hence easier to fulfil. Therefore, by deliberately setting a very high requirement,
it is easier for Shiva to suggest that Golden Rice would be ineffective (also c.f. section 4.3.2).
Having stated her understanding of effectiveness and declared Golden Rice to be totally
ineffective in removing VAD, Shiva writes that “besides creating VAD, VA rice will also create
deficiency in other micronutrients and nutrients.” The rationale for this statement remains
unclear, though. Even if Golden Rice fails to improve the VA status of its consumers, being
ineffective in reducing VAD is different from creating either VAD or other deficiencies. Ineffective Golden Rice would simply maintain the status quo.85 However, if in the status quo the
consumption of rice is responsible for VAD, then rice could be used as starting point to combat it. This was the very rationale of developing Golden Rice.
One valid point of Shiva (2000) is that “raw milled rice has a low content of fat” and that “fat
is necessary for VA uptake”. However, for the necessary bioavailability of VA only 5 grams of
fat per day need to be consumed in the food mix (IUNS 1992; Olson 1987), while in India the
average fat intake per adult equivalent in the poorest quintile is 35 grams per day (NSSO
2000, own calculations).86 Moreover, Shiva proposes the “propagation of naturally VA rich

Potrykus (2005) shows that the genome of the popular conventional rice variety IR64 is less different from
“golden” IR64 than from other rice varieties and that it only differs from “golden” IR64 in one recombination.
Hence, even if Golden Rice would fail to improve the VA status of at-risk populations it is unclear how it should
create VAD or other deficiencies on top of those associated with the normal consumption of rice.
86 And, for example, while low fat intake was identified as an important factor for the prevalence of malnutrition in
Maldivian children, which may be responsible for many other problems, the average fat intake of children aged 13 years is still reported to be 22 (±11) grams per day (Golder et al. 2001). Hence, even in diets that are manifestly deficient in fat, the amount of fat consumed does not seem to be a limiting factor for VA uptake.
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plants87 in agriculture and diets” and she provides a list of “sources rich in VA used commonly
in Indian foods” (Table 40). As before she has suggested that the low fat content in rice (she
gives the figure of 0.5 g/100g) “will aggravate VAD”, one could probably expect that the fat
content in these food items is much higher, so their consumption can alleviate VAD. Yet, the
fat content in the plant foods Shiva proposes is on average 0.5 g/100g (with a range of 0.11.7 g/100g (Table 40), just like the fat content in rice. Therefore, following this logic, these
foods also aggravate VAD. Otherwise, if fat is not a limiting factor, both these plants and
Golden Rice could and should help in fighting VAD.
Another open question with her list of foods is the “content” she reports for them: in plant
food there is no VA, i.e. she must have derived the VA content for all the plant foods she
enlists as being VA-rich from the respective beta-carotene contents. Yet, she does not provide a reference for either the conversion rates used or for the source of the original data on
the beta-carotene and VA contents of the food items. Therefore I use published data on food
composition and conversion (Gopalan et al. 1989; USDA 2004; Erhardt 2005) to derive the
VA content of the food items she mentioned. To be sympathetic to her arguments, I use the
highest beta-carotene or VA content for each food item whenever there was different information in the three sources used (Table 40). Following her own reasoning in judging Golden
Rice, which is based on how much of it would need to be consumed to achieve a requirement
of 750 µg, I also report how much of each of the food items she proposed would need to be
consumed per day to achieve a requirement of 750 µg (Table 40). It turns out that people
would need to eat as much as 8 kg cabbage, 5 kg jackfruit, 1.8 kg tomatoes, 0.8 kg oranges
or 4 eggs per day to meet their supposed full daily needs. And while it might be possible to
eat 328 g mango (i.e. approximately 1.5 fruits), the question of affordability and seasonality
remains. So it becomes obvious that Shiva probably did not want to suggest that one of these
food items alone should cover 100 percent of VA requirements, but rather that any food rich
in VA or beta-carotene should contribute to the fulfilment of requirements. This is what Golden Rice is predicted to do as well, and it shows that Shiva applies double standards to discredit Golden Rice. Moreover, contrary to rice, the “sources rich in VA used commonly in
Indian foods” that Shiva mentions do not seem to be that common after all. Otherwise, VAD
would be less of a problem. Some of these plants may only be seasonally available, or people
cannot afford the food items she mentioned, or they lack the awareness of their nutritive
value, or they simply do not like them, i.e. they are not part of their dietary habits (Albrecht
2002; van Wijk 2002).88 Therefore, and as my study has shown, until purchasing power has
risen amongst the poorest strata of Indian society and until nutrition education and behaviour
change efforts have induced a higher consumption of such VA-rich foods, Golden Rice can
play an intermediate role in combating VAD.

Plants do not contain VA directly, only food from animal sources does. Plants produce carotenoids that the
human body can convert into VA (it is these carotenoids that give Golden Rice its golden hue). So Shiva probably
means plants that are naturally rich in beta-carotene.
88 For example, a study of dietary intake and nutritional status of women and pre-school children in the Maldives
has shown that the intake of vitamin C and carotenes is low, despite ready availability of appropriate vegetables
and fruits (Golder et al. 2001).
87
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Table 40: Shiva’s selection of Indian foods and their VA and fat contents
VA content
a
(µg/100g)

“Content”
(µg/100g)

Source

Grams to reach
750 µg VA

Fat content
(g/100g)

b

Golden Rice, second generation
- pessimistic scenario

117

641

0.5

- optimistic scenario

517

145

0.5

Based on Gopalan et al. (1989), USDA (2004)
and Erhardt (2005)

Taken from Shiva (2000)
Cabbage

217

9

8,333

0.1

Jackfruit

54

15

5,000

0.1

Tomato, ripe

32

42

1,786

0.2

Orange

35

92

815

0.2

Radish leaves

750

221

339

0.4

Mint

300

228

329

0.6

Mango, ripe

500

229

328

0.4

1,333

315

238

1.0

Coriander leaves

1,166 - 1,333

337

223

0.6

Amaranth leaves

266 - 1,166

348

216

0.5

Pumpkin, yellow

100 - 120

369

203

0.1

Fenugreek leaves

450

379

198

0.9

Spinach

600

469

160

0.7

217 - 434

602

125

0.2

1,283

820

91

1.7

53

1,415

4.1

64

1,172

6.5

300 - 400

420

179

13.3

720 - 1,200

960

78

81.0

6,690

11

7.5

7,391

10

3.0

30,000

3

99.8

Curry leaves

Carrot
Drumstick leaves
Milk, buffalo
Milk, cow
Egg, hen
Butter
Liver, sheep
Liver, goat
Cod liver oil

50 - 60

6,600 - 10,000
10,000 - 100,000

Notes: a For data from Gopalan et al. (1989) the VA content was obtained using the conversion factors of Erhardt
(2005) to derive VA content from the original information on beta-carotene content. b C.f. Table 2; the fat content
is the average fat content of rice taken from Gopalan et al. (1989).

One more question about Shiva’s list of VA-rich Indian foods is the inclusion of cod liver oil.
While cod liver oil certainly is extremely rich in VA, it is not “food” that is commonly eaten in
India – it is also notably absent in Gopalan et al.’s book on the “Nutritive value of Indian
foods” (1989). Cod liver oil is rather a medicine and, therefore, promoting its consumption (of,
perhaps, one tablespoon per week?) resembles more supplementation than a food-based
intervention. And the cost as well as, to some extent, the relative failure of VA supplementation in sustainably alleviating VAD were the very reasons for the development of Golden Rice
in the first place.
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On the face of it, Shiva’s criticism of Golden Rice seems to build on soft ground and a
more rigorous analysis would have been desirable. Yet, the actual reason for her criticism
becomes clear in the last part of her paper where she criticises input-intensive industrial agriculture, an oligopolistic and powerful biotech industry and its aspiration to exclusive ownership of IPRs related to rice research, as well as the assimilation of public sector research with
corporate interests. It is in this context that Shiva considers Golden Rice to be a Trojan horse
of big biotechnology companies to establish corporate control over rice production and to
increase the acceptability of GM crops in general (c.f. Figure 8). Any economist probably
agrees that oligopolistic tendencies and unequal market powers should be corrected as they
induce market failures and lead to inefficiencies. The issue of IPRs and the patenting of
plants, especially in the context of developing country agriculture, is also an acknowledged
problem (Pinstrup-Andersen and Cohen 2000; Timmer 2003; Chrispeels and Mandoli 2003;
also c.f. section 5.5.4). Unease about undue influence of agricultural businesses in politics
and on regulators is understandable, too (c.f. Newell and Glover 2003; Beckwith et al. 2002;
Williams 2001). And the need to counter-balance R&D efforts in and for the private sector in
industrialised countries with the promotion of research for farmers and food consumers in
developing countries has also been stated (Pinstrup-Andersen and Cohen 2000; Qaim 2001;
Qaim and Matuschke 2005; also c.f. 2.4.1). Therefore, some of the underlying arguments in
Shiva (2000) against the current situation and the developments in the agricultural sector
merit attention and probably even intervention, indeed, but the debate about the introduction
of Golden Rice and its potential to address VAD should not be absorbed by the much more
fundamental one about which agricultural system should be preferred. In the current system,
if and when it is regulated and approved by the respective national authorities, Golden Rice
promises to do a lot of good compared to the status quo.89 Therefore, Golden Rice should be
considered seriously by policy makers who have to decide about ways to combat VAD. This
does not prevent any proponent of a different approach to agriculture, like Shiva, from arguing
that doing agriculture differently in principle could also address problems in the related field of
nutrition.

5.5.2 Is red the more nutritious colour? Red rice and red palm oil
An alternative to Golden Rice proposed by some opponents is the promotion of red and black
landraces of rice – which contain some beta-carotene in their unmilled form – for consumption
and further breeding (Frei and Becker 2004). In fact, this approach is the same that is also
pursued with Golden Rice, only in this case the use of genetic engineering is avoided – but it
requires consumers to accept rice of a different hue and to change their dietary and food
preparation habits to eat and prepare unmilled rice.90 Despite this more profound change in
Interestingly enough, as has already been mentioned in the main body of this study, in the status quo the main
intervention to combat VAD is supplementation. The concomitant dependency on and the influence of big international chemicals and pharmaceuticals companies is probably not to the liking of many opponents of Golden
Rice either. Indeed, in the 1990s there was a global vitamin cartel (Marshall et al. 2005) and companies producing VA (foremost among them Hoffman-La Roche) were charged for collusion and price fixing in the EU, the USA,
Canada and Australia (Guardian 2001, EU 2001, Joshua and Zane 2001). Iyer (1999) reports how India’s only
major producer of VA is dependent on Hoffman-La Roche as a supplier of intermediate inputs.
90 That opponents of Golden Rice support the promotion of these landraces shows a certain inconsistency in their
arguments: on the one hand they proclaim that Golden Rice is a failure because people would need to eat kilograms of it each day to combat VAD, but at the same time they suggest that people could simply eat red landraces of rice. Yet, even in their unmilled form these contain much less beta-carotene than Golden Rice, i.e. peo89
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people’s daily lives, I examined the potential of this proposition in the setting of the optimistic
scenario, i.e. with high coverage rates, low post-harvest losses and higher than average
bioavailability of the beta-carotene. The modest result of this simulation is a reduction of the
burden of VAD in India of 3.4 percent (compared to a reduction of 54 percent through Golden
Rice under the same optimistic assumptions; c.f. Table 22).
Apart from coloured rice landraces there are a number of foodstuffs that are indeed rich in
VA or beta-carotene (like meat, green leafy vegetables, orange-fleshed roots and tubers,
orange fruits, red palm oil or cod liver oil). The desirability of dietary diversification in general
and of the consumption of these foodstuffs in particular is without doubt and underlined in
section 2.2.1. However, promoting this food encounters problems of its own: red palm oil or
cod liver oil are not typically consumed in India and, as mentioned above, may better be considered medical supplements. In the case of red palm oil, apart from its use as supplement
rather than food, the oil cannot be consumed straight away, but has to be refined (Narasinga
Rao 2000). And to cover all 140 million children in India aged 6-59 months with 5-8 grams of
red palm oil each day (c.f. Narasinga Rao 2000), about 250,000-400,000 tons would be
needed each year. However, in other countries the intensification of palm oil production
threatens biodiversity (Buckland 2005), whereas Golden Rice can be cultivated on the same
plots as conventional rice, i.e. no pristine land needs to be converted to new plantations. Also,
while critics find fault with the duration of R&D for Golden Rice during which there were no
real impacts (Greenpeace 2005), studies on the use of red palm oil as source of beta-carotene in India date as far back as 1936, but almost 70 years later the use of red palm oil in
India is still not established (Narasinga Rao 2000). Similar double standards become obvious
in a Greenpeace report by Lorch (2005, p. 6), when she writes regarding the control of VAD:
“Research and breeding programmes can help by promoting conventionally-bred varieties
with high provitamin A concentrations. For example, an estimated 10 million children at risk
from VAD in Africa could meet their recommended dietary allowance (RDA) if they would eat
orange sweet potatoes instead of white ones. Changing the sweet potato variety, without
even changing the amount eaten, could contribute about 40% of their RDA.” This statement is
certainly true, as I showed in my projections for conventionally-bred of iron-rich and zinc-rich
rice and wheat. But why draw a sharp line between varieties that are genetically engineered
and those that are “conventionally-bred”? Biofortified crops may prevent suffering and save
lives irrespective of the breeding approach taken. As I have shown in this study, the first approach to biofortify crops is to take recourse to conventional breeding. While for rice this
seems promising in the case of iron and zinc, for beta-carotene this was not possible (c.f.
section 2.4.2). Obviously, before Golden Rice is released to consumers it needs to be regulated, which includes establishing that it is save to eat and poses no threat to the environment. Once this evident requirement is fulfilled, the situation is not much different from the
orange sweet potatoes that Lorch mentions.91

ple would have to eat even more rice per day to combat VAD. (According to Frei and Becker (2004), unmilled
coloured rice varieties may have a beta-carotene content of up to 0.38 µg/g; the beta-carotene content in milled
Golden Rice of the second generation reaches 31 µg/g, i.e. the difference is about two orders of magnitude). It is
probably safe to assume that Golden Rice is opposed because it is a GMO and not because the underlying rationale of increasing the beta-carotene content in commonly eaten food is deemed wrong.
91 In fact, switching from conventional rice to Golden rice may be a smaller change because the “golden” trait may
be introduced in popular rice varieties, whereas orange sweet potatoes are different from white ones (i.e. their
appearance, taste and texture may change (Hagenimana et al. 1999)).
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5.5.3 Other food-based interventions to improve VA status
Meat, another food rich in VA, is expensive and its promotion may be difficult in a society
where there are many vegetarians. Fruits and vegetables can be relatively expensive, too, or
some are only seasonally available. While these problems do not question the merits of a
diverse diet (c.f. section 2.2.1), they indicate that achieving this goal in the short to medium
term may be difficult. Home gardening, which is proposed as a means to ensure the ready
availability of fruits and vegetables, may be possible in rural areas, but, for instance, it comes
at the cost of the time needed to tend the garden and in some areas water scarcity may be an
issue, too. And the efficacy of vegetable sources for micronutrient control is unclear (Underwood and Smitasiri 1999; van Wijk 2002). Moreover, as one popularly cited study of home
gardens in Bangladesh found, for home gardens to be effective in increasing vegetable consumption, technical assistance is required and households need a regular supply of quality
seeds and other inputs – while poor soil fertility, inadequate fencing, poor irrigation and other
aspects act as constraints to gardening. Furthermore, home gardening programmes need
adequate management and human resources, the programmes need to be monitored, new
gardening techniques need to be promoted and nutrition education is necessary to achieve
sustainable behavioural changes (Talukder et al. 2000). Similarly, Dharmasena and Wijeratne
(1996) have found for home gardens in two villages in Sri Lanka that insufficient fertilisation,
lack of watering and absence of pest control limited the productivity of existing home gardens.
Therefore, they recommended the launch of development programmes. Yet, technical assistance and extension programmes do not come for free. Neglecting the cost aspect is the
major weakness of many of these propositions. For instance, the Bangladesh study mentions
the costs of the programme that is analysed not at all;92 it remains completely unclear at what
cost the increase of vegetable consumption is achieved. Moreover, the frequency of vegetable consumption is the programme’s only measure of success, which is at best an approximation of its potential effectiveness in reducing VAD. Given the more widespread benefits of
more frequent vegetable consumption (through improving general nutritional status and not
just beta-carotene intake), it is probably difficult to measure the overall success of such programmes in a more tangible form. Yet, providing at least some cost estimates (in particular for
the opportunity costs of, e.g., household labour and volunteer time) would facilitate the relative assessment of different programmes. Because even if a programme works this is no
guarantee that the resources spent on it are put to their best and most effective use. Of
course, many alternatives to Golden Rice have their merit and their particular strengths; this
short discussion is only meant to put the results of my analysis of Golden Rice in context. The
lack of information on the cost-effectiveness of these interventions may point to possible information gaps and potential future research needs, though.

Talukder et al. (2000, p. 170) mention costs only once when they write about Helen Keller International, “the
gardening activities are integrated with other health and development services of the NGO, and this integration
leads to cost-effective development.” In a subsequent summary report no reference to costs is made at all (HKI
2003). Similarly, for a pilot home gardening project in India, Chakravarty (2000b) only reports indicators that
support the effectiveness of the intervention, but fails to give any information on the costs. Hence, it is impossible to compare these interventions with alternatives.

92

111

5.5.4 Intellectual property rights: is Golden Rice only a showcase?
There is one important difference between the other biofortified crops and Golden Rice: IPRs.
For the development of Golden Rice its inventors used proprietary material and know-how
that is covered by IPRs. Hence, the first generation of Golden Rice was covered by nil to 44
patents (of a total of about 70) in any one country (Kryder et al. 2000). Yet, even if in a specific country no patent applies, this does not mean the stakeholder has no leverage. This has
been shown last year by Monsanto’s filling of lawsuits in Denmark over the import of Argentine soybean products – Monsanto does not hold patents that are relevant for the production
of its herbicide-resistant soybeans in Argentina but it does so in Denmark (Reuters 2005; AP
News 2005; Dow Jones 2005); this year Monsanto has asked customs officials in Spain to
seize incoming soymeal shipments from Argentina (Reuters 2006) and another shipment
(with a value of about US$ 1 million) has been seized in Liverpool (Mira 2006).93
In the case of Golden Rice the IPR issue seems to be solved, though, because the inventors succeeded to obtain free licenses for the humanitarian use of it (Potrykus 2001). And
also in the case of the second generation of Golden Rice, Syngenta (the main IPR holder)
has no commercial interest in Golden Rice and donated the transgenic events for humanitarian purposes – under certain conditions (Paine et al. 2005; Dubock 2005b). Syngenta believes that these constructs do not need any licenses from third parties; necessary rights have
been granted already not only by Syngenta, but also by Monsanto and Bayer (Dubock
2005a).
While it is difficult to believe that the rights holders would disturb the positive image Golden
Rice may transfer to GM crops in general by insisting on narrow interpretations of the licences, the issue of IPRs has implications for further biofortification efforts (through genetic
engineering). It is by no means guaranteed that rights holders will always co-operate so freely
and in the spirit of corporate social responsibility.94 In fact, the role of IPRs in the “Gene
Revolution” is often seen as one main difference to the Green Revolution, which was driven
by public sector research (c.f. section 2.4.1). Therefore, one obvious answer is to call for
revived and redirected public research in the field of genetic engineering to help tackle hunger
(Lipton 2001). Cohen (2005) has found that the public sector in a number of developing
countries is, indeed, competent and capable of developing GM crops – and has done so already for over 200 combinations of different traits and various crops. However, he also reports that only few of these crops have been released from confined, scientific testing. Apart
from the international controversy around GM crops, which perturbs trade in these crops, he
explains this absence of dissemination and commercialisation of the crops with poor regulatory frameworks and limited capacities to meet the existing national and international reIn the meantime Argentina has sued Monsanto before a Dutch court for taking coercive measures and exercising its IPRs abusively (Cronista 2006).
94 Next to the aforementioned quarrel of Monsanto with Argentina, another case in point is the recent formation of
an alliance of biotechnology and pharmaceuticals firms to prevent amendments to the WTO Agreement on TradeRelated Aspects on Intellectual Property Rights (TRIPS) that would require the disclosure of the origin of genetic
material or traditional knowledge related to patents – and to share benefits of the patents with the developing
country in question (US Trade 2006). In such a context, close personal linkages between the biotech industry and
pertinent departments in the US administration may be of little help to assuage critics (c.f. Philpott 2006; USTR
2005). Yet, to balance the view, Monsanto – for many the biotech company – pledges to “help create a path for
successful humanitarian access” to its drought tolerant technology “for those subsistence farmers who have the
most to lose” (Monsanto 2005, p. 7). Moreover, after having waived its IPRs on Golden Rice, Monsanto also collaborates in the development of “golden mustard” in India (Rao 2004).
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quirements. (He also points out the isolation of research institutes and their difficulties to develop and market a concrete product.) This kind of public research is what Kremer and Zwane
(2005) call “push” research. While acknowledging the usefulness of funding more general
research input, they highlight the potential of “pull” programmes, i.e. the funding of – public or
private – research output (that meets pre-specified criteria).
Another possible approach to reconcile private IPRs and humanitarian designs is to think
of some sort of “imaginative”, “innovative” or “visionary” new models of public-private sector
collaborations or partnerships with legally binding agreements (Serageldin 1999, Qaim 2000;
Dodds et al. 2001).95 There could be granting of free licences from companies holding the
rights to key techniques and materials in exchange for licences to use crop varieties or crop
traits of distinct national origin from developing countries (Gordon and Toenniessen 1999),96
or a more formalised and general “clearinghouse” for IPRs in the field of agricultural biotechnology could be established (Chrispeels 2000; Graff and Zilberman 2001). Donors may help
strengthening the IPR regime to improve the use of patents in the public sector and at public
universities and they may help strengthening national regulatory frameworks (in developing
countries) and support pertinent partnerships (Conway 2003; Delmer 2005).
A different possibility is to promote an open-source model in genetic engineering, in which
scientists may use a process or product provided that their own subsequent improvements
and innovations remain within the public domain (Hope 2004; Editorial 2005; Jefferson 2005;
Stewart 2005). This latter approach is built on solid legal grounds (Feldmann 2004) and it has
already been followed when an alternative to the Agrobacterium technology has been made
available to the international community under an open-source license, which is characterised
“by having no commercial restrictions other than covenants for sharing of improvements,
relevant safety information and regulatory data and for preserving the opportunity for others to
freely improve and use the technology” (Broothaerts et al. 2005, p. 632).
Yet, if such approaches prove to be unsatisfactory and fail to adequately consider the
needs of the poor in developing countries, legal experts and policy makers may also reconsider the regulation or interpretation of IPRs for applications in the humanitarian field because
IPRs are a means and not an end in themselves: their purpose is to encourage private R&D,
which, in the end, is expected to contribute to overall social welfare.97 Therefore, if in a
particular context IPRs rather prevent welfare gains than creating them, they may be reviewed and adapted to take the interests of different stakeholders in society into account
(Louwaars et al. 2005; Liebig 2005). If public institutions use IPRs to biofortify and improve
seeds for crops that are neglected by the private sector because the markets are too small or
the potential buyers are too poor (so-called orphan crops), a legislated waiver of the specific
IPRs in such contexts may be another option. Whether such steps may be more than only a
theoretical option is a question for political economy research, because – obviously – neither
the firms carrying out the R&D have an interest in lower levels of protection of IPRs (even if
But, as some point out, it is by no means guaranteed that the public interest is always safeguarded through
public-private partnerships (Richter 2003; FEC 2003).
96 However, such dealings may be perceived as a sell-out of national wealth, especially if the transaction lacks
transparency or if it smacks of corruption (Jayaraman 2002; Padma and Shanahan 2006). Hence, a “code of conduct” for such sensitive deals may be needed.
97 Qaim and de Janvry (2003) have shown – for the example of GM cotton in Argentina – that companies may fail
to adequately exploit the monopoly pricing power conferred to them through IPRs. In this case, lower prices
would have benefited both farmers and the company and, thus, resulted in a Pareto improvement.
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they can recover their investments in the industrialised countries’ markets; also c.f. PinstrupAndersen 2005), nor do farmers in industrialised countries benefit from such differential
treatment (c.f. Lence and Hayes 2005). Therefore, corresponding lobbying activities may be
expected.

5.5.5 Analysing Golden Rice by critics’ criteria
In a rather critical assessment of GM crops in a developing country context, which is cited by
organisations that disapprove of GM crops, deGrassi (2003) has put forward six criteria that
would need to be fulfilled by GM crops to alleviate poverty: the research and breeding efforts
should be (i) demand-led, (ii) site-specific, (iii) have a poverty-focus, (iv) be cost-effective and
(v) environmentally as well as (vi) institutionally sustainable. Here, these criteria are used to
assess Golden Rice:
i) The very problem of hidden hunger is that – in the short to medium term – it is not amenable to exclusively demand-led solutions (c.f. section 2.5.1). So in this specific context this
criterion may need to be qualified to encompass need-driven approaches like Golden Rice.
ii) The “golden” trait is planned to be introduced into popular and new rice varieties that are
grown in regions where VAD is prevalent, hence Golden Rice will be site-specific.
iii) As it addresses a form of malnutrition, the poverty-focus of Golden Rice should not be in
doubt (c.f. section 2.5.1).
iv) The cost-effectiveness of Golden Rice has been shown by my analysis.
v) In its environmental impact the cultivation of Golden Rice will not be different from the cultivation of conventional rice because it does not contain novel agronomic traits (like, insect
resistance), so Golden Rice is just as environmentally sustainable as rice that is currently
grown.
Finally, (vi) once released Golden Rice can be reproduced year on year by the farmers themselves, without the need of external funding, i.e. the institutional sustainability of Golden
Rice should not be in doubt, either.
Hence, also according to these criteria, Golden Rice is appropriate for a developing country
context and it can be classified as a GM crop that may contribute to sustainable poverty alleviation.
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6

Conclusions

In this study I quantified the burden of micronutrient malnutrition – in particular of IDA, ZnD
and VAD – in India, to subsequently determine the potential reduction of this disease burden
through the consumption of biofortified rice and wheat and, in another step, to evaluate the
cost-effectiveness of these new crops. To this end, I laid out the background of micronutrient
malnutrition, explained the rationale for combating this form of hunger, described existing
micronutrient interventions and put biofortification into its wider context – not only as an intervention to control micronutrient deficiencies, but also as a modern agricultural technology. In
a next step I explained the methods and the data that were used in the calculations and I
described the theoretical contributions of my work.
Building on this foundation, I carried out the three case studies of biofortified crops, namely
of iron-rich rice and wheat, of zinc-rich rice and wheat and of (beta-carotene-rich) Golden
Rice. In each of these analyses a pessimistic and an optimistic scenario was simulated to
take account of the uncertainty surrounding ex ante impact assessments; the results of these
three studies were then condensed in a comparative analysis. (In a separate discussion, I
challenged the validity of common claims about the lacking effectiveness of Golden Rice and
showed some limitations of suggested alternatives.)
This study shows that a conservative estimate of the annual burden of micronutrient malnutrition in India is a loss of 9.1 million healthy life years, of which 4.0 million DALYs are lost
due to IDA, 2.8 million DALYs are lost due to ZnD and 2.3 million are lost due to VAD. These
losses differ in their width, i.e. the number of people that are affected, and in their depth, i.e.
the amount of health that is lost in each case: IDA affects many people but mostly with relatively modest health consequences, while VAD is more focused in scope but most of its
health consequences are much more severe and mostly lethal. Overall, it is particularly children and women that suffer from micronutrient malnutrition.
Under optimistic assumptions the potential impact of biofortification of rice and wheat in
India is huge: iron-rich rice and wheat, zinc-rich rice and wheat and Golden Rice may reduce
the respective burdens of IDA, ZnD and VAD by more than half and, hence, save millions of
healthy life years. In the pessimistic scenario, i.e. if the biofortified crops are only adopted on
a smaller scale and if the breeding efforts to increase the micronutrient content in the crops
are less successful, these crops may still have a positive impact on the burden of micronutrient deficiencies, but the magnitude of the impact will be considerably smaller.
However, in both the optimistic and pessimistic scenarios, biofortification is extremely costeffective, whether it is carried out through conventional breeding or through genetic engineering. From an economic perspective, even in the pessimistic scenario biofortification proves to
be a success: saving one health life year through this agricultural approach may cost less
than US$ 0.5 for iron-rich rice and wheat in the optimistic scenario. And even the cost of
US$ 35 for saving one DALY through Golden Rice in the pessimistic scenario is far below the
World Bank threshold of about US$ 220 (and still further below the US$ 620 that may be
derived from WHO studies). Also compared to the costs of saving one DALY through alternative micronutrient interventions, biofortified crops are consistently considerably cheaper.
A similar picture emerges if the health benefits of biofortification in India are expressed in
monetary terms and evaluated based on a CBA: the IRRs for the biofortified crops range from
30-168 percent and each dollar invested yields at least US$ 28 (and may yield more than
US$ 2,000). These results are better than the results of most agricultural R&D projects and
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they lie several times above the commonly used selection criterion of 10 percent for similar
projects in developing countries. Hence, from such a societal perspective, biofortification
seems a worthwhile investment.98 If the monetisation of DALYs is extended to the burden of
micronutrient malnutrition in India, it can be shown that this form of hunger may reduce economic growth in India by 1-2 percent points each year – while the combined average annual
cost of iron-rich rice and wheat, zinc-rich rice and wheat and Golden Rice falls in the range of
only US$ 1.2-1.6 million. (On a per capita basis this amounts to 0.1-0.2¢.) Of these costs the
Indian government would only need to carry the costs of the country-specific activities and of
the maintenance breeding; the R&D at the international level is donor funded.
Having established the potential of biofortification to reduce the burden of micronutrient
deficiencies in India considerably, the necessary rejoinder is that biofortification cannot eliminate micronutrient malnutrition on its own. Also in countries where micronutrient malnutrition
is not a public health problem any longer this was not the achievement of single interventions
but the result of a mix of different policies and developments (like supplementation, fortification, nutrition education and economic growth). Therefore, it would be asked too much of
biofortification to achieve such a feat (and it would be presumptuous to claim that it could).
But then, what is the advantage of biofortification? Apart from the characteristics of biofortification that were discussed in section 2.2.3 (and which show how the strengths of biofortification complement existing strategies like supplementation and fortification, or that it may reduce people’s nutritional vulnerability), the overarching advantage of biofortification is its costeffectiveness. As already highlighted in the introduction, in a world of scarcity the effectiveness of an intervention is a necessary but not a sufficient condition for its positive assessment. In this study I have shown that biofortification may be very effective, indeed. But, in any
of the economic analysis carried out, biofortification also consistently outperformed alternative
interventions.
The findings regarding the superior cost-effectiveness of biofortification are not opposed to
the implementation of alternative interventions, though. Quite to the contrary, the concern of
my research was to help implement efficient interventions to control micronutrient deficiencies. As pointed out above, this concern cannot be resolved through biofortification alone.
Eliminating micronutrient malnutrition requires a balanced mix of complementary interventions
across time and space: biofortification may be very cost-effective in preventing and reducing
micronutrient deficiencies in broader population groups, but in cases of severe micronutrient
malnutrition and for treatment of clinical deficiencies, supplementation may be a more appropriate intervention. Still, in this context biofortification may allow for a reduction of routine
supplementation efforts, with the result that the released monetary, physical and human resources can be better targeted and, thus, employed to greater benefit. Similarly, it may serve
the purpose of reducing micronutrient malnutrition if biofortified seeds are promoted in the
countryside and, simultaneously, additional fortification efforts are carried carry out in urban
food processing facilities – or in regions where there are no biofortified crops available (for
example in India in regions where coarse cereals form the mainstay of the diet). Or, if Golden
Rice is to be promoted in India, it may be sensible to integrate the message into broader nu-

Given these positive results, I would like to emphasise the conservative nature of the simulations. While
assuming complete failure of a project provides little useful information, I still tried to err on the side of caution
when simulating the benefits of biofortification in the pessimistic scenario, but also the projections of the benefits
in the optimistic scenario were rather moderate.

98

116

trition education campaigns. However, giving precise instructions how to design national micronutrient programmes certainly is beyond the scope of this study. My findings simply support the recommendation that, being the most cost-effective intervention, biofortification
should be implemented first (in the case of Golden Rice this includes the commitment to
communicate the benefits of this crop effectively). More expensive alternative interventions
should then be employed in a second step and in a more targeted manner, according to their
particular strengths.
Finally, given this analysis, I concur with the WHO: “It is not much value to provide decision-makers with information on the costs and effectiveness of interventions that are undertaken badly” (WHO 2002, p. 107). Still, because of the need to take account of the uncertainties surrounding ex ante analyses, this is what I have done in the pessimistic scenarios of the
evaluation. Based on reasonable assumptions, in the optimistic scenarios I have demonstrated what the potential benefits of biofortification to the Indian society are – if the micronutrient-rich crops reach as many farmers and consumers as soon as possible. However, for
these benefits to materialise, the support and the collaboration of key players in the international donor community, in national agricultural research and extension agencies, along the
food chain and in the national health system is needed, not only in India but in all countries
where the discussed micronutrient deficiencies are a public health problem and where rice
and wheat are eaten by large parts of the population. In this context, one more recommendation seems to be granted, namely to support the ongoing biofortification efforts. And, given
that my analysis is ex ante in nature, it may also be advisable to support further investigations
into this novel concept to close remaining information gaps and to corroborate my findings.
This work contains a number of contributions in academic and empirical terms: some
methodological improvements were introduced, better data than in previous studies was used
and, thus, information gaps were narrowed. Nevertheless, there remains a lot to be done.
First of all, as just pointed out, my findings need to be corroborated by future studies of the
actual impacts of biofortification. Some central parameters that were used in the different
scenarios of my analyses – like the micronutrient content in the grains that can be realised
under field conditions, the actual agronomic performance of the crops, the magnitude of postharvest losses or the bioavailability of the micronutrient – still need to be determined with
more precision through future research. It will also be crucial to analyse the factors that determine the acceptability of the crops to farmers and consumers alike, especially in the case
of Golden Rice; this knowledge is vital for the design of extension and social marketing
strategies to achieve maximum adoption of the crops. For Golden Rice it is also essential to
carry out the necessary tests to ensure that it is safe for both the environment and human
consumption.
Naturally, the method that I refined and further developed in this work may be used to
evaluate other micronutrient interventions or to assess different nutritional problems as well.
Next to micronutrient malnutrition it is especially obesity-related problems that gain importance around the world and, consequently, need to be examined more closely (Lipton 2001;
Popkin et al. 2001a and 2001b; Sachdev 2004; Roux and Donaldson 2004; Schmid et al.
2005; Prentice 2006; Hillier et al. 2006).99 On the other hand, also the number of functional
Critics suggest that the problem of obesity is less alarming, though. According to their view, reasons for pushing obesity on the agenda – at the cost of more pressing public health issues – are, among others, covert financial interests (c.f. Campos et al. 2006 and the Commentaries in the same issue).
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foods – i.e. foodstuffs that convey a health benefit beyond that of conventional foodstuffs
(Milner 2000; Contor 2001; Shimizu 2003) – can be expected to increase. This is true for
industrialised countries, where functional foods may also help address obesity-related problems (Singletary and Morganosky 2004; Roberfroid 2000; Menrad et al. 2000). But, as I have
shown, the number of functional foods – which is how biofortified crops could be defined as
well – may also increase in the developing world. The method presented here may serve to
analyse the potential impact and the economic sagacity of these new crops and products as
well. Similarly, this approach may be used to assess the health dimension of other crops. For
instance, it is suggested that insect resistant cereals may not only increase effective yields
but also, as a welcome side effect, reduce the level of dangerous mycotoxins in people’s daily
food (Ming High et al. 2004; Falk et al. 2002; James 2003a; Magg et al. 2003).100 Or, in the
same context, the method presented here may be used to quantify the health benefit of improved practices, processes and methods in food cultivation, processing or monitoring (c.f.
Williams et al. 2004; Cardwell 2000; Xu et al. 2006). Yet, as was shown in the chapter on the
DALYs method, DALYs are very versatile and many applications based on this method are
conceivable because it allows for the quantification of health in a rather elegant manner. Food
and nutrition form the basis of human health and well-being – and related problems are
probably permanent companions of humankind. Hence, suitable approaches to investigate
nutrition questions will also be needed in future.

Incidentally, increased levels of mycotoxins in the diet may affect zinc nutrition and VA status (Williams et al.
2004).
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Annexe 1: Data and assumptions used to calculate the burden of IDA in India
Functional outcomes related to IDA

Target group

Size of
target group

Mortality
rate

Average
remaining
life expectancy
(years)

Incidence
rate

Disability
weight

Duration
of disease
(years)

Discount
rate

children ≤ 5

152,614,466

N/A

N/A

0.0452

0.011

5.5

3%

children 6-14

230,462,221

N/A

N/A

0.0184

0.011

9.0

3%

women 15+

308,844,879

N/A

N/A

0.0022

0.011

55.6

3%

men 15+

330,454,343

N/A

N/A

0.0012

0.011

51.5

3%

children ≤ 5

152,614,466

N/A

N/A

0.0053

0.087

5.5

3%

children 6-14

230,462,221

N/A

N/A

0.0009

0.087

9.0

3%

women 15+

308,844,879

N/A

N/A

0.0003

0.090

55.6

3%

men 15+

330,454,343

N/A

N/A

0.0001

0.090

51.5

3%

Impaired mental development
(due to mIDA)

children ≤ 5

152,614,466

N/A

N/A

0.0493

0.006

62.5

3%

Impaired mental development
(due to sIDA)

children ≤ 5

152,614,466

N/A

N/A

0.0058

0.024

62.5

3%

Maternal mortality (due to sIDA)

live births

25,672,095

0.00027

51.2

N/A

N/A

N/A

3%

Stillbirth

mothers who
died due to sIDA

6,931

0.3

61.2

N/A

N/A

N/A

3%

6,931

0.00467

61.2

N/A

N/A

N/A

3%

Impaired physical activity
(due to moderate IDA (mIDA))

Impaired physical activity
(due to severe IDA (sIDA))

Child mortality
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Annexe 2: Data and assumptions used to calculate the burden of ZnD in India

Functional outcomes related to ZnD

Diarrhoea

Pneumonia

Target group

infants
children 1-5
infants
children 1-5

Mortality
rate

Average
remaining
life expectancy
(years)

Incidence
rate

Disability
weight

Duration
of disease

Discount
rate

25,059,172

N/A

N/A

0.468

0.2

3 days

3%

100,236,688

N/A

N/A

0.234

0.15

4 days

3%

25,059,172

N/A

N/A

0.1189

0.3

4 days

3%

100,236,688

N/A

N/A

0.1189

0.2

4 days

3%

Size of
target group

Stunting

infants

25,059,172

N/A

N/A

0.455

0.0001

61.2 years

3%

Infant mortality

live births

25,672,095

0.00268

61.2

N/A

N/A

N/A

3%

Child mortality

live births

25,672,095

0.00104

64.4

N/A

N/A

N/A

3%
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Annexe 3: Data and assumptions used to calculate the burden of VAD in India

Functional outcomes related to VAD

Mortality
rate

Average
remaining
life expectancy
(years)

Incidence
rate

Disability
weight

Duration
of disease

Discount
rate

154,873,899

N/A

N/A

0.0103

0.05

1 year

3%

pregnant women

27,934,815

N/A

N/A

0.0662

0.1

5 months

3%

lactating women

13,832,663

N/A

N/A

0.0552

0.1

6 months

3%

Target group
a

children 1-6
Night blindness

Size of
target group

Corneal scars
(without subsequent blindness)

children ≤ 5

152,614,466

N/A

N/A

0.00002

0.2

64.4 years

3%

Corneal scars (followed by blindness)

children ≤ 5

152,614,466

N/A

N/A

0.00002

0.2

1.5 years

3%

Blindness (due to corneal scars)

children ≤ 5

152,614,466

N/A

N/A

0.00002

0.5

64.4 years

3%

Measles (simple)

children ≤ 5

152,614,466

N/A

N/A

0.0027

0.35

10 days

3%

Measles (with complications)

children ≤ 5

152,614,466

N/A

N/A

0.0027

0.7

20 days

3%

Child mortality

live births

25,672,095

0.0028

64.4

N/A

N/A

N/A

3%

Notes: a The target group was changed from “children ≤ 5” to “children 1-6” for reasons of data availability.
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Annexe 4: Exchange rates (Rs./US$) from January 1, 1995 till December 31, 2004
Figure 37. Daily exchange rates Rs./US$
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Table 41. Average annual exchange rates Rs./US$
Year
Average annual
exchange rate (Rs./US$)

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

32.44

35.44

36.34

41.29

43.06

44.95

47.23

48.68

46.66

45.34

Source: OANDA (2005).
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Vitamin and mineral deficiencies are widespread forms of undernutrition that affect
particularly poor women and children, prevent them from reaching their full physical
and mental potential and impose a heavy burden on public health and overall development. Current micronutrient interventions to control this problem, like pharmaceutical supplementation or industrial fortification, are considered to be cost-effective,
even though their success in developing countries remains limited. Breeding staple
crops for higher levels of essential micronutrients, or biofortification, is a novel intervention that has been proposed to address the issue of what is also called “hidden
hunger”. While such breeding can often be carried out by conventional means, in
some cases a genetic engineering approach may be required.
This ex ante study analyses the effectiveness of biofortification, both of conventional
crops and of a genetically modified crop (Golden Rice), and juxtaposes the results
and the costs of the intervention to determine its cost-effectiveness. To quantify the
expected health gains, the study builds on “disability-adjusted life years” (DALYs),
which is a way to add up mortality and weighted morbidity in a single index. Furthermore, in the study methodologies are developed to relate improved micronutrient
intakes to better health outcomes and the economic aspects of using DALYs are discussed.
In three case studies of iron-rich rice and wheat, zinc-rich rice and wheat and betacarotene-rich Golden Rice in India, the potential of biofortification to reduce iron
deficiency anaemia, zinc deficiency and vitamin A deficiency, respectively, is shown
and its potential cost-effectiveness is illustrated. Because of the controversy surrounding genetically modified organisms (GMOs), the case of Golden Rice is discussed in more depth. For biofortification to be successful in addressing micronutrient
malnutrition (together with other micronutrient interventions), widespread adoption
of the biofortified crops is important, as is the success of the ongoing R&D efforts in
increasing the micronutrient content in the crops.
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