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Summary. — Vitamin A deficiency (VAD) affects millions of people, causing serious health prob-
lems. Golden Rice (GR), which has been genetically engineered to produce b-carotene, is being pro-
posed as a remedy. While this new technology has aroused controversial debates, its actual impact
remains unclear. We develop a methodology for ex ante evaluation, taking into account health and
nutrition details, as well as socioeconomic and policy factors. The framework is used for empirical
analyses in India. Given broad public support, GR could more than halve the disease burden of
VAD. Juxtaposing health benefits and overall costs suggests that GR could be very cost-effective.
� 2007 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Vitamin A deficiency (VAD) is a considerable
public health problem in many developing
countries: it affects 140 million pre-school chil-
dren and 7 million pregnant women world-
wide. Of these, up to 3 million children die
every year (UN SCN, 2004). Apart from
increasing child mortality, VAD can lead to vi-
sual problems, including blindness, and it in-
creases the incidence of measles (Sommer &
West, 1996). This affects public health, eco-
nomic productivity, and individual well-being.
Income growth alone is not expected to reduce
micronutrient malnutrition in the short to med-
ium term (Haddad, Alderman, Appleton, Song,
& Yohannes, 2003). Pharmaceutical supple-
mentation and food fortification with vitamin
A (VA) are commonly practiced, but these pro-
grams also have their shortcomings: for exam-
144
ple, those children that tend to be most at
risk of VAD are least likely to receive VA sup-
plements (Adamson, 2004), and extending pro-
gram coverage is becoming increasingly
difficult. Golden Rice (GR), which has been
genetically engineered to produce b-carotene,
a precursor of VA, has been proposed as an-
other intervention to control VAD (Ye et al.,
2000). However, the usefulness of GR is
questioned by some, and the technology has
become one of the centerpieces in the public
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controversy over genetically engineered crops.
Because GR is still at the stage of research
and development (R&D) its actual effectiveness
remains unknown (Grusak, 2005; Nuffield,
2003). So far, a sound and in-depth scientific
analysis of the potential impact has been miss-
ing. While partial impact studies show the tech-
nology’s potential for deficient populations
(Dawe, Robertson, & Unnevehr, 2002; Zim-
mermann & Qaim, 2004), the public debate is
dominated by biased assessments of anti-bio-
technology groups that are not peer-reviewed
and only published on activist websites (Green-
peace, 2005; Shiva, 2000). Most of the conclu-
sions thus derived do not withstand thorough
scientific scrutiny, as will be discussed later in
this article where appropriate. This is not to
say that issues of public interest should be dealt
with only at a scientific level, but a profound
and objective analysis could still contribute to
a rationalization of the debate and help policy
makers in their decisions.

We develop a methodology for comprehen-
sive ex ante evaluation, which substantially im-
proves upon the previous, more partial impact
studies. Dawe et al. (2002) focused on the poten-
tial effects of GR on b-carotene intakes, but
without considering actual health impacts. Zim-
mermann and Qaim (2004) considered health
aspects, but only at a highly aggregate level
and without taking into account important
nutritional features like dietary heterogeneity
across different regions and social groups or
the role of reference intakes in dietary assess-
ments. We use a truly interdisciplinary ap-
proach, integrating epidemiological and
nutrition details, as well as socioeconomic and
policy factors. In particular, we determine the
current public disease burden of VAD in a
country with an important rice-eating popula-
tion, and simulate to what extent this burden
could be reduced through GR. The simulations
build on new insights of the technology’s effi-
cacy (Paine et al., 2005). Finally, we assess the
cost-effectiveness of GR more comprehensively
than the previous work and compare the results
with the cost-effectiveness of alternative VA
interventions and other public health programs.

The empirical analysis is carried out for In-
dia, where GR lines are currently adjusted to
local conditions and are likely to be released
in 4–6 years. Of the 140 million pre-school chil-
dren suffering from VAD world-wide, more
than 35 million live in India (UN SCN, 2004).
Coverage levels of the existing national VA
supplementation program are low (Planning
Commission, 2002). Since rice is widely con-
sumed in the country, introducing GR may re-
duce the prevalence of VAD and free scarce
resources in the health sector.
2. METHODOLOGY

Although the extent of VAD in a country is
generally captured by prevalence rates, merely
counting the number of people below a certain
threshold for VA sufficiency fails to take ac-
count of the problem’s depth. Disability-ad-
justed life years (DALYs) provide a means to
measure the total disease burden in one single
index. This is done by weighting different health
conditions (including premature death) accord-
ing to their severity and adding up their dura-
tion. 1 DALYs were first used in the ‘‘World
Development Report 1993’’ (World Bank,
1993) and subsequently elaborated and popu-
larized in ‘‘The Global Burden of Disease’’ re-
port (Murray & Lopez, 1996). In a study on
the potential health benefits of GR in the Phil-
ippines, DALYs were introduced in an analysis
of the benefits of an agricultural technology
(Zimmermann & Qaim, 2004). Incorporating
more detailed nutrition aspects, we further
developed and refined the approach to deter-
mine the burden of VAD. Moreover, we im-
proved the methodology to assess the impact
of an increased intake of VA on this disease
burden through future consumption of GR or
other biofortified crops. 2 The present study
on the impacts of GR in India is the first empir-
ical application of this methodology. In the fol-
lowing, we provide a more detailed description
of the analytical approach and the data used.

VAD itself does not impose a burden on pop-
ulations that suffer from it; it is the related
health outcomes that matter. Proven adverse
health outcomes of VAD are night blindness,
corneal scars, blindness, measles, and increased
mortality among children, and night blindness
among pregnant and lactating women. 3 With-
in the DALY formula (Eqn. (1)) disability
weights make different health outcomes compa-
rable: a disability weight of zero corresponds to
perfect health, and a weight of one corresponds
to a health state equal to death. The other
important component of the DALY formula
is the inclusion of a time dimension: the full
duration of a health outcome is counted in
years (or fractions thereof) at the onset of the
condition. The duration of permanent diseases
is determined by using the average remaining
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life expectancy at the year of onset; future life
years are discounted at a rate of 3% (Stein
et al., 2005; Tan-Torres Edejer et al., 2003).
Hence, what DALYs measure in our context
are healthy life years that are lost due to
VAD each year, that is, the disease burden is
counted in terms of ‘‘DALYs lost’’:

DALYslost ¼
X
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where Tj is the total number of people in target
group j, Mj is the mortality rate associated with
the deficiency in target group j, Lj is the average
remaining life expectancy for target group j, Iij

is the incidence rate of disease i in target group
j, 4 Dij is the disability weight for disease i in
target group j, dij is the duration of the disease
i in target group j (for permanent diseases dij

equals the average remaining life expectancy
Lj), r is the discount rate for future life years.

The size of the target groups (children 6 5
years, pregnant women, and lactating women)
is based on census data from India (Registrar
General, 1991 & 2001) and on the total fertility
rate (IIPS, 2000); under five mortality (U5M)
rates are taken from UNICEF (2003); incidence
rates of night blindness, corneal scars, and
blindness are derived from Toteja and Singh
(2004); for measles a higher incidence rate is as-
sumed than the one that is given in the official
data of the Central Bureau of Health Intelli-
gence (CBHI), because for some states in India
no data are available and there is substantial
under-reporting. As VAD is not necessarily
Table 1. Severity, duration, and incidence

Disability weight Duration (y

Children 65 years

Night blindness 0.05 1.00
Corneal scars 0.20 64.40
Blindness 0.50 64.40
Measles (simple) 0.35 0.03
Measles (complications) 0.70 0.06
Under five mortality (1.00) 64.40

Pregnant women

Night blindness 0.10 0.42

Lactating women

Night blindness 0.10 0.50

Note: Data sources are explained in the text. Further detai
the only cause for these health outcomes, we
attribute appropriate shares of the total inci-
dence of each outcome to VAD (cf. Stein
et al., 2005). 5 To determine the average
remaining life expectancy and the duration of
permanent health outcomes, we use standard
life tables for India (WHO, 2001a). The main
data used for the calculations are shown in
Table 1.

We calculate the current burden of VAD in
India—that is, without GR—based on these
parameters. To determine the potential impact
of GR, we additionally simulate a situation in
which GR is consumed: with GR, the intake
of b-carotene will be higher than in the current
situation in which ‘‘normal’’ rice is consumed.
Higher b-carotene intake translates into higher
VA intake, which reduces VAD and related
health outcomes. This reduction is picked up
by lower values for Mj and Iij in Eqn. (1), which
also results in a lower number of DALYs lost
due to VAD. The difference between the cur-
rent burden of VAD and the burden in a situa-
tion in which GR is consumed is the impact of
GR. In the following, we further elaborate on
the individual steps.

We use detailed consumption data of a
nationally representative household survey in
India (NSSO, 2000), which comprises 120,000
households and registered the consumption of
about 140 different food items. Based on this
consumption data and food composition tables
(Erhardt, 2005; Gopalan, Rama Sastri, & Bala-
subramanian, 1989; USDA, 2004), we calculate
the VA intake of each household expressed in
micrograms (lg). 6 We then regress variables
for the households’ composition (age and
gender) on VA intakes and use the estimated
rates of health outcomes related to VAD

ears) Incidence rate (%) Attributable incidence (%)

1.03 100
0.02 10
0.02 10
2.70 10
2.70 10
9.30 3

6.62 100

5.52 100

ls can be found in Stein et al. (2005).
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coefficients to derive adult equivalent weights.
These weights allow us to impute individual
VA intakes from overall household consump-
tion. This way we also take into account that
children eat less rice and other foodstuffs than
grown-ups, which is important for the impact
analysis. If current VA intake for an individual,
VAIold, is lower than the estimated average
requirement (EAR) for the particular target
group, 7 there is an ‘‘intake gap,’’ that is, the
individual can be expected to suffer from
VAD. The bigger the intake gap, the more se-
vere the deficiency, and the more likely adverse
health outcomes will occur.

In a further step, we replace the food compo-
sition value of ‘‘normal’’ rice for b-carotene
(0 lg/g) with the b-carotene content in GR
(for a certain share of overall rice consumption,
cf. Table 2) and derive new VA intakes with
GR (VAI new). 8 In this situation, VA intakes
Table 2. Assumptions used to simulate two scenarios in
which GR is consumed in India

Scenario Low
impact

High
impact

b-Carotene content in GR (lg/g) 14 31
Post-harvest loss of b-carotene (%) 80 35
Conversion of the
b-carotene in GR into VA

6:1 3:1

Coverage rate of GR
15 years after release (%)

in government shops 20 100
in school meals 20 100
on the free market 14.3 50
in rice products 10 50

Note: Data sources are explained in the text.

VA
 intake

Requirements

Intake with GR

Current intake

Figure 1. Illustrative dose–response curve. Source: Based on
are higher than before, so GR helps reduce
the intake gap. The health response to such
an intake improvement is not linear: the more
deficient an individual, the more pronounced
the health response of a given improvement in
VA (Figure 1). This mechanism is sometimes
ignored by the critics of GR, who overlook that
all individuals already consume a certain
amount of VA, even if it is not enough to
achieve full sufficiency. Therefore, they (implic-
itly) postulate that GR can only be considered
effective if its daily consumption supplies en-
ough VA to fulfill 100% of VA requirements.
Based on these premises, and using very high
(but unreferenced) VA requirements, they sug-
gest—for a hypothetical individual—that
impossible amounts of GR would need to be
consumed (Greenpeace, 2005; Shiva, 2000).
Our approach takes better account of the actual
nutrition-health linkages by following Zimmer-
mann and Qaim (2004) and Stein et al. (2005)
when calculating the efficacy (E) of the above-
mentioned ‘‘dose–response’’ at the individual
level according to the following formula:

E ¼
ln VAInew

VAIold

� �
� VAInew�VAIold

EAR

� �

ln EAR
VAIold

� �
� EAR�VAIold

EAR

� � : ð2Þ

Zimmermann and Qaim applied this dose–
response to average national VA consumption
figures. Yet, using average intakes to assess
the nutrient adequacy of group diets can be
misleading, because the prevalence of inade-
quacy depends on the shape and variation of
the intake distribution (Murphy & Poos,
2002). Therefore, we calculate E for each indi-
vidual in our data set before producing a
Individual health status

Zimmermann and Qaim (2004) and Stein et al. (2005).
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weighted average efficacy ratio for the different
target groups. As these efficacy ratios reflect the
health response due to a change in VA intakes,
we can apply them to the current incidence
rates of the VAD-related health outcomes, in
order to derive a new set of incidence and mor-
tality rates. These lower rates are used to calcu-
late the burden of VAD with GR. Subtracting
this reduced burden from the one in the status
quo results in the number of ‘‘DALYs saved’’
through GR, which is our measure of the tech-
nology’s impact. Finally, we consider the cost
of developing and disseminating GR that is
attributable to India, to calculate the cost per
DALY saved as a cost-effectiveness measure.
3. SCENARIOS AND ASSUMPTIONS

To take account of uncertainty in this ex ante
analysis, we simulate a low impact scenario
with rather pessimistic assumptions, and a high
impact scenario with more optimistic assump-
tions. Both scenarios are projected over a peri-
od of 30 years. Our low impact scenario
assumes that GR will experience only limited
scientific success and weak political support.
Our high impact scenario, in contrast, reflects
what the scientists involved deem possible,
and what broad political support could accom-
plish. The underlying assumptions are dis-
played in Table 2 and explained in the
following text.

The b-carotene content in GR is based on the
average and maximum levels that could be real-
ized so far (Paine et al., 2005). The expected
losses of b-carotene due to storage and cooking
are based on estimates by Barry (2005), Du-
bock (2005), Beyer (2005), and Bouis (2005).
Even though for b-carotene in a mixed diet a
conversion rate into VA of 12:1 is used (IOM,
2002), better rates for GR are justified due to
its simple food matrix, as discussed by Zimmer-
mann and Qaim (2004), and as reconfirmed by
Russell (2006), who has been carrying out the
first feeding trials of GR with humans. There-
fore, we use the rates of 6:1 and 3:1 in our
low and high impact scenarios, respectively.

It is assumed that the ‘‘golden’’ trait will be
incorporated into at least four new open-polli-
nated rice varieties whose agronomic traits are
superior to current popular varieties, so rejec-
tion of these ‘‘golden’’ varieties for agronomic
reasons is not expected. GR varieties are devel-
oped jointly by the private and public sector
and, in the framework of a humanitarian man-
date, they will be handed over to small-scale
farmers who can reproduce the seeds them-
selves at no extra cost (Paine et al., 2005; Pot-
rykus, 2001). 9 Furthermore, because it is
assumed that the government supports the dis-
semination and promotion of GR by distribut-
ing it through the systems that are in place to
ensure food security, like ration shops and
school feeding, public authorities will generate
demand for GR, thus creating a market and
potential outlet for the GR that is grown by
early adopters among the farmers.

The situation on the side of the consumers
is different, though. While the government
can influence what is sold in its ration shops
that cater for the poor and what is distributed
in school meals, 10 the free market follows actual
consumer demand. For the free market, we
assume that—15 years after release of the first
varieties—in the low impact scenario people
eat GR only on one day per week, while in
the high impact scenario they eat GR
every other day. This range is meant less to
predict actual future consumption patterns
but to reflect possible consequences of policy
decisions (that have not yet been made) and
of future social marketing activities, as ex-
plained below.

The cost estimates for GR, which explicitly
include costs for social marketing activities,
are shown in Table 3. The base year for our
analysis is 2001, when the development of GR
as a crop started; all costs were discounted to
this year at a common social discount rate of
3% (Tan-Torres Edejer et al., 2005; World
Bank, 1993). In the low impact scenario, we in-
creased costs that occurred before 2005 by 10%
to account for possible under-reporting, while
we increased the estimates of the more uncer-
tain future costs by 25%. In the high impact
scenario, we only increased the estimates of
the future costs by 10%. The international
R&D costs are based on costs reported by
Mayer (2005), Dubock (2005), and Barry
(2005) for the University of Freiburg, Syngen-
ta, and IRRI, respectively. To attribute a share
of these overall costs to India, in the low impact
scenario we used India’s share of 70.5% in the
total rice production of India, Bangladesh,
and the Philippines, as these are the core bene-
ficiary countries suggested by the Golden Rice
Humanitarian Board. In the high impact sce-
nario, we included China as another potential
beneficiary country, which resulted in a cost
share of 34.2% for India (production data from
FAO, 2004). The R&D costs within India are



Table 3. Time frame and cost estimates for R&D and dissemination of GR in India

Low impact scenario High impact scenario

Years Undiscounted cost (US$) Years Undiscounted cost (US$)

International R&D 2001–07 7,462,000 2001–07 3,262,000
R&D within India 2002–11 1,158,000 2002–09 780,000
Regulatory process 2003–12 2,515,000 2003–10 2,213,000
Release of GR 2012–13 2010–11
Social marketing 2013–15 15,570,000 2011–15 30,710,000
Maintenance breeding 2013–29 2,125,000 2011–29 1,900,000
Net present value of total cost

(discounted at 3%)
2001–30 21,384,000 2001–30 27,937,000

Cost annuity 2001–30 713,000 2001–30 931,000

Note: Data sources are explained in the text.
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based on the corresponding budgets of the In-
dian Agricultural Research Institute (IARI),
the Directorate for Rice Research, and the
Tamil Nadu Agricultural University, as re-
ported by Singh (2005). Costs that need to be
incurred for the regulation and control of
potential environmental and human health
risks are based on estimates by Rao (2005)
and include the costs that are expected to arise
in the framework of the institutional biosafety
committees, the Review Committee on Genetic
Manipulation, the Genetic Engineering Ap-
proval Committee, and the Seed Act.

The consumer price of GR is expected to be
equal to conventional rice, because R&D costs
at the international level are borne by donors,
and it is assumed that the national costs are
borne by the Indian government. Nonetheless,
consumer acceptance problems might occur be-
cause of the yellow color of the grain. In order
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Figure 2. The structure of the costs of GR in India. Notes: aT

the high impact scenario and on
to prevent price discounts (which would lower
adoption incentives for farmers) and achieve
wide-spread consumption, social marketing,
and education activities as well as additional
extension work will be necessary to promote
GR adoption by farmers and acceptance
among consumers. At this point, the concrete
design of these activities is still somewhat un-
clear. To get a sense for possible costs, we used
expert estimates of the costs for different com-
binations of awareness programs and cam-
paigns in the framework of India’s Integrated
Child Development Services (ICDS) centers,
including video spots and country-wide cam-
paigns in the electronic media. In the low im-
pact scenario, we projected lower costs for a
less intense campaign, while in the high impact
scenario, a longer and more intense GR cam-
paign is assumed. The latter would reflect
stronger public and policy support, which also
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Table 4. The annual burden of VAD in India and the
cost-effectiveness of GR

Scenario Low
impact

High
impact

Current burden of VAD

Number of DALYs lost each year
(thousands)

2,328

Number of lives lost each year
(thousands)

71.6

Potential impact of GR

Number of DALYs saved each year
(thousands)

204 1,382

Reduction of the DALYs burden
through GR (%)

8.8 59.4

Number of lives saved each year
(thousands)

5.5 39.7
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justifies the assumption of higher coverage rates
of GR in the high impact scenario (cf. Table 2).
Finally, the costs for maintenance breeding are
based on estimates by Barry (2005). The result-
ing cost structure (Figure 2) confirms the argu-
ment that biofortification can be a very
sustainable intervention once the initial invest-
ments in R&D and variety dissemination are
made (cf. Bouis, 2002; Nestel, Bouis, Meenak-
shi, & Pfeiffer, 2006). These costs also have to
be seen in the context of the expenditures that
need to be incurred for alternative VA interven-
tions such as the existing VA supplementation
program in India: the supplementation costs
for only 50% of all pre-school children in India
exceed US$100 million and need to be incurred
each year (Stein, 2006).
Cost-effectiveness of GR and other VA interventions

Cost per DALY saved through GR
(US$)

19.4 3.1

Cost per life saved through GR
(US$)

358 54

World Bank cost-effectiveness
standard for DALYs saved (US$)

200

WHO standard for valuing DALYs
(US$)

620–1,860

Cost per DALY saved through
supplementation (US$)

134–599

Cost per DALY saved through
industrial fortification (US$)

84–98

Source: Stein et al. (2006).
4. IMPACT AND COST-EFFECTIVENESS

According to our calculations, the current
burden of VAD in India amounts to 2.3 million
DALYs lost each year, 11 of which 2.0 million
DALYs are lost due to child mortality alone.
In terms of incidence numbers, 71,625 pre-
school children die each year because of
VAD, and 3,663 go blind; 2.6 million pregnant
and lactating women and 1.6 million children
suffer from night blindness, and 0.8 million
children succumb to measles. In this context,
wide-spread consumption of GR with a high
b-carotene content (high impact scenario) can
reduce the burden of VAD by 59% and save
thousands of lives (Table 4). Less frequent con-
sumption of GR with a lower b-carotene con-
tent (low impact scenario) would have a much
smaller impact.

Because more disaggregated epidemiological
data are not available, we cannot calculate the
current burden of VAD separately for different
income groups or dietary regions. But the effi-
cacy of GR in closing the VA intake gap can
be projected at a disaggregate level, as this is
an intermediate and less data intensive step in
the calculations (cf. Eqn. (2)). Some further de-
tails on these intermediate results might be
illustrative for the assessment of differential im-
pacts of GR on different population groups: in
the low impact scenario, GR is projected to
narrow the VA intake gap by 25% for women
and by 11% for children, the difference being
mainly due to lower rice quantities consumed
by children. The efficacy is higher among the
poor households than among the richer ones.
For instance, in the low impact scenario, the in-
take gap for children in the poorest expenditure
quintile is reduced by around 13%, while it is
reduced by 9% for children in the richest quin-
tile. Hence, GR is a crop that benefits the poor
over-proportionally, that is, it is indeed an
example of genetic engineering for the poor.
In the high impact scenario, the general pat-
terns are the same, but efficacy values are much
higher, namely, over 90% for women and over
80% for children. A regional disaggregation
reveals that, in the high impact scenario, virtu-
ally all individuals (99%) in the predominantly
rice-eating states would achieve VA sufficiency
status. 12 These results demonstrate the poten-
tial of the technology to deliver pro-poor nutri-
tion and health benefits, but the low impact
scenario also emphasizes that public support
is essential for this potential to materialize. Evi-
dently, for either scenario, delays in bringing
GR to farmers can be very costly in terms of
DALYs lost that could otherwise be saved.

Our cost-effectiveness analysis indicates that
in the high impact scenario, one healthy life
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year is saved at a cost of US$3.06, while in the
low impact scenario, one DALY saved costs
US$19.40. However, cost-effectiveness is a rela-
tive measure that requires reference values for
its assessment. One possible base for compari-
sons are international standards. In its World
Development Report 1993 the World Bank
(1993) reported a value of US$150 as a thresh-
old, below which public health interventions
can be considered very cost-effective; in current
terms this value, which is expressed in 1990 dol-
lars, rises above US$200 (BLS, 2005). The
World Health Organisation (WHO, 2001b;
http://www.who.int/choice/costs/CER_thresh-
olds/) suggests valuing one DALY at the single
to triple per capita income to obtain thresholds
for very cost-effective and cost-effective public
health interventions, respectively. In 2004, the
Indian per capita income amounted to
US$620 (World Bank, 2004). Another possibil-
ity for assessing the results is to compare them
with the cost-effectiveness of currently imple-
mented alternative interventions. In India, this
is VA supplementation, albeit coverage levels
of this program are relatively low (Planning
Commission, 2002). Also, industrial fortifica-
tion of foodstuffs with VA is possible and prac-
ticed in different other countries. The costs per
DALY saved through supplementation and
industrial fortification shown in Table 4 are
based on a recent study for the WHO region
‘‘SEAR-D,’’ which basically comprises South
Asia (Tan-Torres Edejer et al., 2005). The costs
reported in that study were converted from
international dollars into current US$ to make
them comparable to our results. 13 The com-
parison shows that, even under pessimistic
assumptions, GR would be more cost-effective
8.8%

59.4%

23.6%

Low impact High impact a

Figure 3. Reduction of the burden of VAD through GR for di

are the initial scenarios; ‘‘a’’ is a scenario where GR has th

coverage rates; ‘‘A’’ assumes an effective high b-carotene con

high impact scenarios but in the calculation of the
than either of these benchmarks (Table 4).
These results also indicate that the opportunity
costs of the money that is spent on GR would
be higher if the money was spent on these alter-
native interventions: while supplementation
and fortification programs can be quite efficient
in an urban setting, where there is usually a bet-
ter infrastructure and where distribution costs
can be split among many people, reaching
fewer people in more remote rural areas will
increase (distribution) costs both in absolute
and relative terms, with the mere costs of the
supplement or the added VA as such becoming
less relevant. Of course, GR also needs to be
popularized in these areas, which may be more
costly than in urban areas, but it is more sus-
tainable—both in the rural and urban set-
ting—because there are only minor annually
recurrent costs, once farmers started cultivating
the new varieties (Figure 2).
5. SENSITIVITY ANALYSIS

To test the robustness of our results, we car-
ried out different sensitivity analyses. Figure 3
shows the reduction in the disease burden
through GR under varying assumptions. For
comparison, the results are displayed next to
those of the initial low and high impact scenar-
ios. 14 To examine the influence of variations in
effective b-carotene contents and technology
coverage rates, we first build on the assump-
tions of the initial low impact scenario, but in-
crease GR coverage to the levels of the high
impact scenario (scenario ‘‘a’’ in Figure 3).
Then, we use the assumptions of the high im-
pact scenario, but reduce GR coverage to the
45.7%

6.5%

56.3%

A b B

fferent scenarios. Notes: ‘‘Low impact’’ and ‘‘high impact’’

e assumed low level of bioavailable b-carotene, but high

tent, but low coverage rates; ‘‘b’’ and ‘‘B’’ are the low and

dose–response RDAs are used instead of EARs.

http://www.who.int/choice/costs/CER_thresholds/
http://www.who.int/choice/costs/CER_thresholds/
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levels of the low impact scenario (scenario ‘‘A’’
in Figure 3). While changing the assumed cov-
erage rates does have a notable effect, scenario
‘‘A’’ demonstrates that the magnitude of the
benefits is driven more by effective b-carotene
contents. Preferably, high contents and high
coverage rates should be sought. Yet, when
confronted with a trade-off, these results sug-
gest that priority should be given to achieving
higher effective b-carotene contents, which are
influenced through actual b-carotene produc-
tion in the grain, post-harvest losses, and bio-
availability. 15

In our two main scenarios, we use EARs as
reference for the VA requirements in the
dose–response calculations (cf. Eqn. (2)). EARs
are the correct references both for assessing the
nutrient intakes of groups and for making
quantitative assessments of the adequacy of
individuals’ usual intakes of a nutrient (Barr,
Murphy, & Poos, 2002; IOM, 2002). Another
common dietary reference is the RDAs, which
add two standard deviations to the EARs.
While RDAs are too high to establish suffi-
ciency levels for the majority of the population,
we still carried out the calculations based on
RDAs for illustrative purposes: impact scenar-
ios ‘‘b’’ and ‘‘B’’ in Figure 3 correspond to
the low and high impact scenario, respectively,
computed with RDAs instead of EARs. Obvi-
ously, when the thresholds to reach sufficiency
are pushed up, it takes more to reduce or close
the intake gap, so that any intervention that im-
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Figure 4. Costs per DALY saved at g
proves intakes becomes relatively less effective.
Yet, in this particular case, the choice of the
dietary reference only has a minor effect on
the overall results.

Apart from these more specific and analytical
sensitivity scenarios, we also computed the re-
sults of simple percentage variations in the
two main areas where we had to rely on
assumptions, namely, the R&D and dissemina-
tion costs and the projections of how much
b-carotene from GR reaches the consumer,
determined by b-carotene contents, bioavail-
ability and coverage of GR. Figure 4 shows
the cost per DALY saved for variations in these
two areas in the low and high impact scenario.
The shaded area frames the range of expected
outcomes according to the experts’ basic
assumptions. In the high impact scenario, the
changes due to the variations are very small
and hardly visible at the chosen scale. In the
low impact scenario, the effects are more pro-
nounced. Nevertheless, even for a 50% increase
in development and dissemination costs or a
50% lower delivery of b-carotene, GR remains
a highly cost-effective VA intervention. Figure
5 shows the impact of GR on the burden of
VAD for variations in the amount of bioavail-
able b-carotene that reaches the consumer. The
shaded area again frames the range of expected
outcomes. These results show that the main
message of the present analysis is quite robust:
in the high impact scenario, the burden of VAD
in India can be reduced considerably through
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Table 5. The cost-effectiveness of GR with different
discount rates

Low impact
scenario

(US$/DALY)

High impact
scenario

(US$/DALY)

rDALYs = 3%;
rUS$ = 3%

19.40 3.06

rDALYs = 0%;
rUS$ = 3%

4.76 0.74

rDALYs = 0%;
rUS$ = 0%

6.42 1.03

rDALYs = 5%;
rUS$ = 5%

34.43 5.33

rDALYs = 10%;
rUS$ = 10%

103.49 14.76

Note: rDALYs denotes the rate at which DALYs saved
are discounted; rUS$ denotes the rate at which monetary
costs are discounted. Further explanations are given in
the text.
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consumption of GR (in the high impact sce-
nario, GR always reduces the burden of VAD
at least by half), while in the low impact sce-
nario, the impact on the burden of VAD may
be minor—but even then GR remains cost-
effective.

A crucial parameter in the cost-effectiveness
analysis, and a general point of contention in
health economics, is the choice of the appropri-
ate discount rate. Following the literature (e.g.,
Murray & Lopez, 1996; Tan-Torres Edejer
et al., 2005), and to be consistent in our calcu-
lations, we discount both future health benefits
and monetary costs at 3%. However, there is no
final agreement on the discounting of future
health benefits and lives (cf. Stein et al.,
2005). Table 5 shows the cost-effectiveness re-
sults of the low and high impact scenarios un-
der varying discount rates. With discounting
of monetary costs (rUS$) but without discount-
ing of future DALYs (rDALYs), the costs per
DALY saved fall, resulting in a higher cost-
effectiveness of GR. A rationale for this ap-
proach could be that one considers life (and
hence DALYs) as an absolute, time-invariant
value, which should not be discounted.
Refraining from discounting altogether, includ-
ing for monetary costs, would also lead to
lower costs per DALY saved, as compared to
the initial scenarios. If, however, the rate for
both discounting of DALYs and monetary
costs is set at a level higher than 3%, the costs
per DALY saved rise, because health gains that
occur far in the future weigh less than monetary
costs that occur early on in the project. Hence,
while not changing the actual impact of GR on
the burden of VAD, the valuation of future life
years greatly affects the cost-effectiveness of
GR. But even with a real discount rate of
10% (which is very high from a social perspec-
tive), the cost per DALY saved would still fall
into the range of highly cost-effective interven-
tions, as classified by the World Bank and the
WHO (cf. Table 4).
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6. DISCUSSION OF ALTERNATIVES

In the case of India (and elsewhere), current
efforts to control VAD concentrate on pharma-
ceutical supplementation and industrial fortifi-
cation. Our calculations show that GR could
be considerably more cost-effective than these
approaches. Yet, there are also other, food-
based propositions to fight VAD, like promot-
ing (low yielding) red and black landraces of
rice for consumption and further breeding.
Such landraces contain up to 0.38 lg/g b-caro-
tene in their unmilled form (Frei & Becker,
2004). 16 In fact, this approach is very similar
to the one pursued with GR, only that the use
of genetic engineering is avoided. However,
promoting these red and black landraces re-
quires consumers not only to accept rice of a
different hue but also to change their dietary
and food preparation habits, namely, to eat
and prepare unmilled rice. Nonetheless, we
examine the potential of this proposition in
re-running our low and high impact scenarios
by using a b-carotene content of 0.38 lg/g,
and taking account of lower bioavailability, as
the b-carotene is stored in the outer layers of
the unmilled rice (bioavailability of 12:1 and
6:1 is assumed). The positive health impact of
these landraces would be small: they would
only reduce the DALYs burden of VAD by
0.1% and 3.1% in the low and high impact sce-
nario, respectively.

Interestingly, vociferous opponents of GR
support the promotion of these landraces,
while, at the same time, proclaiming that GR
is a failure, because people would need to eat
kilograms of it each day to control VAD
(Greenpeace, 2005). To achieve the same VA
status as with GR, much higher quantities of
colored landraces would have to be consumed.
Hence, GR is obviously opposed because it is
genetically engineered and not because the
underlying rationale of increasing the b-caro-
tene content in commonly eaten food is wrong.
However, although genetic engineering is re-
quired to increase the b-carotene content in
rice, it should be noted that breeding nutrition-
ally enhanced crops is generally possible also
with conventional techniques, whenever the
crop in question shows sufficient genetic varia-
tion in micronutrient concentrations; this strat-
egy is followed in the HarvestPlus Challenge
Program of the Consultative Group on Interna-
tional Agricultural Research in the crops and
for the micronutrients where this is possible
(http://www.harvestplus.org/).
Critics of GR often also suggest that the right
way to combat VAD would be to increase die-
tary diversity and rely on food that is already
rich in VA or b-carotene, like meat/liver, green
leafy vegetables, orange-fleshed roots and tu-
bers, orange fruits, red palm oil, or cod liver
oil (Greenpeace, 2005; Shiva, 2000). Indeed,
greater dietary diversity and more balanced
food consumption is the most sustainable way
to achieve long-term nutrition security. How-
ever, each suggestion has to be analyzed in
the context of the particular situation. For in-
stance, red palm oil or cod liver oil are not typ-
ically consumed in India; these oils rather have
to be considered medical supplements—and it
is the shortcomings of supplementation that
GR is expected to partly alleviate. Moreover,
red palm oil cannot be consumed straight away,
but it has to be refined using special technolo-
gies. And, to cover all 140 million children in
India aged 6–59 months, about 245,000 tons
of red palm oil would be needed. The resulting
area requirements for oil palm plantations
would compete with other agricultural crops
or could potentially threaten biodiversity (cf.
Buckland, 2005). Also, while critics find fault
with the duration of R&D for GR during
which there are no real impacts (Greenpeace,
2005), studies on the use of red palm oil as
source of b-carotene in India date as far back
as 1936; almost 70 years later the use of red
palm oil in India is still not established (Nara-
singa Rao, 2000).

There are certainly also nutritious foodstuffs,
which are consumed in India, and for which
further consumption increases would be desir-
able. However, relying on this avenue alone will
not suffice. Meat is rich in VA but it is expen-
sive, and its promotion has certain limits in a
society with many vegetarians. Fruits and veg-
etables can be relatively expensive, too. Also,
the b-carotene in some vegetables is of rela-
tively poor bioavailability, and fresh produce
is often only seasonally available. Home gar-
dening, which is proposed as a means to ensure
the ready availability of fruits and vegetables,
might be possible in rural areas, but it comes
at the cost of the time needed to tend the gar-
den. A study in Bangladesh demonstrates that,
for home gardens to be effective in increasing
vegetable consumption, technical assistance is
required and households need a regular supply
of quality seed and other inputs (Talukder
et al., 2000). Human and institutional capacity
constraints for management and monitoring
further complicate successful implementation,

http://www.harvestplus.org/
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and nutrition education is necessary to achieve
behavioral changes. As a measure of success of
home gardening programs, the increase in the
frequency of vegetable consumption is often
used, whereas costs are usually not considered.
Given the multiple benefits of frequent vegeta-
ble consumption (through improving the over-
all nutritional status and not just b-carotene
intake), it is probably difficult to measure the
success of such programs in a more tangible
form, but providing some cost estimates—
including on the opportunity costs of house-
hold labor and volunteer time—would facilitate
the relative assessment of different programs.
Indeed, neglecting cost aspects is one major
weakness of many alternative micronutrient
interventions (cf. Ruel, 2001), but effectiveness
on its own is a poor policy guide when re-
sources are limited, especially in developing
countries (World Bank, 1993).
7. CONCLUSION

We have shown the potential positive impact
and cost-effectiveness of GR. Yet, this technol-
ogy is no panacea in the fight against malnutri-
tion. Neither GR nor any other intervention
alone will eliminate VAD. While VA supple-
mentation can address more severe and acute
cases of VAD and serve as a preventive mea-
sure in the short run, it is costly and less sus-
tainable over longer periods of time.
Industrial fortification has its greatest potential
in urban areas, whereas poor people in remote
rural areas are often not reached due to their
low consumption of processed, purchased
foodstuffs. Poverty reduction can sustainably
reduce not only VAD but also other forms of
malnutrition, but this will only happen in the
long run. Dietary diversification, breeding food
crops for higher micronutrient contents (such
as GR), other food-based approaches, and
nutrition education are all interventions that
have their own strengths and weaknesses. Here
we have shown that GR has the potential to re-
duce the disease burden of VAD in India sub-
stantially and at low average costs, even when
accounting for sizeable outlays that might be
necessary for future social marketing. There-
fore, GR promises to be an effective and effi-
cient pro-poor intervention to control VAD.
Its inclusion into strategies that aim at the elim-
ination of VAD in rice-eating populations
should be considered seriously. Yet the scenario
differences also highlight the crucial role of
public support. If development and dissemina-
tion of the technology are not supported, the
impacts will be relatively low. However, if GR
is properly supported because policy makers
realize its potential, then the simulated high im-
pact scenario is a realistic outcome, with signif-
icant positive nutrition and health effects,
especially among the poor.

Our analysis is ex ante in nature. Future re-
search will have to determine the exact size of
crucial parameters, like the b-carotene content
in the rice grain that can be realized under field
conditions, the magnitude of post-harvest
losses of b-carotene, or its bioavailability. An-
other important question is to what extent high
levels of b-carotene in rice are compatible with
agronomic properties or other characteristics
that are important to consumers. Beside suffi-
cient support for social marketing activities,
this will influence technology acceptance.
Finally, the safety of GR for human consump-
tion and the environment will have to be as-
sessed, and the technology needs to be
approved by the national food safety and bio-
safety authorities before it can be distributed
to local rice farmers and consumers.
NOTES
1. There are also other approaches available to quan-
tify the disease burden, including cost-of-illness or
willingness-to-pay estimates. In our context, the DALYs
approach is considered more equitable, because it is not
directly influenced by the earnings of individuals. In
cost-of-illness calculations, the income of individuals
matters in form of the opportunity cost of the time they
are ill, that is, ill individuals with high incomes cause
higher costs than ill individuals with low incomes.
Likewise willingness-to-pay estimates depend on income
levels, as demand for health is associated with a positive
income elasticity.

2. Biofortification refers to the breeding of staple crops
for higher levels of vitamins and minerals that are
essential for human nutrition and health (Bouis, 2002);
this approach contrasts with industrial fortification
efforts that focus on processed foodstuffs. Apart from
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b-carotene, plant breeders also work on enhancing iron
and zinc contents in staple food crops. We have also
developed similar impact assessment methodologies for
these other micronutrients (Stein et al., 2005).

3. We only consider health outcomes for which the
causality of VAD is established beyond reasonable
doubt; individual studies suggest further adverse func-
tional outcomes of VAD, but causality has not been
shown conclusively (cf. Stein et al., 2005).

4. Prevalence rates (‘‘stock’’), which are often given in
health statistics, can be transformed into incidence rates
(‘‘flow’’) that are required by the DALY formula (Stein
et al., 2005).

5. Although we make projections over 30 years, we
base these projections on static incidence rates. This
might produce an overestimate of the benefits of GR if
the incidence rates fall with rising incomes and urban-
ization. However, this development is expected to be
counteracted by rising absolute population figures, that
is, even though in future there may be relatively less
people suffering from VAD, their absolute number is not
expected to decrease. Hence, instead of adding more
layers of different assumptions that are expected to
cancel each other out on the whole, we have tried to keep
our assumptions simple and transparent wherever there
is no obvious benefit of higher complexity.

6. Plant food does not contain any VA but only VA
precursors, mainly b-carotene; whenever we talk about
‘‘VA intake’’ we mean the actual VA intake from animal
source foods and the b-carotene intake from all foods,
which we converted into units of VA by using a rate of
12:1 (IOM, 2002).

7. We use the EARs of the Institute of Medicine (IOM,
2000) as these provide the most recent and detailed set of
requirements available. For an explanation of the
different concepts of EARs and ‘‘recommended dietary
allowances’’ (RDAs) and their correct use, see IOM
(2000) and Barr et al. (2002).

8. The average monthly per capita consumption of rice
in rural India is 6.8 kg (NSSO, 2000). Of course this
masks regional and socioeconomic differences, which are
taken care of in the analysis through the use of
nationally representative household data.

9. Companies that hold intellectual property rights
(IPRs) on different technology components have agreed
to waive royalties when GR is grown by farmers whose
annual income is less than US$10,000 (Paine et al., 2005;
Potrykus, 2001). According to the representative house-
hold survey (NSSO, 2000), only 0.02% of rural house-
holds in India have annual incomes (approximated by
expenditures) above US$10,000. Problems with IPRs
would only occur if GR is exported to high-income
countries. However, given the yellow color of the grain,
such exports could easily be traced. In 2003, India
exported only 3.75% of its rice production (FAO, 2004).

10. The survey we used (NSSO, 2000) recorded the
consumption from ration shops and school feeding
programs separately. For the school meals we assume
that outside the predominantly wheat-eating states
(Haryana, Punjab, Rajasthan, Uttar Pradesh, Uttaran-
chal, Chandigarh, Delhi) each meal includes 100 g of
GR when GR is served.

11. As we only consider those health consequences of
VAD for which there is broad scientific consensus, our
calculated burden of VAD might underestimate the true
burden, if we omitted outcomes that are actually caused
by VAD but for which this causality is not proven yet.
This would also lead to higher positive impact of GR.
Therefore, our results are rather on the conservative side.

12. Predominantly rice-eating states include Andhra
Pradesh, Arunachal Pradesh, Assam, Goa, Kerala,
Manipur, Meghalaya, Mizoram, Nagaland, Orissa,
Sikkim, Tamil Nadu, Tripura, West Bengal, Andaman
& Nicobar Islands, Lakshadweep, and Pondicherry.

13. From a theoretical point of view it would be more
appropriate to use purchasing power parity dollars
throughout. However, this would greatly reduce the
comparability of our results with most other studies as
results are usually reported in US$. Also, about half of
the costs occur at the international level and are paid for
in US$, while part of the national costs were estimated
by experts who also reported the costs in US$.

14. See Table 2 for details of the assumptions in the
initial low and high impact scenarios.

15. An additional analysis using a ‘‘conventional’’
conversion rate for b-carotene into VA of 12:1 in the
low impact scenario shows that 112,000 DALYs and
3,000 lives could be saved each year through the
consumption of GR, which corresponds to a reduction
of the burden of VAD in India of 4.8%. While under
these very pessimistic assumptions the impact on the
burden of VAD is rather small, at US$35.47 per DALY
saved the cost-effectiveness of the intervention still
remains very competitive with regard to the alternatives.

16. The authors of the study do not themselves suggest
that the colored rice varieties could be used to control
VAD effectively, but their study is used by Greenpeace in
that regard.
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