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ABSTRACT

Gunaratna, Nilupa S. Ph.D., Purdue University, May 2007. Evaluating the Nutritional
Impact of Maize Varieties Genetically Improved for Protein Quality. Major Professor:
George P. McCabe.

Biofortification, or the genetic improvement of the nutritional quality of food crops, is a
promising technology to combat childhood undernutrition in developing countries.
Significant progress has been made to develop maize varieties with improved protein
quality, collectively known as quality protein maize (QPM). However, debate still
continues over whether this agricultural technology will have a significant public health
impact. A four-level framework was proposed to evaluate the nutritional impact of QPM
and biofortified crops. Using the results of community-level efficacy and effectiveness
studies on QPM that have been conducted in several countries in Sub-Saharan Africa,
Latin America, and Asia, a meta-analysis was performed to assess the effect of QPM on
child growth. The results indicated that consumption of QPM compared with
conventional maize varieties leads to an 8% (95% CI: 4-12%) increase in the rate of
growth in height and a 9% (95% CI: 4-12%) increase in the rate of growth in weight in
infants and toddlers with mild to moderate undernutrition for whom maize is a significant
part of the diet. These results were not sensitive to alternative methods of determining
the summary effect size and its statistical significance. However, the studies used to
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derive these estimates had several methodological limitations, and further communitylevel nutritional studies were recommended to provide stronger evidence on the efficacy
and effectiveness of QPM. Simulation was used to study the potential impact of QPM on
nutrient adequacy at the population level. Methods were developed to incorporate
potential impact pathways for biofortified crops, allowing quantitative discrimination of
scenarios of high and low impact. These methods were then used to examine factors that
could modify the impact of a new crop. Simulation results indicate that impact depends
on adoption and production patterns, composition of the total diet, variation in food
consumption patterns, self-sufficiency in and sources of maize, disease, and other factors,
as well as seasonal effects on the above. In particular, they highlight the importance of
monitoring total diet and morbidity in targeting and impact assessment. These factors
should be considered in the planning and implementation of biofortification programs.
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CHAPTER 1. INTRODUCTION

1.1. Quality Protein Maize (QPM)
Maize is a staple food for millions of people in Latin America, Sub-Saharan
Africa, and parts of Asia. Like most cereal grains, maize grain is low in both protein
quantity and quality and is particularly deficient in lysine and tryptophan, two amino
acids that are essential to the diets of humans and monogastric animals (FAO 1992).
Efforts to improve the protein quality of maize date back to the 1950s, starting with the
evaluation of fortification with essential amino acids (Bressani et al. 1958; Bressani et al.
1963; Scrimshaw et al. 1958) and the identification of genetic variability for lysine and
tryptophan content (Bressani et al. 1953; Bressani et al. 1960).
In the early 1960s, E.T. Mertz and colleagues at Purdue University, USA,
discovered that the natural opaque-2 (o2) mutation changed the protein composition of
the maize endosperm, nearly doubling its lysine and tryptophan content (Mertz et al.
1964). As a result, o2 maize grain had improved protein quality, while its protein
quantity remained the same. A favorable change in the ratio of two other amino acids,
leucine and isoleucine, also liberated more tryptophan for the biosynthesis of niacin,
another essential nutrient (Vasal 2000).
Plant breeding programs quickly began using the o2 mutation to develop maize
varieties with improved protein quality. It was soon discovered, however, that the o2
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mutation had several undesirable pleiotropic effects (secondary characteristics) including
decreased yield and increased susceptibility to diseases and storage pests. Changes in the
kernel characteristics of o2 maize also made it less appealing to both producers and
consumers (Vasal 2000). These drawbacks spurred years of breeding efforts to develop
maize varieties that retained the o2 mutation and the quality protein trait but lacked the
accompanying unfavorable characteristics (Krivanek et al. 2007). To differentiate them
from the earlier o2 maize varieties and from “conventional maize” (CM) varieties lacking
the quality protein trait altogether, these new varieties were referred to as “quality protein
maize” (QPM). All QPM varieties and the earlier o2 maize varieties were developed
through conventional plant breeding and are not genetically modified. No systematic
differences have been reported between CM and either QPM or o2 maize with respect to
other nutrients including carbohydrates, fats, fiber, micronutrients, energy, or amino acids
other than lysine, tryptophan, and leucine (Bressani 1991; FAO 1992). The goal of this
dissertation is to evaluate evidence on the nutritional impact of QPM on humans.

1.2. Evaluating Nutritional Impact
The o2 mutation was identified at a time when protein deficiency was considered
the world’s main nutrition problem (Allen 2003). The focus of nutritional interventions
subsequently changed, first to the alleviation of energy deficiency in the 1970s and later
to the alleviation of micronutrient deficiencies from the 1980s to the present day.
Consequently, breeding for improved protein quality in staple cereals grains was largely
dropped as a research priority, though some institutions – most notably the International
Maize and Wheat Improvement Center (CIMMYT) in Mexico, the University of
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KwaZulu-Natal in South Africa, and Crow’s Hybrid Seed Company in the United States
– continued their QPM breeding programs (Vasal 2000).
In recent years, there has been a renewal of interest in improving the protein
quality of cereal crops. Dr. Surinder K. Vasal and Dr. Evangelina Villegas from
CIMMYT were awarded the 2000 World Food Prize for their work on developing QPM
(World Food Prize Foundation 2007). Improved protein quality is currently an objective
in several national and international breeding programs focused on maize as well as other
cereals. However, debate persists over whether QPM or other cereals improved for
protein quality will have a significant public health impact.
There are two key motivations for evaluating the potential impact of QPM. First,
given limited resources, decisions must be made on the priority of improved protein
quality as an objective in maize breeding programs. Second, there is growing interest
more generally in biofortification, or the genetic improvement of the nutritional quality of
food crops, with a focus on available micronutrient levels. Evaluating the nutritional
impact of QPM could inform decision-making on QPM breeding and dissemination,
while lessons learned from over 40 years of QPM research could also inform future
biofortification efforts.
The nutritional impact of QPM, or of any biofortified crop, should be
demonstrated at multiple levels (King 2002). In this dissertation, a four-level framework
that considers bioavailability, efficacy, effectiveness, and impact in a broader societal
context is used to evaluate the existing evidence on the nutritional impact of QPM. This
framework could apply generally to other biofortified crops.
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At the first level, the change in the amino acid profile of QPM grain must result in
increased bioavailability of protein from QPM grain compared with CM grain when
consumed by target individuals. Bioavailability refers to the fraction of an ingested
nutrient that is utilized for normal physiological functions or storage (King 2002). This
increased utilization must then result in improved outcomes among target individuals
who consume QPM instead of CM. An outcome is an indicator of a social or health
condition that an intervention, program, or technology is accountable for improving. In
the case of QPM, the primary target population is children under five years of age, and
the primary outcomes of interest are anthropometric measurements of growth.
The effect of QPM on any outcome should be evaluated using efficacy and then
effectiveness studies. Efficacy is “the extent to which a specific intervention, procedure,
regimen, or service produces a beneficial effect under ideal conditions”, while
effectiveness is “the extent to which a specific intervention, procedure, regimen, or
service, when deployed in the field, does what it is intended to do for a defined
population” (Last 1988). As efficacy studies are conducted under well-controlled
conditions, they primarily address biological factors relating to the effect of an
intervention. Effectiveness studies are likely to involve less control over delivery of the
intervention to subjects and subjects’ compliance with the intervention, and external
confounding factors, both biological and behavioral, are more likely to modify the effect
of an intervention in an effectiveness study.
Finally, the impact of QPM should be evaluated in a broader context that, in
addition to its nutritional and health effects, also investigates the agricultural, societal,
environmental, and economic effects of the technology. A comprehensive impact
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assessment would require data on specific areas and numbers of people who suffer from
nutrient inadequacies due to their consumption of maize as a staple food and whose
nutrient intakes would significantly increase with adoption and consumption of QPM.
This assessment would therefore address two important and distinct questions. First, data
on the diets of target populations should indicate risk of inadequate intakes of protein,
lysine, or tryptophan. The improved nutritional quality of QPM, or of any biofortified
crop, is expected to have an impact only by alleviating nutrient inadequacy in a target
population. If there is little risk of inadequate nutrient intakes prior to its release, the
technology would be expected to have little impact.
This is relevant in the case of QPM as many nutritionists argue that other foods in
maize-based diets compensate for the amino acid deficiencies in maize (Rahmanifar and
Hamaker 1999). This argument was supported by results from the Nutrition
Collaborative Research Support Program (CRSP), which studied nutrient adequacy in
selected communities in Egypt, Mexico, and Kenya in the 1980s and concluded that
protein intake was unlikely to be a primary limiting factor for the growth and
development of young children and little benefit could be expected from increasing the
intake of limiting amino acids such as lysine (Beaton et al. 1992). Rahmanifar and
Hamaker (1999) have however argued that while this conclusion may hold for
populations that are “relatively ‘better-off’”, it may not generalize to all populations,
particularly those with limited access to high protein quality foods, and that there exist
poor, high maize-consuming populations at risk of protein inadequacy that would benefit
from QPM.
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Rahmanifar and Hamaker (1999) also pointed out that the decrease in emphasis
on protein deficiency as a nutritional problem was accompanied by multiple revisions of
human protein and amino acid requirements over the last 40 years. Using recent protein
and amino acid requirements to analyze regional and country-specific food availability
data, Young and Pellett (1990) concluded that diets in a number of developing countries
may be marginal for both lysine and utilizable protein. They recommended that
improving dietary protein quality should remain a consideration in the design and
implementation of food, nutrition, and agricultural programs and policies, particularly in
countries where diets mainly depend on cereals. Further work by Pellett (1996) using
regional and country-specific food availability data and dietary surveys from India and
Pakistan also suggested that lysine may be lacking in many parts of the world where diets
are heavily based on cereals. The United States Institute of Medicine (IOM) has recently
said that individuals who consume little or no animal protein would be unlikely to obtain
recommended amounts of lysine even if they obtain recommended amounts of total
protein unless their diets were usually high in legumes, and even then, lysine intakes
could be marginal (IOM 2005). IOM therefore recommends assessing lysine intakes in
addition to total protein intakes for individuals who consume proteins with low levels of
lysine.
Estimation of protein and amino acid requirements is an ongoing area of research.
As protein requirements are related energy requirements, Millward and Jackson (2003)
used calculated reference ratios of protein energy to total energy to examine the
implications of recent and proposed nutritional requirements in determining the adequacy
of protein intakes in developed and developing countries. They concluded that if a diet
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were potentially limiting in protein, deficiency was most likely in large, elderly sedentary
women, followed by adolescent girls, and least likely in moderately active young
children. Calculations indicated significant risk of deficiency with respect to both protein
quantity and quality in developed and particularly developing countries. These results
would support efforts to increase the availability of high quality protein for at-risk
populations. However, the authors also proposed reevaluation of recent protein and
amino acid requirements and, in particular, examination of the validity of assumptions
used to determine those requirements.
The second question that an impact assessment would answer is whether
characteristics of a target region and population would allow sufficiently high adoption
and consumption of QPM to have a significant impact on the adequacy of nutrient intakes
in that population. QPM, and all biofortified crops, address a nutritional problem by
introducing a new agricultural technology. The links between agriculture and nutrition
that would allow the release of an agricultural technology to have an impact on the
nutrition of a target population must therefore be described. The steps along these
potential pathways of impact should be evaluated for factors that could modify the impact
of the technology. These could include factors influencing QPM adoption, acceptability
of the grain for food preparation and consumption, nutrient losses during processing or
preparation, prevalence of disease in the population, and seasonal patterns in food
consumption or disease.
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1.3. Bioavailability
Several studies have been conducted to evaluate the bioavailability of protein in
QPM and o2 maize. The studies, which began soon after the identification of the o2
mutation, utilized the nitrogen balance technique in both children and adults to compare
protein quality of o2 maize or QPM grain to CM grain or a reference protein. In nitrogen
balance studies, nitrogen intake and losses from the body through the urine and feces are
used as a proxy for the corresponding intake and losses of protein, and various indicators
of bioavailability are calculated from these values (FAO 1991).
Studies conducted in Guatemala (Bressani et al. 1969; Luna-Jaspe G. et al. 1971)
and Peru (Graham et al. 1980; Graham et al. 1989) on young children recovering from
protein-energy malnutrition found that nitrogen retention (the proportion of nitrogen
intake that is not lost in the urine or feces) in children fed o2 maize was higher than in
children fed CM but lower than in children fed a reference protein (usually casein, a milk
protein). This implies that a greater proportion of protein is available from o2 maize
compared with CM for utilization by the body for maintenance and growth.
It was further calculated that a young child could reasonably eat sufficient o2
maize to achieve nitrogen equilibrium, in which nitrogen intake equals losses, and
thereby meet their protein requirements, but they could not do so by consuming CM
(Bressani et al. 1969). Similar studies with children recovering from malnutrition were
conducted in Colombia to determine the biological value of protein from o2 maize
(Pradilla et al. 1973). Biological value is the proportion of absorbed nitrogen that is
retained by the body for maintenance or growth, i.e., of the nitrogen that is not lost in the
feces, it is the proportion that is further retained and not excreted in the urine (FAO
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1991). These studies found that the biological value of protein in o2 maize grain was
higher than that of CM and close to that of casein (Pradilla et al. 1973), indicating that
compared to protein from CM, a greater proportion of protein absorbed from o2 maize is
available for utilization by the body for normal biological processes.
Likewise, studies conducted on adults also found higher nitrogen balance (the
difference between nitrogen intake and nitrogen losses) with o2 maize than with CM
(Clark et al. 1977; Kies and Fox 1972), although these results were not always
statistically significant (Clark et al. 1977). This implies that there is greater utilization of
protein from o2 maize than from CM to meet adult protein requirements more
adequately. Studying adults, Young et al. (1971) further concluded that the biological
value of o2 maize was high and comparable to most sources of animal protein. Large
sample sizes are often not feasible for these studies, and the early studies on o2 maize
each typically involved eight or fewer subjects. Overall, however, these studies
concluded that the improved quality protein in o2 maize and QPM is more available than
the protein in CM for utilization in humans, and nitrogen balance when consuming o2
maize or QPM was particularly higher at lower levels of total protein intake (R. Bressani,
personal communication).

1.4. Objectives
While the greater bioavailability of protein from QPM is generally accepted and
supported by the peer-reviewed literature, there has been more debate over the efficacy,
effectiveness, and impact of QPM at the community level. Although some studies have
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been conducted to address these issues, very little relevant work has been published, and
the question remains whether QPM will have a significant public health impact.
There are three underlying questions that determine the impact of this technology.
First, there must be relevant nutrient deficiencies in populations where maize is a staple
food, i.e., there must a nutritional need that could be met by QPM. Second, consumption
of QPM must result in improved nutritional or health outcomes in target individuals.
This is primarily a biological question. Finally, characteristics of target populations must
allow sufficiently high adoption and consumption to have impact at the population level.
This is primarily a behavioral question.
In Section 1.2, a four-level framework was proposed to evaluate the nutritional
impact of crop varieties genetically improved for nutritional quality. In this dissertation,
this framework is applied to evaluate evidence on the nutritional impact of QPM.
Existing evidence on the bioavailability of protein from QPM grain was evaluated in
Section 1.3. In Chapter 2, a meta-analysis of community-level efficacy and effectiveness
studies is conducted to assess the effect of QPM on child growth. Recommendations are
also made for the design and analysis of community-level studies that would provide
more evidence on the nutritional impact of QPM. In Chapter 3, simulation studies are
used to investigate the potential impact of QPM on nutrient adequacy at the population
level. Diets in Guatemala and Kenya, countries targeted for QPM dissemination, were
simulated and used to study the effect of factors such as dietary patterns, adoption and
production decisions, health characteristics, and seasonality on nutrient adequacy.
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This systematic approach will aid decision-making about QPM breeding and
dissemination and identify needs for future research. The objectives of this dissertation
are:
•

To describe a systematic approach to evaluate the nutritional impact of crop
varieties genetically improved for nutritional quality

•

To apply this approach to evaluate the nutritional impact of QPM

•

To review and evaluate community-level nutritional studies on QPM

•

To conduct a meta-analysis to assess the effect of QPM on the growth of young
children

•

To describe conceptual frameworks and make recommendations for the design
and analysis of efficacy and effectiveness studies of QPM

•

To use simulation to study the potential impact of QPM at the population level

•

To describe the potential modifying role of consumption patterns, adoption and
production decisions, disease, and seasonality on the impact of QPM at the
population level.
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CHAPTER 2. EVALUATION AT THE COMMUNITY LEVEL

2.1. Introduction
Several community-level nutritional studies have been conducted in Latin
America, Africa, and Asia to evaluate the efficacy and effectiveness of QPM adoption
and consumption on humans. These studies primarily compared the effects of QPM and
CM on the growth in height and weight of children less than five years old. In this
chapter, these studies were reviewed and their results were used to conduct meta-analyses
to assess the effect of QPM on the growth of young children for whom maize is a major
part of the diet.
Meta-analysis is a statistical method to integrate the results of studies addressing
the same research question (Cooper 1998; Cooper and Hedges 1994; Glass, McGaw, and
Smith 1981; Hedges and Olkin 1985; Hunter and Schmidt 2004; Rosenthal 1991). In a
meta-analysis, each included study serves as a single independent observation. For each
study, an effect size is calculated. An effect size is a statistic that quantifies the treatment
effect in each study in a way that is interpretable and comparable across studies. A
summary effect size is then calculated to quantify the overall treatment effect across
studies.
In this chapter, separate meta-analyses were conducted on the effect of QPM on
child height and weight. For each meta-analysis, an effect size was calculated for each
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included study to summarize the effect of QPM compared to the effect of CM on
children’s growth in height or weight in that study. The summary effect size then
quantified the overall effect of QPM compared to CM on children’s growth in height or
weight across such studies. Evaluation of the design of these studies also allowed
formulation of recommendations for future studies to evaluate the efficacy and
effectiveness of QPM. Together, these studies provide evidence to support decisionmaking about the development, targeting, and dissemination of QPM.

2.2. Methods
The research conducted in this chapter was approved by the Purdue University
Committee on the Use of Human Research Subjects. All data used in these analyses
were summary statistics calculated from de-identified existing raw data sets or obtained
from reports, conference proceedings, or the researchers who conducted an included
study.

2.2.1. Identifying Relevant Studies
Several QPM nutritional studies have been conducted since the 1970s in
communities in Latin America, Africa, and Asia where maize is a major part of the diet.
Results from some of these studies have been published in technical reports or
dissertations, but none of these studies have been reported in the peer-reviewed literature.
The studies included in these meta-analyses were therefore identified by researchers at
CIMMYT or by colleagues identified by CIMMYT researchers. Information on human
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nutritional studies using QPM was also requested in presentations made at scientific
meetings and through an announcement published in the Plant Breeding News (PBN-L)
electronic newsletter, sponsored by the Food and Agriculture Organization (FAO) of the
United Nations and Cornell University, on February 22 and 28, 2005. Researchers who
had authored articles on other nutritional aspects of QPM were also contacted by e-mail
for information. Information was further requested at the following website, which
provided an online bibliography of QPM-related articles:
http://www.stat.purdue.edu/~gunaratn/QPM/. Internet searches on PubMed
(http://www.pubmed.gov) and using the Google search engine (http://www.google.com)
were conducted using the keywords “QPM”, “quality protein maize”, “maize” and
“protein quality”, “opaque-2”, “maíz de alta calidad proteínica” [Spanish], “maíces de
alta calidad proteínica” [Spanish], “maíz” and “calidad proteínica” [Spanish] , and
“opaco-2” [Spanish and Portuguese].
Included studies had at least two treatment groups, one of which received o2
maize or QPM and the other of which received CM. Subjects were children whose
heights or weights were recorded at the beginning (baseline) and at the end of the study.
Information was available on the study design either through the researcher in charge of
the study or through a written report or presentation on the study. Data were also
available on the number of subjects and on the mean changes in height or weight in each
group, allowing calculation of the effect size described below. Relevant research was
considered from any country in any language. Studies were excluded if they lacked a
QPM/o2 maize or CM treatment group, information on the study design could not be
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obtained from an original report or researcher, or insufficient data were available to
calculate the effect size described below.

2.2.2. Calculating Effect Size
For each included study, effect sizes were calculated separately for two measures:
height and weight. For each measure, a study could be included in the meta-analysis if
the following could be determined from available information: number of subjects in the
QPM or o2 maize group, number of subjects in the CM group, average change in the
measure in the QPM or o2 maize group between baseline and completion of the study,
and average change in the measure in the CM group between baseline and completion of
the study.
The following effect size, θˆi , was proposed to quantify the effect of QPM relative
to the effect of CM in a given study i:

θˆi =

bQPM
bCM

,

where bQPM is the average change in the QPM or o2 maize group and bCM is the average
change in the CM group. The variance of θˆi was estimated using the delta method
(Casella and Berger 2002). In general,

( ( ))

var g bˆ1 , bˆ2

2

()

( )

2

( )

⎛ ∂g ⎞
⎛
⎞
⎟ var bˆ1 + 2 ∂g ∂g cov bˆ1 , bˆ2 + ⎜ ∂g ⎟ var bˆ2 .
≈ ⎜⎜
⎜ ∂bˆ ⎟
ˆ⎟
∂bˆ1 ∂bˆ2
⎝ ∂b1 ⎠
⎝ 2⎠
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Therefore,
2

2

⎛ 1 ⎞
⎛ 1 ⎞⎛ −bQPM ⎞
⎛ −bQPM ⎞
var θˆi ≈ ⎜
⎟ var ( bQPM ) + 2 ⎜
⎟⎜ 2 ⎟ cov ( bQPM , bCM ) + ⎜ 2 ⎟ var ( bCM ) .
⎝ bCM ⎠
⎝ bCM ⎠⎝ bCM ⎠
⎝ bCM ⎠

( )

If bQPM and bCM are estimated from independent groups of children, then

( )

cov ( bQPM , bCM ) = 0 . Var θˆi was calculated for each study for which sufficient
information was available.

2.2.3. Calculating Summary Effect Size
The summary effect size, θˆ , which quantifies the overall effect of QPM relative
to CM, was calculated as:

θˆ = ∑ wiθˆi ,
i

where wi is the weight corresponding to study i and

∑w

i

= 1 . Then,

i

()

( )

var θˆ = ∑ wi2 var θˆi ,
i

as the θˆi were derived from independent studies. An asymptotic 100 (1 − α ) %
confidence interval (CI) for θˆ was calculated by:

θˆ ± z

⎛ α⎞
100⎜1− ⎟
⎝ 2⎠

where z

⎛ α⎞
100⎜1− ⎟
⎝ 2⎠

()

is the

()

⎛ α⎞
100 ⎜1− ⎟
⎝ 2⎠

()

SE θˆ ,

th percentile of the standard normal distribution and

( )

SE θˆ = var θˆ . To calculate a CI for θˆ in this way, var θˆi must be known for all i.
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Alternatively, a 100 (1 − α ) % bootstrap percentile confidence interval can be
calculated for θˆ as follows (Efron and Tibshirani 1993). If n is the number of studies
included in the meta-analysis, then a sample of size n of included studies is drawn with
replacement from the set of included studies. A summary effect size is calculated for this
new data set, called a resample. This process is repeated many times, and the summary
effect sizes generated for each independent resample form a bootstrap distribution that
⎛α ⎞
⎛ α⎞
approximates the sampling distribution of θˆ . The 100 ⎜ ⎟ th and 100 ⎜1 − ⎟ th
⎝2⎠
⎝ 2⎠
percentiles of the bootstrap distribution of a statistic form a 100 (1 − α ) % bootstrap
percentile confidence interval for that statistic.
In this analysis, three sets of wi were considered. The optimal choice for the wi,
i.e., the set of wi that minimizes the variance of θˆ , is inversely proportional to the

( )

variances of the respective θˆi . This choice of weights can only be used when var θˆi is
available for all included studies. Another reasonable choice for the wi is proportional to
the sample sizes of the respective studies. Studies with larger sample sizes are expected
to provide more precise estimates of the relative effect of QPM to CM. This choice
would therefore give larger weight to larger studies, as they provide more information
than small studies about the overall effect size. Finally, equal weights were also
considered for all included studies.
Summary effect sizes and 95% bootstrap percentile confidence intervals based on
5000 resamples were calculated for height and weight using these three sets of weights.
For the optimal set of weights, it was possible to include only those studies for which
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( )

var θˆi could be calculated. Sensitivity of the summary effect size to the contributions
of individual studies was explored by calculating summary effect sizes and bootstrap
percentile confidence intervals while excluding one study at a time from the analysis.
Using the optimal weights, asymptotic confidence intervals for the summary
effect size were also calculated. While the bootstrap percentile confidence intervals are
determined by variation in effect sizes among studies, asymptotic confidence intervals are
based on variation in effect sizes due to sampling error alone (i.e., within-study
variation). Heterogeneity among studies (i.e., between-study variation) was assessed
using a statistical test based on the Q statistic:

(

Q = ∑ wi θˆi − θˆ
i

where wi =

1

( )

var θˆi

)

2

,

(Cochran 1954). Under a null hypothesis of no heterogeneity among

studies,
Q ~ χ k2−1 ,
where k is the number of included studies. Between-study variance was estimated as:
Q − (k − 1)
⎧
if Q > k − 1
⎪
⎞
⎪ w − ⎛ w2
2
τˆ = ⎨ ∑ i ⎜ ∑ i ∑ wi ⎟
i
⎝ i
⎠
⎪ i
⎪⎩0
otherwise

where Q, k, and wi were defined as above (DerSimonian and Laird 1986). The optimal

(

( )) . An

weight for study i was then calculated as inversely proportional to τˆ 2 + var θˆi
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asymptotic confidence interval calculated using this set of weights takes into account
both between-study and within-study variation. The corresponding asymptotic
confidence intervals were calculated for the analyses of height and weight.

2.3. Community-level Nutritional Studies

2.3.1. Ethiopia
A study was conducted in April 2002-October 2003 in the Eastern Wollega Zone
of Ethiopia by the Ethiopian Health and Nutrition Research Institute (Akalu 2005). The
study area was divided into four regions. Households in two of the regions were given
QPM seed, while households in the other two regions were given CM seed. Farmers in
these households were expected to grow the seed and use the harvested grain for
household consumption over the following year. In total, 160 children participated in the
study, with 80 children in QPM households and 80 in CM households. No data were
available to evaluate any systematic differences between the QPM and CM regions.
The heights and weights of the children, most of whom were less than 24 months
old, were monitored on a quarterly basis for one year. There was no monitoring or
analysis of children’s intakes of maize or other foods. This study may not have been
blinded, as the farmers grew the maize varieties from which they harvested the grain. It
is not known whether the study was approved by an institutional review board (IRB) or
whether informed consent was obtained from members of participating households. In
the following analysis, this study will be referred to as the “Ethiopia” study.
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At baseline, children in the study showed signs of moderate malnutrition, as
indicated by low average height-for-age and weight-for-age Z-scores (HAZ and WAZ
scores, respectively) (Gibson 2005). HAZ and WAZ scores are calculated by
standardizing a child’s height or weight, respectively, with respect to the corresponding
distribution of a reference population of the same age. Mean HAZ and WAZ scores in
the QPM and CM groups at baseline were around -1, indicating that the subjects were on
average one standard deviation below the mean of the corresponding reference
population with respect to height-for-age and weight-for-age. Mean HAZ and WAZ
scores in the QPM and CM groups over time are given in Figure 2.1. Visit 0 denotes the
baseline measurement, and visits 1-4 denote the subsequent quarterly measurements.
These means were calculated using all data (“All Data”) and using data only from the
children with no missing data (“Subset”). For HAZ, there were 51 children with
complete data in each of the two groups. For WAZ, there were 53 children in the QPM
group and 52 children in the CM group with complete data.
The patterns of mean HAZ and WAZ scores over time differed between the full
data set and the subset. This is likely a consequence of the fact that only about 64% of
the children in this study were measured at each visit during the study. The remaining
36% are represented in some but not all the means in the full data set.
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Figure 2.1 Mean HAZ and WAZ scores for the QPM and CM groups in the Ethiopia
study. Measurements were taken at baseline and at four quarterly visits during the study
year. The graphs on the left were constructed using all available data (“All Data”), while
the graphs on the right were constructed using data from children with no missing data
(“Subset”).

A malaria epidemic struck the study area between the third and fourth visits,
negatively impacting subjects’ growth. The incidence of malaria among children in QPM
households (65%) was higher than among children in CM households (42%). The means
computed using the full data set suggest that there may have been some separation
between the QPM and CM groups, indicating a favorable effect of QPM consumption,
that was later negated by the incidence of malaria. However, no such effect is observed
when considering the children for whom complete data are available. In the subset, it
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appears that if there were any differences between the CM and QPM groups for HAZ or
WAZ, they would have been comparable to the differences that existed at baseline. This
example illustrates the value of accounting for missing data in the analysis of data from
these studies.
Effect sizes for height and weight for this study were calculated in the following
way. First, as it was believed that an atypically high incidence of malaria significantly
affected anthropometric measurements in the fourth visit, the third visit was
conservatively considered the end of the study. This study was therefore considered to
have been 9 months long. Assuming the ages reported by Akalu (2005) were those at the
start of the study, the average ages at the start and conclusion of the study were
approximately 15 and 24 months. Mean HAZ and WAZ values were used from the
subset of children with complete data. If data were missing at random in this study, those
mean values would be expected to be comparable to the means that would have been
obtained had complete data been available for all children in the study.
The 2000 CDC Growth Charts for young children from the Centers for Disease
Control (CDC) were used to convert mean HAZ and WAZ values into mean heights in
centimeters and mean weights in kilograms for boys and girls (CDC 2006). Given a
roughly equal distribution of sexes in each treatment group, the estimated mean heights
and weights were averaged over the sexes to get overall mean heights and weights for
each treatment group. The calculated effect sizes were 0.96 for height and 1.11 for
weight. Using the full data set, the effect sizes were notably higher at 1.12 for height and
1.31 for weight. These higher values were believed to be artifacts of the missing data
structure in the study, and they were not used in the following analysis.
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2.3.2. Ghana 1
In the 1990s, a series of four community trials was conducted by the Ghana
Health Service – Ashanti in the Ejura-Sekyedumase District of the Ashanti Region in
Ghana to evaluate the effect of feeding infants traditional maize porridge made from
either QPM or CM (Akuamoa-Boateng 2002). The first study was conducted in May
1993-August 1994. Farmers in nine rural farming communities were randomly assigned
seed of either QPM or CM to grow, and the harvested grain was then intended for
household consumption over the following year.
Weight was measured monthly and height (length) was measured quarterly on
140 children, aged 4-23 months old, who participated in the study. Statistically
significant differences were not observed between the two groups for gains in height or
weight (Akuamoa-Boateng 2002). There were significant missing data due to emigration
of study participants, and 57 out of 140 children could not be included in the data
analysis. Average changes, standard errors, and final sample sizes were reported for each
treatment group for both height and weight, allowing effect sizes to be calculated. There
was no monitoring or analysis of children’s intakes of maize or other foods. As with the
Ethiopia study, this study may not have been blinded, as the farmers grew the maize
varieties themselves. It is not known whether IRB approval or informed consent was
obtained for this study. In the following analysis, this study will be referred to as the
“Ghana 1” study.
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2.3.3. Ghana 2
The second QPM nutritional study in Ghana was conducted in the Sekyedumase
village, Ejura-Sekyedumase District, Ashanti Region, in December 1994-December 1995
(Akuamoa-Boateng 2002). During the 12-month study, 120 children aged 4-15 months
were randomly assigned to QPM or CM treatment groups. Their mothers were given
dough made of either QPM or CM on a weekly basis to prepare the children’s food over
the following week. In this and subsequent studies in which dough was provided on a
weekly basis, it is not known whether there were problems with rancidity in the absence
of refrigeration, which could have affected taste or amount consumed. The children were
vaccinated against tuberculosis, diphtheria, tetanus, whooping cough, measles, and polio
and de-wormed every six months. Weekly records on morbidity were also kept.
Heights (lengths) and weights were measured quarterly. Statistically significant
differences were observed between the two groups for gains in height but not weight.
Data for 42 out of the 120 subjects were incomplete due to emigration of the participants
from the study area. Those subjects were not included in the data analysis. Average
changes, standard errors, and final sample sizes were reported for each treatment group
for both height and weight, allowing effect sizes to be calculated. There was no
monitoring or analysis of children’s intakes of maize or other foods. This study was
double-blind, as neither the mothers nor those who distributed the dough knew the
identity of the maize that was used. It is not known whether IRB approval or informed
consent was obtained for this study. In the following analysis, this study will be referred
to as the “Ghana 2” study.
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2.3.4. Ghana 3
The third study in Ghana was conducted in four locations in the EjuraSekyedumase District, Ashanti Region, during 1998-2000 in two cycles of 12 months
each (Akuamoa-Boateng 2002). The mothers of 422 children, aged 4 to 9 months,
received dough made of QPM or CM on a weekly basis to prepare their infant’s food for
the following week. Approximately half the children participated in each study cycle.
The children were vaccinated against tuberculosis, diphtheria, tetanus, whooping cough,
measles, and polio and de-wormed every six months. They were given a weekly
prophylactic dose of chloroquine to reduce the incidence of malaria. Weekly records on
morbidity were also kept.
Heights (lengths) and weights of the children were recorded quarterly and
monthly, respectively. Analysis of data from 321 children who participated in the entire
study found statistically significant differences between the groups for height gain
(Akuamoa-Boateng 2002). Differences in weight gain were marginal but not statistically
significant at the 0.05 level. Approximately 20% of children in the study were stunted
(HAZ < -2) at baseline. As the other Ghana studies were conducted the same district
with young children of similar or older ages, comparable or higher levels of
undernutrition are expected at baseline in those studies. Three-day dietary assessments
were conducted at two times on 118 children in each treatment group. There was no
regular monitoring of children’s intakes of maize or other foods. This study was doubleblind, as neither the mothers nor those who distributed the dough knew the identity of the
maize that was used. It is not known whether IRB approval or informed consent was
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obtained for this study. In the following analysis, this study will be referred to as the
“Ghana 3” study.
Average changes, standard errors, and final sample sizes were reported for each
treatment group for both height and weight, allowing effect sizes to be calculated. The
principal investigator, Abenaa Akuamoa-Boateng, also provided raw anthropometric data
from this study. These data are analyzed below and used to investigate the robustness of
the effect size calculated for this study. The raw data set contained the following for each
child:

•

A record number and child identification number

•

Sex

•

Age group (4-6 months or 7-9 months at the start of the study)

•

Maize group (QPM or CM)

•

Height in centimeters at baseline and at the end of the study

•

Weight in kilograms at baseline and at the end of the study.

Data were not available on study cycle or location. This structure must therefore be
ignored in the following statistical analysis.
As described in the study report (Akuamoa-Boateng 2002), there were records on
422 children, 101 of which had neither a height nor a weight measurement at the end of
the study, resulting in a 24% dropout rate. However, at least some of these 101 children
were considered dropouts because their mothers failed to pick up the weekly maize
dough on a regular basis (A. Akuamoa-Boateng, personal communication). Therefore,
some of the reported dropouts were actually subjects that did not comply with the
assigned treatment.
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Though the dropout rate in this study was relatively high, there was no evidence
that it was not random. Specifically, dropping out was not associated with the child’s age
group, sex, treatment group, baseline height, or baseline weight. Overall, children in the
two treatment groups did not significantly differ in baseline height or weight, although
among the 4-6 month olds, children in the QPM group weighed less than children in the
CM group. The treatment groups did not significantly differ with respect to age
distribution or sex ratio. As could be expected, younger children and female children had
lower baseline heights and weights.
To study the effect of QPM versus CM consumption on child height, an analysis
of variance (ANOVA) model was fitted to the data with change in height (in centimeters)
as the response, and age group, sex, maize group, and baseline height as independent
variables with fixed effects. Interactions among the independent variables were also
considered. Figure 2.2 below suggests a positive effect of QPM on change in height,
controlling for baseline height. There were significant effects due to maize group (F1,308
= 34.36, p < 0.0001), age (F1,308 = 12.16, p = 0.0006), and baseline height (F1,308 = 46.91,
p < 0.0001). Children aged 4-6 months at the start of the study grew an average of 0.9
cm (95% CI: 0.4-1.4 cm) more during the 12-month study than children aged 7-9 months
at the start of the study. Children consuming QPM grew an average of 1.2 cm (95% CI:
0.8-1.6 cm) more than children consuming CM during the same period.
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Figure 2.2 Change in height in the QPM and CM groups in the Ghana 3 study.

These results suggest that consumption of QPM over CM had a significant
positive effect on the growth in height of children, taking into account age group, sex,
and height of the child prior to the start of the study. While it is possible that this
significant effect could be due wholly or in part to systematic differences among
locations or years with respect to other factors that affect growth in height, such factors
may have also had an effect on baseline height. Therefore, controlling for baseline height
may have accounted for at least some of these potentially confounding factors.
Similarly, to study the effect of QPM versus CM consumption on child weight, an
ANOVA model was fitted to the data with change in weight (kg) as the response, and age
group, sex, maize group, and baseline weight as independent variables with fixed effects.
Interactions among the independent variables were also considered. Figure 2.3 below
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suggests a positive effect of QPM on change in weight, controlling for baseline weight.
ANOVA finds significant effects due to maize group (F1,308 = 11.72, p = 0.0007), age
(F1,308 = 17.34, p < 0.0001), and baseline weight (F1,308 = 14.07, p = 0.0002). Children
aged 4-6 months at the start of the study grew an average of 0.3 kg (95% CI: 0.2- 0.5 kg)
more during the 12-month study than children aged 7-9 months at the start of the study.
Children consuming QPM grew an average of 0.3 kg (95% CI: 0.1-0.4 kg) more than
children consuming CM during the same period.

Figure 2.3 Change in weight in the QPM and CM groups in the Ghana 3 study.

This suggests that consumption of QPM over CM had a significant positive effect
on growth in weight of children, taking into account age group, sex, and weight of the
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child prior to the start of the study. Given the significant effect of maize group on height,
this result is not surprising. Again, while it is possible that this significant effect could be
due wholly or in part to systematic differences among locations or years with respect to
other factors that affect growth in weight, such factors may have also had an effect on
baseline weight. Therefore, controlling for baseline weight may have accounted for at
least some of these potentially confounding factors.
The average changes in each treatment group were calculated independently and
their ratio was taken to find the effect size. However, in the Ghana 3 study, sufficient
data were available to adjust the average changes by baseline values. The average
changes for each age group and sex were calculated to determine an effect size for each
cohort. These alternative calculations of average changes and their resulting effect sizes
for height and weight are presented in Tables 2.1 and 2.2, respectively. In these tables,
“Independent groups” indicates calculation of average changes separately for each
treatment group. The other methods require fitting a linear model with the change in
height or weight as the response and age group, sex, and treatment group as independent
variables. Estimates are then made for each treatment group overall (“All children”) or
by age and sex category. These estimates were made with and without adjusting for
baseline measurements.
It is observed in Tables 2.1 and 2.2 that the estimated average changes in each
treatment group may differ appreciably depending on whether sex, age group, or baseline
measurements are taken into account. However, the corresponding effect sizes are robust
to these alternative methods of calculation. This supports the choice of the effect size
developed for this analysis. If sufficient data were available, it would be desirable to take
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into account the additional structure with respect to study cycle and location in this data
set as well as in other studies included in this analysis. However, it is possible that the
calculated effect size would remain robust to these other factors in this and other studies.
To be consistent in the calculation of effect size across the included studies, the effect
sizes calculated independently for the two treatment groups without controlling for
baseline measurements will be used.
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Table 2.1 Effect sizes for height in the Ghana 3 study, calculated independently for the QPM and CM groups (“Independent
groups”) or by using linear models that account for age group, sex, or baseline measurements.

Group
Independent groups
All children
females, 4-6 months
males, 4-6 months
females, 7-9 months
males, 7-9 months

Adjustment for baseline
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no

Sample size
QPM
CM
161
156
161
156
161
156
161
156
42
39
42
39
41
50
41
50
38
28
38
28
40
39
40
39

Change in height (cm)
QPM (SE)
CM (SE)
13.08 (0.13)
12.11 (0.15)
13.08 (0.16)
12.11 (0.17)
13.12 (0.14)
11.97 (0.14)
13.05 (0.15)
11.98 (0.15)
13.46 (0.21)
12.32 (0.22)
14.10 (0.21)
13.03 (0.21)
13.66 (0.20)
12.51 (0.19)
13.93 (0.21)
12.86 (0.20)
12.59 (0.21)
11.44 (0.22)
12.17 (0.21)
11.11 (0.23)
12.78 (0.23)
11.63 (0.22)
12.00 (0.21)
10.94 (0.21)

Effect size
1.08
1.08
1.10
1.09
1.09
1.08
1.09
1.08
1.10
1.10
1.10
1.10
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Table 2.2 Effect sizes for weight in the Ghana 3 study, calculated independently for the QPM and CM groups (“Independent
groups”) or by using linear models that account for age group, sex, or baseline measurements.

Group
Independent groups
All children
females, 4-6 months
males, 4-6 months
females, 7-9 months
males, 7-9 months

Adjustment for baseline
yes
no
yes
no
yes
no
yes
no
yes
no
yes
no

Sample size
QPM
CM
160
157
160
157
160
157
160
157
42
39
42
39
41
52
41
52
38
27
38
27
39
39
39
39

Change in weight (kg)
QPM (SE)
CM (SE)
2.56 (0.05)
2.33 (0.05)
2.56 (0.06)
2.33 (0.05)
2.56 (0.05)
2.31 (0.05)
2.55 (0.05)
2.30 (0.05)
2.74 (0.08)
2.50 (0.08)
2.83 (0.07)
2.58 (0.07)
2.70 (0.07)
2.45 (0.07)
2.72 (0.07)
2.47 (0.07)
2.41 (0.07)
2.16 (0.08)
2.39 (0.08)
2.13 (0.08)
2.37 (0.08)
2.12 (0.08)
2.27 (0.07)
2.02 (0.07)

Effect size
1.10
1.10
1.11
1.11
1.10
1.10
1.10
1.10
1.11
1.12
1.12
1.12
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2.3.5. Ghana 4
The fourth study in Ghana was conducted in two communities in the EjuraSekyedumase District, Ashanti Region, in May-December 2001 (Akuamoa-Boateng
2002). This study evaluated the effects of both QPM and barley malt in the preparation
of infant food, with the latter being added to increase the energy density of the food.
There were four treatments, in which mothers received QPM or CM dough with barley
malt or a placebo (toasted wheat flour) on a weekly basis to prepare infant food. Six
hundred children, aged 4 and 6 months, were randomly assigned to one of the treatment
groups for the 7-month study.
The children were vaccinated against tuberculosis, diphtheria, tetanus, whooping
cough, measles, and polio. They were also given a weekly prophylactic dose of
chloroquine to reduce the incidence of malaria and treated for minor ailments as needed.
Heights (lengths) and weights of the children were recorded quarterly and monthly,
respectively. Analysis of data from 486 children who participated in the entire study
found significantly higher height and weight gains with the use of barley malt, regardless
of whether QPM or CM was used to make infant food (Akuamoa-Boateng 2002). With
the use of barley malt, weight gains were higher in the QPM group than in the CM group.
It is not known whether this study was double-blind with respect to the type of
maize provided to the participants. Some consumption studies were conducted, but there
was no regular monitoring of children’s intakes of maize or other foods. It is not known
whether IRB approval or informed consent was obtained for this study. In the following
analysis, this study will be referred to as the “Ghana 4” study.
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Average changes, standard errors, and final sample sizes were reported for each
treatment group for both height and weight (Akuamoa-Boateng 2002). The reported
change in the barley malt and placebo groups were weighted by their respective sample
sizes and averaged for each type of maize. These averaged changes in the QPM and CM
groups were used to calculate effect sizes for height and weight for this study.

2.3.6. India
A study was conducted in the J. J. Colony, Inderpuri, and the Harijan colony of
Naraina village in Delhi, India, in 1975-1976 (Singh 1977; Singh et al. 1980). The sixmonth study was conducted by the Indian Agricultural Research Institute (IARI) and
involved 134 children aged 18-30 months. The children were allocated to four groups,
where they received daily meals of o2 maize, CM, or milk or no supplementary meal
(control group). Children in the two maize groups were from the J. J. Colony, Inderpuri,
children in the milk group were from Naraina village, and children in the control group
were from both locations. The researchers took care to balance the four groups with
respect to age, sex, and initial weight.
All children were de-wormed before the start of feeding. Daily consumption of
the supplemental meal and amounts not consumed were recorded for each child. Dietary
surveys of home food consumption were also conducted three times during the study.
Anthropometric measurements suggested a positive benefit of o2 maize relative to CM,
but little or no statistical analysis was conducted to establish the significance of these
observations. It is not known if there was any blinding with respect to the two maize
groups. Blinding would not have been possible with the milk and control treatments. It
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is not known whether IRB approval or informed consent was obtained for this study. In
the following analysis, this study will be referred to as the “India” study.
For each child, height, weight, and other anthropometric measurements were
regressed over time. The estimated slopes corresponded to each child’s growth rate
during the study. The mean and standard error of these estimated slopes were reported
for each treatment group (Singh 1977). These mean slopes were used to calculate effect
sizes for this study.

2.3.7. Mexico
A study was conducted in 2001-2002 in four indigenous communities in the
Mazateca and Mixe regions of Oaxaca, Mexico, to evaluate the effect of QPM versus CM
on the growth of children under five years old (Morales Guerra 2002). This study was
conducted by the Colegio de Postgraduados in the State of Mexico. Households were
provided with either QPM or CM grain for consumption, and the weights of 67 young
children in those households were assessed monthly as a percentage of the median weight
of a reference population of the same age (Morales Guerra 2002). This outcome was
referred to as physical development (“desarrollo fisico”). The growth reference standards
used were the Norma Oficial Mexicana para el Control de la Nutrición, Crecimiento y
Desarrollo del Niño y del Adolescente (Secretaría de Salud 1994, as cited in Morales
Guerra 2002). At baseline, all children in the study exhibited some degree of
undernutrition as measured by physical development, with average physical development
among all participants around 80%.
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Households in two of the communities received QPM, while households in the
other two communities received CM. Distribution of grain to households began in
January 2001 but was suspended in February 2001 due to questions regarding the protein
quality of the QPM lot. A new lot of QPM was obtained and grain distribution began
again in July 2001. Therefore, while the total study duration was 14 months, the
treatment lasted only about 8 months. Significant differences were observed between the
two treatments in the proportion of children that recovered from malnutrition during the
study period (Morales Guerra 2002). Specifically, there was a positive change in
physical development in the QPM group but not in the normal maize group. There was
no regular monitoring of children’s intakes of maize or other foods. The degree of
blinding in this study is not known. This study was authorized by the Comité de Ética de
la Secretaría de Salud del Estado de Oaxaca (Ethics Committee of the Health Secretariat
of the State of Oaxaca). In the following analysis, this study will be referred to as the
“Mexico” study.
Raw data were available on the physical development of each child at baseline
and at the conclusion of the study (Morales Guerra 2002). Baseline and change in
physical development among children in the QPM and CM groups is shown in Figure
2.4. The CM group had some subjects with very low physical development values at
baseline, compared to the QPM group. Changes in physical development were both
positive and negative in the CM group and did not appear significantly different from
normal (p = 0.2860 using the Shapiro-Wilk test for normality), while changes in physical
development in the QPM group were strictly positive and skewed upward (p = 0.0018
using the Shapiro-Wilk test for normality).
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Figure 2.4 Baseline and change in physical development (percentage of median weight
of a reference population of the same age) among children in the QPM and CM groups in
the Mexico study.

Baseline physical development did not have a significant effect on the change in
physical development during this study (F1,64 = 0.03, p = 0.8735). The type of maize that
was consumed did have a significant effect (F1,64 = 7.19, p = 0.0093). Children who
consumed QPM had a 3.4 point greater increase in physical development (95% CI: 0.96.0) than children who consumed CM. Exclusion of observations with low baseline
values did not significantly change this result.
The analysis above does not take into account that the treatment was randomized
at the community rather than the household level, and systematic differences among the
four communities could also lead to the significant differences between the treatment
groups. Other factors such as amount of maize consumption and socioeconomic
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characteristics, which could have an impact on the treatment effect, could be included in
the data analysis as one method to address this concern. Also, it should be kept in mind
that the application of the treatment began about six months after the baseline
measurements used here were taken. There is evidence that physical development
increased on average in both treatment groups between these baseline measurements and
the start of treatment (Morales Guerra 2002), which could also affect the results of the
data analysis.
The ratio of changes in physical development between the QPM and CM groups
was used to calculate an effect size for weight for this study. Though this effect size is
considered in some of the analyses below, it should be remembered that this statistic was
not calculated using actual weights and therefore has a different interpretation from other
effect sizes in the meta-analyses. The effect size is 1.97 when calculated using
independent groups and 1.98 when a linear model including baseline values was fit to the
data. Again, the effect size was robust to the method of calculation. For consistency
with the other studies, the effect size calculated using independent groups will be used for
subsequent analyses.

2.3.8. Nicaragua
A QPM nutritional study was conducted at the Centro de Desarrollo Infantil
Mildred Abaunza in Managua, Nicaragua, in 2005 (Ortega Alemán et al. 2006). During
the three and half month-long study, 48 children aged 1-5 years were randomly assigned
to consume a maize-based snack made of QPM or CM once a day for five days per week
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while they attended the day care center. This was a double-blind study. Informed
consent was obtained from participants’ guardians at the start of the study.
The children’s heights and weights, as well as data on acute respiratory infections
and acute diarrheal illnesses, were recorded during the study. One criterion for inclusion
was that a child demonstrate undernutrition according two or more anthropometric
indicators (height-for-age, weight-for-age, or weight-for-height). Therefore, all study
participants were undernourished at baseline. Daily consumption of the snack and
amounts not consumed were recorded for each child. A greater proportion of children in
the QPM group demonstrated positive changes in grade of malnutrition with respect to
weight-for-age and height-for-age but not weight-for-height. They also had fewer cases
of acute respiratory and diarrheal infections. In the following analysis, this study will be
referred to as the “Nicaragua” study.
Dr. Eveling Ortega Alemán, who with colleagues conducted this study, provided
average changes, standard errors, and final sample sizes for each treatment group for both
height and weight, allowing effect sizes to be calculated. These effect sizes (1.66 for
height and 4.27 for weight) were significantly higher than effect sizes calculated for other
included studies and represent estimates that are biologically unlikely (a 66% increase in
growth rate for height and a 327% increase in growth rate for weight in the QPM
compared to the CM group). It is likely that the small sample size, wide age range, and
short duration of this study led to greater noise in the estimation of average changes and
consequently in the calculation of the effect size. This is explored further in the analysis
below.
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2.3.9. Other QPM Nutritional Studies
Other studies have been conducted to evaluate the nutritional impact of QPM or
o2 maize on humans but were excluded from the analyses below because sufficient
information and results from the studies could not be obtained or because the studies
compared the effects of QPM/o2 maize to milk-based foods rather than to CM. In 19761977, a 17-month study was conducted by the the Instituto de Nutrición de Centro
América y Panamá (INCAP) on nine Guatemalan coffee plantations to evaluate the
impact of switching from CM to QPM production (Valverde et al. 1983, reviewed in
Bressani 1991). This study cited benefits to child growth, but there was evidence
suggesting that confounding factors and interventions left the results difficult to interpret
(Lauderdale 2000). A series of studies conducted in Brazil in the 1990s had similar
problems (Paes and Bicudo 1994; M. C. D. Paes, personal communication). These
studies were either discontinued or the data were never analyzed.
In 2000 or shortly before, a six-month study was conducted by Rajendra
Agricultural University in Bihar, India (U. Singh, personal communication). Forty
children, aged 3-4 years old, who were recovering from malnutrition but healthy,
consumed prepared meals made of either QPM or CM, and their height, weight, and
middle upper arm circumference (MUAC) were monitored. The results indicated greater
increases in height and MUAC in the QPM group (S. Paliwal, personal communication).
There was no blinding in this study. More recently, a study similar to the Ethiopia study
described above is ongoing in the Eastern Wollega Zone of Ethiopia. The results of this
study are expected later this year.
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Comparing the effect of QPM to milk, child growth in a highly controlled setting
was evaluated by Graham et al. (1990) in Peru. Ten children, aged 13-29 months and
recovering from malnutrition, were fed QPM as their sole protein source for 90 days.
Their growth was compared to that of ten control children being fed modified cow’s milk
formula. Growth rates, measured using multiple outcomes, were not significantly
different between the two groups. There was no discussion of statistical power in this
small, though highly controlled, efficacy study.

2.4. Results and Discussion

2.4.1. Choice of Effect Size and Confidence Interval Method
The chosen effect size was the ratio of the average change in the QPM or o2
maize group to the average change in the CM group. Both the numerator and
denominator of this ratio were average changes over the duration of the study. Both
terms could therefore be considered average growth rates in their respective treatment
groups, and the effect size could be interpreted as the average growth rate in the QPM/o2
maize group relative to the average growth rate in the CM group. For example, an effect
size of 1.08 could be interpreted as an 8% increase in growth rate in the QPM/o2 maize
group relative to the CM group. An effect size less than 1 indicates that the growth rate
was faster in the CM group, while an effect size of 1 indicates that growth rates were the
same in the two treatment groups. In addition to relative growth rate, the effect size
proposed in this dissertation could be interpreted more generally as a relative rate or a
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percent change (percent increase or decrease), making it an useful measure in a broader
range of applications.
In meta-analyses of two-group studies to assess a treatment effect, the difference
between the mean responses in the two groups, rather than their ratio, is typically used as
the effect size (Cooper and Hedges 1994). This mean difference may be standardized
using the pooled within-group standard deviation. However, in the studies under
consideration here, the mean difference could depend on study duration and age of
children in the study. If there is a positive effect of QPM on child growth, studies of
longer duration may have larger mean differences between the two treatment groups.
Likewise, as growth rates decrease with age, studies with older subjects may have smaller
mean differences. In addition to the meaningful interpretation of the ratio of the
differences, the proposed effect size removes the effect of child age and study duration in
the comparison of QPM/o2 maize relative to CM. The proposed effect size also did not
depend on any within-treatment standard deviations, which was desirable as for several
studies, those values were unavailable or were calculated without considering some
structure in the study design such as randomization to communities rather than
individuals. Another benefit of the proposed effect size was its robustness to alternative
methods of calculation, as was seen in the analysis of the Ghana 3 and Mexico studies.
The use of bootstrapping to construct a confidence interval for the summary effect
size also offered several advantages. Calculation of asymptotic confidence intervals
required estimation of the variances of individual effect sizes. These variances were
approximated using the delta method and were based on the estimated standard errors of
the average changes in the QPM and CM groups. For several studies, the standard errors
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of average changes in the treatment groups were estimated without considering some
structure in the respective study designs. This increased the uncertainty associated with
the estimated variances of the individual effect sizes, as well as the asymptotic
confidence intervals that were calculated for summary effect sizes based on these data. If
standard errors of the average changes in the treatments groups were unavailable for a
given study, as they were for the Ethiopia study, then that study could not be included in
calculating a summary effect size and the associated asymptotic confidence interval. The
bootstrap percentile confidence intervals did not depend on the standard errors of average
changes in the treatment groups or on the variances of the individual effect sizes and
therefore avoided these limitations. Furthermore, bootstrap percentile confidence
intervals took into account between-study variation. In these meta-analyses, variation
among studies is expected as the included studies represent different populations, ages,
and cultures with different diets, child feeding practices, and other factors.

2.4.2. Growth in Height
Table 2.3 describes the characteristics of studies included in the meta-analysis
with respect to growth in height. In each study, sample sizes in the treatment groups
were comparable or equal. The Ghana 3 and Ghana 4 studies involved significantly
greater sample sizes than the other included studies. Children in the included studies
were under five years old, with most less than 24 months at the start of the study. This is
the age range when diet is most likely to impact child growth (G. Beaton, personal
communication).
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Table 2.3 Characteristics of included studies with respect to growth in height.

QPM

CM

Effect size

Study

N

Change *

SE

N

Change *

SE

Estimate

SE

Duration
(months)

Age at start of
study (months)

Form of
treatment

Ethiopia

51

8.53

-

51

8.89

-

0.96

-

9

most under 24

seed

Ghana 1

43

10.60

0.65

40

9.91

0.67

1.07

0.10

12

4-23

seed

Ghana 2

39

14.76

0.68

39

12.37

0.68

1.19

0.09

12

4-15

dough

Ghana 3

161

13.08

0.16

156

12.11

0.17

1.08

0.02

12

4-9

dough

Ghana 4

240

7.77

0.23

246

7.28

0.22

1.07

0.05

7

4-6

dough

India

32

0.43

0.03

35

0.37

0.06

1.16

0.19

6

18-30

meal

Nicaragua

24

2.02

1.27

24

1.22

0.66

1.66

1.37

3.5

12-60

meal

* Change refers to the change in height (cm) over the duration of the study, except for India, where it is the change per fortnight (two weeks).
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Study participants generally showed signs of mild to moderate undernutrition, as
determined by height-for-age, weight-for-age, or weight-for-height, and lived in
communities where maize is a dietary staple. Results of a meta-analysis based on these
data are therefore expected to apply to young children, particularly infants and toddlers,
who show mild to moderate undernutrition and for whom maize is an important part of
the diet. Young children in maize-consuming communities who show evidence of
undernutrition constitute the primary target population for QPM.
Among the included studies, the maize treatment was delivered to study
participants in one of three ways: as a prepared meal given directly to children under
supervision; as dough that could be used to prepare infant food, given to mothers; or as
seed given to members of a household, which could be used for cultivation, harvest,
storage, food preparation, and ultimately consumption by the target child in that
household. Studies that provided the treatment in the form of a prepared meal required
more intervention and monitoring by the researchers. Consequently, these studies had
smaller sample sizes and durations than studies that provided the maize treatment in other
ways. There were no discernable relationships between effect size and study duration,
sample size (as represented by sample size in the CM group), and form of treatment
(Figure 2.5).
Effect sizes for all studies and estimated standard errors of effect sizes for all
studies except Ethiopia are also given in Table 2.3. These standard errors were
approximated using the delta method and are based on the estimated standard errors of
the average changes in the QPM and CM groups. For several studies, the standard errors
of average changes in the treatment groups were estimated while ignoring some structure
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in the study design (e.g., randomization at the village or community level, rather than at
the individual level). As discussed this earlier, this increases the uncertainty associated
with the estimated standard errors of those effect sizes.
The effect size for the Nicaragua study was notably higher than the other effect
sizes. This study had a small sample size, a wide range of ages among the study
participants, and a short duration. Standard errors of average changes in height, relative
to the average changes themselves, were high compared with those of other studies. The
standard error in the QPM group was twice as high as the standard error in the CM group.
In the other studies, standard errors of average changes were comparable between the two
treatment groups. Consequently, the estimated standard error of the effect size for the
Nicaragua study is also high relative to the effect size and to standard errors of effect
sizes for other studies. For these reasons, the Nicaragua study was excluded from the
primary meta-analysis for growth in height. Analyses including the study will also be
presented for comparison below.
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Figure 2.5 Plots of effect sizes for growth in height by study duration, sample size in the CM group, and form of treatment.
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Table 2.4 lists the sets of weights used for meta-analyses of the effect of QPM on
growth in height. Three sets of weights were used: weights proportional to sample size
in the CM group, equal weights, and optimal weights, which were inversely proportional
to the variance of the corresponding study’s effect size. The primary meta-analysis for
growth in height used weights proportional to sample size in the CM group. These
weights were preferred over equal weights as studies with larger sample sizes were
expected to provide more precise estimates of the effect of QPM relative to CM. These
weights were also preferred over the optimal weights as they did not rely on the
availability or estimation of standard errors within treatment groups or of individual
effect sizes. Weighting by sample size results in greater weights for the Ghana 3 and
particularly the Ghana 4 studies. Optimal weights place the majority of the weight on the
Ghana 3 study.

Table 2.4 Weights used for meta-analysis of effect of QPM on growth in height. Three
sets of weights were used: weights proportional to sample size in the CM group, equal
weights, and optimal weights. Weights were calculated with and without the Nicaragua
study. Each column of weights sums to 1.

Main data set
Main data set + Nicaragua
Sample size
Equal
Optimal *
Sample size
Equal
Optimal *
Study
0.09
0.17
0.09
0.14
Ethiopia
0.07
0.17
0.03
0.07
0.14
0.03
Ghana 1
0.07
0.17
0.04
0.07
0.14
0.04
Ghana 2
0.28
0.17
0.76
0.26
0.14
0.76
Ghana 3
0.43
0.17
0.15
0.42
0.14
0.15
Ghana 4
0.06
0.17
0.01
0.06
0.14
0.01
India
0.04
0.14
0.00
Nicaragua
* Excludes Ethiopia because within-study variance was not available.
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Table 2.5 presents the summary effect sizes, confidence intervals, and p-values for the
analysis of growth in height. The three weighting methods were studied with and without
the inclusion of the Nicaragua study. For optimal weights, bootstrap and asymptotic
confidence intervals were calculated. The summary effect size and bootstrap confidence
interval based on the main data set with weights proportional to sample sizes in the CM
groups was considered the main result on the effect of QPM on the growth in height of
young children. The results indicate that consumption of QPM instead of CM leads to an
8% (95% CI: 4-12%) increase in the rate of growth in height (length) in infants and
toddlers with mild to moderate undernutrition for whom maize is a significant part of the
diet (p = 0.0014). The estimated summary effect size and confidence interval are
generally robust to alterative formulation of weights and methods for calculating the
confidence interval.
Summary effect sizes changed little with the inclusion of the Nicaragua study
except when equal weights were used. This was not surprising as equal weighting gave
the greatest weight to the Nicaragua study among the sets of weights that were examined,
while the other sets of weights gave small or negligible weight to the Nicaragua study
due to its small sample size and high effect size variance. With equal weights and
weights proportional to sample size, inclusion of the Nicaragua study skewed the
bootstrap confidence intervals upward, though the lower confidence limits were largely
unchanged. With optimal weights, inclusion of this study had negligible effect on the
point estimates and confidence intervals because the relatively large standard error of the
Nicaragua study’s effect size resulted in an optimal weight near zero.
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Table 2.5 Summary effect sizes, confidence intervals, and p-values for the analysis of growth in height. Three weighting methods
were studied with and without inclusion of the Nicaragua study. For optimal weights, bootstrap and asymptotic confidence
intervals were calculated. LCL and UCL are the lower and upper confidence limits, respectively.

Main data set
Weighting method
CI method
Estimate
LCL
UCL
Sample size
Bootstrap
1.08
1.04
1.12
Equal
Bootstrap
1.09
1.03
1.15
Optimal *
Bootstrap
1.08
1.07
1.16
Optimal *
Asymptotic
1.08
1.05
1.12
* Excludes Ethiopia because within-study variance was not available.

P-value
0.0014
0.0037
0.0000
0.0000

Estimate
1.10
1.17
1.08
1.08

Main data set + Nicaragua
LCL
UCL
1.05
1.22
1.05
1.35
1.07
1.16
1.05
1.12

P-value
0.0002
0.0004
0.0000
0.0000
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Asymptotic confidence intervals based on weights inversely proportional to

( )

var θˆi do not take into account between-study variation. Based on the main data set,
there is no significant evidence of study heterogeneity with respect to height (Q = 1.96, p
= 0.7423). Because k = 5 and Q < (k − 1) , τˆ 2 = 0 , and the asymptotic confidence interval
given in Table 2.5 is unchanged. When Nicaragua is included, there is still no significant
evidence of study heterogeneity (Q = 2.14, p = 0.8297). Here, k = 6 and Q < (k − 1) , so

τˆ 2 = 0 and the corresponding asymptotic confidence interval in Table 2.5 is unchanged.
Given the main data set, which includes the studies from Ghana, Ethiopia, and
India, the sensitivity of the summary effect size to the contribution of each individual
study was explored by recalculating the point estimate and 95% bootstrap confidence
interval while excluding one study at a time. These results are presented in Table 2.6.
Weights were proportional to sample sizes in the CM groups for all calculations.
Exclusion of any one study did not significantly change the estimated overall effect of
QPM on growth rate in height, regardless of the magnitude of that study’s weight in the
main analysis, and the positive effect of QPM on relative growth rate in height remains
statistically significant with the exclusion of any of these studies.
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Table 2.6 Estimates and 95% bootstrap percentile confidence intervals of summary
effect sizes for effect of QPM on growth in height, excluding one study in the main data
set at a time. Weights were proportional to sample sizes in the CM groups. LCL and
UCL are the lower and upper confidence limits, respectively.

Study omitted
Ethiopia
Ghana 1
Ghana 2
Ghana 3
Ghana 4
India
None

Estimate
1.09
1.08
1.07
1.07
1.08
1.07
1.08

LCL
1.07
1.04
1.03
1.02
1.02
1.03
1.04

UCL
1.15
1.13
1.09
1.15
1.15
1.11
1.12

2.4.3. Growth in Weight
Table 2.7 describes the characteristics of studies included in the meta-analysis
with respect to growth in weight. In addition to the studies available for the analysis of
growth in height, the Mexico study, which reported results relating to weight but not
height, is also included in the following analysis. It should be remembered that the
calculation of the effect size for Mexico differed from the calculation of other effect sizes
as it was based on physical development rather than weight in kilograms. The analyses
described below are conducted both with and without the Mexico study, but this study is
excluded from the main analysis of the effect of QPM on growth in weight. The effect
size and standard error for this study are significantly higher than those of all other
included studies except Nicaragua, suggesting a 97% increase in growth rate in weight in
the QPM compared to the CM group or, more accurately, a 97% increase in the rate of
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Table 2.7 Characteristics of included studies with respect to growth in weight.

QPM

CM

Effect size

Study

N

Change *

SE

N

Change *

SE

Estimate

SE

Duration
(months)

Age at start of
study (months)

Form of
treatment

Ethiopia

53

1.40

-

52

1.26

-

1.11

-

9

most under 24

seed

Ghana 1

43

2.27

0.19

40

2.36

0.19

0.96

0.11

12

4-23

seed

Ghana 2

39

2.92

0.18

39

2.93

0.18

1.00

0.09

12

4-15

dough

Ghana 3

160

2.56

0.06

157

2.33

0.05

1.10

0.04

12

4-9

dough

Ghana 4

240

2.67

0.07

246

2.42

0.06

1.10

0.04

7

4-6

dough

India

32

0.12

0.01

35

0.10

0.01

1.23

0.17

6

18-30

meal

Mexico

35

6.94

0.81

32

3.52

0.99

1.97

0.60

14

most under 60

grain

Nicaragua

24

0.80

0.46

24

0.19

0.45

4.27

10.53

3.5

12-60

meal

* Change refers to the change in weight (kg) over the duration of the study, except for India, where it is the change per fortnight (two weeks),
and Mexico, where it is calculated using physical development instead of kg.
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improvement in physical development over time. The full duration of the study is listed;
however, maize grain was given to subjects for roughly the last eight months of the study.
The estimated effect size for the Nicaragua study is significantly higher than that
of all other studies and indicates a biologically unlikely effect of QPM (a 327% increase
in growth rate for weight compared to the CM group). The small sample size, wide age
range among subjects, and short duration of this study were likely sources of the
uncertainty in this estimate, as indicated by its very large standard error. This study was
not included in analysis of the effect of QPM on growth in weight. Similar to the earlier
analysis of the effect of QPM on growth in height, the main analysis of the effect of QPM
on growth in weight includes the studies from Ghana, Ethiopia, and India. In using the
standard errors of the effect sizes for these studies in the following analyses, it should be
kept in mind that these values were approximated using the delta method and were based
on within-group standard errors that did not take into account all structure in the
respective data sets.
Again, subjects in these studies were children under five years, with most under
24 months at the beginning of the studies. They showed mild to moderate undernutrition,
as indicated by low height-for-age, weight-for-age, or weight-for-height, and lived in
communities where maize is a staple food. The results of the meta-analysis described
below therefore apply to young children, particularly infants and toddlers, who show
signs of mild to moderate undernutrition and live in maize-consuming communities.
In addition to previously described methods of delivering the improved maize to
subjects, the Mexico study delivered the intervention to participating children by
providing QPM or CM grain to their households, with the intent that the grain is stored
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Figure 2.6 Plots of effect sizes for growth in weight by study duration, sample size in the CM group, and form of treatment. The
Nicaragua study is not depicted.
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and used to make food that is consumed by target children in the household over the
duration of the study. The relationships between effect size and study duration, sample
size in the CM group, and method to deliver the treatment to subjects is depicted in
Figure 2.6. There are no apparent relationships among these variables. The effect size of
the Mexico study is clearly larger than all other effect sizes. The Nicaragua study is not
included in these or subsequent results.
Table 2.8 lists the sets of weights used for meta-analyses of the effect of QPM on
growth in weight. Three sets of weights were used: weights proportional to sample size
in the CM group, equal weights, and optimal weights, which were inversely proportional
to the variance of the corresponding study’s effect size. Weighting by sample size results
in greater weights for the Ghana 3 and particularly the Ghana 4 studies. Optimal weights
also place the majority of the weight on the Ghana 3 and Ghana 4 studies, but with
greater weight on the Ghana 3 study.

Table 2.8 Weights used for meta-analysis of effect of QPM on growth in weight. Three
sets of weights were used: weights proportional to sample size in the CM group, equal
weights, and optimal weights. Weights were calculated with and without the Mexico
study. Each column of weights sums to 1.

Main data set
Main data set + Mexico
Sample size
Equal
Optimal *
Sample size
Equal
Optimal *
Study
0.09
0.17
0.09
0.14
Ethiopia
0.07
0.17
0.05
0.07
0.14
0.05
Ghana 1
0.07
0.17
0.08
0.06
0.14
0.08
Ghana 2
0.28
0.17
0.48
0.26
0.14
0.48
Ghana 3
0.43
0.17
0.37
0.41
0.14
0.37
Ghana 4
0.06
0.17
0.02
0.06
0.14
0.02
India
0.05
0.14
0.00
Mexico
* Excludes Ethiopia because within-study variance was not available.
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Table 2.9 presents the summary effect sizes, confidence intervals, and p-values
for the analysis of growth in weight. The three weighting methods were studied with and
without the inclusion of the Mexico study. For optimal weights, bootstrap and
asymptotic confidence intervals were calculated. As in the analysis of growth in height,
the summary effect size and bootstrap confidence interval based on the main data set with
weights proportional to sample sizes in the CM groups were considered the main result
on the effect of QPM on the growth in weight of young children. The results indicate that
consumption of QPM instead of CM leads to a 9% (95% CI: 4-12%) increase in the rate
of growth in weight in infants and toddlers with mild to moderate undernutrition for
whom maize is a significant part of the diet (p = 0.0019). The estimated summary effect
size and confidence interval were generally robust to alterative formulation of weights
and calculation of the confidence interval.
Inclusion of the Mexico study increases the summary effect size and upper
confidence limit when equal weights and weights proportional to sample sizes are used
with bootstrapping to generate the confidence interval. Results using optimal weights are
negligibly affected as the relatively large standard error of the Mexico study’s effect size
resulted in an optimal weight near zero.
Based on the main data set, there is no significant evidence of study heterogeneity
with respect to weight (Q = 3.37, p = 0.4982). Because k = 5 and Q < (k − 1) , τˆ 2 = 0 , and
the asymptotic confidence interval given in Table 2.9 is unchanged. When Mexico is
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Table 2.9 Summary effect sizes, confidence intervals, and p-values for the analysis of growth in weight. Three weighting
methods were studied with and without inclusion of the Mexico study. For optimal weights, bootstrap and asymptotic confidence
intervals were calculated. LCL and UCL are the lower and upper confidence limits, respectively.

Main data set
Weighting method
CI method
Estimate
LCL
UCL
Sample size
Bootstrap
1.09
1.04
1.12
Equal
Bootstrap
1.08
1.02
1.15
Optimal *
Bootstrap
1.09
1.00
1.11
Optimal *
Asymptotic
1.09
1.04
1.14
* Excludes Ethiopia because within-study variance was not available.

P-value
0.0019
0.0073
0.0187
0.0001

Main data set + Mexico
Estimate
LCL
UCL
1.14
1.06
1.32
1.21
1.03
1.48
1.09
1.01
1.11
1.09
1.04
1.14

P-value
0.0002
0.0010
0.0121
0.0001
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included, there is still no significant evidence of study heterogeneity (Q = 5.54, p =
0.3541). As k = 6 and Q > (k − 1) , it is estimated that τˆ 2 = 0.0005 , which results in a
summary effect size of 1.09 and a 95% asymptotic confidence interval of (1.03, 1.14).
This is only small change from the interval reported in Table 2.9.
Using the main data set, which includes the studies from Ghana, Ethiopia, and
India, the sensitivity of the summary effect size to the contribution of each individual
study was explored by recalculating the point estimate and 95% bootstrap confidence
interval while excluding one study at a time. These results are presented in Table 2.10.
Weights were proportional to sample sizes in the CM groups for all calculations.
Exclusion of any one study did not significantly change the estimated overall effect of
QPM on growth rate in weight, regardless of the magnitude of that study’s weight in the
main analysis. The positive effect of QPM on relative growth rate for weight remains
statistically significant with the exclusion of any of these studies.

Table 2.10 Estimates and 95% bootstrap percentile confidence intervals of summary
effect sizes for effect of QPM on growth in weight, excluding one study in the main data
set at a time. Weights were proportional to sample sizes in the CM groups. LCL and
UCL are the lower and upper confidence limits, respectively.

Study omitted Estimate
1.09
Ethiopia
1.10
Ghana 1
1.10
Ghana 2
1.09
Ghana 3
1.09
Ghana 4
1.09
India
None
1.09

LCL
1.02
1.07
1.06
1.01
1.01
1.01
1.04

UCL
1.13
1.14
1.14
1.14
1.14
1.10
1.12
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2.5. Recommendations for Future Studies

2.5.1. Framework for Impact of QPM
Lauderdale (2000) described two potential pathways for QPM to have nutritional
impact, the first through the use of QPM for human food and the second through its use
as animal feed. Consumption of QPM, obtained from home production, purchase, or
some other source, by target individuals is the most direct pathway to nutritional impact.
De Groote et al. (2006) described this impact pathway as crossing multiple levels, in
which the new technology reaches the farm household through a network of community
institutions and ultimately consumption by individuals decreases a nutrient deficiency,
thereby improving nutritional status and health. The discussion below builds on the
conceptual framework presented by De Groote et al. (2006) by specifying factors that
modify individuals’ consumption of QPM and other foods and by incorporating
nutritional and health aspects in the conceptual framework.
The impact of QPM on individuals’ nutritional status and health can be modified
by factors at each level. At the community level, impact may be affected by agricultural
extension and seed systems, availability and cost of QPM grain and seed in local markets,
and other existing food and public health interventions such as school lunch programs.
The purity of a farmer’s QPM seed or QPM grain sold in the local market may vary
depending on the source, also affecting ultimate impact on nutritional status and health.
At the household level, the decision to adopt and produce QPM will depend on
various factors including household and farmer characteristics, availability and cost of
seed, access to credit, awareness of QPM and its potential benefits, and acceptability of
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QPM for agricultural production, consumption, or sale. The purity of consumed grain
will depend on additional factors, such as production conditions, farmers’ knowledge of
management of pollen contamination, and storage conditions. Families may supplement
their household maize production with purchased maize that may be QPM, CM, or some
mixture of the two. The primary source of the maize that is consumed by the household
may vary by season, particularly if home production is not sufficient to last until the next
harvest. Therefore, nutritional impact of QPM may also vary by season.
Food allocation within the household and awareness of the potential benefits of
QPM consumption will affect how much QPM is consumed by target individuals.
Nutrient losses during food preparation as well as other sources of relevant nutrients in
individuals’ diets will also affect the potential benefit of QPM. As QPM is expected to
provide a nutritional benefit by alleviating a nutrient deficiency, it is expected to have
little impact in communities and populations with little risk of inadequate nutrient
intakes.
Factors such as household characteristics, families’ socioeconomic status, access
to clean water and sanitation, education and awareness of disease and disease
management, and information and recommendations from external sources on child
feeding and care will affect the disease status of target individuals or their caregivers.
Disease in turn, through its effects on diet, child feeding practices, appetite, nutrient
malabsorption or loss, or nutrient requirements, may affect the potential impact of QPM
(Jackson and Calder 2004). In particular, even with apparently adequate consumption
that would otherwise lead to positive effects, there may not be a decrease in deficiency
due to malabsorption or loss or increased requirements. This highlights the need to
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consider the role of morbidity in assessing the impact of QPM. The nutritional and health
status of target individuals prior to QPM introduction may further affect the impact of
QPM. This framework underlies all community nutritional studies on QPM, with
specific studies varying in their starting points along the impact pathway.

2.5.2. Distinction Between Efficacy and Effectiveness
There is a need to demonstrate the efficacy of QPM consumption. Efficacy refers
to the biological effect of QPM on outcomes such as child growth or morbidity. The
India and Nicaragua studies were efficacy studies, as each involved supervised feeding of
maize-based meals to subjects and intakes were carefully monitored and measured during
the intervention. While both studies cite benefits from QPM on growth of young
children, neither study has yet appeared in the peer-reviewed literature. Graham et al.
(1990) published a well-controlled efficacy study comparing consumption of QPM to
consumption of a milk-based formula by young children. However, this study did not
present typical diets as children exclusively consumed the treatment foods. Also, the
primary comparison of interest, consumption of QPM to consumption of CM, was not
addressed by this study.
A general framework for efficacy studies is given in Figure 2.7. A dietary
intervention is consumed by a target individual, improving the adequacy of the
individual’s intakes with respect to a nutrient of interest, and this leads to improved
outcomes such as increased growth or decreased morbidity. In addition to food intakes,
nutrient requirements and any nutrient malabsorption or loss also affect nutrient
adequacy. Consumption of the intervention may affect the rest of an individual’s diet
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(for example, by increasing satiety or changing child feeding practices). Morbidity of the
subject can play a significant role by affecting the delivery of the intervention or the
subject’s compliance with the intervention. It can also affect the subject’s diet outside of
the intervention, nutrient malabsorption and loss, nutrient requirements, or growth itself.
Overall, morbidity can affect consumption qualitatively by a change in the subject’s diet,
as well as quantitatively by a decrease or increase in the consumption of certain foods.
Note that in an efficacy study, the unit of study is a target individual, and while
uncontrolled external factors may modify the effect of the intervention on the measured
outcomes, this is primarily biological rather than behavioral effect modification (Victora
et al. 2004).

Intervention*
Consumption

Nutrient
Adequacy

Measured
Outcomes*

Rest of Diet*
Nutrient Malabsorption
and Loss*

Nutrient
Requirements*

Figure 2.7 General framework for efficacy studies. Items marked with an asterisk are
affected by morbidity of the subject.

In contrast, a general framework for effectiveness studies, as it relates to
nutritional studies conducted on QPM, is given in Figure 2.8. Maize that is presented to
the household as grain or dough must be stored, processed, and prepared by members of
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the household that are typically not the target individual. Prepared food is then allocated
among members of the household including the target individual. A target individual’s
dose of the intervention is typically not monitored or measured, presenting a significant
source of variation.
Presenting the intervention in the form of seed adds several additional factors to
the study. The farmer must completely adopt the variety that is provided, substituting
regularly cultivated varieties with the new variety. The quantity of harvested grain
depends on many factors including soil fertility, weather conditions, prevalence of crop
diseases and pests, agronomic practices, use of inputs, and others, all of which could vary
among households. The quality of harvested grain depends on the purity of the seed,
farmer’s knowledge and management of pollen contamination, other factors such as plot
size that may affect pollen contamination, and others. Excesses or shortfalls of grain
during the study period may lead to sale or purchase of grain from the local market or
sharing of grain among households. Mixing of QPM and CM may also occur during
grain storage. These factors have been documented in past QPM studies (see for example
the discussion of the Ghana 1 study by Akuamoa-Boateng (2002)).
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Intervention as Seed
Production

Market

Storage, Processing, Preparation*

Intervention as Grain or Dough
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Intervention as Meal*

Maize*

Rest of Diet*

Consumption

Nutrient Malabsorption
and Loss*

Nutrient
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Measured
Outcomes*

Nutrient
Requirements*

Figure 2.8 General framework for effectiveness studies. Items marked with an asterisk
are affected by morbidity of the subject.

Decision-making and behaviors related to agricultural production additionally
play a role when the intervention is presented to a household in the form of seed. These
decisions and behaviors are made by a household member that is not likely to be the
target individual and may not be the person who makes many of the food preparation,
allocation, and other household decisions. Furthermore, morbidity of the target
individual can affect additional factors in these studies. In these effectiveness studies, the
intervention is typically presented to households rather than target individuals. The many
additional uncontrolled factors that may modify the effect of the intervention on the
measured outcomes would do so through behavioral as well as biological effect
modification. In community level studies to evaluate the nutritional impact of QPM or
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other biofortified crops, a distinction should be made whether a study evaluates efficacy
or effectiveness.

2.5.3. Considerations in Study Design
The goal of efficacy and effectiveness studies is to show an effect of an
intervention on outcomes such as child growth among target populations. The main
target population for QPM is children under five. However, diet is primarily expected to
impact child growth from the age of 6 months to 18-24 months, and older children are not
expected to show major responses in growth upon improved nutrition (G. Beaton,
personal communication). It is therefore recommended that QPM studies involve
participants up to 24 months in age, as any impact from QPM is mostly likely to be
observed in this age group.
The primary outcomes in QPM studies have been growth in height, weight, and
other anthropometric measurements, though some studies have collected periodic data on
child morbidity as well. It is not clear from reports on past QPM studies what measures
were taken to ensure data quality. Quality control measures are necessary to collect
reliable anthropometric data. Such measures would include repeated measurement of
children’s heights and weights, as assessed by more than one researcher, and training and
standardization of methods among research staff. Growth is also not a very sensitive
indicator, as many other factors affect it (for example, disease or parasitic infections).
Improving protein quality in the diet would be expected to improve immune function;
therefore, immunological indicators could serve as additional measures that would be
more sensitive and reliable. There exist indicators, such as delayed cutaneous
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hypersensitivity, that allow quantitative assessment of immune function while requiring
little access to public health facilities (Gibson 2005; Selmi et al. 2004). The study
duration required to observe a measurable treatment effect will likely be shorter with
immunological indicators than with anthropometric indicators (N. Scrimshaw, personal
communication).
Provision of any treatment, either QPM or CM, delivered as a meal, grain, seed,
or other means, will have an effect on the food supply or economic status of the subject
or household, as food, money, or other resources will be saved with the provision of the
treatment. This could result in changes in consumption patterns or other behaviors of the
subject or other members of the household, which in turn could have an effect on
measured outcomes. While such changes should affect the QPM and CM groups equally,
they will also affect the generalizability (external validity) of the results to situations in
which maize is not provided for free. The effect of any intervention on the measured
outcomes could be assessed by having a third treatment group in which subjects receive
no intervention. However, this may significantly increase the size and cost of the study.
In many QPM nutritional studies, subjects were not individually randomized to
treatments. In these studies it is either not clear whether randomization was done or
communities, rather than individual subjects, were randomized to treatments. A higher
level of randomization was often chosen as it is easier to manage delivery of the
treatment to households. Also, if the treatment was provided as seed or grain,
randomization within a community could result in sharing of seed, grain, or food among
individuals within the community, thereby reducing any observed treatment effect. This
was observed in the Ghana 1 study (Akuamoa-Boateng 2002).
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Studies that randomized at the community level involved a low total number of
communities. The Mexico and Ethiopia studies, for example, each had two communities
per treatment group. With a low total number of communities, it is possible that
systematic differences among communities between the two treatment groups with
respect to factors that also influence the measured outcomes could bias the observed
effect from the intervention. For example, differences among communities in soil
fertility or prevalence of plant diseases or pests could affect yields if the maize is
delivered in the form of seed. Differences with respect to socioeconomic status, disease
status, or other factors could lead to systematic dietary or health differences between
communities in the two treatment groups. For example, in the Ethiopia study, systematic
differences were observed in the incidence of malaria, which impacted child growth more
negatively in the QPM group than in the CM group and diminished any observed
treatment effect. Alternatively, greater incidence of malaria in the CM group could have
biased an observed treatment effect upward. Systematic differences between treatment
groups complicate the attribution of a significant difference in outcomes to the treatment
effect. The additional structure in the study design that comes from a higher level of
randomization is also often ignored in the analysis of data generated from these studies.
When communities rather than individuals are randomized to treatments, the
statistical power to detect a treatment effect increases with the number of communities
rather than the number of households or target children within those communities.
Therefore, these studies should have a sufficient number of communities, and power
calculations to determine sample size should take this planned structure into account.
However, it is likely that costs would soon become a limiting factor if efforts were made
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to expand a study to a larger number of communities. One option would be first to
conduct a pilot study with randomization within a community to evaluate the degree to
which seed, grain, and food move among households and how this affects food
consumption by target individuals. This will vary by culture, and it is possible that
randomization within communities would be successful in some areas.
If a pilot study suggests that randomization within a community would lead to
poor adherence of participants to assigned treatments and a higher level of randomization
is used instead, household or participant characteristics that could influence measured
outcomes could be used as covariates when testing for treatment effects. Analysis of
such data at baseline would identify systematic differences between treatment groups that
could confound the treatment effect in the planned study.
Some QPM studies also accepted more than one subject per household. This
clustering of observations at the household level also diminishes the power of a study.
Having only one index child per household is recommended to allow independence
among study participants. If a household has more than one eligible child, the study
participant could be randomly selected from among the eligible children.
Among the QPM nutritional studies, there was not always clear understanding of
what constituted blinding. A study is blinded if the identity of a treatment is not known
to the subjects or to the researchers administering the treatment. In these studies, the
treatment was the improved protein quality in the maize used by the study, and not the
maize variety itself. It will likely be evident to both researchers and subjects that a new
variety of maize is being evaluated. However, a study may still be blinded if two
distinguishable but unrecognized varieties are used. If a commonly recognized variety is
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used (e.g., an already released QPM variety or a locally cultivated CM variety), then
blinding on the part of the subjects or researchers is unlikely.
Meta-analyses of the QPM nutritional studies described above indicate a
significant effect of QPM on the growth of young children, taking into account the
limitations in the design and analysis of these studies. Randomization within these
studies may have led to systematic differences in measured outcomes between the
treatment groups that were not due to the treatment effect. However, any such systematic
differences are expected to be equally likely to favor QPM or CM. Therefore, the
observed significant effect of QPM is not believed to be an artifact of the randomization
in these studies. Publication bias, or the bias that results when studies reporting positive
treatment effects are more likely to be published than studies reporting no or negative
treatment effects, is not an issue here, as these meta-analyses were conducted on
unpublished studies and care was taken to identify all unpublished work and to include all
relevant studies for which sufficient information was available.
The only potential source of bias that can be identified that would favor QPM
over CM in this analysis is any lack of blinding that may have occurred in these studies.
That is, if participants (or their caregivers) were aware of which treatment was
nutritionally improved, greater consumption, better compliance, or other changes in
behavior among the participants could result in better outcomes in the QPM group. If the
researchers were aware of the identity of the treatments, their behaviors may also change
in ways that could result in better outcomes in the QPM group. Potential examples
include how anthropometric or other data are taken, what information is provided to
participants about the intervention, and the degree of interaction between subjects and
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researchers. However, there is no evidence that any lack of blinding led to behavioral
changes among subjects or researchers in any of the included studies.

2.5.4. Controlling and Measuring Dose
The frameworks for efficacy and effectiveness illustrated that many factors could
modify the dose of the treatment received by subjects. This is increasingly true as the
intervention occurs at earlier points on the impact pathway. The confounding factors
need to be recognized, described, assessed, and monitored in these studies.
The greatest control over the received dose occurs in efficacy studies, in which
the treatment food is consumed under supervision. In effectiveness studies, where
behavioral factors can play a significant role, researchers have attempted to control the
received dose in various ways. Some studies attempted to control at least some
potentially confounding factors through stringent inclusion and exclusion criteria for
study participants. For example, the Ethiopia study identified potential participating
households by the size of the land holding, the family’s duration of residence at that site,
family size and number of children, presence of a grain buffer, and other factors. While
this may reduce noise in the data that are generated, it also reduces the external validity
of the research findings.
One way to deal with lack of control in delivering the intervention to subjects or
lack of compliance with the intervention by participating subjects is to exclude subjects
who did not receive the desired “dose” of the treatment from subsequent analyses. This
was done, for example, in the Ghana 3 study. Instead, an “intent-to-treat” approach is
recommended, in which all subjects are analyzed in the treatment groups to which they
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were assigned, regardless of the actual dose of the intervention that was received. Further
analysis in which the actual dose received by individual subjects is included as a
covariate in the data analysis may be informative, as a dose-response relationship, in
which increasing dose is associated with increasing effect on measured outcomes, would
provide further evidence of an overall treatment effect in the study.
In these studies, the received “dose” may have multiple meanings, all of which
are relevant. This term could refer to the amount of maize consumed as part of the
treatment, the amount of maize consumed in the total diet, the amount of relevant
nutrients (e.g., utilizable protein, lysine, or tryptophan) consumed as part of the treatment,
or the amount of relevant nutrients consumed in the total diet. In an efficacy study,
measuring the dose received from the treatment would involve measuring the amount of
the test meal that is consumed and the amino acid content of that meal. In an
effectiveness study, the amount of maize consumed, its source (whether from the
treatment or some external source), and its amino acid content are of interest. Dietary
intakes are often not assessed or analyzed in QPM effectiveness studies, and therefore
little may be known about how much of the dietary intervention is actually consumed by
the target individual.
It is not clear how many QPM studies have measured the amino acid content of
the maize that is consumed. Such measurement is important to confirm the purity and
improved protein quality of the maize used in the study. For example, amino acid
analysis of the initial QPM lot in the Mexico study found that the lot was not of sufficient
quality to use in the study, and the study was suspended until a new lot of QPM could be
obtained. It is also useful to verify that the QPM and CM used in a study do not differ
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with respect to other nutrients such as energy, carbohydrates, fats, fiber, or
micronutrients. This would confirm that differences in outcomes between the two
treatment groups are attributable specifically to the improved protein quality of QPM. As
QPM or any biofortified crop is expected to have a nutritional impact by alleviating a
nutrient deficiency, it is important to measure intake of relevant nutrients from the
improved crop and from the rest of diet. In the case of infants and young children,
breastfeeding is an important dietary factor and should be taken into consideration.
Intakes of other nutrients (or anti-nutrients) related to the nutrients of interest should also
be monitored. In the case of QPM, given the interactions between protein and energy,
energy intakes should be assessed.

2.5.5. Data Analysis
Analysis of data from efficacy and effectiveness studies should take into account
known structure in the data. This includes factors such as study cycle, age group, and
community or location. In the Ghana 3 study, sex and age group were omitted from the
data analysis because the QPM and CM groups were roughly balanced with respect to
number of children in each sex and age group. However, significant age and sex effects
are possible even if studies are balanced with respect to these variables. Accounting for
these sources of variation reduced the error variation in the study, increasing the power to
detect a treatment effect. Consequently, the treatment effect on weight gain was marginal
but not statistically significant as reported by Akuamoa-Boateng (2002) but became
highly significant when age group and sex were included in the analysis, as described
above.
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It is particularly important to take into account non-independence of observations
in these studies. Non-independence arises from randomization at the community level,
having more than one subject per household, and repeated measurements taken on
individual subjects over time. Accounting for correlations among subjects within the
same household or community and for correlations among observations from the same
subject is necessary to conduct the correct test for a treatment effect.
Data at baseline on study participants or their households should be analyzed for
any systematic differences between treatment groups. Dietary data on the target
population prior to the start of a study would be valuable in assessing the risk of nutrient
inadequacy and level of maize consumption prior to the start of a study. As these studies
involve significant resources, the value of conducting a study in a location or involving a
population with little risk of protein or lysine inadequacy or little maize consumption
should be considered.
If data are collected during the study on additional factors that could impact
measured outcomes, these factors could be included as covariates in testing for a
treatment effect. This would allow investigation of how these factors influence the
outcome and how they interact with and modify the effect of the treatment. Inclusion of
these factors in the data analysis may also account for some of the uncontrolled error
variation in the study and thereby increase power to detect a treatment effect. Among the
factors that could be included in this way, the most interesting would be a measure of
consumption or dose received from the treatment. This would allow study of a doseresponse relationship for the treatment and would provide evidence directly connecting
child growth to consumption of QPM.
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Finally, data should be reported on participants who were excluded or dropped
out from the study and on the amount of missing data in the study results. The missing
data structure should be taken into account when analyzing the results of the study. As
was observed in the Ethiopia study, the pattern of missing data may lead to incorrect or
misleading conclusions about the treatment effect.

2.5.6. Ethical Considerations
Though they involved research on human subjects, very few of these studies were
reviewed and approved by an institutional review board (IRB) or obtained informed
consent from participating subjects. Documented IRB approval should be obtained
within the country where a study will be conducted and through the principal
investigator’s institutions. Documented informed consent should be obtained from all
participating subjects (or their guardians). Both IRB approval and informed consent
should be obtained prior to the start of the study. This is desirable for ethical reasons,
and it is also a requirement for publication in the peer-reviewed literature. Lack of
attention to ethical considerations will continue to be an obstacle to publishing human
nutritional research on QPM.

2.6. Conclusions
This is the first review of efficacy and effectiveness studies on crops that have
been genetically improved for nutritional quality. Meta-analyses of these studies indicate
a positive effect of QPM on growth of young children. Specifically, consumption of
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QPM instead of CM varieties leads to an 8% (95% CI: 4-12%) increase in the rate of
growth in height and a 9% (95% CI: 4-12%) increase in the rate of growth in weight in
infants and toddlers with mild to moderate undernutrition for whom maize is a significant
part of the diet.
The comparable results for height and weight suggest that QPM had a positive
impact on growth in height, and growth in weight may be a reflection of the concurrent
growth in height. This may be due to QPM consumption having an impact on growth in
height but not growth in weight given height. Alternatively, low weight-for-height may
not have been a significant problem among the children who participated in these studies,
and consequently there may have been little impact of QPM on weight-for-height in these
populations.
The new effect size proposed for these meta-analyses and the use of bootstrapping
to determine the statistical significance of the results allowed several limitations in the
design and analysis of available studies to be taken into account. Based on a conceptual
framework that could be readily generalized to other biofortified crops, several
recommendations were made for the design and analysis of future studies to evaluate the
nutritional impact of QPM. The recommendations made here are also directly applicable
to future evaluation of other biofortified crops.
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CHAPTER 3. SIMULATING IMPACT AT THE POPULATION LEVEL

3.1. Introduction
As the fourth level in the framework to evaluate the impact of a nutritionally
improved crop, the potential impact of QPM in a broader societal context is investigated
through simulations. The goal of this chapter is to present methods to simulate the
impact of biofortification on nutrient inadequacy in target populations. These methods
build on guidelines published by the World Health Organization (WHO) and Food and
Agriculture Organization (FAO) of the United Nations to design and plan food
fortification programs (World Health Organization 2006). The methods described below
modify these guidelines to study the potential impact of a biofortified crop and are
illustrated through three simulation studies of the potential impact of QPM on protein and
lysine inadequacy in target populations.
The WHO guidelines present a four-step method to determine the desired level of
food fortification. First, the distribution of usual nutrient intakes is determined in specific
population subgroups, based on quantitative dietary intake data. The population
subgroups at greatest risk of inadequate nutrient intakes are identified. For most
nutrients, prevalence of inadequate intakes in a population is estimated using the
estimated average requirement (EAR) cut-point method, where the prevalence of
inadequate intakes in a population is estimated by the proportion of the population with
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usual nutrient intakes falling below the EAR of that population (Carriquiry 1999). There
are three main assumptions to using the EAR cut-point method to determine the
prevalence of nutrient inadequacy: intakes and requirements of a nutrient should be
independent, the requirement distribution should be approximately symmetric around the
EAR, which is its mean, and the variance of the requirement distribution should be
smaller than the variance of the usual intake distribution.
Once the population subgroup that is most at risk for inadequate (or excessive)
intakes is identified, the usual amounts of the intended food vehicles for fortification that
are consumed by that subgroup are measured. Then, given the usual intakes of nutrients
and intended food vehicles in that subgroup, the effect of different levels of fortification
of the food vehicle is calculated for the subgroup. The results are used to set goals for
food fortification in the target population.
The approach taken in this chapter diverges from the WHO guidelines in two
significant ways. First, the goal of the studies described below is to simulate the
nutritional impact of an agricultural technology. There is a long pathway of impact
leading from the introduction of the technology to impact on nutrient inadequacy, and
this pathway will be incorporated into the simulation studies. A general framework for
the impact of biofortification on nutrient adequacy is given in Figure 3.1. This
framework is similar to the framework for impact of QPM described in Chapter 2,
reflecting the generalizability of that framework to other nutritionally improved crops.
This framework involves different types of decision-making among different members of
a household, not all of whom may be targeted for the technology. The types of decision-
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making include production decisions such as adoption, household decisions such as
allocation of food, and consumption decisions.
Secondly, rather than simulating the (univariate) distribution of usual intakes in a
population, the joint distribution of usual nutrient intakes and nutrient requirements is
simulated for a target population. It will be seen that the EAR cut-point method cannot
be used to assess nutrient adequacy in these applications because its assumptions will be
violated. Changes in the joint distribution after release of the technology will then be
simulated while taking into account pathways through which the technology could affect
intakes or requirements. Statistics will be identified to quantify the technology’s effect
on the joint distribution and used to study the interactions between modifying factors and
the new technology. The primary outcome of interest is nutrient adequacy at the
population level. Improved nutrient adequacy is expected to lead to other improved
outcomes for target individuals, households, and higher levels.
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Figure 3.1 General framework for impact of biofortification on nutrient adequacy. Items
marked with an asterisk are affected by morbidity of target individuals.

In this chapter, the development of these methods is illustrated by three
simulation studies on the potential impact of QPM on protein and lysine adequacy in
target populations. The results of these simulation studies illustrate the methods and
demonstrate that simulation can be used to identify and study relationships among factors
that modify the impact of a biofortified crop. They therefore can be used to identify
important considerations in the planning and implementation of biofortification
programs. If the same methods were applied to actual rather than simulated diets, these
methods could be used make inferences about the potential impact of QPM or other
biofortified crops in specific populations.
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3.2. Simulation Study 1: Protein Inadequacy and Disease
The first simulation study was based on data from Flores et al. (1966), as reported
by Rahmanifar and Hamaker (1999). Data were available on the average utilizable
protein intake, age, and weight of toddlers from two rural villages in Guatemala.
These data were used to simulate protein requirements in that population according to the
2002 Dietary Reference Intakes of the Food and Nutrition Board (FNB), Institute of
Medicine (IOM), based on the average weight of the children and the reference weight
for children aged 1-3 years (FNB/IOM 2002). The distribution of average utilizable
protein intakes was simulated as a normal distribution with the mean as reported by
Rahmanifar and Hamaker (1999) and coefficients of variation (CVs) as suggested by that
paper. The simulated intake distribution was independent of the simulated requirement
distribution.
Given a joint density of usual intakes and requirements for a nutrient, the
prevalence of inadequate intakes in the population can be calculated as the probability
that requirement, R, exceeds intake, I:
∞ r

Pr ( I < R ) = ∫ ∫ f R , I ( r , i ) didr ,
0 0

where f R , I ( r , i ) is the density of the joint distribution of requirements and usual intakes
in a population. The above integral of the simulated density was computed by simulating
a large number of individuals from that population and computing the proportion whose
requirements exceeded their intakes. This yielded an estimate of the prevalence of
inadequate intakes in the population as a function of the CV of the usual intake
distribution.
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Rahmanifar and Hamaker (1999) reported that on average, maize accounted for
58.5% of protein intake in this population. To investigate the potential effect of a disease
on adequacy of protein intakes, it was assumed that substitution of CM with QPM in this
population would increase utilizable protein intake from maize by 25%. Utilizable
protein intakes of simulated individuals were recalculated assuming complete substitution
of CM with QPM. The resulting change in utilizable protein intake was different for each
individual, as it was a function of initial utilizable protein intake.
The impact of QPM on nutrient inadequacy was quantified by the relative risk (RR) of
inadequacy after the introduction of QPM:
RR =

Pr ( inadequate intake with QPM )

Pr ( inadequate intake without QPM )

.

A RR of 1 means that QPM had no effect on nutrient inadequacy, a RR of 0 means that
QPM completely eliminated nutrient inadequacy in a population, and an intermediate RR
of 0.8, for example, means that introduction of QPM reduced the prevalence of nutrient
inadequacy in a population by 20 percent.
The prevalence of inadequate intakes before and after introduction of QPM and
the corresponding relative risks are given in Table 3.1 as a function of the CV of the
intake distribution and the choice of weight used to simulate the requirement distribution.
In general, as the variability of intakes increased in the population, the prevalence of
inadequate intakes increased and the relative benefit of QPM decreased (i.e., the relative
risk increased). This suggests that variability of nutrient intakes in a population may be a
factor that would modify the impact of QPM at the population level. The initial
prevalence of inadequacy must be considered when interpreting relative risks, as a high
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relative risk may still indicate a substantial decrease in nutrient inadequacy when the
initial prevalence of inadequacy was also high. The use of relative risk to quantify the
impact of QPM on nutrient inadequacy is investigated further in simulation study 2.
As children in this study on average weighed less than the reference weight for
their age and as protein requirements are determined by body weight, protein
requirements calculated using the children’s average weight were lower than protein
requirements calculated using the reference weight. Consequently, intakes appeared
more adequate when actual weights were used to simulate requirements in this
population. The simulation method used here was able to accommodate either method to
calculate requirements in the population.

Table 3.1 Impact of substitution of CM with QPM on prevalence of inadequate intakes in
simulation study 1. Simulated intakes and requirements were consistent with data on
toddlers from two villages in rural Guatemala, as reported by Rahmanifar and Hamaker
(1999). Requirements were simulated using the reported average weight and the
reference weight (FNB/IOM 2002) for children aged 1-3 years.

Reference Weight
CV of Intake

Inadequate Intakes (%)

Average Weight

RR of Inadequate

Inadequate Intakes (%)

RR of Inadequate

Distribution

Before QPM

After QPM

Intake After QPM

Before QPM

After QPM

Intake After QPM

0.15

30

12

0.40

5

1

0.26

0.20

33

17

0.51

10

4

0.41

0.25

36

21

0.59

14

8

0.53

The prevalence of disease can affect nutrient adequacy in a population by
increasing nutrient requirements or decreasing nutrient intakes through qualitative or
quantitative changes in individuals’ diets. The simulations described above were
repeated, allowing for varying levels of disease in the population. Disease was
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incorporated into the simulations by allowing each simulated individual to have a certain
probability of disease. This probability may be the same for all individuals in a
population or it may depend on an individual’s characteristics (e.g., whether an individual
had an adequate nutrient intake prior to getting a disease). To investigate the potential
effect of disease, it was assumed that if an individual we diseased, the individual’s
protein requirement would increased by 20%. This figure was chosen to illustrate the
simulation method, and impact of choosing other values could easily be explored using
these methods.
As the probability of disease increased in the population, and requirements
increased while intakes remained the same, the prevalence of inadequate intakes prior to
QPM substitution naturally increased (Figure 3.2). Meanwhile, the impact of QPM, as
measured by relative risk, decreased. However, variability in intakes again played a
significant role, both on the magnitude of the effect of disease on the prevalence of
inadequate intakes prior to QPM substitution and on the impact of QPM at any given
level of disease prevalence.
These relationships were explored further by allowing intakes to decrease if an
individual is diseased or by allowing the probability of disease to be higher among
individuals who already had inadequate intakes prior to getting a disease. The impact of
QPM under these scenarios and with varying probability of disease is depicted in Figure
3.3. The impact of QPM, as measured by relative risk, was reduced when disease was
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Relative Risk of Inadequate Intakes After QPM Substitution:
Requirements Based on Reference Weight
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Prevalence of Inadequate Intakes Prior to QPM Substitution:
Requirements Based on Reference Weight
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Figure 3.2 Impact of disease prevalence on prevalence of inadequate intakes prior to QPM substitution and relative risk of
inadequate intakes after QPM substitution in simulation study 1.
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more likely among individuals who initially had inadequate intakes and when disease led
to an overall decrease in protein (or food) intake. Again, these results should be
interpreted while taking into consideration prevalence of inadequacy prior to QPM
substitution.
These results reflected the fact that while nutrient inadequacy may increase with
disease, a food-based intervention may have little impact if disease leads to qualitative or
quantitative changes in intake. That is, if a child who has fallen ill eats less, is given less
food, or is given different foods than what is typically consumed, then an intervention
that relies on consumption of a typical diet may not have significant impact. It is
interesting to note that if a disease both decreases nutrient intakes and increases nutrient
requirements, then intakes and requirements become negatively correlated in populations
where that disease is prevalent. This suggests that the EAR cut-point method may not be
appropriate to estimate the prevalence of inadequate intakes in a population in this
situation. However, intakes and requirements are independent given disease status.
Therefore, the EAR cut-point method may be applicable if the prevalence of inadequate
intakes is assessed by conditioning on disease status. While there are known
relationships between nutrition and disease (Jackson and Calder 2004), disease status is
not considered when assessing nutrient adequacy in a population. The methods used in
this simulation can be applied to assess nutrient adequacy given disease in populations
where dietary and morbidity data are available and the effects of a disease on nutrient
requirements are known.
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Relative Risk of Inadequate Intakes After QPM Substitution
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Figure 3.3 Relative risk of inadequate intakes after QPM substitution as a function of
disease prevalence. Disease occurred with equal probability among all individuals
(“equal prob”) or with greater probability among individuals with inadequate intakes
prior to disease (“unequal prob”), or incidence of disease led to decreased nutrient intakes
(“decreased intake”) with equal probability of disease among all individuals.

3.3. Simulation Study 2: Lysine Inadequacy and Seasonality
The second simulation study focused on the potential impact of QPM on lysine
inadequacy among adults in Kenya. Simulation study 1 modeled the impact of QPM
directly on a population’s usual nutrient intake distribution. In this section, the modeling
of intakes was improved to study the effects of variability in the consumption of
individual foods on the potential impact of QPM. In particular, the effect of seasonal
variation in bean consumption on the impact of QPM was explored.
Average daily consumption of maize, other cereals, milk, and beans for selected
districts of Kenya was provided by H. De Groote and O. Shadrack (unpublished) (Table
3.2). These values were calculated from food expenditure data collected by the Welfare
Monitoring Survey III (WMSIII), conducted in Kenya in 1997 (Ministry of Finance and
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Planning 2000a; Ministry of Finance and Planning 2000b). These data provide a sample
of likely average consumption values for this QPM target area, and they will be used to
illustrate the methods described below. The results that are generated will be useful to
study potential seasonal variation in the impact of QPM but should not be used to
indicate actual levels of lysine inadequacy in Kenya.
Pellett (1996) developed the following equation to estimate lysine intake from
three major food groups: animal source foods, cereals, and pulses including soybeans:

Lysine (mg/day) = 86.3 ( AP ) + 19.8 ( CP ) + 63.6 ( PSP ) + 599 ,

where AP is animal protein (g/day), CP is cereal protein (g/day), and PSP is protein from
pulses including soybeans (g/day). Table 3.2 provides food consumption values for
maize, other cereals, milk, and beans. The protein content per gram of each of these food
items was obtained from the USDA National Nutrient Database for Standard Reference
(USDA 2005). Average protein contributions from non-milk animal products, non-bean
pulses, and soybeans were obtained from the 1997 Food Balance Sheet for Kenya (FAO
2005). These data were used in the equation provided by Pellett (1996) to calculate the
mean daily lysine intake in each district. It was then assumed that the lysine intake
distribution in each district was normally distributed with a mean as calculated and a
coefficient of variation of 20%. All lysine intakes simulated from these distributions
were reduced by 10% to account for digestibility.
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Table 3.2 Estimated average consumption of selected foods in districts of Kenya
(provided by H. De Groote and O. Shadrack).
Province
Central
Central
Central
Central
Central
Coast
Coast
Coast
Coast
Coast
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Nyanza
Nyanza
Nyanza
Nyanza
Nyanza
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Rift Valley
Western
Western
Western
Western

District
Kiambu
Kirinyaga
Muranga
Nyandarua
Nyeri
Kilifi
Kwale
Lamu
Taita Taveta
Tana River
Embu
Kitui
Machakos
Makueni
Mbeere
Meru
Tharaka
Homa-Bay
Kisii
Kisumu
Migori
Siaya
Baringo
Bomet
Elgeo-Marakwet
Kajiado
Kericho
Laikipia
Nakuru
Nandi
Narok
Trans-Mara
Trans-Nzoia
Uasin Gishu
West Pokot
Bungoma
Busia
Kakamega
Vihiga

Food consumption (gram/person/day)
Maize Milk Beans
Other Cereals
346
115
44
56
320
76
95
76
322
119
85
55
342
124
47
39
343
99
86
56
497
11
24
14
318
19
21
40
271
57
63
73
290
67
46
25
289
148
36
148
194
83
82
39
297
37
98
43
368
38
56
16
306
38
37
24
358
39
108
44
228
84
73
53
251
57
98
105
106
41
10
115
289
62
27
45
176
45
18
41
264
23
26
57
206
29
33
80
328
96
50
58
167
174
23
78
281
69
59
46
375
244
74
40
233
127
31
46
418
85
87
33
326
73
48
37
239
104
30
27
419
59
27
24
337
80
45
19
281
164
38
17
272
120
48
29
234
67
28
30
246
48
38
26
230
15
14
63
173
55
29
24
347
60
18
5
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To study the effects of seasonality in bean consumption, two seasons were
simulated: a “post-harvest” season in which bean consumption in each district was
assumed to be 25% greater than the value given in Table 3.2 and a “pre-harvest” season
in which bean consumption in each district was assumed to be 25% less than the given
value. Lysine intake distributions were then calculated for each season and district as
described above.
The distribution of lysine requirements was simulated as follows. Reference body
weights are 57 kg for women and 70 kg for men, and the EAR for lysine for adults 19
years or older is 31 mg/kg/day (FNB/IOM 2002). The mean of the requirement
distribution was therefore taken to be the product of the EAR and the reference weight
averaged over the sexes. The requirement distribution was assumed to be normally
distributed with a coefficient of variation of 12%. This distribution was simulated
independently of the intake distribution. As with other aspects of these simulations, the
parameters above were chosen to illustrate the simulation method. Other methods to
simulate the requirement distribution could be evaluated using the same methods.
It was assumed that the lysine concentration in maize protein increased from 28
mg/g protein to 45 mg/g protein with the substitution of CM with QPM. While 45 mg/g
protein is reasonable for QPM varieties, there are efforts to increase this improvement by
selecting for loci that modify lysine and tryptophan levels in the endosperm (Krivanek et
al. 2007). The potential impact or benefits of these efforts could also be explored through
simulation. Protein content of QPM was assumed to be the same as that of CM, and only
complete substitution of CM with QPM was considered. In addition to the relative risk,
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the difference in percent inadequacy before and after the introduction of QPM was also
calculated as a measure of the impact of QPM on nutrient adequacy in the population.
Relative risk of lysine inadequacy and change in lysine adequacy after QPM
substitution are plotted against lysine inadequacy before QPM substitution in Figures 3.4
and 3.5, respectively. The impact of QPM is clearly related to the degree of inadequacy
before its introduction. Using relative risk as a measure of impact, it appears that QPM
has less of an impact (a higher relative risk) when lysine inadequacy was already high in
a population. However, this is misleading as a high relative risk can still mean a
significant drop in inadequacy when initial inadequacy is high. This is clarified in Figure
3.5, in which impact of QPM is measured in absolute terms as the change in lysine
inadequacy after the introduction of QPM. These results do not indicate any seasonal
effect on QPM impact, given the level of lysine inadequacy before QPM introduction.
However, there is a seasonal effect on lysine inadequacy before QPM introduction,
leading to an indirect effect on the impact of QPM. This is explored further below. The
district of Homa-Bay appeared to be an outlier in many of the simulations in the section.
Food expenditures were generally low in that district, with very low bean consumption
and greater dependence on cereals other than maize.
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Figure 3.4 Relationship between lysine inadequacy before QPM substitution and relative
risk of lysine inadequacy after QPM substitution in simulation study 2. Each district is
represented by two points, with a red open circle indicating the pre-harvest season and a
black closed circle indicating the post-harvest season.

Homa-Bay

Figure 3.5 Relationship between lysine inadequacy before QPM substitution and change
in lysine inadequacy after QPM substitution in simulation study 2. Each district is
represented by two points, with a red open circle indicating the pre-harvest season and a
black closed circle indicating the post-harvest season.

94

There is a clear relationship between the relative risks of lysine inadequacy after
QPM substitution in the pre- and post-harvest seasons (Figure 3.6). A similar
relationship appears when change in inadequacy is used to measure the impact of QPM
(Figure 3.7). These relationships indicate that if QPM is likely to have a relatively high
impact in one season, it is also likely to have a relatively high impact in the other season.
In 37 of the 39 districts, the relative risk was lower in the post-harvest season. However,
in absolute terms as the change in the prevalence of lysine inadequacy after QPM
substitution, the impact was greater in the pre-harvest season for all districts.

Figure 3.6 Relationship between the post- and pre-harvest seasons for relative risk of
lysine inadequacy after QPM substitution in simulation study 2.
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Figure 3.7 Relationship between the post- and pre-harvest seasons for change in lysine
inadequacy after QPM substitution in simulation study 2.

In Figure 3.8, the change in lysine inadequacy across seasons is plotted in the
presence and absence of QPM. In this Figure, the vertical axis can be interpreted as a
measure of seasonal variation in lysine inadequacy. These results indicate that QPM
substitution reduces seasonal variation in lysine inadequacy over a range of dietary
profiles, as represented by the districts under study. This is a new mechanism for QPM
or any biofortified crop to have a nutritional impact. Seasonal variation in inadequacy
may be another useful measure of impact for biofortified crops.
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Figure 3.8 Seasonal change in lysine inadequacy before (black) and after (red) QPM
substitution in simulation study 2. Values are plotted against a district index.

In Figure 3.9, the change in lysine inadequacy across seasons is plotted against
lysine inadequacy in the post-harvest season, with and without complete QPM
substitution. Higher levels of lysine inadequacy are associated with greater seasonal
variation in inadequacy. Although it appears that QPM introduction decreases seasonal
variation in lysine inadequacy, it also decreases lysine inadequacy in general.
These simulations demonstrate that the potential impact of QPM may vary
seasonally, and, in particular, it may depend on seasonal variation in the consumption of
other foods that are high in quality protein or lysine. It is also clear from these examples
that patterns of consumption of other components in the diet can influence the impact of
QPM or of any biofortified food. This suggests that monitoring the total diet, and not just
the intake of biofortified foods, is important in evaluating the impact of a biofortified
crop.
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Figure 3.9 Seasonal change in lysine inadequacy before (black) and after (red) QPM
substitution in simulation study 2. Values are plotted against lysine inadequacy in the
post-harvest season.

3.4. Simulation Study 3: Adoption and Production Patterns
Simulation study 3 was also based on data from the WMSIII. Significant changes
were made to the modeling of diets, characteristics of the simulated population, and
individuals’ source of QPM. To simulate individuals’ diets, six dietary components were
considered: maize, other cereals, milk, beans, other animal protein, and other pulses and
soy protein. Diets within a population were simulated from a six-dimensional
multivariate normal distribution. The first four components of the mean of that
distribution were drawn from the district-level data given in Table 3.2. The mean values
used for other animal protein and other pulses and soy protein were taken from the 1997
Kenyan Food Balance Sheets and were assumed to be the same for all districts (FAO
2005).
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Distributions of consumption of individual food items were assumed to have a
20% CV, except for maize and beans, which had a 10% CV. The correlations among
levels of consumption of different food items were assumed to be equal to the
correlations among the district means given in Table 3.2. Correlations of intakes of other
animal protein or other pulses and soy protein with the other dietary components were set
to zero. Individuals’ lysine intakes were calculated from their simulated diet using the
formula proposed by Pellett (1996). This method to determine a distribution for
simulating diets was chosen to illustrate the simulation outcome. Diets could be
simulated in other ways, or they could be drawn from distributions estimated from dietary
intake data of a population of interest.
Separate weight distributions were simulated for men and women, and
individuals’ simulated weights were used to determine their lysine requirements. The
sex ratio in all simulated populations was set to 0.5. Total lysine intakes were reduced by
10% to account for digestibility. The effect of disease was investigated by increasing the
lysine requirements of individuals in the bottom 5% of their weight|sex distribution to 44
mg/kg/d. This figure was based on research indicating that lysine requirements of
chronically undernourished men are approximately 50% higher than those of wellnourished individuals (Kurpad et al. 2003).
There were three types of people in a simulated population: non-maize producers,
maize-producing QPM non-adopters, and maize-producing QPM adopters. Each
individual could consume varying amounts of three types of maize grain: grain produced
by the QPM adopter, grain produced by the QPM non-adopter, and grain purchased from
the local market. Each type of maize grain had some amount of QPM in it. Grain
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produced by the QPM adopter was assumed to be high in QPM, although it did not have
to be purely QPM; grain produced by the QPM non-adopter was assumed to contain no
QPM; and grain purchased on the local market was assumed to have little or no QPM.
Every individual in the simulation also had a value indicating their degree of selfsufficiency in maize, i.e., what proportion of their total maize consumption came from
home production. This proportion was expected to be relatively high among maize
producers and zero among non-producers.
Figure 3.10 illustrates the relationship between initial prevalence of lysine
inadequacy and change in lysine inadequacy as a result of QPM introduction. In these
simulation results, all individuals were maize producers and there was 100% adoption of
QPM. Maize produced by adopters was 90% QPM and 10% CM, thereby allowing
impurity in harvested and consumed grain that could have arisen through impure seed,
pollen contamination, mixture during storage, or other sources. Maize purchased from
the local market was 10% QPM and 90% CM, indicating a situation where QPM was
available from the market but appeared in low levels or in mixtures with CM. Each
simulated individual was independently assigned a degree of self-sufficiency in maize
that ranged between 60 and 100%.
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Figure 3.10 Relationship between initial prevalence of lysine inadequacy and change in
lysine inadequacy as a result of QPM introduction among maize producers with 100%
QPM adoption and other input parameters as described in the text. Each plotted point
represents a dietary profile consistent with average diets in a given district of Kenya.

For some dietary profiles, lysine inadequacy before QPM introduction and change
in lysine inadequacy after QPM introduction were low, indicating scenarios of little
nutritional need or impact. For other dietary profiles, inadequacy before QPM
introduction and change in inadequacy after QPM introduction were both high, indicating
a nutritional need that could be met by QPM. These results suggest that QPM could have
a potential impact in some but not all scenarios, overall diet in a population would be a
significant determinant of impact, and targeting of QPM introduction based on dietary
data from a population would allow the technology to be used efficiently in meeting
nutritional needs without spending resources to develop and disseminate QPM varieties
adapted to areas where they would be of little benefit.
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Figure 3.11 plots potential impact, as measured by change in lysine inadequacy,
versus average maize consumption and average bean consumption, given the same inputs
as described above. Though the technology is an improvement in the lysine content of
maize, there is no apparent relationship between impact and average amount of maize
consumption among the dietary profiles considered. However, there is a clear
relationship between impact of QPM and average consumption of beans, which are
relatively high in lysine content. This interesting result again highlights the importance
of assessing the total diet of a population in targeting and impact assessment.
The results above assume that all individuals in a population are QPMadopting maize producers. In Figure 3.12, the impact of QPM, as measured by change in
lysine inadequacy, is simulated as a function of the proportion of the population engaged
in maize production and the QPM adoption rate among those producers. In these
simulations, diets were consistent with the average diet in Makueni District, Kenya. If all
individuals are maize producers with 100% adoption, lysine inadequacy in this scenario
is expected to drop by 12.7% . With a 40% adoption rate, lysine inadequacy would drop
by 5.4%, and with 20% adoption, lysine inadequacy would drop by only 2.9%. These
values would in general decrease as a smaller proportion of the population engaged in
maize production, or comparably, as more households ran out of maize stocks in a given
year and individuals effectively became non-maize producers. It is interesting to note in
Figure 3.12 that when adoption rates are low (e.g. 10%, a plausible value), impact is
greater when a smaller proportion of individuals are engaged in maize production. This
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Figure 3.11 Relationship between change in lysine inadequacy as a result of QPM introduction and average maize and bean
consumption among maize producers with 100% QPM adoption and other input parameters as described in the text.
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result occurs because non-maize producers are entirely dependent on maize from the
local market, which contained low levels of QPM. Meanwhile, non-adopting maize
producers rely on their own production, which contains no QPM, for the majority of their
maize consumption. The additional features of these simulation models presented useful
tools to study the roles of and interactions among factors that may modify the effect of
QPM. From the simulations in this section, it is clear that patterns of adoption and
production affect the potential impact of the improved crop and that these patterns may
modify impact in complex ways.

Figure 3.12 Change in lysine inadequacy as a function of the proportion of maize
producers in a population and the QPM adoption rate among the producers. Simulated
diets were consistent with data on the average diet in Makueni District, Kenya.
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Currently, southern Ghana is believed to have the highest rate of QPM adoption,
estimated at around 40% (Dankyi et al. 2005). This is a reasonable estimate for an upper
bound on adoption rates. When considering release of QPM to a new area, it would be
worthwhile to estimate to the potential impact on inadequacy in that area. This would aid
decision-making about targeting the technology to areas where it is likely to have an
impact and would help to prevent use of resources in directing the technology to areas
where it is not needed. In evaluating potential impact, it would be necessary to take into
account reasonable expectations of adoption rates.
A similar approach using other nutrients could be used for other biofortified
crops. If two biofortified varieties, each improved for a different nutrient, are released in
the same area where there is risk of inadequacy for both nutrients, then it is likely that the
adoption rate of each individual variety will be relatively low. Consequently, impact on
the inadequacy of both nutrients may be relatively low. In such a situation, it would be
worthwhile to pyramid both nutritional traits into one improved variety. If lysine or
quality protein is one of the traits for which there is a nutritional need, it would make
sense to integrate QPM breeding and other biofortification efforts.

3.5. Conclusions
The simulation-based methods described in this chapter are useful tools to study
the potential impact of QPM at the population level. These methods can be adapted to
study diverse scenarios as well as to study other biofortified crops. Although diets were
simulated to illustrate the methods above, simulated diets could be substituted with actual
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diets quantified from dietary intake data and used to inferences about specific
populations.
These methods take into account the mechanisms through which QPM or another
biofortified crop could have a nutritional impact. They allow study of relevant factors
that may modify the impact of a new crop at the population level. Potential impact vary
by adoption and production patterns, composition of the total diet, variation in food
consumption patterns, self-sufficiency in and sources of maize, disease, and other factors,
as well as seasonal effects on all of the above. These factors should be considered and
monitored in the planning and implementation of biofortification programs.
Different statistics were used to quantify impact of the technology on nutrient
adequacy. Relative risk of inadequacy after introduction of a biofortified crop led to
incorrect conclusions in some cases, and change in the prevalence of inadequacy
appeared to be a more useful indicator to evaluate the impact of a biofortified crop.
Variation in nutrient inadequacy also appeared to be a potentially useful indicator,
particularly in investigating seasonal effects, as biofortified crops may reduce not only
nutrient inadequacy but also variation in nutrient inadequacy.
The simulation-based methods in this chapter significantly build on existing
guidelines to simulate impact, in particular by taking into account potential impact
pathways. These methods allow quantitative discrimination between scenarios of high
and low impact and can be applied generally to biofortified crops. They also allow
identification of factors that should be monitored in the planning and implementation of
biofortification programs. In particular, they highlight the importance of assessing total
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diet and morbidity in a target population, which may not otherwise be assessed when
evaluating the impact of an agricultural technology.
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CHAPTER 4. CONCLUSIONS

In this dissertation, a four-level framework was proposed to evaluate evidence on
the nutritional impact of QPM. A search of the peer-reviewed literature identified several
studies that have demonstrated increased bioavailability of protein in QPM and o2 maize
grain, compared to protein in CM grain. However, there were no published studies that
demonstrated QPM’s efficacy, effectiveness, or impact in a broader context.
Unpublished efficacy and effectiveness studies on QPM and o2 maize were identified and
a meta-analysis was conducted to assess the effect of QPM on the growth of young
children. The results indicate that consumption of QPM instead of CM leads to an 8%
(95% CI: 4-12%) increase in the rate of growth in height and a 9% (95% CI: 4-12%)
increase in the rate of growth in weight in infants and toddlers with mild to moderate
undernutrition for whom maize is a significant part of the diet.
The studies used to derive these estimates had methodological limitations, several
of which were addressed through the effect size developed for the meta-analysis and the
use of the bootstrap to assess statistical significance of the results. Further communitylevel nutritional studies were recommended to provide stronger evidence on the efficacy
and effectiveness of QPM. Conceptual frameworks were described and several
recommendations were made for the design and analysis of such studies. These
frameworks and recommendations are also directly applicable to future evaluation of
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other biofortified crops. The first part of this dissertation presented the first systematic
review of efficacy and effectiveness studies on crops that have been genetically improved
for nutritional quality.
The simulation-based methods described in the second part of this dissertation
proved to be useful tools to study the potential impact of QPM at the population level.
These methods took into account the mechanisms through which QPM or another
biofortified crop could have a nutritional impact and allowed study of factors that may
modify the impact of a new crop at the population level. The simulations indicated that
impact may vary by adoption and production patterns, composition of the total diet,
variation in food consumption patterns, self-sufficiency in and sources of maize, disease,
seasonal patterns, and other factors. These factors should be considered and monitored in
the planning and implementation of biofortification programs. The methods described
here allow quantitative discrimination of scenarios of high and low impact and can be
adapted to study diverse scenarios as well as to study the potential impact of other
biofortified crops. QPM is a valuable model for biofortification as the data requirements
and methodologies to evaluate nutritional impact will be similar for all nutritionally
improved crops. Challenges like those encountered with QPM are also likely in
breeding, targeting, dissemination, and impact assessment in biofortified crops. The over
40 years of QPM research can significantly inform current efforts in biofortification.
In addition to questions about nutritional impact, other questions have been raised
about QPM over the years that have not been completely answered. Criticism of the
priority given to QPM in maize breeding persists in part because of the lack of attention
to these concerns. Perhaps the largest concern that has been voiced is whether there still
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exists a yield penalty from inclusion of the quality protein trait. Recent data comparing
yields of QPM and CM varieties, controlling for environment and type of germplasm
(e.g., hybrid, open pollinated variety, or synthetic), could be analyzed to address this
concern. Generally, QPM varieties are competitive with CM varieties in many tropical
environments (Bjarnason and Vasal 1992; Pixley and Bjarnason 1993), though small
yield gaps persist in some countries (K. Pixley, personal communication).
While the goal has traditionally been to increase QPM yields to the level of CM
yields, QPM yields may have to exceed CM yields to facilitate adoption in at least some
areas. Otherwise, farmers may choose to continue cultivation of a familiar variety, rather
than adopt a new variety with no visible benefit. This may have happened in Central
America, where recently developed QPM hybrids could not displace older CM hybrids in
the area (H. Córdova, personal communication). Questions also remain on whether QPM
still has greater susceptibility than CM to diseases or storage pests. Differences for
agronomic traits other than yield are mostly case-specific, although in general, QPM
varieties may still be more susceptible to ear rots and post-harvest insect damage than
CM varieties (K. Pixley, personal communication). Again, existing data could be
analyzed to address these concerns.
Another concern that has not been adequately addressed is whether pollen
contamination could lead to significant loss of the quality protein trait in farmers’ fields,
particularly given the small plot sizes of the farms that are likely to be targeted with
QPM. It is said that pollen contamination and loss of the quality protein trait are not as
serious a concern as was originally believed; however, no data have been published to
support that statement. Evaluation of the impact of pollen contamination should occur in
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typical farmers’ fields, ideally under farmer management, rather than in field tests
conducted by researchers. Studies of gene flow from transgenic maize could also be used
to address this issue. One proposed solution to the problem of pollen contamination has
been to push for complete adoption of QPM in a target area. However, this appears
neither feasible nor desirable.
There appear to be fewer remaining concerns about the acceptability of QPM
grain for the preparation of commonly consumed foods. However, investigations on
acceptability of QPM often had methodological limitations as many of these studies
evaluated target individuals’ opinions of one QPM variety compared to one CM variety.
These studies often attributed any difference in acceptability between the two varieties to
the quality protein trait and associated these differences with the comparison of QPM and
CM in general.
Finally, costs associated with QPM breeding have not always been clear. Extra
cycles of breeding are required to introgress the quality protein trait into a new variety as
the o2 allele must be fixed prior to selection for modifying loci (Krivanek et al. 2007).
However, conversion of existing varieties to QPM is not the only breeding method that is
used, and other methods may require less time, depending on the availability of elite
QPM germplasm. Laboratory screening of amino acid content is also costly, though not
required for all stages of breeding (De Groote et al. 2006). Although genetic diversity of
QPM germplasm has been significantly increased, it is not clear how much diversity
exists among released QPM varieties. In Sub-Saharan Africa, for example, the majority
of released QPM varieties are derived from maize population Across 8363SR (Krivanek
et al. 2007).
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Nevertheless, huge advances have been made in QPM genetics and breeding over
the last 40 years, and this remains an active and productive area of research. Many maize
breeding programs are actively working to develop QPM varieties and to disseminate
them widely with the intention of having a positive impact on the nutrition, health, and
even survival of undernourished infants and children. However, while significant
progress has been made on the breeding, genetics, and biochemical basis of QPM,
comparable progress has not been made in evaluating the nutritional impact of QPM for
target individuals and populations. It is hoped that the positive results presented here will
encourage greater attention and investment in evaluating the nutritional impact of QPM
in sound scientific studies.
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