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ABSTRACT

Treatment of acute malnutrition typically requires the provision of ready-to-use food (RUF). RUF is
effective but expensive, being manufactured from costly ingredients and shipped worldwide from few
global suppliers. I developed a linear programming tool to create RUF optimized for low cost using
locally grown crops while maintaining necessary nutritional goals and other constraints. My tool utilizes a
database of the nutritional value, price, and water efficiency of suitable ingredients and allows to adjust
constraints, including nutrients, flavor, and crop water efficiency. It is designed to: a) address nutrient
requirements conforming to current standards and practice; b) optimize RUF formulae for low cost using
a wide range of ingredients for nutritional value and acceptability improvement; c) ensure protein quality
through protein digestibility corrected amino acid score (PDCAAS); and d) adjust RUF formulae
according to locally grown crop selection, local prices and crop water footprint. The tool creates formulae
free of expensive dairy ingredients, ensuring desired PDCAAS by automatically balancing proteins with
complementary quantities of essential amino acids. Using publicly available data with an application to
Nigeria, my tool created RUF formulae suitable for local production using local crops that meet all
nutrient requirements at a fraction of the ingredient cost and water footprint of current formulae,
demonstrating the tool’s effectiveness. Optimization of RUF for low cost using locally grown crops will
facilitate local production and reduce ingredient and transport costs so as to reach more patients. Further
testing will confirm acceptability and effectiveness of optimized RUF formulae in local contexts.
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INTRODUCTION

Problem: According to UNICEF, 16 million children around the world are affected by severe acute
malnutrition (SAM), and nearly half of all child deaths are due to malnutrition. Treatment of acute
malnutrition typically requires the provision of ready-to-use food (RUF), a paste like formula with
varying serving sizes and composition for different treatments. Ready to Use Therapeutic Food (RUTF) is
used for treatment of severe acute malnutrition while Ready to Use Supplementary Food (RUSF) is used
for moderate acute malnutrition treatment.

RUF is expensive. The high cost of RUF has been found as the primary reason for donors’ inability to
meet the basic nutrition needs in developing countries (UNICEF, 2009). Firstly, the cost of RUF
ingredients is high. Commonly used RUF, such as Plumpy’Nut® or Plumpy’Doz®, is manufactured from
vegetable oil, peanuts, milk powder, sugar, and micronutrient supplements (Wagh et al, 2015). Peanuts
and milk powder account for over 50% of RUF mass and for most of the total RUF ingredient cost
(UNICEF, 2016). Second, the global supply chain, transport and logistics for RUF are costly. RUF
ingredients are typically shipped to the global manufacturing sites, mainly in France and the United
States, and then transported to communities in need (Ahmed, et al 2014). UNICEF analysis of the supply
chain of Plumpy’Nut® to Africa shows that air transportation is often required, bringing transportation
cost to 39% of RUF landed cost (UNICEF, 2009) and contributing to carbon emissions. Third, intellectual
property protection and licensing raise cost. Plumpy’Nut® patent protection has both constrained global
RUF supply and added to RUF price (Rao, 2010; Bakhsh, 2012).

Current Research: Research confirms RUF effectiveness in treating malnutrition subject to specific
nutritional constraints (WFP et, al 2016; Oakley et al, 2010; Bahwere et al, 2014; Bahwere et al, 2016).

Suitable caloric, oil, protein, carbohydrate, fiber, and omega-3/6 contents for recovery from severe acute



malnutrition and moderate acute malnutrition have been established (World Health Organization, 2016;
Nutriset 2014).

With respect to severe acute malnutrition (SAM), some studies have shown that RUTF is more effective if
it contains 25% milk powder (Oakley et al, 2010) or whey powder (Bahwere et al, 2014). More recently,
alternative dairy-free RUF have been found suitable for SAM patients above 2 years of age (Irena et al,
2015; Bahwere et al, 2016), and a new dairy-free soy-maize-sorghum formula has been successfully
tested for acceptability and effectiveness in malnourished patients (Owino et al, 2014; Bahwere et al,
2017). PDCAAS >95, which is recommended for RUTF (Nutriset, 2014), can be achieved without any
dairy content (FAO, 2011).

For moderate acute malnutrition (MAM) recovery, RUSF dairy content is not a mandatory requirement in
the updated codex for relief food, which instead requires a PDCAAS above 70% (WFP et al, 2016). New
cereal blends, containing only 8% milk powder, and milk-free RUF are effective for MAM recovery
(LaGrone et al, 2012).

The widespread use of peanuts in current RUF has been challenged by research indicating that peanuts
(groundnuts) make RUF prone to aflatoxin contamination (Duclercq, 2014).

Furthermore, research suggests that sorghum, cocoa powder, almond, and yam raise acceptability when
added to certain RUF (Dibari, 2012; Weber, 2016; Hathorn, 2013). Sorghum has been successfully used
to create milk free legume based RUTF of suitable acceptability (Owino et al, 2014).

Finally, the World Food Programme (WFP), UNICEF, and USAID have recommended essential
micronutrient supplements to be added for efficient absorption in malnourished patients for most nutrients
(WFP et al, 2016). These are typically added as a standard micronutrient premix.

Research Gaps: Current RUF has not been optimized for cost, nutrients, and local contexts. Research is



limited on options to: a) select less-costly RUF ingredients and production options (Briend et al, 2015); b)
enhance RUF nutrient content especially with respect to PDCAAS, omega-3, manganese, and choline
(FAO, 2011; Caron, 2013); and c¢) determine how alternative ingredients may affect RUF acceptability.
Furthermore, although there has been a discussion about the benefits of localizing RUF production close
to malnourished patients (Clark and Hobbs, 2015; UNICEF, 2014; Komrska, 2012), there is limited
research on adjusting RUF ingredients to the local crop selection and environmental constraints.
Research on cost-effective RUF formulae alternatives and on adjusting RUF formulae to local conditions
using linear programming (LP) to optimize RUF formulae is promising (Weber et al, 2016; Segre et al,
2016; Briend et al, 2015; Levesque et al, 2015; Ryan et al, 2014; Skau et al, 2014; Amegovu et al, 2013;
Dibari et al, 2012), but existing tools are not equipped to ensure protein quality directly, which limits their
ability to create alternative dairy-free formulae.

Solution: I developed LP tool to create cost-effective locally produced RUF formulae in order to make
RUF more accessible and affordable for malnourished populations.

My proposed LPT seeks to: a) address necessary nutrient requirements conforming to current standards
and practice; b) optimize RUF formulae for low cost using a wide range of ingredients for nutritional
value and acceptability improvement; ¢) ensure protein quality through protein digestibility corrected
amino acid score (PDCAAS) while creating dairy-free formulae; and d) adjust RUF formulae according
to locally grown crop selection, local prices and crop water footprint so as to facilitate local production in
proximity to malnourished populations.

Testing of the resulting optimized formulae would create a menu from which local practitioners could
select RUF that best suits the needs of their communities. Based on current practice, the production of

preventive formulae does not require clinical trials.



Figure 1 shows my proposed RUF development process. My research focuses on the first three steps
(shaded in blue color) in the RUF development process.

Figure 1: Proposed RUF Development Process
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METHODOLOGY

First, I surveyed international crop databases and built a database of ingredients suitable for RUF. The
ingredient database utilizes publicly available nutrient data from the U.S. Department of Agriculture
(USDA), Global Economic Monitor (GEM), United Nations Conference on Trade and Development
(UNCTAD) and Food and Agriculture Organization of the United Nations (FAOSTAT). For all
ingredients, the database includes information about crop nutrient composition, local availability, price,

and crop water footprint. All ingredients are used in a form with low water content/activity (dry roast



soybeans and peanuts; and flours from cassava, yam, soy, corn, and wheat) to meet moisture constraints
and ensure 2-year shelf life as required (WHO, 2016).

Second, 1 created LP tool to optimize RUF for low cost and local contexts in compliance with applicable
nutrient and formulae composition standards. The solver plugin for Excel was used, as it is easily
accessible to new users and has been used to create food products acceptable to patients (Dibari et al,
2012).

The tool is set to consider minimization of cost as the objective. Linear objective function is:

where Y is the total cost of ingredients, b, is the cost per 1g of ingredients i, B, is the

Y= z b, B;
= amount of ingredient .

The tool thus generates the ideal quantity of each ingredient available in the database to minimize the
overall cost while meeting established nutritional goals and other constraints. Users are able to select local
ingredients as the input for the tool. The cost per gram of each ingredient and supplement is converted
from the price databases. The total nutritional value is automatically calculated by adding together the per
gram nutrition of each ingredient multiplied by the quantity of each ingredient used.

Compared to previous RUF optimization efforts (Weber et al, 2016; Segre et al, 2016; Briend et al, 2015;
Levesque et al, 2015; Ryan et al, 2014; Skau et al, 2014; Amegovu et al, 2013; Dibari et al, 2012), the
tool includes an expanded range of ingredients for RUF nutrient composition and acceptability
improvement.

With respect to acceptability in patients, the tool can be configured to automatically select and include a
serving of the lowest-cost acceptability improving ingredient--or a combination of acceptability
improving ingredients--such as sorghum, cocoa powder, almond, and yam (Dibari, 2012; Weber, 2016;

Hathorn, 2013). This function reflects the available albeit limited data on acceptability of alternative



ingredient combinations in RUF and on the influence of specific ingredients on RUF acceptability,
especially pertaining to local tastes and preferences.

The LP tool includes novel adjustable constraints of PDCAAS, micronutrient supplements, and water
efficiency.

PDCAAS is automatically calculated and constrained in order to ensure protein quality (FAO, 2011).
PDCAAS is maintained automatically by multiplying the true protein digestibility factor of each
ingredient by the quantity of each ingredient and the quantities for essential amino acids within the
ingredient according to the USDA nutrition database, adding the protein digestibility-adjusted totals of
each amino acid in the formula, and dividing it by the total protein quantity. The resulting values are
divided by the respective amino acid quantity per gram of reference protein for children, as determined by
the FAO, and constrained to be not less than the desired PDCAAS score. This is expressed by the

following two equations:

n
Qq = Z C; a;d; %a = 0.95 (g94)
=1 P

where Qa is total quantity of essential amino acid a, Ci is quantity of ingredient i, ai is quantity of amino
acid a per 1g protein in ingredient i, di is protein digestibility factor of ingredient i, P is total quantity of
protein in the formula, ga is goal quantity of amino acid a per 1g reference protein.

The tool has two options of constraining for micronutrient goals; automatically calculating the best
composition of a micronutrient supplement premix and minimizing cost of supplements alongside the cost
of base ingredients, or requiring a certain micronutrient value without supplementation. Amino acid

supplements can be enabled, and the tool will automatically include these in formulae to meet the goal



PDCAAS given.

Furthermore, the tool is able to limit the water footprint of ingredients using UNESCO THE water
productivity data for local production in water scarce regions.

The LP tool allows users to set the macro- and micronutrient constraints according to patient condition,
creating: a) RUTF formulae suitable for recovery from SAM, SAM with edema and/or cirrhosis; b) RUSF
formulae for recovery from MAM; and c) specialized malnutrition prevention formulae, or any kind of
food product.

Moreover, the LP tool is able to modify RUF formulae in response to exogenous changes, such as
commodity price shifts and local crop availability.

Figure 2 illustrates the tool’s adjustable constraints and optimization process for RUF formulae.

Figure 2: Proposed RUF Formulae Optimization Process
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Source: Author

Third, 1 set constraints according to RUTF standards, effective for recovery from SAM, as shown in
Table 1 below. These constraints reflect the current WFP, UNICEF, and Nutriset standards, as well as
clinical trials of recovery from severe acute malnutrition: Nutriset, 2014, UNICEF 2009, World Food

Programme, 2016.
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Table 1: Nutritional Constraints Used to Generate Formulae

Nutrients Min Max
Calories 500 kcal 520kcal
Protein 13g l6g
Protein (% energy) 10% 12%
PDCAAS >95/100 -
Lipids 26g 36g
Lipids (% energy) 45% 60%
Omega-3 fatty acids (% energy) 0.30% 2.50%
Omega-6 fatty acids (% energy) 3% 10%
Fibre content % - <5%
Sugar 15g 18¢g

Acceptability improving ingredient
servings >1 -

Note: Values used determined from Nutriset, 2014; UNICEF, 2009; World Food Programme, 2016.

To ensure protein quality the tool was set to maintain PDCAAS of the formulae greater than or equal to
95 (as in current RUTF), or 100; (FAO, 2011).

Fourth, 1 used the tool to optimize RUTF food formulae for local and international production, taking
Nigeria as a case study for local production.

Case Study: I created an application of the LP tool for Nigeria. I obtained local prices of local ingredients
from FAOSTAT, the Nigerian National Bureau of Statistics farmgate, and the Central Bank of Nigeria.
To optimize the local RUTF formulae for Nigeria, I used the 2007 and 2013 price data (the most complete
data available) and compared the optimized formulae for these years.

Finally, I compared my optimized RUTF with currently used RUTF for nutrition, ingredient cost, and
water efficiency. I calculated the nutritional, ingredient price, and water efficiency value of current RUTF

using the same databases as for my optimized international formulae.
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RESULTS

Based on the comprehensive survey of international and Nigerian national crop databases, I selected 26
agricultural ingredients based on their nutrient content, availability, price, and shelf stability, and entered
in the ingredient database.

Drawing on the ingredient database and on the constraints set, the LP tool generated cost-effective RUTF
formulae for different circumstances in the international markets and in the local markets in Nigeria.
Figure 3 shows the proposed optimized RUTF formulae for international markets (using international
trade prices) in 2016 and for Nigeria (using local prices in Nigeria) in 2013 and 2007.

Given the significant crop price differences between the international and Nigeria local markets, the
proposed optimized RUTF formulae generated by the LP tool differ markedly. Namely, based on
international prices in 2016, formula 1 (PDCAAS>100) includes palm oil, soybean, sugar, cassava,
sorghum, lentil and cashew. Formula 2 using Open Market prices for 2016 (PDCAAS>95) includes
barley instead of lentil and cashew. The optimized RUTF formulae for Nigeria 2013 is composed of palm
oil, cowpea, sugar, soybean, sorghum, cassava, sesame. The optimized formula for Nigeria 2007 includes
maize and cashew, with no cassava. Sorghum was included in all formulae at a serving believed to
improve acceptability (Dibari et al, 2012). In addition to being shown to produce RUTF with good
acceptability, servings of sorghum were found more cost effective than servings of possible alternatives.

Figure 3: Proposed RUF Formulae Ingredients
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The proposed optimized formulae have nutritional values within RUTF requirements set by the WFP,

involve lower ingredient cost and lower water footprint values compared to current practice (Table 2).



Table 2: Proposed RUF Formulae Nutrient Composition, Ingredient Price, and Water Footprint

Formulae Open Market Open Market Nigeria 2013 Nigeria 2007 Current RUTF
Formula 1 2016 Formula 2 2016 Formula Formula (Estimates for
PDCAAS>100  PDCAAS >95 PDCAAS >100  PDCAAS>100  Plumpy'Nuz)
Composition (g)  palm oil 27.3, soybean 27.1, palm palm oil 26.7, cowpea 24.9, palm peanut, sugar, milk
*[descriptors soybean 24.7, oil 27, sugar 15, cowpea 21, sugar  oil 24.9, sugar powder, palm oil
below table] sugar 15, cassava  cassava 12, barley 18, soybean 16, 15,soybean 10.8,
11.8, sorghum 10, 9, sorghum 7 sorghum 7, cassava cashew 10.3
lentil 7.77, cashew 4.6, sesame 3.6 sorghum 7, maize
0.5 3.6
Total weight (g) 97 97 97 97 92
[excluding
supplements]
Total calories 520 520 520 520 520
Total protein (g) 13 13 13 13 13.4
Total fat (g) 33.35 33.1 32.74 32.94 34.5
% Fiber Content 3.53 5 5 5 <5
% Energy from 0.74 0.79 0.53 0.4 J3t02.5
Omega-3 fatty
acids
% Energy from 9.10 9.41 8.68 7.59 3to 10
Omega-6 fatty
acids
PDCAAS 100 95 1 1 >0.95
(Plumpy 'Nut®)
Limiting amino none lysine none none lysine
acid
Estimated total 0.04196 0.03813 0.0535 0.06723 0.14
ingredient price (Plumpy 'Nut®)
(USD/serving)
Water footprint 2,885.55 3,174.7 5,138 5,798 18,159
(gallons per mt) (Plumpy 'Nut®)

Note: Prices calculated using FAO and World Bank data. Water footprint calculated using UNESCO-IHE report (Mekonnen,
2010). Plumpy’Nut® data based on Nutriset 2014 pdf.

*Descriptors for USDA nutrient database- soybean: 16111, soybeans, mature, dry roasted. palm oil: 04055, oil, palm. sorghum:
20648, sorghum flour, whole-grain. sugar: sesame: 12023, seeds, sesame seeds, whole, dried. maize: 20017, corn flour, enriched,
white. barley: 03181, Babyfood, cereal, barley, dry fortified. cashew: 12085, Nuts, cashew nuts, dry roasted, without salt added.
**For cassava, only raw forms were available in the USDA nutrient database, so the 11134, cassava, raw form was converted to a
flour by calculation, checked against similar tuber flours, and third party sources.
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Considering protein quality, the LP tool successfully created formulae with 100% PDCAAS, possible
without individual ingredients with complete proteins by automatically balancing proteins with
complementary quantities of the essential amino acids.

The total ingredient cost of the proposed optimized RUTF formulae for international production is about
third of the estimated ingredient cost of the currently used Plumpy’Nut® formulae (Figure 4). Ingredient
cost reduction in the optimized international formula is largely driven by the replacement of peanuts and
milk powder. The main cost savings generated in the local formulae for Nigeria stem from the removal of
milk powder and from the low local price of cowpea.

Figure 4: Total Ingredient Cost of Formulae
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Water footprint of the proposed optimized formulae is only about one quarter to one third compared to the

current formulae (Figure 5). The reduction in water footprint is largely driven by the absence of dairy
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products in the optimized formulae.

Figure 5: Water Footprint of Formulae
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DISCUSSION AND CONCLUSIONS

My LP tool successfully generated cost-effective RUF formulae applicable for booth international and
Nigerian local contexts. The tool appropriately utilized an expanded range of ingredients for RUF nutrient
composition and the novel adjustable constraints related to amino acid score, flavour improving
ingredients and crop water footprint. The tool automatically balanced proteins with complementary
quantities of essential amino acids. Following on recent success with milk-free formulae, the LP tool
successfully constrained PDCAAS instead of dairy content within the formulae. The lack of true fecal
protein digestibility data may, however, limit the accuracy of PDCAAS calculation when including less
common ingredients.

The LP tool can be easily adjusted to require dairy protein content if needed. By requiring goal protein

content, the automatic calculation of PDCAAS allows the tool to create formulae with complete amino
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acid quantities at lower cost than previously achieved. The proposed tool is easy to use, allowing simple
adjustment of ingredient selection and nutrient constraints.

We seek to further increase the functionality of the LP tool by including automatic calculation of the
optimal micronutrient premix as part of RUF formulae optimization process. The LP optimization would
automatically determine the optimal composition for supplementary micronutrient premix in accordance
with UNICEF supplement standards and with further research regarding choline, manganese and
omega-3. Moreover, the software supporting the LP tool can be upgraded to allow for automatic updates
in international and local crop price so as to better support RUF production decisions. Further testing will
help increase the accuracy of the LP tool, for example, testing for true ileal protein digestibility will allow
the tool to calculate DIAAS. Similarly, testing of the nutrient values of available ingredients will prevent
any mistakes due to discrepancies in ingredient nutritional value compared to current databases.
Additionally, it will be important to determine which ingredients or ingredient combinations improve
acceptability and palatability of RUF in local contexts. Moreover, production cost needs to be reflected in
the choice between RUF formula alternatives that require a different manufacturing process.
Development of a micronutrient premix, acceptability testing and--as required for RUTF--subsequent
efficacy trials will serve to validate LP results and further modify and improve nutritional constraints.
Based on acceptability and efficacy trials, recipes of proven alternative cost-effective RUF formulae can
be developed so as to facilitate local choices and production.

The use of my LP tool can support RUF formulae optimization to reduce RUF ingredient cost (including
the replacement of costly dairy ingredients), enable local production, reduce contamination risk, and cut
environmental footprint (namely crop water footprint and transport carbon footprint), thus allowing

improved malnutrition treatment efforts.
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