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The development of national dietary guidelines promoting healthy food choices is a public health priority in Thai-
land. In developing the recent national complementary feeding guidelines (CFGs) for 6- to 12-month-old children,
mathematical modeling was used to inform decisions. Model parameters were derived from nationally representa-
tive dietary data and analyzed for 11 micronutrients by age group, using linear programming analysis in Optifood.
Models were run to identify micronutrients whose nutrient reference values could not be met using local foods as
consumed (problem nutrients), evaluate the original 2012 Thai CFGs, and predict the nutritional benefits of a spe-
cific fortified complementary food. The results identified three problem nutrients (iron, calcium, and zinc), which,
for 9- to 11-month-olds, were reduced to one when the fortified food was modeled. The number of servings/week
of vegetables and meat, fish or eggs were higher, and of oil and fruit were lower, in the modeled nutritionally best
rather than observed diets (medians). When modeled, the original Thai CFGs were not feasible because the energy
constraint was exceeded; hence, in revising them, the recommended number of servings/week of oil and fruit were
reduced. This study demonstrates the advantages of using mathematical modeling, when revising national CFGs,
to evaluate and improve them.

Keywords: Thailand; linear programming analysis; complementary feeding recommendations; fortified complemen-
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Introduction

Thailand has undergone a period of rapid eco-
nomic growth and industrial development since
the early 1980s. It has made significant progress in
reducing child undernutrition, particularly through
its effective policy and community-based nutrition
programs.1,2 Increased globalization accompanied
by developments in communications technology
has led to marked changes in the diets and phys-
ical activity levels of the Thai people,3 which may
have contributed to the rise in childhood over-
weight and obesity observed, particularly in urban
areas.4–6 Among young children, iron deficiency is
also common.6

Ensuring adequate nutrition during the first
2 years of life is critical for optimal health, growth,
and development,7 and will encourage lifelong
healthy eating patterns. During this period of eco-
nomic transition that Thailand is experiencing, the
promotion of good nutrition is paramount, espe-
cially during the complementary feeding period,
to avoid an overconsumption of unhealthy, ultra-
processed high-fat and sugary products. The pro-
motion of healthy food choices using population-
specific food-based dietary guidelines (FBDGs) is a
common public health strategy in many countries.8
Such guidelines offer a sustainable, broad-based
approach to improve the overall quality of the diet
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of a population. In Thailand, a set of FBDGs, the
“Nutrition Flag,” was created for the general popu-
lation (≥6 years of age) to provide guidance on the
selection of food portions from basic food groups.9
These FBDGs emphasize the importance of con-
suming foods from five basic food groups on a daily
basis.10 For infants, infant feeding guidelines have
been used in Thailand since the 1980s. The initial
guidelines specified the age of introduction of solid
foods and provided general guidance on comple-
mentary feeding. In 2009, complementary feeding
guidelines (CFGs) were formulated based on the
concepts used in the FBDGs for the general pop-
ulation. These CFGs are included in the “maternal
and child” booklet given to pregnantwomen attend-
ing antenatal care services in the public health sys-
tem to provide guidance on the number of serv-
ings of foods to feed an infant from specific food
groups (based on household utensil units). The rec-
ommended number and food portion sizes were
not based on actual age-specific food consumption
data, but on theoretical calculations to meet recom-
mended daily energy and protein intakes, and to
promote dietary diversity (i.e., foods from at least
five basic food groups). It was not known whether
these CFGs were realistic or would ensure dietary
adequacy for Thai infants, especially for micronu-
trients.
Dietary micronutrient recommendations, espe-

cially iron, calcium and zinc, are difficult to meet
during infancy because infants have high nutrient
requirements to support rapid rates of growth.11 For
this reason, theWHO recommends the use of a for-
tified complementary food or vitamin and mineral
supplements for infants, as needed, to ensure ade-
quate micronutrient intakes.12 In response, efforts
have been made in Thailand to develop an afford-
able fortified infant cereal, based on broken rice, to
help ensureThai infantsmeet their nutrient require-
ments during this nutritionally vulnerable period in
life.13,14 It is not known whether its daily consump-
tion along with other foods recommended in the
Thai CFGs will ensure that recommended nutrient
intakes for infants are met.
A mathematical modeling tool based on lin-

ear programming (LP) analysis (i.e., Optifood) was
developed to formulate, test, and refine food-based
recommendations using dietary survey data.15,16
It simulates the nutritionally best diets to deter-
mine whether a nutritionally adequate diet can

be formulated using local foods as consumed, to
identify problem nutrients, and guide selection of
population-specific food-based recommendations
(Optifood’s Module II). It can also be used to eval-
uate existing/proposed sets of food-based recom-
mendations by simulating the lower and upper
tails of a population’s nutrient intake distributions
when they adhere to the set of recommendations
being tested, to determine the extent to which they
lie within age-appropriate nutrient reference values
(Optifood’s Module III analyses).
In this study, we illustrate the use of thismodeling

approach in Thailand to1 identify problem nutri-
ents (if any) in diets consumed by 6- to 11.9-month-
old Thai infants to determine whether a food-based
approach using unfortified foods alone can meet
their nutrient needs,2 guide the revision of the 2012
Thai CFGs, and3 evaluate the nutritional benefits
of promoting a specific affordable fortified comple-
mentary feeding product that was recently devel-
oped for Thai infants. This analysis demonstrates
how Optifood can be used to evaluate and improve
national CFGs and evaluate the formulation of spe-
cial fortified complementary feeding products.

Materials and methods

Revision of the Thai CFGs
Multiple stakeholders, including nutritionists and
health personnel from Thai universities and the
Ministry of Public Health, have met periodically to
review the Thai CFGs initially developed in 2009. At
thesemeetings, to ensure the CFGs promote dietary
adequacy and health, the stakeholders review sci-
entific evidence and reach a consensus on revisions
to them. In the most recent revision of the CFGs,
mathematical modeling was introduced to deter-
mine whether the diets of Thai infants would meet
the FAO/WHO-recommended intakes17–19 if they
followed the 2012 Thai CFGs, identifying modifi-
cations to improve them. This modeling was done
by members of staff from Mahidol University and
the London School of Hygiene & Tropical Medicine
who presented the results to the stakeholder work-
ing group to inform revisions. The outcome of this
process was the 2015 Thai CFGs.

The modeling process
All analyses were done in Modules I, II, and III
of Optifood (version 4.0.9), which is a software
based on LP analyses.15,16 The modeling process
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and model parameters are summarized in Tables
S1–S4 (online only). Themodel parameters for each
age group (6–8months and 9–11months) were gen-
erated from dietary (i.e., food frequency question-
naires and 24-h recalls) and anthropometric data
collected from 6- to 11-month-old infants in the
nationally representative 2003–2005 National Food
Consumption survey of Thailand. Data from this
survey were eligible for defining the model param-
eters if the infant was between 6.0 and 11.9 months
of age inclusive and breastfeeding at the time of data
collection (n = 111). Overall, 13.6% and 30.0% of
these 6- to 8-month-old and 9- to 11-month old
infants were stunted, respectively, and 14.0% and
2.6% were wasted, respectively.
The model decision variables were the weight of

food in grams in a 7-day diet. The foods modeled
were those consumed by≥ 5% of infants in each age
group or nutrient-dense foods consumed by some
members in each group (Table S2, online only).
Constraints on the modeled diet’s energy content
and food consumption patterns (upper and lower
constraints at the food group, food subgroup, sta-
ples, snacks, and individual food levels)were used to
ensure all modeled 7-day diets were realistic (Tables
S3 and S4, online only). The energy constraint (an
equality constraint of 590 and 670 kcal/day for
6- to 8-month-olds and 9- to 11-month-olds,
respectively) was equal to the average energy
requirements of each age group. It was calculated
using the FAO/WHO equations17 from their esti-
mated mean body weights (i.e., energy require-
ment = 77 kcal/day × average body weight). The
upper and lower constraints on food groups, food
subgroups, starchy staples, and snacks (expressed as
the number of servings per week from each) were
equal to the 10th and 90th population-level per-
centiles estimated from food frequency question-
naire data. All foods were categorized into only one
food subgroup and food group, whereas some foods
from these food subgroups or food groups were also
labeled as a snack or staple. For foods, the lower
constraint level was zero, except for breastmilk (6.99
servings/week), and the upper constraint levels were
the 90th percentiles from the food frequency ques-
tionnaire data for each age group, except for breast-
milk (7.01 servings/week). The serving size for each
food, except breastmilk, was its observed median
serving size for consumers from the 2003–2005
Food Consumption Survey 24-h recall data. For

breastmilk, it was 607 and 557 g/day, for the 6-
to 8-month-old and 9- to 11-month-old groups,
respectively, which were based on published aver-
age breastmilk energy intakes, assuming the energy
content of breastmilk was 68.1 kcal/100 g (see
Table S5, online only, for its energy and nutrient
composition).11 Local yield factors were used to
estimate edible portion weights (unpublished data,
Institute of Nutrition, Mahidol University). In all
models, energy, protein, and 11micronutrients (i.e.,
Ca, Fe, Zn, folate, vitamins A, B1, B2, B3, B6, B12,
and C) were modeled, assuming 10% absorption
for iron and moderate bioavailability for zinc.18,19
A nonfeasible solution occurs if any of the model
constraints were violated. It generally occurs when
the energy required for the set of food-based recom-
mendations being tested in Module III exceeds the
average energy requirement of the population (i.e.,
violation of the model’s energy constraint).
Ethics approval for the survey was obtained from

Mahidol University, and ethics approval for the data
analyseswas obtained from the EthicsCommittee of
the London School ofHygiene&TropicalMedicine,
UK.

Data analyses
After checking themodel constraints inModule 1 to
ensure that realistic diets weremodeled, theModule
II and III analyses were done to address three ques-
tions. First, we assessed whether the FAO/WHO
Nutrient Reference Values (NRVs) for infants in
each age group could be met using local foods as
consumed. To answer this question, we examined
the %NRVs of the Module III maximized nutri-
ent content diets, which model the highest nutri-
ent contents possible for anymodeled diet given the
food lists and food pattern constraints (i.e., best-
case scenario nutrient levels). The problem nutri-
ents were defined as those that were< 100% of their
NRVs when no recommendations were tested.
Second, we examined theModule II nutritionally

best diets, which aimed to come as close as possi-
ble tomeeting nutrient goals (i.e., achieving 100%of
the NRVs), while respecting the model constraints
on energy and diet food patterns. These results
showed whether a realistic diet could be modeled
that met the FAO/WHO NRVs for 12 nutrients.
In this step, we examined the food group patterns
of the modeled diet in relation to the population’s
median observed patterns (i.e., 50th percentiles for
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the number of foods in each food group) to gain
insights into changes in dietary patterns that would
improve dietary adequacy. We also compared these
results to the number of servings per week rec-
ommended in the original 2012 Thai CFGs after
adjusting the food serving sizes to align with those
observed. For example, the reported (from the Food
Consumption survey) average serving sizes of foods
in the meat, fish, and egg (MFE) food group were
higher than those recommended (in the original
Thai CFGs; Table S6, online only), so we multi-
plied the Thai CFGs recommended frequency of
consumption of MFE per week by the ratio of rec-
ommended/observed serving sizes. We also exam-
ined the best food sources of nutrients in this nutri-
tionally best diet to identify good food sources of
nutrients.
Third, we evaluated the original 2012 Thai CFGs

for each age group to determinewhether theywould
ensure population-level adequate nutrient intakes,
if adopted, using Optifood’s Module III worst-case
analyses (i.e., minimized nutrient content modeled
diets). In these analyses, we introduced additional
model constraints to ensure that all modeled diets
achieved the 2012 Thai CFGs. Specifically, depend-
ing on the age group, constraints were introduced
to ensure that all diets had 2 or 3 servings/day for
each of rice, MFE, and vegetables; 2 servings/day of
fruit; and 1 serving/day of oil. We selected a min-
imized nutrient value (i.e., a worst-case scenario
level) of≥65% of the FAO/WHONRV as an accept-
ableminimized value, assuming a relatively low per-
centage of the population would be at risk of inade-
quate intakes if the lowest value of its nutrient intake
distribution was at 65% of its FAO/WHO NRV. If
the full set of recommendations was not feasible
because the model energy constraint was exceeded,
then selected individual or combinations of indi-
vidual recommendations from the original set were
either deleted from the set or its recommended fre-
quency of consumption was reduced to ameliorate
the unfeasible model results. The individual recom-
mendations modified in these analyses were those
identified in the Module II nutritionally best diet as
less essential for ensuring dietary adequacy. Based
on these analyses, the original set of Thai CFGs was
modified and retested until one ormore feasible sets
of CFGs were identified.
Fourth, we did a series of sensitivity analyses to

determine whether changes in model constraints

for energy or the quantity of breastmilk mod-
eled would modify the conclusions. In the sensi-
tivity analyses for energy, the energy equality con-
straint was reduced to 500 kcal/day or increased
to 700 kcal/day, for the 6- to 8-month age group,
and reduced to 600 kcal/day or increased to 800
kcal/day, for the 9- to 11-month age group. In
these analyses, the percentage of dietary energy pro-
vided by breastmilk was equal to its percentage of
dietary energy in the original modeled diets (i.e.,
70.0% or 56.6% of the total energy content of the
6- to 8-month-old and 9- to 11-month-old model
diets, respectively). In the sensitivity analyses for
breastmilk, the low, medium, and high quantities
of breastmilk modeled were 276, 525, or 774 g/day
for the 6- to 8-month age group and 186, 450,
and 712 g/day for the 9- to 11-month age group.
These values were based on the percentage of total
dietary energy provided by low, moderate, and high
breastmilk intakes for these age groups, as reported
elsewhere.11

Finally, we modeled a nutrition intervention that
promotes the replacement of 2 servings of rice/rice
porridge per day with a special fortified comple-
mentary cereal product based on broken rice. This
product was developed by the Institute of Nutri-
tion, Mahidol University, but it is not currently
commercially available (see Table S5, online only,
for its nutrient composition).13,14 The forms of the
fortificants are ferrous sulfate and ferric sodium
ethylenediaminetetraacetic acid (NaFeEDTA), cal-
cium chloride and calcium lactate gluconate, thi-
amine hydrochloride, folic acid, and zinc sulfate.
These analyses were done in Module III for each
age group to simulate the influence of this special
fortified complementary feeding cereal on the num-
ber of problem nutrients (maximized best-case sce-
nario diets) and to assess the value of recommend-
ing a special fortified complementary feeding cereal
in the revised set of Thai CFGs (minimized worst-
case scenario diets).

Results

Problem nutrients
The problem nutrients observed in modeled diets
that did not include the special fortified comple-
mentary feeding cereal were calcium, iron, and zinc
for both age groups (Table 1). When the special for-
tified complementary feeding product was added to
the models’ food list, only iron remained a problem
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Table 1. The problem nutrients identified in the models using the original food list and in the models including a
special fortified infant cereal in the original food list presented by age group

6- to 8-month-old, breastfed 9- to 11-month-old, breastfed

Problem nutrientsa % NRVb Problem nutrients % NRV

Original food listc Iron 38 Iron 53
Zinc 50 Zinc 63
Calcium 58 Calcium 57

Original food list +
fortified infant cerealsd

Iron 79 Iron 98

Zinc 87
Calcium 83

aProblemnutrients are nutrients whose nutrient reference values18,19 are not achieved in aModule IIImaximized (best-case scenario)
diet, indicating they cannot be achieved in any modeled diet using locally available foods in the amounts habitually consumed. For
all other nutrients, the maximized nutrient content was ≥ their NRVs in the Module III diet that maximized their nutrient content
(best-case scenario diet).
bPercentage of the WHO/FAO recommended nutrient intake (RNI)18,19 achieved in the Module III maximized (best-case scenario)
diets. TheRNIs for iron, calcium, and zincwere 9.3, 400, and 4.3mg/day, respectively. These percentages represent the nutrient content
of the modeled diet that has the highest nutrient content possible for that nutrient. Each %NRV represents the nutrient content of a
different (i.e., extreme) modeled diet.
cThe model’s food list included foods/beverages consumed by ≥5% of children in each age group or nutrient-dense foods con-
sumed by some members in each group as recorded in the 2003−2005 National Food Consumption survey of Thailand. Fortified
infant cereals were excluded from the food lists. Breastmilk was included in the food lists (i.e., 607 g/day for 6- to 8-month-olds and
557 g/day for 9- to 11-month-olds). The food list is presented in Table S2 (online only).
dThe model’s original food list and breastmilk. Cerelac and a special fortified infant cereal based on broken rice were added to the
original food list.

nutrient for the 9- to 11-month age group. Calcium,
iron, and zinc, however, remained problem nutri-
ents for the 6- to 8-month age group, although their
%NRV in theModule IIImaximized diets (best-case
scenarios) increased from less than 60% to over 75%
(Table 1).

The Module II nutritionally best diet
The Module II results showed in the nutritionally
best diet that the numbers of servings of vegeta-
bles andMFE were higher and the numbers of serv-
ings of oil and fruit were lower in the Module II
nutritionally best diet than the observed median
food consumption levels (Fig. 1). When the serv-
ing size–adjusted recommendations from the origi-
nal 2012 Thai CFGs were compared with the Mod-
ule II nutritionally best diet and observed diets, the
number of servings/week for oil, fruits, and vegeta-
bles was higher and the number of servings/week of
MFEwas lower in the 2012 Thai CFGs than the oth-
ers (Fig. 1). The best food sources of nutrients in the
Module II nutritionally best diet were eggs and liver
from the MFE group and ivy gourd leaves from the
vegetable group (Table S7, online only), suggesting

that examples of these foods should be highlighted
in promotional material.

Evaluation of the original Thai CFGs and the
fortified complementary feeding product
Results of the Module III analyses to evaluate
the original 2012 Thai CFGs were not feasible
because the energy content of a diet to achieve them
exceeded the estimated average energy require-
ments of the population (i.e., the energy constraint
was violated; Table 2). Thus, three scenarios were
modeled for decreasing the dietary energy required
to achieve the CFGs without compromising nutri-
tion, which were to either omit oil or fruit from
the original set of CFGs or decrease the number of
servings of each. These scenarios were based on the
results in Figure 1 showing that the number of serv-
ings of fruit and oil in the Module II nutritionally
best diet were lower than those recommended in
the original 2012 Thai CFGs. The results of these
scenario analyses showed the revised sets of Thai
CFGs were feasible and the Module III worst-case
scenario diets were ≥65% for 7 and 8 nutrients,
respectively, for the 6- to 8-month-old and 9- to
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Figure 1. Comparison of the number of servings/week from food groups in observed diets (50th percentile), Module II nutri-
tionally best diets, and the 2012 Thai complementary feeding guidelines (equivalent serving number) by age group.

11-month-old age groups in all three scenarios
(Table 2 and Table S8, online only). If 2 servings/day
of rice was replaced by the special fortified infant
cereal for these three scenarios, then only the Mod-
ule IIIminimized iron andniacin valueswere<65%
of their NRVs, but for 9- to 11-month-olds, they
were just under 65% (Table 2 and Table S8, online
only). The Module III minimized values for the
other nine nutrients were ≥65% of their NRVs.

The revised 2015 Thai CFGs
The revision of the Thai CFGs was informed by
three outcomes of the modeling process. First,
results showing the original 2012 Thai CFGs
were not feasible indicated that modifications were
required to avoid exceeding the estimated average
energy requirement of Thai infants. Second, results
from the Module II nutritionally best diet indicated
that reducing the number of servings of oil and fruit
and increasing the number of servings of vegeta-
bles andMFEwould increase the nutrient content of
diets, although it would not ensure adequate intakes
(AIs) of calcium, iron, and zinc for all infants in
the population (i.e., the problem nutrients). Third,
when different scenarios were modeled that modi-
fied the recommendednumber of servings of oil and
fruit, theModule IIImodeled dietswere feasible and
would ensure dietary adequacy for seven to eight
nutrients, which was increased to nine nutrients if 2
servings/day of rice were replaced by the special for-

tified infant cereal. Based on these results, the rec-
ommended number of servings/day of oil and fruit
were reduced in the revised compared with origi-
nal Thai CFGs. These modifications also meant the
revised Thai CFGs could be followed without com-
promising the consumption of breastmilk (Table 3).
The models predicted that if these sets of recom-
mendations were adopted, the nutrient content of
most infant diets would meet or exceed the NRVs
modeled for all nutrients except calcium, iron, and
zinc (i.e., these three nutrients were <65% NRV in
their Module III minimized diets; Table S8, online
only). A recommendation to consume a special for-
tified infant cereal would increase the calcium, iron,
and zinc content of infant diets; however, it was
not included in the revised Thai CFGs. The origi-
nal 2012 Thai CFGs and revised 2015 Thai CFGs
are presented in Table 3.

Sensitivity analyses
The sensitivity analyses showed that conclusions
were not overly sensitive to the amount of breast-
milk or diet energy modeled. Calcium, iron, and
zinc remained problem nutrients in all analyses
(Table S9, online only). Similarly, when the revised
Thai CFGs were evaluated (Module III minimized
diets), calcium, iron, and zinc were <65% of their
NRVs for all feasiblemodeled diets. The energy con-
straint was violated (i.e., model results were unfeasi-
ble) when high breastmilk values (both age groups)
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Table 2. Evaluation of the original 2012 Thai complementary feeding guidelines (CFGs) alone and with inclusion
of a special fortified complementary feeding cereal and three scenarios for modifications presented by age group

Complementary feeding guidelines
No. of nutrients
≥65% NRVa

Nutrients ≤65%
NRVb

6- to 8-month-olds
Original Thai CFGsc Not feasibled

Original Thai CFGs with a special
fortified infant cereale

Not feasible

Modifications
Delete recommendation for oil 7 Ca, Fe, Zn, and niacin
Delete recommendation for fruit 7 Ca, Fe, Zn, and niacin
Halve number of servings of oil and
fruit

8 Ca, Fe, and Zn

Halve number of servings of oil and
fruit plus a special fortified infant
cereal

9 Fe and niacin

9- to 11-month-olds
Original Thai CFGsf Not feasible
Original Thai CFGs with a special
fortified infant cereal

Not feasible

Modifications
Delete recommendation for oil 8 Ca, Fe, and Zn
Delete recommendation for fruit 8 Ca, Fe, and Zn
Halve number of fruit servings and a
third number of oil servings

8 Ca, Fe, and Zn

Halve number of fruit and a third
number of oil servings plus a
special fortified infant cereal

9 Fe and niacin

Note: Evaluations were done using Optifood’s Module III minimized nutrient models.
aThe number of nutrients in the Module III minimized diets that were ≥65% Nutrient Reference Value (NRV), when sets of CFGs
were tested. Breastmilk was included in the modeled diets (i.e., 607 g/day for 6- to 8-month-olds and 557 g/day for 9- to 11-month-
olds).
bThe nutrients that were ≤65% of their NRV when a set of CFGs was tested (Module III minimized nutrient content diet).
cThe Thai CFGs for 6- to 8-month-olds were: 2 servings/day each of rice, fruits, vegetables; 2 servings/day ofmeat, fish, or eggs (MFE),
including 1 serving/day of eggs; and 1 serving/day of oil.
dThe models were not feasible when the CFGs being tested exceeded the model energy constraint (i.e., to fulfill the CFGs requires
more than the children’s average energy requirements).
eTwo recommended servings of rice in the 2012 Thai CFGs were replaced in the modeled diets by a special fortified complementary
feeding cereal based on broken rice.13
fThe Thai CFGs for 9- to 11-month-olds were: 3 servings/day each of rice, vegetables, oil, and MFE, including 1 serving/day of eggs;
and 2 servings/day of fruit.

or low energy diets were modeled (only the 6- to 8-
month age group). Vitamin A and vitamin C (both
age groups) and riboflavin and folate (6- to 8-month
age group) were also< 65% of their NRVswhen low
breastmilk intakes were modeled. Finally, niacin
was also< 65% of its NRV for the 6- to 8-month age
groupwhenhigh energy intakes ormoderate breast-
milk intakes were modeled (Table S9, online only).

Discussion

This study illustrates the advantages of usingmathe-
maticalmodeling to informdecisions when revising
national CFGs or evaluating the fortification levels
of food products developed for infants. The mod-
eling process first showed that it would be difficult
to select diets that achieve the FAO/WHONRVs for
6- to 8-month-old and 9- to 11-month-old breastfed
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Table 3. Comparison of the original and revised sets of Thai complementary feeding guidelines expressed as the
number of servings/day

6- to 8-month-olds 9- to 11-month-olds

Original 2012
Thai CFRs

Revisedb 2015
Thai CFRs

Original 2012
Thai CFRs

Revised 2015
Thai CFRs

Food groups
(number of

servings/daya)
(number of
servings/day)

(number of
servings/day)

(number of
servings/day)

Breastmilk Breastfeed on
demand

Breastfeed on
demand

Breastfeed on
demand

Breastfeed on
demand

Rice group 2 2 3 3
Meat, fish, or egg group 2 2 3 3
Vegetable group 2 2 3 2
Fruit group 2 1 2 1
Oil 1 0.5 1 0.5
aServing sizes (g/serving) for foods in each food group are detailed in Table S2 (online only).
bThe final set of complementary feeding recommendations (CFRs) adopted for the 2015 Thai National Complementary Feeding
Guidelines. Mathematical modeling using Optifood informed the revisions made to the original 2012 set of complementary feeding
guidelines.

Thai children for iron, zinc, and calcium using local
foods as habitually consumed. The calcium, iron,
and zinc contents of theirmaximized and nutrition-
ally bestmodeled diets were well below their respec-
tive FAO/WHO NRVs (i.e., < 65% NRVs). For the
9- to 11-month age group, the number of problem
nutrients was reduced to one (i.e., iron) when the
fortified complementary feeding product of inter-
est was included in the model’s food list, whereas
it did not change the number of problem nutri-
ents for the 6- to 8-month-old age group. Overall,
the insights gained from these analyses suggest a
need for policy changes that increase the availability
of affordable complementary foods that are rich in
these micronutrients for breastfed 6- to 11-month-
old infants because local food supplies, given the
current consumption patterns, will not ensure that
all children in the population achieve dietary ade-
quacy. They also indicate that the fortification lev-
els for iron, calcium, and zinc in the special fortified
infant cereal may require reformulation.
Our results identifying calcium, iron, and zinc as

problem nutrients for 6- to 11-month-old infants
were not sensitive to the energy constraints and
quantities of breastmilkmodeled. They are also con-
sistent with results from other studies, which have
reported that calcium, iron, and zinc are problem-
atic for infants, using LP analyses20–23 and other
methods of analyses.6,11,24,25 Together, these stud-
ies reinforce the public health priority of increasing

the micronutrient density of foods commonly con-
sumed by infants, given the negative implications
of micronutrient deficiencies on the health, growth,
and long-term development of young children.26

The second important insight gained from the
modeling exercise was that the original 2012 Thai
CFGs would exceed the estimated average energy
requirements of breastfed 6- to 11-month-old Thai
infants if followed, and assuming an average quan-
tity of breastmilk is consumed. To avoid promoting
excessive energy intakes, the modeled revisions of
the Thai CFGs focused on the oil and fruit guide-
lines because the number of servings/day from these
food groups were lower in the Module II opti-
mized nutritionally best diets than in the original
Thai CFGs. In the revised 2015 Thai CFGs com-
paredwith the original 2012ThaiCFGs, the number
of servings/day of oil and fruit were both reduced
instead of modifying the number of recommenda-
tions, in order to maintain consistency in the guide-
lines promoted between the original and revised
sets of Thai CFGs. The recommendation to reduce
the number of servings/day of oil fed to breast-
fed 6- to 8-month-olds and 9- to 11-month-olds
was justified because unfortified oil provides energy
but it is not a source of micronutrients. Oil was
included in the original Thai CFGs to ensure an
infant’s essential fatty acid requirements are met,
although for breastfed children in Thailand, it is
likely not necessary because the essential fatty acid
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content of breastmilk is high if mothers are well
nourished.12,27,28 The revised 2015 Thai CFGs con-
tinue to encourage the consumption of fruit from an
early age, which is important for developing healthy
life-long food consumption practices.
The analyses, however, predicted that even if

the revised Thai CFGs were followed, some infants
might not meet their iron, calcium, and zinc needs
because the Module III minimized and maxi-
mized values for these nutrients were below 65% of
the FAO/WHO-recommended intake levels. These
results were not sensitive to themodel constraint on
the diet’s energy content or to the quantity of breast-
milk modeled. They were also not sensitive to the
serving size suggestions in the Thai CFGs for rice
because the number of servings of rice selected in
the Module II nutritionally best diets was higher
than those recommended in the Thai CFGs (i.e.,
14.3 versus 14.0 and 25.4 versus 21 servings/week)
even though its constraints allowed the selection of
only 7 servings/week.
In Thailand, where there has been rapid eco-

nomic growth and the food industry is well devel-
oped, the promotion of fortified commercial infant
products is a viable micronutrient intervention to
increase the micronutrient content of complemen-
tary feeding diets. Our analyses show that regular
consumption of a special fortified complementary
feeding product can increase the micronutrient
content of infant diets to levels that meet most
modeled FAO/WHO NRVs if promoted within a
comprehensive set of CFGs. Two servings/day of
the modeled special fortified complementary feed-
ing product alone also resulted in seven nutrients
meeting or exceeding 65% of their NRVs in the
Module III minimized worst-case scenario diets,
which increased to nine nutrients when the fortified
infant cereal was combined with the recommenda-
tions to consume 2–3 servings/day each of vegeta-
bles and MFE. The nutrients that did not achieve
65% of their NRVs in these analyses were iron and
niacin. For niacin, micrograms of niacin instead
of niacin equivalents were modeled, which would
overestimate inadequacy because the contribution
of niacin from tryptophan was not considered. Iron
is a concern because iron deficiency is common
among young Thai children.6 The iron contents
of the Module III minimized diets, however, were
close to 65% of the NRV when the fortified infant
cereal was modeled (i.e., 56% and 64% for the

6- to 8-month and 9- to 11-month age groups,
respectively), indicating that reformulation of its
iron content may not be necessary, especially given
its high bioavailability.14 Alternative food-based
approaches, however, also exist to increase the
nutrient content of complementary feeding diets
in Thailand. For example, all nutrients achieved
65% of their NRVs (Module III minimized model
diets) when 2–3 servings/week of liver (10–15 g per
serving) was modeled (data not shown).
A complementary intervention such as the use of

a fortified infant cereal is an important considera-
tion for complementary feeding intervention pro-
grams in Thailand. Nevertheless, it might increase
diet costs and affect the ability of lower-income
groups to carry out recommendations that include
a fortified infant cereal. Partially for this reason, a
recommendation to feed 6- to 8-month-old and 9-
to 11-month-old infants a special fortified infant
cereal was not incorporated into the revised 2015
Thai CFGs. However, the revised 2015 Thai CFGs
continue to provide examples of nutrient-rich com-
plementary foods, such as liver, that can be fed to
infants to increase the nutrient density of comple-
mentary feeding diets. The cost of one serving of a
fortified commercial infant cereal is approximately
three to six times higher than the cost of one serving
of liver.
In this paper, we have described how amathemat-

ical modeling approach was used to revise the 2012
Thai CFGs for 6- to 11-month-old infants in Thai-
land using nationally representative dietary data.
The value of using mathematical modeling as one
stage in a multistage process of revising national
food guidelines is gaining global recognition.8,25,29
However, when using diet modeling, the limitations
must be kept in mind. Conclusions are dependent
on the quality of the data used to define model
parameters, such as the food composition values,
NRVs, and food portion sizes (including breast-
milk) used. The food composition table used in the
current studywas predominantly based on analyzed
nutrient values of Thai foods; however, some values
were derived from other food composition tables,
whichmay not correspondwith nutrient contents in
Thai foods. Of greater concern is the nutrient con-
tent of breastmilk depends onmaternal micronutri-
ent status,25 and it provided over 5% of 11 nutri-
ents in the Module II nutritionally best diet. The
sensitivity analyses showed the results, for problem
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nutrients, were not sensitive to the quantity of
breastmilkmodeled. However, the number of nutri-
ents < 65% of their NRVs (Module III minimized
analyses) increased from three to up to seven, espe-
cially when low breastmilk intakes were modeled.
The nutrient content of the modeled breastmilk is
presented in Table S5 (online only) for reference.
TheNRVs for children less than 12months of age

are often based on AIs instead of estimated aver-
age requirements (EARs), which may overestimate
nutrient needs.30 The use of ≥65% NRV to inter-
pret modeling results is arbitrary; however, when
the lowest value in a nutrient intake distribution is
≥65% of anAI, themean nutrient intake of the pop-
ulation would likely meet or exceed the AI, indicat-
ing dietary adequacy. In contrast, the iron and zinc
NRVs are based on EARs, which means selecting
65% of the NRV is not simulating a zero percent-
age of the population at risk of inadequate intakes.
In these analyses, however, minimized iron and zinc
values were well below 65% of their NRVs, indi-
cating that results would not change if a different
%NRV had been chosen.
There are also uncertainties about the NRVs,

which vary across authoritative bodies.25 The NRVs
used in these analyses for calcium and zinc are
higher than the European Food Standards Author-
ity Population Reference Intakes (PRIs)31 and the
American and Canadian Dietary Reference Intakes
(DRIs)32 (i.e., 400 mg/day versus 280 and 260
mg/day, respectively, for calcium, and 4.1 mg/day
versus 2.9 and 3mg/day, respectively, for zinc). Con-
versely, theNRVvaluesmodeled for ironwere lower
than those of these two authoritative bodies (i.e.,
9.3 mg/day for our analyses versus 11 mg/day for
the PRIs and DRIs). Nevertheless, reducing the cal-
cium and zincNRVs to the PRI orDRI values would
not change the results for problem nutrients iden-
tified because the calcium and zinc contents of the
Module II nutritionally best diet remained below
them (i.e., nutritionally best diets for the 6- to 8-
month and 9- to 11-month age groups had aCa con-
tent of 210 and 218 mg/day and a Zn content of 1.9
and 2.4mg/day, respectively). The PRI andDRI val-
ues for calcium in infants under 12 months of age
are AIs based on the calcium intakes absorbed by a
breastfed child, indicating the results are not sensi-
tive toNRV assumptions regarding breastmilk/food
sources of calcium and their differences in calcium
bioavailability.

Finally, the analyses were also done at a national
rather than a regional or socioeconomic group
level, which may limit their applicability to dif-
ferent groups. It was also done using 2003–2005
National Survey data, which, given the rapid eco-
nomic growth in Thailand, may not fully repre-
sent current dietary practices, especially in urban
areas.
In conclusion, we have illustrated how diet mod-

eling informed themost recent revisions of the Thai
national CFGs for 6- to 12-month-old children. The
benefits of using mathematical modeling to support
revisions of national CFGs are that it objectively
identifies unrealistic recommendations, provides
insights into alternative revisions to strengthen
CFGs, and indicates whether the CFGs, if adopted,
will ensure dietary adequacy for most infants in the
population. In countries such as Thailand, where
quantitative national food consumption surveys are
periodically done, the resources required to incor-
porate mathematical modeling into the process of
national CFGs development or revision are minor.
The evidence generated can also be used to guide
policy decisions on ways to improve national food
systems to support optimal nutrition in nutrition-
ally vulnerable groups, such as infants.
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