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Abstract
Zn deficiency arising from inadequate dietary intake of bioavailable Zn is common in children in developing countries. Because house crickets
are a rich source of Zn, their consumption could be an effective public health measure to combat Zn deficiency. This study used Optifood, a tool
based on linear programming analysis, to develop food-based dietary recommendations (FBR) and predict whether dietary house crickets can
improve both Zn and overall nutrient adequacy of children’s diets. Two quantitative, multi-pass 24-h recalls from forty-seven children aged 2 and
3 years residing in rural Kenya were collected and used to derive model parameters, including a list of commonly consumed foods, median
serving sizes and frequency of consumption. Two scenarios were modelled: (i) FBR based on local available foods and (ii) FBR based on local
available foods with house crickets. Results revealed that Zn would cease to be a problem nutrient when including house crickets to children’s
diets (population reference intake coverage for Zn increased from 89 % to 121 % in the best-case scenario). FBR based on both scenarios could
ensure nutrient adequacy for all nutrients except for fat, but energy percentage (E%) for fat was higher when house crickets were included in the
diet (23 E% v. 19 E%). This manoeuvre, combined with realistic changes in dietary practices, could therefore improve dietary Zn content and
ensure adequacy for twelve nutrients for Kenyan children. Further research is needed to render these theoretical recommendations, practical.

Key words: Food-based dietary recommendations: Linear programming: Optifood: Kenyan children: Zn deficiency: Nutrient
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It is estimated that 17·3 % of the world’s population is at risk of
inadequate Zn intake, with the highest risk found in sub-Saharan
African countries(1). Inadequate dietary intake of Zn and ineffi-
cient absorption from inhibitor-rich foods, such as cereal-based
staples, are likely to be the primary causes of Zn deficiency,
although illnesses that impair food intake, provoke catabolism
or malabsorption or increase Zn excretion are also associated
with the development of Zn deficiency(2). Additional factors
responsible for Zn deficiency in children< 5 years of age include
low body stores of Zn and increased Zn requirements for
growth(3,4). During childhood, this deficiency is associated with
impaired growth and development, suppressed immune func-
tion and an increased risk of infections such as diarrhoea,malaria
and pneumonia. This may result in diminished cognitive

performance, underweight and stunting(3,5). Consequently, Zn
deficiency is responsible for approximately 4 % of under-five
deaths, highlighting the importance of identifying ways to
improve dietary Zn intake(6).

Dietary diversification with house crickets (Acheta domesti-
cus) may be an effective strategy to improve children’s dietary
Zn intake(7). House crickets are nutrient dense and a major
source of Zn, but consumption of house crickets is low in areas
where diets are predominantly plant based(8,9). Dietary diversi-
fication is a strategy that involves modifying food selection
and food preparation patterns, in addition to increasing house
cricket production in the area, to enhance the access to and uti-
lisation of house crickets(10). Although Zn bioavailability from
house crickets is unknown and likely affected by, among others,
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the quantity of Zn, the protein content and the presence of phy-
tates in a meal, linear programming analysis can predict the
potential contribution of house crickets to the Zn content of
children’s diets while using a conservative estimate for Zn bio-
availability levels(7,11). On the basis of dietary data collected from
a target population, this mathematical modelling approach
would allow identification of population-specific nutrient gaps,
whilst also developing food-based dietary recommendations
(FBR) that resemble current dietary practices butmeet nutritional
needs. It provides an objective method to predict the extent to
which intervention strategies such as dietary diversification with
house crickets can contribute to nutrient adequacy(12,13). No
study to date has examined the effect on Zn content and overall
nutrient adequacy of adding house crickets into FBR.

This study aims to determine the potential contribution of
house crickets (Acheta Domesticus) to the dietary Zn content
and nutrient adequacy in young children in Kisumu, western
Kenya. In this area, young children are mostly fed on maize por-
ridge, complemented with limited amounts of legumes and veg-
etables, and only occasionally consume animal-based foods,
including edible insects such as termites, grasshoppers and
crickets when in season.

Methods

Study design

The present study was based on cross-sectional dietary intake
data collected as part of a randomised controlled trial on the
effect of Zn-fortified drinking water on Zn intake and bioavail-
ability in children aged 2–6 years from rural western
Kenya(14). Dietary intake data were collected to quantify young
children’s Zn intake in and outside their homes between
February and August 2014. In a follow-up study, the same
authors used linear programming to further optimise the Zn-for-
tified drinking water scenario for children aged 4–6 years(12).

The original trial complied with the Declaration of Helsinki
and approval was granted by the Ethical Review Committee of
Kenyatta National Hospital/Nairobi University (KNH-ERC/A/
335) and ETH Zurich Ethical Committee (EK 2013-N-31).
Informed, signed consent was obtained from each household
head and caregiver on behalf of their child.

Setting

The study was conducted in Kisumu West District, western
Kenya, in three villages in the sublocation Kajulu Koker.
These three villages shared the same low socio-economic level
and had a common unimproved water supply. The major live-
lihood in this area is subsistence farming or subsistence fishing
in the parts bordering Lake Victoria(15,16). This area was selected
because of the high incidence of child stunting (≥ 20 %) and high
prevalence of low plasma Zn concentrations (three out of four
children had levels< 650 μg/l or< 570 μg/l collected in the
morning and the afternoon, respectively), which was confirmed
by pre-screening of a random sample of 303 children aged
between 2 and 6 years old in the villages in September 2011(17).

Participants

The original trial involved 184 children aged 2–6 years residing in
Kajulu Koker(14). Pre-intervention dietary intake data were col-
lected from a subsample of 112 children. This sample size was
estimated to be adequate to determine the mean daily Zn intake
deviating< 0·3 mg from the true intake with 80 % power and
95 % confidence, assuming an expected mean intake of
2·8 mg/d and a 10 % non-response rate(14,18). For the present
modelling study, children aged 2 and 3 years at baseline
(n 51) were chosen as the target group and their dietary intake
datawere used to develop FBR. This sample size is similar to pre-
vious studies using linear programming techniques and was
found adequate to estimate population mean food serving sizes
for commonly consumed foods(12).

Participants of the original trial were recruited at meetings in
the village centres called by village chiefs where the study goals
and design were presented. All residents of the villages could
attend the meetings. Interested families were invited to a private
interview where written consent was obtained. One child could
participate per family and if more than one child in a household
met the inclusion criteria, one was randomly selected using the
random number generation function in Microsoft Excel 2010 for
Windows (Microsoft Corporation). Children were excluded
if they had severe anaemia (defined as a Hb concentration
< 70·0 g/l, measured in the field using a photometer
(HemoCue HB 201)) or a chronic disease known to affect Zn
metabolism, received Zn supplementation in the previous 2
weeks before the study, or medications known to interact with
Zn metabolism (any type of regular medication for chronic dis-
eases), or did not reside in the study area for the full study period.
Children diagnosed with severe anaemia were referred for treat-
ment with supplements.

Data collection

Dietary intake. Data were collected by trained investigators
who spoke the local language. Dietary intakewas assessed using
two quantitative, multi-pass 24-h recalls per child, conducted on
non-consecutive days. The multiple-pass method includes the
following steps: (1) obtain an unstructured, uninterrupted listing
of all foods and beverages consumed; (2) help the respondent
remembering foods with structured approaches to data collec-
tion, including memory cues (e.g. questions for specific types
of foods, times and names of eating occasions and reviews of
foods for each eating occasion) and (3) ask a probing, unstruc-
tured question for any other foods recalled(19). Caregivers were
asked to list the foods and drinks the child had consumed in the
previous 24 h and to include all ingredients and cooking meth-
ods for any mixed dishes. The quantity of foods, beverages and
ingredients consumed was assessed by weighing or, if not pos-
sible, by estimating with help of monetary value equivalents or
household units in volume or size. For mixed dishes purchased
or eaten outside the home, standard recipes were constructed
and the quantity of single ingredients consumed by the child
was calculated based on the proportions consumed. A detailed
description of the dietary intake data collection has been pub-
lished elsewhere(12).
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The original trial also collected food price data based on par-
ticipant reports and interviewswith food vendors from localmar-
kets, but these data remained unpublished(14). Costs per 100 g
edible portion of each food item were calculated.

Socio-demographic characteristics and anthropometry.
Information on socio-economic and demographic characteristics
of households was collected using structured interviews. Weight
and height were measured in duplicate to the nearest 0·1 kg and
0·1 cm, respectively, according to the WHO guidelines(20).
Weight was measured using an electronic weighing scale
(Ashton Meyers), which was calibrated daily. Height was mea-
sured using a UNICEF wooden three-piece measuring board
with a sliding head piece. Based on the WHO Child Growth
Standards, children were classified as stunted and wasted if their
height-for-age and weight-for-height-z-score was < −2 SD from
the median value of the reference population, respectively(21).

Blood sampling

Blood samples were collected at baseline for plasma Zn analysis
according to the IZiNCG protocol(22). The methods used are
described in detail elsewhere(14). Plasma samples were sent to
ETH Zurich, Switzerland, for analysis of plasma Zn concentra-
tions using flame atomic absorption spectrometry. Proteins,
including C-reactive protein, α1-acid glycoprotein, plasma ferri-
tin, soluble transferrin receptor and retinol-binding protein, were
analysed using a sandwich ELISA technique in VitMin
Laboratory, Germany(23). Hb was analysed in the field on a sep-
arate venous blood sample using a HemoCue photometer
(HemoCure HB 201). Zn deficiency, vitamin A deficiency, anae-
mia, Fe deficiency and inflammation were defined as having a
plasma Zn concentration≤ 650 μg/l for blood samples collected
during the morning (irrespective of fasting status)(24), a plasma
retinol concentration< 0·70 μmol/l(25), a Hb concentration< 110
g/l(26), a plasma ferritin concentration< 12 μg/l and/or soluble
transferrin receptor≥ 10 mg/l(26,27) and a plasma concentration
of C-reactive protein> 5 mg/l and/or α1-acid glycoprotein> 1·0
g/l(28), respectively. The plasma Zn, ferritin and retinol concen-
tration values were not adjusted for subclinical inflammation.

Data analysis

Habitual dietary intake. Energy and nutrient intakes were cal-
culated from the 24-h recalls using Compl-eat version 1.0
(Wageningen University) and analysed using IBM SPSS version
24.0 (IBM). Calculations were based on the food composition
table specifically developed for Kenyan children as described
in detail by Kujinga et al.(12). Energy and the following thirteen
nutrients were included: protein, fat, Ca, vitamin C, thiamine,
riboflavin, niacin, vitamin B6, folate, vitamin B12, vitamin A, Fe
and Zn. Normality of the distributions was tested visually using
QQ plots. Outliers were identified for energy intake per partici-
pant according to the z-score method, and participants were
excluded from the analysis when their z-score for energy intake
was above or below 2·58 because such values were considered
implausible(29). Energy and nutrient intakes were adjusted for
day-to-day variation according to the method developed by
the National Research Council to calculate children’s habitual

intakes(30,31). Habitual intakes were presented as median and
range (25th, 75th percentile of the distribution intakes). Prices
per 100 g of edible food were used to estimate the average
and 75th percentile costs of the observed daily diet.

Preparation of model parameters. Data from 24-h recalls of
both days were used to generate model parameters in
Microsoft Excel 2018 for Mac (Microsoft Corporation),
Microsoft Access 2019 (Microsoft Corporation) and IBM SPSS
version 24.0 (IBM). Parameters included a list of non-condiment
foods consumed by≥ 5 % of the target population, median serv-
ing size per food for those children who had consumed it and
minimum and maximum number of servings per week for each
food (sub)group and single food.

Identical serving sizes for all similar food items within food
subgroups were calculated as a weighted average of the median
serving size of the raw edible portions based on 24-h recalls and
the number of children consuming the food. To illustrate, sup-
pose that the food subgroup green leafy vegetables contains veg-
etable X, which is consumed by five children and has a median
serving size of 50·0 g, and vegetable Y,which is consumed by ten
children and has a median serving size of 25·0 g, the serving size
for both vegetables in the food subgroup would be 33·3 g. This
methodwas applied to avoid bias in the selection of specific food
items towards the selection of larger or smaller serving sizes
reported for those specific food items(32). The minimum and
maximum number of servings per week for each food, food sub-
group and food groupwere based on the 5th and 95th percentile
distributions of serving counts, respectively. The average num-
ber of servings per food group was defined as the 50th percen-
tile. Foods with a maximum number of servings per week below
1 were excluded.

House crickets (Acheta Domesticus) were added in portions
of 46·5 g based on a serving containing a fixed number of 100
crickets of assumed average weight, with a maximum number
of servings per week set at seven, assuming they would not
be consumed more than once a day(33). Based on participant-
reported data and interviews with food vendors from markets
in the area, the price of house crickets was estimated to be 25
Kenyan Shilling (KES)/100 g edible portion (1 KES= 0·01 US$
in July 2020). Zn content for house crickets was set at
6·71 mg/100 g(33). Details of the nutrient composition of house
crickets per 100 g edible portion can be found in online
Supplementary Appendix Table 1.

Less frequently consumed food items were added if they
were nutrient dense. Nutrient-dense foods were defined as (i)
foods that were consumed by< 5 % of the target population
and contributed≥ 30 % to the intake of a nutrient with inad-
equate levels per median serving size and (ii) foods consumed
bymore than 5 %of the target population that contributed≥ 20 %
to the intake of a nutrient with inadequate levels and for which
an increase in the number of servings per week was assumed to
be feasible(27).

The food composition table developed for Kenyan children
was also used in Optifood. An energy constraint was introduced
to ensure all modelled diets provided the average energy
requirement for the target group. Energy requirements were esti-
mated using the participant’s mean body weight and the
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European Food Safety Authority (EFSA) algorithm(34). The partic-
ipant’s mean body weight was compared with the EFSA refer-
ence weights of population groups in Europe to ensure it was
representative of the population(34). Energy requirements for
adjusted physical activity levels for growth (physical activity
level= 1·4) were used(35). In addition, thirteen nutrients were
identified as potential problem nutrients for Kenyan children
and selected for analysis for nutrient adequacy, including pro-
tein, fat, Ca, vitamin C, thiamine, riboflavin, niacin, vitamin B6,
folate, vitamin B12, vitamin A, Fe and Zn(12). The EFSA popula-
tion reference intakes (PRI) were used for all thirteen nutrients,
except for fat and vitamin B12

(36–46). For fat, a reference intake of
35 energy percentage (E%) was used(47). EFSA adequate intake
levels were used for vitamin B12 because the EFSA PRI is not
available for this nutrient(48). Given that animal-source food con-
sumption was meagre in the target group, the EFSA PRI for Zn
and Fe were adapted to reflect a low bioavailability level of 15
and 5 %, respectively(49). These conservative bioavailability lev-
els were also chosen for house crickets. Population-weighted
energy and nutrient requirements were calculated to reflect
the requirements for the different ages and sexes that made
up the target population. Habitual energy and nutrient intakes
were compared with these theoretical requirements and cover-
age for each nutrient was determined.

Linear programming analysis usingOptifood. Optifood linear
programming software version 4.0.9.0 was used to identify prob-
lem nutrients and develop population-specific FBR(50). Two
dietary scenarios were modelled: (i) the daily diet comprising
all foods consumed without house crickets and (ii) the daily diet
complemented with house crickets. Optifood modules 1–3 were
run for both scenarios. Module 1 was run to check the feasibility
of the diets for the target population. In this module, twenty-one
different 7-d diets were generated based on the model parame-
ters and reviewed to determine if they were realistic with energy
contents within a sufficient range to allow for modelling(51). If
any of the generated diets was considered unrealistic, one or
more of the constraint levels (including the energy content,
the minimum and maximum number of servings from food
(sub)groups per week and the minimum and maximum g of sin-
gle food items) were changed(52).

Module 2 was run to develop the two best 7-d diets: one diet
optimised close to the average food pattern and one diet opti-
mised close to the thirteen nutrient PRI constrained by the mini-
mum and maximum number of servings per week, the module 2
‘nutritionally best diet’. The total number of nutrients achieving
100 % of the PRI in the module 2 nutritionally best diet was
counted per scenario and compared between the scenarios to
determine whether including house crickets could potentially
improve the nutritional adequacy of the diet. Results from the
module 2 nutritionally best diet analysis were used to identify
individual FBR of food (sub)groups and individual foods contrib-
uting at least 5 % to the nutrient intake for any of the nutrients
considered to formulate FBR for testing in the module 3 analysis.

Module 3 was run to test alternative sets of FBR to select the
best combination of recommendations for the target group. In
module 3, twenty-six modelled 7-d diets were generated of
which thirteen diets had a maximised content of one of the

thirteen nutrients (selecting the high-nutrient-dense foodswithin
each food group to verify the highest possible nutrient intake, the
‘best-case scenario’) and thirteen diets had a minimised content
of one of the thirteen nutrients (selecting the low-nutrient-dense
foods per food group to verify the lowest possible nutrient
intake, the ‘worst-case scenario’). Module 3 was run in three
phases. In phase I, a ‘no recommendation diet’ was run to iden-
tify problem nutrients, which were defined as nutrients reach-
ing< 100 % of the PRI in the best-case scenario without
recommendations. Phase II was run to achieve nutrient
adequacy for those nutrients that were unable to reach 70 %
in the phase I worst-case scenario. Nutrient adequacy was
defined as a nutrient level reaching≥ 70 % of the PRI in the
worst-case scenario, since nutrient intakes achieving≥ 70 % of
the PRI predict a low risk of inadequate intakes in the popula-
tion(53). In phase III, FBR incorporating selected nutrient-dense
foods were tested.

Specifically, in phase II, individual FBR identified in the mod-
ule 2 nutritionally best diet were added separately to the model
and compared with the identified FBR that, when combined,
likely provided the highest number of nutrients reaching
PRI≥ 70 % in the worst-case scenario for the 7-d diet.
Individual FBR incorporating food groupswere preferred to indi-
vidual FBR incorporating food subgroups and food subgroups
were preferred to foods as consumers generally find it easier
to follow guidance on food groups than to strictly implement
guidance on specific foods(54). All possible combinations of
the selected FBRwere tested and the combination that contained
the fewest number of FBR and generated the highest number of
nutrients reaching≥ 70 % of the PRI for the lowest cost was
selected.

In the last phase of module 3, nutrient-dense foods as iden-
tified in the module 2 nutritionally best diet were incorporated
into the FBR and tested separately to determine if they improved
nutrient adequacy for those nutrients that were unable to reach
PRI ≥70 % in the phase II worst-case scenario for the 7-d diet.
Nutrient-dense foods were added individually at various
frequencies to the final FBR. Finally, the set of recommendations
that achieved≥ 70 % of the PRI in the worst-case scenario for
most nutrients and that was below the mean of current daily diet
cost was selected.

Results

Participant characteristics

The model parameters were based on data for forty-seven out of
fifty-one children aged 2 and 3 years in Kisumu West District.
Reasons for excluding data were that the child had completed
only one dietary recall (n 3) and that the child had implausible
daily energy intakes (n 1). Children were on average 37 months
old and their mean body weight was 13·4 kg (Table 1). In total,
61·7 % of the children were girls and the percentage prevalence
of stuntingwas 19·1 %.Over half of the children (55·3 %)were Zn
deficient and inflammation affected 70·2 % of the children.
Missing data from micronutrient markers other than Zn and
Hb occurred in three children because of failure to draw suffi-
cient blood for all biomarker analyses in these children.
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Food and zinc intake

Data analysis included ninety-four 24-h recalls, including first
and second recalls. In total, seventy-four non-condiment foods
were reported in the dietary recalls over 2 d. Excluded condi-
ments were soup powder, lemon powder and baking soda.
From this list, twenty-eight foods were excluded because they
were consumed by< 5 % of the children and these included
manufactured foods (e.g. chocolate drinking powder). Next,
twelve foods were excluded for having a maximum consump-
tion frequency per week below 1. Overall, thirty-four foods were
included in the modelling (shown in Table 2). Foods consumed
by over 75 % of children included cooking oil (93·6 %), white
maize flour (89·4 %), fried tomato (89·4 %) and fried stem onion
(87·2 %). Fruit consumption was absent, except for mango.
Serving sizes for similar food items within food subgroups varied
from 4·22 g/d for the food subgroup other vegetables to 81·9 g/d
for the food subgroup whole grains and products. All vegetables
were consumed in portion sizes below 30 g/d, except for cab-
bage that had a median serving size of 88·0 g/d. Details of the

median serving sizes and costs for individual foods are described
in online Supplementary Appendix Table 2.

Habitual Zn intake was 4·49 mg per child per day, covering
52·2 % of the PRI for Zn. An overview of the energy and nutrient
requirements used to define problem nutrients and nutrient
adequacy is shown in online Supplementary Appendix Table 3.
Habitual intakes and PRI coverage for energy and the remaining
twelve nutrients can be found in online Supplementary
Appendix Table 4. The average daily diet cost was 52 KES,
the 75th percentile of cost was 62 KES and costs ranged from
22 KES to 110 KES (1 KES= 0·01 US$ in July 2020).

Linear programming

In module 1, twenty-one realistic diets were generated for each
scenario and no changes in constraint levels were needed. The
module 2 optimised diet close to the average food pattern
covered 74·5 % of the PRI for Zn, which improved to 78·2 %
when the diet was complemented with house crickets (shown
in Table 3). The module 2 nutritionally best diet covered
100 % of the PRI for seven of the thirteen nutrients in the scenario
without house crickets and for ten of the thirteen nutrients in the
scenario with house crickets. Daily costs ranged from 47 KES to
56 KES in the diets without house crickets and from 48 KES to
69 KES in the diets with house crickets.

In the module 3 best-case scenario without house crickets
and without recommendations (phase I), fat, vitamin B12, vita-
min A and Zn were identified as problem nutrients (shown in
Table 4). In phase II, FBR identified in the module 2 ‘nutritional
best diet’were added and these included added fats (9 servings/
week), dairy products (7 servings/week), fruits (5 servings/
week), cowpea leaves (3 servings/week), legumes (2 serv-
ings/week), omena dagaa (4 servings/week), provitamin A-rich
dark green leafy vegetables (3 servings/week) and whole grains
and products (24 servings/week), evenly divided over fingermil-
let flour (7 servings/week) and yellow maize flour (7 servings/
week). These recommendations covered 70·8 % of the PRI for
Zn in the worst-case scenario and ensured nutrient adequacy
for all nutrients except for fat and vitamin A, which remained
at< 20 E% and< 60 % of the PRI, respectively.

Nutrient-dense foods that contributed≥ 20 % to the intake of
problem nutrients were oil for fat and mango for vitamin A.
Foods consumed by< 5 % of the children that contributed
≥ 30 % to the intake of problem nutrients per serving size (calcu-
lated as a weighted average of the median serving size of similar
food items within the food subgroup and the number of children
consuming the food) were sour cows’milk (294·5 g) and butter-
nut (176 g) for vitamin A. Addition of four servings of mango per
week improved PRI coverage for vitamin A to 72·8 %, whereas
addition of oil, sour cows’ milk or butternut did not increase
the number of nutrients achieving≥ 70 % of the PRI. Instead,
inclusion of more than four weekly servings of oil, two weekly
servings of butternut or one weekly serving of sour cows’milk in
the FBRwould exceed the energy constraint. The combination of
additional oil and additional mango did not increase the number
of nutrients achieving≥ 70 % of the PRI but would increase the
daily cost of the diet. The final set of FBR hypothetically ensured
nutrient adequacy at the population level in the worst-case

Table 1. Nutritional status of children (n 47) aged 2 and 3 years in Kisumu,
western Kenya*

(Numbers and percentages; mean values and standard deviations)

Background characteristics

Value

n %

Age, months
Mean 37·1
SD 6·71

Sex (female) 29 61·7
Weight, kg

Mean 13·4
SD 2·5

Height-for-age, z-score
Mean –1·02
SD 1·48
Stunted† 9 19·1

Weight-for-height, z-score
Mean 0.02
SD 0.89
Wasted† 1 2·1

Plasma Zn concentration, μg/l
Mean 652
SD 131
Zn deficiency‡ 26 55·3

Plasma retinol concentration, μmol/l§

Mean 0·82
SD 0·28
Vitamin A deficiency||,§ 17 36·2

Hb concentration g/l
Mean 104
SD 12·0
Anaemia¶ 30 63·8
Fe deficiency**,§ 19 40·4

Inflammation††,§ 33 70·2

* Values are presented as mean and standard deviation unless stated otherwise.
† Based on the World Health Organization Child Growth Standards(21).
‡ Plasma Zn concentration< 650 μg/l(24).
§ n 44 due to missing data from three children.
|| Plasma retinol concentration< 0·70 μmol/l(25).
¶ Hb concentration< 110 g/l(26).
** Plasma ferritin concentration< 12 μg/l and/or soluble transferrin receptor

≥ 10 mg/l(26,27).
†† Plasma concentration of C-reactive protein> 5 mg/l and/or α1-acid glycoprotein

> 1·0 g/l(28).
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Table 2. Foods consumed by children (n 47) aged 2 and 3 years*, percentage of children who consumed the food, median serving sizes, average and
maximum servings per week and costs in Kisumu, western Kenya

Food group, subgroup and food % of children consuming Median serving size (g/d)† Average/Max servings per week‡

Added fats 7/11
Butter, ghee, margarine, unfortified 7

Cooking fat 42·6 7·75 7
Vegetable oil, unfortified 7

Cooking oil 93·6 17·3 7
Added sugars 0/7
Sugar, unfortified 7

White sugar 27·7 36·0 7
Bakery and breakfast cereals 0/2
Refined grain bread, unenriched/unfortified 2

White bread 12·8 66·0 1
Dairy products 6/8
Fluid or powdered milk, unfortified 7

Whole cows’ milk, fresh, boiled 74·5 71·0 7
Fruits 0/7
Vitamin C-rich fruit 7

Mango, ripe, peeled 25·5 44·5 5
Grains and grain products 14/32
Enriched/fortified grains and products, whole or refined 7

Tropicana wheat flour, baked 51·1 11·0 7
Refined grains and products, unenriched/unfortified 2

White rice, boiled 17·0 42·5 2
Whole grains and products, unenriched/unfortified 27

Finger millet flour, boiled 55·3 81·9 7
Maize, fresh, roasted 36·2 81·9 7
Sorghum flour, boiled 29·8 81·9 7
White maize flour, boiled 89·4 81·9 7
White maize grains, dried, boiled 46·8 81·9 3
White wheat flour, baked 53·2 81·9 7
Whole white maize flour, boiled 74·5 81·9 7
Yellow maize flour, boiled 29·8 81·9 7
Yellow maize grains, dried, boiled 12·8 81·9 1

Legumes, nuts and seeds 0/3
Cooked beans, lentils, peas 3

Cocoa rose beans, dried, boiled 19·2 51·1 1
White beans, dried, boiled 14·9 51·1 1

Meat, fish and eggs 1/4
Eggs 1

Egg, baked 10·6 36·0 1
Small, whole fish with bones 4

Fulu fish, fried 10·6 14·2 1
Omena dagaa, dried, boiled 21·3 14·2 3
Omena dagaa, dried, fried 29·8 14·2 3

Fish without bones 4
Nile perch, boiled 12·8 18·5 2
Nile perch, fried 8·51 18·5 1

Vegetables 15/24
Other vegetables 14

Red bulb onion, fried 19·2 4·22 7
Stem onion, boiled 44·7 4·22 7
Stem onion, fried 87·2 4·22 7

Vitamin A source dark green leafy vegetables 3
Sukuma wiki, fried 48·9 24·0 3

Vitamin C-rich vegetables 14
Cabbage, fried 25·5 25·2 2
Cowpea leaves, boiled 36·2 25·2 3
Okra, boiled 25·5 25·2 3
Tomato, boiled 27·7 25·2 7
Tomato, fried 89·4 25·2 7

* All foods consumed by at least 5% of the children.
† Serving sizes of similar food items within food subgroups are calculated as a weighted average of the median serving sizes of the raw edible portions based on 24-h recalls and the
number of children consuming the food.

‡ Values in the 95th percentile of distribution.
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scenario for all nutrients except for fat, which remained at 18·7 E%.
In the best-case scenario, PRI coverage remained < 100% of the
PRI for niacin, vitamin B12, vitamin A, Fe and Zn and< 25 E%
for fat. Daily costs for this scenario with FBR including nutrient-
dense foods ranged from 51 KES in the worst-case scenario to
58 KES in the best-case scenario (shown in Table 4).

In the scenario with house crickets, problem nutrients were
fat and vitamin A (shown in Table 5). Based on the module 2
nutritionally best diet, a set of FBR was developed for this sce-
nario and included added fats (11 servings/week), dairy prod-
ucts (7 servings/week), fruits (5 servings/week), house
crickets (3 servings/week), cowpea leaves (3 servings/week),
provitamin A-rich dark green leafy vegetables (3 servings/
week), whole grains and products (24 servings/week), evenly
divided over finger millet flour (7 servings/week) and yellow
maize flour (7 servings/week). These recommendations covered
76·5 % of the PRI for Zn in the worst-case scenario and ensured
nutrient adequacy for all nutrients except for fat and vitamin A,
which remained at< 25 E% and< 70 % of the PRI in the worst-
case scenario, respectively. Nutrient-dense foods that contrib-
uted≥ 20 % to the intake of problem nutrients were oil for fat
and mango for vitamin A. Sour cows’ milk and butternut were
consumed by< 5 % of the children and contributed≥ 30 % to
the intake of vitamin A per median serving size. Addition of
six servings of oil per week improved PRI coverage for fat to
24·8 E% and addition of four servings of mango per week
improved PRI coverage for vitamin A to 73·1 % of the PRI. On

the other hand, the addition of sour cows’ milk or butternut
did not increase the number of nutrients achieving≥ 70 % of
the PRI and inclusion of more than one weekly serving of sour
cows’milk or butternut in the FBRwould exceed the energy con-
straint. Also, the combination of additional oil and additional
mango would exceed the energy requirement. The final set of
FBR hypothetically ensured nutrient adequacy at the population
level for all nutrients except for fat, which remained at 22·6 E%.
Daily costs for this scenario with FBR including nutrient-dense
foods ranged from 53 KES in the worst-case scenario to
60 KES in the best-case scenario (shown in Table 5).

The final set of FBR for both scenarios in comparison with the
best diet within the average food pattern is shown in Table 6. In
both scenarios, the number of servings selected of grains and
grain products and fruits slightly exceeded the number observed
in the average food pattern, whereas the number of servings of
vegetables selected was below the number observed in the aver-
age food pattern. Three weekly servings of house crickets were
selected in the optimalmodelled diet with house crickets and this
recommendation replaced two weekly servings of legumes and
four weekly servings of fish. Comparison of the percentage PRI
coverage for the final set of FBR for both scenarios (FBR based on
local available foods and FBR with house crickets) against the
worst-case scenario is shown in Fig. 1. FBR based on both sce-
narios could ensure nutrient adequacy for all nutrients except for
fat, but E% of fat was highest in the scenario with house crickets
(22·6 E% v. 18·7 E%).

Discussion

This linear programming analysis explored the potential contri-
bution of house crickets to the dietary Zn content and nutrient
adequacy in young Kenyan children. Data presented show that
Zn would cease to be a problem nutrient when including house
crickets to children’s diets (PRI coverage for Zn increased from
89·4 % to 121 % in the best-case scenario) in this population
where Zn deficiency is common. Further analysis indicated that
three weekly servings of house crickets provided in portions of
46·5 g could replace recommendations for four weekly servings
of small, whole fish with bones (e.g. omena dagaa
(Rastrineobola argentea)) and two weekly servings of legumes.
Although FBR in both scenarios could ensure nutrient adequacy
for all thirteen nutrients except for fat, FBR with house crickets
were superior to FBRwithout house crickets at reaching E% of fat
(22·6 E% v. 18·7 E% in the worst-case scenario) at 2 KES addi-
tional cost (0·02 US$1). These results provide an evidence base
that justifies further testing of interventionswith house crickets to
meet dietary (Zn) requirements within the existing dietary pat-
tern of young Kenyan children.

These FBR are based on children’s actual dietary patterns,
and the foods recommended are assumed to be available, afford-
able and acceptable for the target population(55). However, the
complexity and specificity of this linear programming analysis
may have resulted in FBR that are not in line with dietary recom-
mendations, such as our recommendation of only six servings of
vegetables per week. The analysis was based on meeting the

Table 3. Nutrient composition as percentage of the population reference
intake (PRI) of the two scenarios for the average* and the nutritionally best
diet† (module 2) modelled using linear programming (Optifood) among
young children (n 47) aged 2 and 3 years in Kisumu, western Kenya

No house crickets House crickets

Average
food pattern

Nutritionally
best diet

Average
food pattern‡

Nutritionally
best diet§

(% of the
PRI)

(% of the
PRI)

(% of the
PRI)

(% of the
PRI)

Protein 212 242 216 301
Fat (E%) 22·2 25·2 22·3 27·4
Ca 97·9 141 85·9 131
Vitamin C 100 179 100 186
Thiamine 198 217 198 172
Riboflavin 88·3 100 125 359
Niacin 69·9 90·6 71·2 100
Vitamin B6 132 135 133 135
Folate 70·0 124 69·6 104
Vitamin B12 30·4 76·0 38·8 221
Vitamin A 29·4 57·8 29·7 57·5
Fe 84·6 81·1 84·2 95·0
Zn 74·5 74·9 78·2 104
Cost/d in

KES
46·90 56·40 47·90 69·40

Number of
nutrients
≥100% of
the PRI

4 7 5 10

KES, Kenyan Shilling.
* Best diet within average food pattern closest tomedian food pattern of the population.
† Best diet deviating from average food pattern constrained by theminimum andmaxi-
mum servings per week.

‡ One serving of house crickets per week.
§ Seven servings of house crickets per week.

1KES= 0.01 US$ in July 2020.
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Table 4. Results for the scenario without house crickets andwithout or with food-based dietary recommendations (FBR) modelled using linear programming (Optifood) among young children (n 47) aged 2 and
3 years in Kisumu, western Kenya

Protein Fat Ca
Vitamin

C Thiamine Riboflavin Niacin
Vitamin

B6 Folate
Vitamin
B12

Vitamin
A Fe Zn

Cost in
KES/d

(% of
the PRI) (E%)

(% of
the PRI)

(% of
the PRI)

(% of the
PRI)

(% of the
PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

No house cricket diet without FBR
Best-case scenario 311 29·1 156 192 271 110 109 161 142 76·3 62·4 113 89·4 64·9
Worst-case scenario 145 2·91 3·60 0·10 43·0 12·1 18·2 21·2 17·0 1·70 0·00 31·1 18·5 21·0

No house cricket diet with FBR*

Worst-case scenario 250 18·7 137 136 186 91·9 84·2 120 108 75·8 52·4 78·2 70·8 48·3
Worst-case scenario results for nutrient-dense foods

added to the no house cricket diet with FBR
FBR þ oil 4 servings/week 250 20·9 138 139 190 92·5 86·3 120 111 75·8 52·5 78·2 70·8 49·2
FBR þ mango 4 servings/week† 251 18·7 139 177 192 93·6 87·9 123 119 76·0 72·8 78·6 71·0 51·1
FBR þ sour cows’ milk 1 servings/week 258 19·6 150 140 190 99·3 85·9 120 112 84·9 58·2 78·5 73·2 50·2
FBR þ butternut 2 servings/week 259 18·7 140 164 197 94·5 100 129 120 76·1 63·4 79·7 72·6 52·9
FBR þ oil 3 servings/week þ fruits 9 servings/week 256 19·8 141 179 194 94·3 95·4 124 126 76·0 72·8 78·6 71·0 52·2

Best-case scenario results for the final set of FBR
selected in the no house cricket diet

261 20·2 146 229 230 102 97·7 140 138 76·3 87·2 90·7 78·6 58·1

PRI, population reference intake; KES, Kenyan Shilling.
* FBR: added fats (9 servings/week); dairy products (7 servings/week); fruits (5 servings/week); cowpea leaves (3 servings/week); legumes (2 servings/week); omena dagaa (4 servings/week); vitamin A source dark green leafy vegetables (3
servings/week); whole grains and products (24 servings/week), evenly divided over finger millet flour (7 servings/week) and yellow maize flour (7 servings/week).

† Final set of FBR selected.
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Table 5. Results for the scenario with house crickets and without or with food-based dietary recommendations (FBR) modelled using linear programming (Optifood) among young children (n 47) aged 2 and 3
years in Kisumu, western Kenya

Protein Fat Ca
Vitamin

C Thiamine Riboflavin Niacin
Vitamin

B6 Folate
Vitamin
B12

Vitamin
A Fe Zn

Cost in
KES/d

(% of
the PRI) (E%)

(% of
the PRI)

(% of
the PRI)

(% of the
PRI)

(% of the
PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

(% of
the PRI)

House cricket diet without FBR
Best-case scenario 375 31·0 160 199 271 371 133 171 143 243 64·0 116 121* 74·8
Worst-case scenario 145 2·91 3·60 0·10 41·6 12·1 18·2 21·2 14·7 1·70 0·00 31·1 18·5† 21·0

House cricket diet with FBR‡

Worst-case scenario 228 22·6 86·0 139 177 198 84·4 117 85·9 88·8 52·8 71·8 76·5 50·5
Worst-case scenario results for nutrient-dense foods

added to the house cricket diet with FBR
FBR þ oil 6 servings/week 230 24·8 87·1 142 181 199 89·4 118 90·5 88·9 52·8 71·8 76·5 51·7
FBR þ mango 4 servings/week§ 229 22·6 87·3 180 183 199 88·0 120 96·0 89·0 73·1 72·2 76·7 53·3
FBR þ sour cows’ milk 1 servings/week 236 23·5 98·2 143 181 205 86·1 118 89·8 97·9 58·5 72·1 78·9 52·5
FBR þ butternut 1 servings/week 231 22·6 86·7 153 182 199 90·4 121 90·6 89·0 58·2 72·6 77·4 52·5

Best-case scenario results for the final set of FBR
selected in the house cricket diet

252 23·9 109 227 218 240 99·4 136 114 114 84·7 83·7 86·0 60·0

PRI, population reference intake; KES, Kenyan Shilling.
* Zero servings of house crickets per week.
† Seven servings of house crickets per week.
‡ FBR: added fats (11 servings/week); dairy products (7 servings/week); fruits (5 servings/week); house crickets (3 servings/week); cowpea leaves (3 servings/week); vitamin A source dark green leafy vegetables (3 servings/week); whole
grains and products (24 servings/week), evenly divided over finger millet flour (7 servings/week) and yellow maize flour (7 servings/week).

§ Final set of FBR selected.
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requirements for thirteen selected nutrients rather than for all of
the essential nutrients(51). Although these nutrients were consid-
ered to be potential problem nutrients for children in this area,
results may have been different when other nutrients, such as
dietary fibre, were included(12,56). In addition to the assumptions
made about nutrient requirements, the final set of FBR devel-
oped in this study was based on the few vegetables that were
reported to be consumed in only limited amounts (e.g. both pro-
vitamin A-rich dark leafy green vegetables and vitamin C-rich
vegetables had serving sizes of approximately 25 g). More
nutrient-dense foods from food groups other than vegetables
were preferred. Likewise, FBR with house crickets would
replace four weekly servings of fish and two weekly servings
of legumes, a recommendation that may not fit within the local
agri-food culture. Thereby, these FBR suggest a trade-off in
dietary diversity to improve nutrient adequacy, a finding that
is contradictory to the current state of knowledge(57). Results

of this study should therefore not be viewed as dietary recom-
mendations to guide the public; instead, they should be inter-
preted as a theoretical indication of the potential contribution
of house crickets to reach nutrient adequacy. They pave the
way for more extensive research, such as clinical trials, on the
effectiveness and acceptability of consumption of dietary house
crickets to prevent Zn deficiency in young Kenyan children.

Crickets, ants, termites and grasshoppers are traditionally
consumed around Lake Victoria, either as an occasional delicacy
or as a replacement of food in times of shortages(58,59). Insects are
well accepted, but their actual consumption varies between
communities(60–62). Although processing insects is not yet
common in Kenya, an experimental study on the acceptability
of biscuits containing 10 % crickets among primary school chil-
dren in the Nyanza District in western Kenya showed that cricket
biscuits had good sensory acceptability, which could be
explained by the high number of children (76 %) who consumed

Table 6. Food-based dietary recommendations (FBR) developed in the scenario without house crickets and with house crickets in comparison with the best
diet within the average food pattern among young children (n 47) aged 2 and 3 years in Kisumu, western Kenya

Average food
pattern*

Final set of FBR selected
in the scenario without

house crickets†

Final set of FBR
selected in the scenario
with house crickets‡

(servings/week) (servings/week) (servings/week)

Added fats 11 9 11
Dairy products 7 7 7
Grains and grain products 23 24 24
Fruits 5 9 9
Legumes, nuts and seeds 2 2 NA
Meat, fish and eggs 4 4 3
Vegetables 24 6 6

NA, not applicable.
* Results of the module 2 best diet within average food pattern of the scenario without house crickets.
† Results of the module 3 analysis of the scenario without house crickets and with FBR including nutrient-dense foods.
‡ Results of the module 3 analysis of the scenario with house crickets (3 servings/week in portions of 46·5 g) and with FBR including nutrient-dense foods.

Fig. 1. Comparison of the percentage population reference intake (PRI) coverage* for the two scenarios† (FBR based on local available foods and FBR with house
crickets) against the worst-case scenario using linear programming (Optifood) among young children (n 47) aged 2 and 3 years in Kisumu, western Kenya. Values above
the dashed line (70%) indicate nutrient adequacy. * Values capped at 100%. † Final set of FBR in worst-case scenario. FBR, food-based dietary recommendations.
, worst-case scenario; , optimised diet without house crickets; , optimised diet with house crickets.
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insects when they were in season(63). Similarly, an experimental
study on the acceptability of cereal–cricket porridge in children
aged 3–5 years showed that porridge flour containingmaize, mil-
let and cricket power was liked very much and that young chil-
dren can develop a greater liking for it with continued exposure
over time(64). Most of the insects consumed in the area are har-
vested from wild habitats and, as such, are restricted to certain
localities and subject to seasonal availability(58,65). Commercial
insect production can ease the constraints of seasonal cricket
availability and lower their sale price, which is currently rela-
tively high (11·6 KES per portion of 46·5 g house crickets as com-
pared with 4·6 KES per portion of 14·2 g omena dagaa)(66). It
should be noted, however, that insects are susceptible to micro-
biological hazards if proper heat treatment or storage conditions
are not applied and that there are currently no specific standards
for the use of insects as food in Kenya(65,67). Therefore, food
safety issues associated with the process of scaling up the insect
sector should be identified and managed to deliver to the con-
sumer edible insects that are safe(8). The practicality of this is dis-
cussed more fully, elsewhere(68).

The current analysis revealed that among 2- and 3-year-old
children in Kisumu, western Kenya, the intake of fat, vitamin
B12, vitamin A and Zn is below the requirements. These problem
nutrients correspond to the high levels of vitamin A and Zn defi-
ciency, being 36·2 and 55·3 %, respectively. Even with a
conservative estimate for Fe and Zn bioavailability from crickets,
only fat and vitamin A remained problem nutrients when house
crickets were included in the diet(49,69). Vitamin A fortification of
cooking oil is mandatory in Kenya, but fortified products were
not yet consumed by the study participants. Promotion of the
use and consumption of vitamin A-fortified oil could be effective
to eliminate the deficit in fat and vitamin A intake. Remaining
nutrient gaps could mostly be covered by adapting the local diet
to include nutrient-dense foods; however, incorporation of such
FBR results in 2·9-fold increase in the cost of the diet if all foods
are purchased. Although this increase is still below the 75th per-
centile cost of the observed daily diet, this increase may reduce
the affordability of such diets to the high proportion of the house-
holds in the area that live in poverty. Therefore, interventions
that focus on lowering the cost of house crickets, such as rearing
or farming crickets, should be explored(66).

This study has several limitations. First, the validity of the con-
clusions drawn from the Optifood analysis depends on the accu-
racy of themodel parameters, including dietary intake data(51). In
this study, dietary intake data were collected based on recall
from the caregiver, a method that can introduce recall bias.
Second, the cross-sectional data captured a snapshot of the
dietary intake during the preharvest season(12). For example,
mango is a seasonal product that was included in the final set
of FBR and its availability and consumption patterns will differ
in the postharvest season. Therefore, results cannot be extrapo-
lated to other agricultural seasons and comparative analyses
using dietary intake data from different seasons are required
to understand how FBR would change throughout the year(12).
Third, identical serving sizes for all similar food itemswithin food
subgroups were created to avoid bias in selection of food items
based on serving size. However, this method does not take into

account that these differences in serving size may be caused by
the food item’s affordability and/or acceptability to children or
their parents. Fourth, the presence of concurrent inflammation
can lead to overestimation of the true prevalence of Zn defi-
ciency in the study population(70). Finally, the sample size was
small, meaning that errors in portion size estimates may have
occurred(71). Although the study had insufficient power to allow
generalisation to the larger Kenyan population, it nevertheless
captured the foods most commonly consumed in the locality.

In summary, a set of seven FBR with house crickets could
ensure nutrient adequacy for twelve of the thirteen nutrients
modelled, including Zn. These results can serve as a guide for
designing culturally acceptable, population-specific interven-
tions with house crickets to meet the Zn and overall nutrient
requirements of young children in western Kenya. Various initia-
tives to stimulate commercial insect production and insect con-
sumption have already been implemented in the area. However,
several obstacles to thewidespread use of insects as human food
to combat nutritional deficiencies remain. First, information on
the bioavailability level of Fe and Zn from edible insects is
required to revise and update current FBR. In addition, issues
regarding themicrobial safety of edible insects should be consid-
ered. Finally, if insects are to become part of the habitual diets,
large quantities of insects will need to be available on a continu-
ous basis.
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