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Abstract
Inadequate protein quality may be a risk factor for poor growth. To examine the effect of a macronutrient–micronutrient supplement KOKO Plus (KP),
provided to infants from 6 to 18 months of age, on linear growth, a single-blind cluster-randomised study was implemented in Ghana. A total of thirty-
eight communities were randomly allocated to receive KP (fourteen communities, n 322), a micronutrient powder (MN, thirteen communities, n 329) and
nutrition education (NE, eleven communities, n 319). A comparison group was followed cross-sectionally (n 303). Supplement delivery and morbidity were
measured weekly and anthropometry monthly. NE education was provided monthly. Baseline, midline and endline measurements at 6, 12 and 18 months
included venous blood draws, diet, anthropometry, morbidity, food security and socio-economics. Length-for-age Z-score (LAZ) was the primary outcome.
Analyses were intent-to-treat using mixed-effects regressions adjusted for clustering, sex, age and baseline. No differences existed in mean LAZ scores at
endline (−1·219 (SD 0·06) KP, −1·211 (SD 0·03) MN, −1·266 (SD 0·03) NE). Acute infection prevalence was lower in the KP than NE group (P= 0·043).
Mean serum Hb was higher in KP infants free from acute infection (114·02 (SD 1·87) g/l) than MN (107·8 (SD 2·5) g/l; P = 0·047) and NE (108·8 (SD 0·99)
g/l; P= 0·051). Compliance was 84·9 % (KP) and 87·2 % (MN) but delivery 60 %. Adjusting for delivery and compliance, LAZ score at endline was
significantly higher in the KP v. MN group (+0·2 LAZ; P = 0·026). A macro- and micronutrient-fortified supplement KP reduced acute infection,
improved Hb and demonstrated a dose–response effect on LAZ adjusting consumption for delivery.
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Prevention of stunting in infants and children requires ‘access
to’ and ‘actual intake’ of nutritious food with exclusive breast-
feeding for the first 6 months of life followed by continued
breastfeeding and high-quality complementary foods (e.g.
animal-source foods and/or fortified complementary foods)
from 6 to 24 months of age. This needs to be further coupled
with access to clean drinking water and sanitation and prevent-
ive/curative health care and multiple micronutrient supple-
mentation or fortification particularly to address deficiencies
of vitamin A, Fe and Zn(1–3). To date, most interventions aim-
ing to improve linear growth have shown mixed results and
current recommendations indicate the need to explore other
strategies of intervention(4,5).
Within the context of Ghana, a review of latest national esti-

mates showed that while stunting rates are low at 6–8 months
of age (6 %) they increased to almost 22 % at 18–23 months
and 28 % by the time infants turn 24–35 months of age(6,7).
Furthermore, only 52 % of infants were exclusively breastfed
(0–5 months of age) and 13 % achieved a minimally acceptable
diet (6–23 months of age), thus indicating a severe gap in
receiving optimal nutrition due to suboptimal breast feeding
and complementary feeding.
While the absolute amount of protein required in early

infancy and childhood is small, essential amino acid needs
are significantly higher (mg/g protein)(8). A strong correlation
of high-quality protein availability at the national level and
prevalence of stunting has been observed in an ecological ana-
lysis(9). In Ghana, low protein quality adjusted for total energy
was associated with an increased risk of stunting in children
aged 2–13 years(10), while introducing animal-source foods,
which are a source of high protein quality and micronutrients,
has shown a positive impact on weight gain and lean body
mass in Kenyan school children(11).
Protein intake in early life has been positively associated with

height and weight at 10 years of age and has been indicated to
have a specific growth-stimulating effect during the comple-
mentary feeding period(12,13). Studies focusing specifically on
individual essential and non-essential amino acids have found
improved immune parameters in both adults and children(14–16)

as well as reduced diarrhoeal morbidity in children(15). There
was a significant association between low circulating levels of
plasma amino acids and stunting in Malawian children under
5 years of age(17) and a diet in infancy that is high in arginine
and lysine was associated with better linear growth and higher
fat-free mass at 10 years of age(18). However, there are very
few studies that have examined the potential role of protein
quality coupled with micronutrient supplementation in early-life
nutrition (i.e. complementary feeding) and its effect on linear
growth within the first 2 years of life.
The aim and objectives of the present study were to examine

the effect of providing a macro- and micronutrient-fortified
complementary food supplement (formulated to improve
nutritional quality of complementary foods) called KOKO
Plus (KP) to infants starting at 6 months of age until 18
months of age (12-month intervention period) on change in
length-for-age Z-score (LAZ score)(19). In addition, the effect
on morbidity, infection and micronutrient status was assessed.
We hypothesised, all things constant, that infants from

communities that received KP coupled with nutrition educa-
tion (NE) would have significantly greater LAZ compared
with those from communities that received a micronutrient
powder with NE (MN) or NE alone. Secondary outcomes
included change in weight-for-age Z-score (WAZ), weight-for-
height Z-score (WHZ), mid upper arm circumference
(MUAC), prevalence of anaemia, serum Hb, serum ferritin,
serum Zn, serum retinol binding protein, serum cortisol,
serum insulin-like growth factor-1 (IGF-1), serum C-reactive
protein (CRP) and serum α-1-acid-glycoprotein (AGP), change
in acute and chronic infection status and prevalence and change
in the prevalence of fever and diarrhoea.

Methods

This was a cluster randomised single-blind study with three
groups (KP, MN and NE). The study design ensured partici-
pant blinding and prevented contamination. One group
received KP (KP group) with NE, a second group received
MN (MN group) with NE and a third group received NE
alone (NE group). Due to ethical considerations, there was
no control group, but we followed a separate group of com-
munities cross-sectionally to ascertain secular trends in the pri-
mary outcome, i.e. the LAZ.
The ingredient composition and nutrient content of KP

(sachet per d) are presented in Tables 1 and 2, respectively.
The development of the formulation is discussed else-
where(20,21). KP contains soya powder, sugar and oil along
with the essential amino acid lysine and a micronutrient pre-
mix. KP was formulated as a complement that aids meeting
the WHO complementary feeding guidelines(22), the FAO/
WHO micronutrient recommended nutrient intakes (RNI)
and the WHO protein and essential amino acid requirements
for the 6- to 24-month age group(8,23). It achieved 30 % of the
total recommended energy requirement, 60 % of total protein
and 40 % of total fat requirements from complementary
foods. In addition, an assessment of amino acid and micronu-
trient composition shows that the supplement met 35−55 %
of essential amino acids and 50–150 % RNI of micronutrient
needs based on the total daily requirements. The micronutrient
premix provided 50–150 % RNI in both KP and MN sachets.
KP was produced in Ghana and the micronutrient premix for
both supplements was produced in South Africa.

Ethics

The study protocol was reviewed and approved by the
Institutional Review Boards of the Ghana Health Service

Table 1. Formulation of KOKO Plus (g per sachet)

Ingredients g %

Soyabeans 7·31 48·8
Palm oil 0·98 6·5
Sugar 5·60 37·3
Lysine 0·11 0·75
Micronutrient premix 1·00 6·7
Total 15·00 100

2

journals.cambridge.org/jns
ht

tp
s:

//
do

i.o
rg

/1
0.

10
17

/jn
s.

20
19

.1
8 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jns.2019.18


(GHS) (Accra, Ghana) and the Noguchi Institute for Medical
Research, Accra, Ghana. Written informed consent was
obtained from both parents except in single parent house-
holds. A data safety monitoring board (DSMB) reviewed
study outcomes on a quarterly basis. No interim analyses
were planned or stopping rules defined.

Sample size, study participants and groups

Sample size calculations were based on change in LAZ and
diarrhoeal morbidity, with change in LAZ being the primary
outcome. The sample size per group was 301, with thirteen
clusters per group (about twenty-three participants/cluster,
equal number of clusters). This would detect a 0·5 cm change
in length (1·2 SD) in infants provided an energy-containing v.
non-energy-containing micronutrient supplement using a
design effect of 1·66, intraclass correlation of 0·03, power of

0·80, α of 0·05 and an attrition rate of 15 %. The sample
size was also sufficient to detect a minimum of a 0·19 change
(0·54 SD) in LAZ (required sample size: 298 per group). This
LAZ change estimate was the average change observed by
Adu-Afarwuah et al.(24) in a three-arm intervention study
with a cross-sectional non-intervention group comparing one
macro- and micronutrient-fortified spread with two micronu-
trient formulations(24,25).
The subjects were from communities in three districts of the

Central region of Ghana. These were districts with the highest
rates of moderate and severe acute malnutrition. A population
size greater than 1000 households was defined as the minimum
criterion for study inclusion. At total of sixty-one communities,
each serving as a cluster, fulfilled the criterion. A total of thirty-
nine communities were randomly selected using the Microsoft
Excel random number function (RAND) by a research associ-
ate. Following this, a new random sequence was generated using

Table 2. Macro- and micronutrient composition of KOKO Plus per sachet compared with macronutrient requirements from complementary food (per d) and

amino acid and micronutrient needs (per d)

Amount % Requirement % Met

Amount per sachet (g) 15·0
Total energy 30

kcal 66·5 220

kJ 278·2 920

Protein (g) 2·9 18

Utilisable protein (g) 2·6 16 4·25 62

Carbohydrate (g) 8·0 48

Fat (g) 2·6 36 6·4 41

PUFA

n-6 (18 : 2 undifferentiated) 0·9 12

n-3 (18 : 3 undifferentiated) 0·1 2

Proportion of n-6 to n-3 8·12

Amino acid composition mg/g protein Amino acid score Requirement % Met

Tryptophan (g) 0·04 16·20 2·19 0·08 54

Threonine (g) 0·13 48·40 1·79 0·29 45

Isoleucine (g) 0·14 54·01 1·74 0·32 45

Leucine (g) 0·24 90·68 1·44 0·64 38

Lysine (g) (with added lysine) 0·31 116·59 2·24 0·55 56

Sulfur amino acids (methione + cysteine) 0·09 32·94 1·27 0·27 33

Histidine (g) 0·08 30·06 1·67 0·19 43

Valine (g) 0·15 55·60 1·32 0·43 35

Micronutrient composition* Amount Requirement % Met

Vitamin A (μg retinol equivalents) 200·1 400·0 50

Folic acid (μg) 45·0 90·0 50

Niacin (mg) 3·1 6·0 52

Riboflavin (mg) 0·3 0·5 63

Thiamin (mg) 0·3 0·5 63

Vitamin B6 (mg) 0·3 0·5 56

Vitamin B12 (μg) 0·5 0·9 50

Vitamin C (mg) 30·4 30·0 101

Ca (mg) 220·3 500·0 44

Fe (mg) 7·0 11·6 60

P (mg) 154·5 100·0 154

Zn (mg) 2·4 4·1 59

Choline (mg) 62·5 45·9 136

Vitamin D (μg) 2·5 5·0 50

Vitamin E (mg) 2·7 5·0 54

Iodide (mg) 0·0 0·1 50

Vitamin K (μg) 11·0 15·0 73

*Micronutrient composition was the same for the micronutrient powder supplement.
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RAND followed by block randomisation (number of blocks =
4) and the clusters were randomly assigned to one of three
groups (KP, MN and NE) by the same research associate.
Another eleven communities were randomly but separately
selected from the remaining list. Changes occurred to the
total number of clusters per group as study implementation
began. During the community sensitisation process, we found
one of the clusters in the KP group subdivided into two differ-
ent communities and four clusters in the NE group merged into
two. Thus, the total number of clusters were thirty-eight not
thirty-nine, with fourteen in the KP, thirteen in theMN (original
allocation) and eleven in NE group. Fig. 1 shows the actual
study flow, loss to follow-up and ‘drop outs’ by individual par-
ticipants. The study was conducted from January 2013 through
to February 2015 when the last infant graduated from the inter-
vention study.

The intervention

The University of Ghana implemented the study. The inter-
vention period was 12 months from infant age 6−18 months
and was delivered at the community level to ensure blinding
and prevent contamination. The KP and MN supplements
were formulated for daily consumption with instructions for
use to mothers in the communities assigned to KP and MN
groups, respectively. The distribution was conducted by a
local non-governmental organisation (NGO) working with
community health volunteers. The distribution team was
expected to visit each community on a weekly basis and deliver
the supplements through the community health volunteers. All
the mothers enrolled in the study were followed by the com-
munity health volunteers who live in the communities. The
NE materials were adapted from the Good Life project, a
US Agency for International Development behaviour change
project conducted from 2009 to 2013, to support GHS in
areas of family planning, maternal and child health, malaria,
nutrition, water and sanitation. Modifications were made to
the training materials with specific modules on supplement
use(26). The NE component included monthly sessions with
mothers and infants with role-plays, activities and cooking
demonstrations conducted in conjunction with GHS volun-
teers in each community irrespective of treatment group.
In each community irrespective of intervention group, all

mothers with newborn infants (0–3 months of age) who
attended the mother support group were invited to participate
in the study. This was to encourage mothers to participate in
monthly nutrition education sessions and to continue exclusive
breastfeeding. When eligible (at 6 months of age), dyads were
enrolled into the intervention. Inclusion criteria were singleton
term birth, exclusively or predominantly breastfed, parents
planning to live in the community for a period of 12 months
and willing to participate for the entire study period and writ-
ten informed consent. Exclusion criteria included severe
anaemia (Hb <70 g/l) or severe acute malnutrition (MUAC
<110 mm)(27,28). Infants were assessed for severe anaemia
and acute malnutrition at each time point (baseline (B), midline
(M) and endline (E)) and, if diagnosed, referred for routine
medical care and excluded from participation.

Anthropometric measurements

Anthropometric measurements were collected monthly and
included length (Infant/Child ShorrBoard®; Weigh and
Measure, LLC; http://www.weighandmeasure.com/), weight
(Seca 874 digital scale; http://www.seca.com/en_mw/
products/all-products/product-details/seca874.html), MUAC
(Child MUAC Tape; Weigh and Measure, LLC), subscapular
and triceps skinfolds (Holtain T/W skinfold caliper; http://
www.holtain.com/tw.php) and head and chest circumference.
The digital scales were tested weekly for accuracy using stand-
ard weights. Motor development assessments were conducted
using the WHO motor development skills framework(29).

Questionnaires

A single 24-h diet recall and semi-structured questionnaires
were administered to assess change in diet, socio-economic
status, infant and young child feeding practices, morbidity
and household food security at B, M and E. The 24-h diet
recall was developed and implemented in different studies
within the University of Ghana and was contextualised to
the local diet. A series of locally tested and validated house-
hold measures were used for ascertaining portion sizes.
Dietary data were cleaned with all data in household measures
converted into grams. Supplement compliance and morbidity
questionnaires were administered weekly. Both paper and elec-
tronic forms were utilised. Data were uploaded daily through
the cell phone network, stored on Formhub and ONA (the
Formhub system began having problems in mid-2014 and
stopped being maintained by developers. ONA is an identical
system, which made the switch seamless). All data cleaning and
analysis was done using Stata 13.1 (StataCorp LLC).

Clinical measures and sample handling

One venous blood draw (3 ml) and a fingerprick (Hemocue
301), to assess severe anaemia (<70 g/l) (for screening pur-
poses), were collected at B, M and E(30). Sample collection
utilised butterfly needles (21/23 gauge) and K2EDTA
vacutainers (catalogue no. 368841; Becton, Dickinson and
Company; https://www.bd.com/resource.aspx?IDX=7220)
for whole blood and plasma analyses and Trace Element
Serum Separator Tube vacutainers (BD; catalogue no.
368380) for serum analyses. Samples were immediately placed
in a super cooler tube rack to keep sample temperature at 4°
C(31) and transported back to the laboratory within 5 h of
collection.
A quantity of 50 μl of K2EDTA blood was aliquoted into an

Eppendorf tube for whole blood count including Hb concentra-
tion (ABX Pentra-60 haematology machine; Horiba Medical;
http://www.horiba.com/us/en/medical/products/hematology/
abx-pentra-60/). Hb concentrationsmeasured clinically were used
for subsequent statistical analyses while Hb measured with
HemoCue were used for screening infants. The rest was centri-
fuged at 3000 g (14 min at 4°C) and plasma aliquoted into
Eppendorf tubes and stored at−20°C for plasma amino acid ana-
lysis (to be reported in a separate paper). Samples collected in trace
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element-free tubes were rested at room temperature for 30 min,
centrifuged at 3000 g (15 min, 25°C), and aliquoted using sterile
metal-free pipette tips (200 µl) into one DNase, pyrogen-free
microcentrifuge tube (Thomas Scientific) stored at −80°C for
Zn analysis and three Eppendorf tubes stored at −30°C. Serum
Zn (Elemental Analysis Lab, David Killilea, University of
California) was measured using HPLC, IGF-1, serum cortisol
and prealbumin using ELISA (IGF-1 and Cortisol kits from
DRG; Prealbumin kit from Abcam) (University of Cape Coast,
Ghana), serum transferrin receptors, serum retinol binding pro-
tein, serum ferritin, CRP and AGP using sandwich ELISA
(Juergen Erhardt)(32).

Statistical analysis

The primary outcome of this study was change in mean LAZ
from 6 to 18months of age in infants of theKP group compared
with those of the MN and NE groups. Anthropometric indices
(LAZ, WAZ and weight-for-length Z-score (WLZ)) were com-
puted using the WHO 2006 growth reference charts (WHO
macro, STATA)(33) as were the household insecurity access
score (HFIAS)(34), maternal BMI and dietary diversity scores(35).
Duplicate anthropometric measurements were checked for

discrepancies. A total of six observations were flagged as

implausible Z-scores by WHO 2006 definitions and were
coded as missing. Outlier tests on an infant’s longitudinal mea-
surements were conducted using a linear regression model
which computed standardised residuals for each data point.
A standardised residual≥ +2·5 or≤−2·5 was considered as
an outlier and replaced through imputation. A new regression
was run and used to impute the omitted length measurement
with a new predicted value. This process was repeated using a
less strict cut-off of≥ +3·0 or≤−3·0 standardised residual.
Based on the review of the findings, the study statistician
recommended using the more stringent cut-off of≥ +2·5
or≤−2·5. Across all the anthropometric data and interven-
tion groups (n 9161 observations, including measurements at
baseline (B), midline (M) and endline (E) and monthly mea-
surements), a total of seventy-six data points were identified
as outliers and replaced through imputation.
All analyses were intent to treat. To verify the randomisation

assumption, differences in mean values across three groups at
B were tested using linear mixed-effects regression models
adjusting for clustering. The difference in difference across
groups and intervention period was tested using mixed-effects
linear regression models adjusting for clustering, intervention
group, B values and repeated measures. For all models (both
primary and secondary outcomes), random effects included

61 Communities

38 clusters randomly selected

14 clusters in intervention
KP (n 322)

30 lost to follow-up*

292 completed baseline

268 completed midline 281 completed midline 267 completed midline

262 completed endline270 completed endline260 completed endline

307 completed baseline 292 completed baseline
303 at 6 months
(anthropometry)

302 at 12 months
(anthropometry)

304 at 18 months
(anthropometry)

22 lost to follow-up* 27 lost to follow-up*
1 death
1 referred for SAM

1 death
1 referred for SAM

24 lost to follow-up*

8 lost to follow-up* 11 lost to follow-up* 5 lost to follow-up*

3 deaths
4 with SAM

26 lost to follow-up*
3 deaths
1 SAM

13 clusters in intervention
M (n 329)

11 clusters in intervention
NE (n 319)

11 clusters randomly
selected

Cross-sectional
(n 303)

Population size <1000

-
-

-
-

-
-

-
-

25 lost to follow-up*
1 death
2 with SAM

-
-

1 death
1 with SAM

- 2 deaths-
-

2 deaths
1 referred for SAM

-
-

Fig. 1. Study participants and follow-up by group (KOKO Plus (KP), micronutrient powder (MN) and nutrition education (NE)). * Lost to follow-up includes deaths and

severe acute malnutrition (SAM).
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in the model were the cluster variable and the individual ID
while baseline and demographic variables (determined using
step-wise regression and vary by each model) were included
as fixed effects. Any additional covariates in the models
were included based on the specific outcome measure. The
primary outcome was LAZ. Secondary outcomes included
WAZ, WLZ, MUAC, serum Hb, anaemia prevalence, serum
ferritin (unadjusted and adjusted for inflammation), serum
Zn, serum cortisol, serum IGF-1, serum retinol binding pro-
tein, serum CRP and serum AGP, acute and chronic infection
status and prevalence, and prevalence of fever and diarrhoea.
For LAZ and all other anthropometric outcomes, we com-

puted two separate models. One is the B-E model, where we
estimated changes from B (6 months) to M (12 months) and B
to E (18 months of age) using the B, M and E data for anthro-
pometry. The second is the monthly model where we com-
puted marginal treatment effects over an 18-month period
to examine the rate of change in LAZ, WAZ and WLZ
using the monthly anthropometric data. Separately to assess
secular differences between the three arms and the compari-
son group, we computed LAZ, WAZ and WHZ scores for
each of the time points (6, 12 and 18 months) and examined
change at E adjusting for B, age, sex and clustering using
mixed-effects models.
We used the two inflammation markers CRP and AGP to

determine prevalence of acute and chronic inflammation.
Onset of acute inflammation was defined as CRP >5 mg/l
while presence of chronic inflammation was defined as AGP
>1 g/l as defined and utilised by several studies(36–40).
Prevalence of acute and chronic inflammation was computed
for B, M and E and change in prevalence was tested using
mixed-effects logistic regression analysis. We further utilised
the CRP and AGP data and above-noted cut-offs to compute
a variable for the four infection stages as defined by
Thurnham et al.(39). For the biochemical markers, models
were adjusted for age, sex, B value, community clustering
and the infection stage(39). We tested two approaches with
serum ferritin: one where the unadjusted serum ferritin was
modelled with infection stage (at the different time points)
as a covariate and a second where the serum ferritin itself
was adjusted. For Hb, we examined the difference across
groups between children with or without acute infection at
E, adjusting for chronic infection and sex, given the high
risk of malaria in this population(41,42). Serum ferritin at each
time point was adjusted for inflammation at that time point

using the four-stages method as recommended by
Thurnham et al.(39).
For the morbidity markers, while data on presence or

absence of malarial parasite was not collected, we assessed
morbidity using two common measures: prevalence of fevers
(all fevers including malarial) and diarrhoeal episodes at B,
M and E, again using mixed-effects models. Diarrhoea is
defined as three or more loose or liquid stools per
d. Episodes of diarrhoea are considered separate if there are
three or more consecutive diarrhoea-free days. Prevalence of
fever was also assessed at B, M and E as presence of any
fever as reported by the caregiver in the past week. While
one of the outcome measures was to examine diarrhoeal mor-
bidity using the longitudinal (weekly) data, we were unable to
compute these indicators due to significant missing data and
thus report only on the B-M-E changes in both acute infection
and diarrhoeal morbidity using mixed-effects logistic regres-
sion models.
Nutrient intake analysis and dietary diversity score computa-

tions were conducted. Nutrient intake was calculated using the
Research to Improve Infant Nutrition and Growth (RIING)
food composition table of Ghanaian foods compiled from
three different data sources including FAO, US Department
of Agriculture (USDA) and data used in previous research
in Ghana (RIING food composition database, Nutrition
Department, University of Ghana). The database contains
306 foods with twenty-nine nutrients (macro- and micronutri-
ents). Nutrient intakes were calculated using a SAS (version
9.3; SAS Institute) program. Mean intakes and corresponding
standard deviations were estimated at B, M and E. Differences
were tested using ANOVA.
Compliance as defined by total used sachets divided by total

delivered sachets was 86·2 % in the KP group and 88·4 % in the
MN groups, indicating that if the mother received the sachet,
the sachets were utilised at a similar rate across the two groups
(Table 3). However, mean consumption (total used sachets)
across both groups was 186 supplements (181 in KP, 190 in
MN), much lower than the expected 365 supplements over
52 weeks. Thus, while compliance was high, this was a measure
only of the total received supplements. A review of the delivery
and distribution logs showed that, on average, mothers received
only about two-thirds of the expected 365 supplements.
Supplement delivery was hampered due to various reasons –
including inaccessibility to mothers, inaccessibility to sites dur-
ing the monsoons among others.

Table 3. Delivery and reported consumption of supplement and overall compliance during the trial period, in the KOKO Plus and micronutrient groups

(Mean values and standard deviations; medians and percentages)

KOKO Plus Micronutrients

Supplement exposure Mean SD Median % Mean SD Median %

Number of supplements delivered to subjects 225·1 77·6 238 – 225·9 79·5 231 –

Proportion of intended delivery (365 supplements) (%) – – 65·2 61·7 – – 63·3 61·9
Number of supplements reportedly consumed 196·1 81·9 207 – 201·9 81·7 201 –

Percentage compliance (number of supplements

consumed as a percentage of those delivered)

– – 93·3 86·2 – – 93·6 88·4
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Supplement consumption, i.e. study adherence, was thus
affected by delivery. As high rates of non-adherence can
lead to underestimates of treatment effect(43), we examined
the relationship of supplement consumption and each out-
come measure (both primary and secondary). As short-term
variation in supplement consumption (i.e. 1 week or 1
month) would not be observable, we included a variable that
represents total supplements consumed by the child over the
duration of the study. As the total supplement consumed by
an infant over the study would have had a different effect
on outcomes at M compared with E, this variable was mod-
elled as an interaction with time and intervention/treatment
group. The interaction term of time, treatment and consump-
tion allowed for the effect of supplement consumption (a
time-invariant variable) to be modelled differentially over
time. Thus, we conducted consumption modelling using
mixed-effects regression models and we estimated predicted
outcomes at different time points across a range of different
levels of supplement consumption which represented adjusted
means over time at those different levels.

Results

A total of 970 infants were recruited, 891 completed B, 816
completed M and 792 completed the E measurements
(Fig. 1). Following the B measurement, thirty-two children in
the KP group (twenty-four before E, eight before E), thirty-
seven children in the MN group (twenty-six before M, eleven
before E) and thirty children in the NE group (twenty-five
before M and five before E) dropped out or were lost to fol-
low up due to maternal refusal, moving out of the area, severe
anaemia, infant deaths and severe acute malnutrition (Fig. 1).
All deaths and referrals were reported to the Noguchi
Institute for Medical Research Institutional Review Board
and the study data safety monitoring board (DSMB); none
was found to be related to the study.

Baseline characteristics

The age of male and female infants was comparable across
groups. The rate of exclusive breastfeeding through 6 months
of age was 41 % in the NE and 51 % in the KP group, but the
difference in breastfeeding did not reach a level of statistical
difference (Table 4). The LAZ score in the NE group was
lower than those observed in the KP and the MN groups,
but the differences were not significant (Table 5).

Differences in length-for-age Z-score, weight-for-age Z-score
and weight-for-length Z-score across groups

The B-E and monthly models were slightly different, but no sig-
nificant differences were found in the change in LAZ (Fig. 2),
WAZ or WLZ scores using either model (Table 6). The data
for the three intervention groups (B, M and E time points)
were also compared with the growth monitoring cross-sectional
group. Adjusting for B values, no significant differences were
found at any time point between the three intervention groups
and the cross-sectional group (data not shown).

Differences in micronutrient and growth markers across
groups

Hb levels at E were higher in the KP group compared with the
levels found in the MN and the NE groups, but the differ-
ences were not significant (Table 7). Adjusting for B value,
sex, age and clustering, serum retinol binding protein, serum
Zn, serum cortisol and IGF-1 were higher at E in the KP
compared with the NE group but these differences were not
statistically significant. Adjusting for B value, sex, age and clus-
tering, serum retinol binding protein, serum Zn and serum
IGF-1 at E were higher in the KP group than the MN
group but serum ferritin and serum cortisol were lower
(Table 7). None of the differences between groups for these
biomarkers was significant.

Differences in inflammation and inflammation-adjusted
biomarkers and morbidity across groups

At E, serum CRP and AGP levels were lower in the KP group
when comparedwith the findings in other groups, but the differ-
ences did not reach a level of significance. Prevalence of acute
inflammation was also lower in the KP than the MN (P =
0·043) and NE groups (P > 0·05). There was no difference in
serum ferritin, whether unadjusted (Table 7) or adjusted for
the infection stages using Thurnham’s method (Table 8).
Adjusting for chronic inflammation, KP infants with no acute
inflammation had significantly higher serum Hb compared
with MN infants with no acute inflammation (P = 0·043). The
same comparison between KP and NE infants was trending
towards significance (P = 0·051) (Table 8). The change in preva-
lence of fever and diarrhoea from B to E had a downward trend
but was not significant (data not shown).

Supplement consumption and primary and secondary
outcome measures

Average compliance defined by total used sachets divided by
total delivered sachets was 86·2 % in the KP group, and
88·4 % in the MN group, indicating similar rate of use across
groups if the mother received the sachets (Table 3). Assuming
that the compliance rate remained constant, if the mothers had
received supplements across all 52 weeks (365 sachets), the
mean consumption across both groups would have been
314 sachets (310 sachets in the KP and 318 sachets in the
MN groups). Using this calculation, we modelled the change
in outcomes by difference in consumption levels between
the two groups. The predicted LAZ adjusted for compliance
and consumption showed a significant difference at E, with
the KP group exhibiting a significantly higher LAZ (B
adjusted) compared with that of the MN group (P = 0·002)
(Fig. 3). At consumption levels of 314 sachets (the estimated
compliance rate) or 365 sachets (daily consumption over a
12-month period), the infants in the KP group have a signifi-
cantly higher LAZ scores than those estimated in the MN
group (P = 0·0017) (Supplementary Fig. S1).
Hb levels were higher when the sachet intake was increased

from fifty to 365 sachets in the KP group (108−116 g/l), as
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compared with the estimates in the MN group (106−108 g/l).
Adjusting for acute infection as an interaction term, the differ-
ence between the KP and MN groups reached a significant
level only at intake of 100 sachets (P= 0·049) and not at
lower or higher levels of consumption (Supplementary
Fig. S2). Serum Zn levels were higher when the sachet intake
was increased from fifty to 365 sachets in the KP group
(0·52−0·70 µg/ml), as compared with the estimates in the
MN group (0·56−0·58 µg/ml). The difference was favouring
the KP intervention group at higher consumption levels (sig-
nificant only at 318 sachets/year, P = 0·020 and 365
sachets/year P = 0·017) (Supplementary Fig. S3).

Discussion

We examined the effect on linear growth, infection and micro-
nutrient markers of the provision of a macro- and

micronutrient supplement called KOKO Plus added to the
diets of Ghanaian infants starting at 6 months of age through
to 18 months of age (12-month intervention) (KP group). We
utilised mixed-effect regression models to examine the change
in primary and secondary outcome measures.
We hypothesised that the provision of a macro- and

micronutrient supplement that is enhanced for protein quality
with amino acids and met micronutrient needs coupled with
nutrition education would improve linear growth, reduce
infection and improve micronutrient status compared with
the provision of micronutrients alone or provision of
nutrition education alone. The primary outcome of this
study was LAZ. In intent-to-treat analyses, there were no
group differences in the LAZ score at the end of the interven-
tion, with the LAZ declining comparably in all groups. The
lack of KP effect on the LAZ score contradicted previous
studies showing that complementary food supplements

Table 4. Baseline descriptive characteristics across the KOKO Plus, micronutrient and nutrition education groups*

(Percentages and frequencies; mean values and standard deviations)

KOKO Plus Micronutrients Nutrition education

Sample size

(n) % Frequency

Sample size

(n) % Frequency

Sample size

(n) % Frequency

Number of clusters 14 12 11

Infant characteristics

Infant given Fe supplement 187 26 49 185 25 46 182 33 60

Use of iodised salt for infant’s food 141 39 55 158 33 52 171 33 57

Female (sex of infant) 292 51 150 307 53 163 292 48 141

Exclusive breastfeeding through 6 months

of age

286 51 145 301 48 143 291 41 119

Infant receiving vitamin A supplement 190 83 158 193 79 152 200 84 168

Age of infant at recruitment (months) 287 301 289

Mean 2·32 1·97 1·89
SD 1·64 1·59 1·26

Age of infant at baseline (months) 287 301 289

Mean 6·11 6·18 6·21
SD 0·62 0·50 0·72

Maternal characteristics

Maternal education (none) 287 13 38 301 18 53 289 14 41

Primary school completion (mother) 287 77 220 301 66 198 289 70 203

Total children <5 287 303 290

Mean 1·61 1·67 1·61
SD 0·74 0·71 0·77

Number of children alive 287 303 291

Mean 2·89 3·16 2·84
SD 2·00 2·02 1·72

Number of children born 287 303 291

Mean 3·03 3·32 2·98
SD 2·23 2·17 1·88

Age of mother at first birth (years) 287 303 291

Mean 20·24 20·05 20·08
SD 3·68 3·36 3·61

Maternal BMI (kg/m2) 274 288 272

Mean 23·35 23·26 23·15
SD 3·91 3·97 3·95

Household characteristics

Land ownership 287 56 160 303 61 184 291 48 141

Improved toilet 287 80 231 303 79 240 291 75 218

Presence of electricity 287 84 241 303 76 231 290 83 240

Improved water source 287 94 271 303 94 285 291 83 242

Household food security score 287 301 290

Mean 5·02 5·78 6·45
SD 4·68 5·09 5·00

* No significant differences in characteristics at baseline.
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and/or foods themselves provided for 12 months in a con-
junction with nutrition education increased the LAZ score in
children under 2 years of age irrespective of their food security
status(44–46). We assessed compliance to the intervention
and ascertained an effect of delivery of the supplement on
our primary outcome. Consumption modelling showed that

infants in the KP group who received the expected number
of sachets had significantly better LAZ scores than the MN
group, indicating a dose–response effect of supplement con-
sumption and underscores the importance of meeting the
daily requirements on a consistent basis through the first 2
years of life.

Table 5. Baseline anthropometry, biochemistry and morbidity markers

(Percentages and frequencies; mean values and standard deviations)

KOKO Plus Micronutrients Nutrition education

Sample size % n Sample size % n Sample size % n

Anthropometric markers

LAZ 286 300 288

Mean −0·74 −0·74 −0·64
SD 1·02 0·97 1·01

WAZ 286 299 288

Mean −0·71 −0·69 −0·69
SD 1·14 1·10 1·12

WLZ 286 299 287

Mean −0·23 −0·24 −0·32
SD 1·14 1·02 1·12

Biochemical markers

Hb (g/l) 266 286 269

Mean 112·92 113·88 113·17
SD 25·39 20·78 22·06

% Anaemia (Hb ≤109 g/l) 266 44 118 286 41 116 269 41 108

% Mild anaemia (Hb 100–109 g/l) 266 23 61 286 22 64 269 18 48

% Moderate anaemia (Hb 70–99 g/l) 266 18 48 286 17 48 269 21 56

% Severe anaemia (Hb ≤ 70 g/l) 266 3 9 286 1 4 269 2 7

Ferritin (μg/l) 280 294 276

Mean 40·13 50·03 44·58
SD 50·66 47·55 47·36

Inflammation-adjusted ferritin (μg/l) 280 294 276

Mean 41·2 41·6 37·1
SD 35·7 37·8 35·8

% with low ferritin (<12 µg/l) 280 20 56 294 14 40 276 21 57

Retinol binding protein (μmol/l) 280 294 276

Mean 0·97 0·97 0·97
SD 0·25 0·25 0·33

Zn (μg/ml) 101 101 101

Mean 0·64 0·62 0·63
SD 0·16 0·15 0·15

Growth markers

IGF-1 (ng/ml) 279 295 276

Mean 63·82 59·81 65·46
SD 33·72 36·23 32·89

Cortisol (ng/ml) 266 288 269

Mean 65·82 65·00 64·67
SD 36·65 33·99 34·77

Inflammation markers

CRP (mg/l) 280 294 276

Mean 3·92 3·31 3·27
SD 10·38 7·20 7·29

% Acute inflammation (CRP >5 mg/l) 280 16 45 294 16 47 276 17 48

α-Glycoprotein (g/l) 280 294 276

Mean 0·90 0·91 0·92
SD 0·69 0·57 0·65

% Chronic inflammation (AGP >1 g/l) 280 25 69 294 28 82 276 27 75

Infection stage 292 307 294

None (CRP−, AGP−) 68 66 65

Incubation (CRP+, AGP−) 4 3 3

Early convalescence (CRP+, AGP+) 11 13 13

Late convalescence (CRP–, AGP+) 12 14 12

Morbidity markers

Prevalence of diarrhoea (7 d) 6·60 4·40 11·50
Prevalence of fever (7 d) 287 30 300 26 278 33

LAZ, length-for-age Z-score; WAZ, weight-for-age Z-score; WLZ, weight-for-length Z-score; IGF-1, insulin-like growth factor-1; CRP, C-reactive protein; AGP, α-1-acid-glycoprotein.
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Two other findings of the study, that have clinical import-
ance, were, (A) a significant decline in the prevalence of
acute infection(41,47) and, (B) a significant increase in serum
Hb in children without acute infection that received KP but
not a significant increase in serum ferritin in the KP group.
Hb levels have been shown to drop in children with acute
infection(41,47). The decline in acute infection and change in
serum Hb but not serum ferritin implies an infection effect.
On the other hand, the MN group did see an improvement
in serum ferritin (adjusted) but this was not sufficiently differ-
ent from the KP group. This could imply that within the con-
text of this population, provision of 50 % RDA for Fe was
insufficient to change Fe status. On a mechanistic level, it
may be hypothesised that the Hb improvement was linked
to the presence of lysine and/or other amino acids in KP,
rather than to a non-specific improvement in Fe status,
given the lack of effect on serum ferritin. It could also be fur-
ther speculated that this may be associated with inflammation.
Hussain et al.(14) have documented increases in Hb levels in

Pakistani women supplemented with lysine alone (with no
added Fe) and an increased risk of anaemia was reported in
cases of lysinuric protein intolerance(48). A proposed mechan-
ism for the effect of lysine could be through lowered levels of
serum CRP, a finding observed in Ghanaian women supple-
mented for 16 weeks with lysine alone(16). Further work
needs to be conducted to elucidate the effect of individual
amino acids on inflammation and markers of Fe status.
It could be argued that the lack of effect on LAZ could be

due to inconsistencies in total energy intake over time across
groups, inadequate breast milk intake and/or substitution
and lack of delivery. Further, KP was a complementary food
supplement to be used with existing porridge-type foods,
while previous studies focused on complementary foods as
such, allowing for a better control of energy intake(49,50).
However, we find that while dietary diversity did increase
from B to M to E, this increase was similar across all three
groups (no significant difference in change in mean dietary
diversity). We also found that total energy from the diet

Table 6. Effect of KOKO Plus on anthropometric outcomes (monthly model v. baseline–endline (B-E) model)*

(Mean values with their standard errors; mean differences and 95 % confidence intervals)

KOKO Plus Micronutrients Nutrition education

n Mean SE Mean SE Difference 95 % CI P Mean SE Difference 95 % CI P

Estimated outcomes at endline (monthly model; 18 months)

LAZ 8679 −1·219 0·064 −1·211 0·031 0·008 −0·132, 0·147 0·912 −1·266 0·031 −0·047 −0·187, 0·092 0·505
WLZ 8590 −0·625 0·06 −0·546 0·026 0·079 −0·049, 0·206 0·225 −0·658 0·065 −0·033 −0·206, 0·139 0·705
WAZ 8622 −0·976 0·059 −0·947 0·03 0·029 −0·101, 0·158 0·663 −1·055 0·047 −0·079 −0·226, 0·068 0·29

Estimated outcomes at endline (B-E model)

LAZ 2357 −1·187 0·053 −1·177 0·03 0·01 −0·11, 0·13 0·87 −1·233 0·03 −0·046 −0·166, 0·074 0·451
WLZ 2330 −0·521 0·068 −0·434 0·025 0·087 −0·055, 0·229 0·23 −0·532 0·065 −0·011 −0·195, 0·173 0·908
WAZ 2335 −0·934 0·062 −0·899 0·025 0·035 −0·096, 0·165 0·603 −0·994 0·041 −0·06 −0·205, 0·085 0·421

LAZ, length-for-age Z-score; WLZ, weight-for-length Z-score; WAZ, weight-for-age Z-score.
* Mixed-effects linear regression models controlling for baseline value of outcome, age, sex, mother’s height (LAZ models), mother’s BMI (WHZ and WAZ models) and community

clustering.

Fig. 2. Mean length-for-age Z-scores (LAZ) of children at baseline, midline and endline, by group: –●–, KOKO Plus; , micronutrient powder; , nutrition edu-

cation. We used a mixed-effects linear model adjusted for fixed effects of baseline LAZ and mother’s height, and random effects of study cluster and subject to

account for repeated measures.
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increased from B, M and E across all three groups in an
equivalent manner (there were no significant differences across
groups at the same time point and no significant difference in
increase over time across groups, data not shown). In addition,
energy contributions from the diet at E were 622·9 (SD 370·8)
kcal (2606·2 (SD 1551·4) kJ) (combined across three groups, no
significant differences between groups) and the proposed
recommended energy from complementary foods for the
age range of 12–23 months being 548 kcal (2293 kJ)(22,51). It
is possible that breast milk consumption was inadequate,
and the diets enumerated are not usual intake. An analysis
of breast milk consumption frequency indicates that, irrespect-
ive of group assignment, infants continued to be breast fed
through the intervention period. There was no variation in fre-
quency by group and thus would not account for any differ-
ences (or lack of) in the models.
Rather than inconsistencies in total energy intake and breast

feeding, the poor delivery of the supplements might have been
the decisive factor negatively influencing the final LAZ
score(43). We used consumption modelling to examine the
change in the outcomes, under conditions of optimal delivery
and compliance (compliance was high at 86 % irrespective of
group allocation). With those assumptions, the LAZ, WAZ
and WHZ scores significantly increased at the end point in
the KP but not in the MN group. Other studies have found
similar patterns of improvement after accounting for con-
sumption(52). Nevertheless, the generalisability of these find-
ings is limited, and one cannot fully attribute the lack of
effect on LAZ to the poor delivery of KP supplements due
to inability to compare with the NE intervention group,
which did not have similar monitoring data. Finally, interpret-
ation of serum Zn was confounded by extensive haemolysis in
the samples and while new recommendations suggest an
adjustment is needed, currently there is no standard proced-
ure(53). To prevent bias in the level of haemolysis by group
type, we determined percentage samples haemolysed by
group and found no significant difference.

In conclusion, a 12-month intervention of a fortified com-
plementary food supplement, provided to improve nutritional
quality of complementary foods, improved Hb levels in chil-
dren with no acute infection, an effect that is modulated
potentially by the protein quality of the supplement, possibly
the amino acid lysine. The intent-to-treat analysis did not
find a significant effect on LAZ; however, this is confounded
not by compliance but by delivery of the supplement. An
exploration of the data revealed a potential dose–response
effect which was explored using consumption modelling.
Using intended delivery rates with observed compliance
showed a significantly higher LAZ, WAZ and WLZ at E in
the KP group, confirming the dose–response effect of the
intervention. This indicates a potential role of supplements
like KOKO Plus in improving linear growth, acute infection
and Hb and suggests that supplementation during comple-
mentary feeding is likely to achieve linear growth improve-
ments if the supplement is consumed such as to meet the
daily requirements. The findings warrant further investigation
with well-controlled delivery plans.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/jns.2019.18
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