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Abstract

Malaria remains a public health concern among young children in sub-Saharan Africa. Climate change may deplete essential
nutrients in major food crops. The impacts of climate-sensitive nutrients on clinical malaria are yet to be established. This study
aimed at identifying nutrient patterns and their cross-sectional associations with clinical malaria among young children living in
rural Kenya. We used baseline data of a cluster-randomized controlled trial with 506 children aged 6-23 months, recruited within
the Siaya Health and Demographic Surveillance System (HDSS) between August and December 202 1. We performed physical
examinations, malaria microscopy, medical history taking, and questionnaire-based interviews on socio-demographic and dietary
variables. Nutrient patterns were derived by Principal Component Analysis (PCA) with orthogonal rotation. Multiple-adjusted
logistic regression analyses were used to calculate odds ratios (OR), 95% confidence intervals (Cls), and p-values for the
associations of nutrient patterns with clinical malaria (defined as Plasmodium spc. with fever (=37.5°C) or a history of fever or
prescribed anti-malaria medication) and anemia (Hb <I1g/dL). In this study population (boys: 54%; mean age: 15.0 + 5.0
months), 12% had clinical malaria and 73% had anemia. Two nutrient patterns were identified: The fibre- and micronutrient
pattern explained 4% of the variation in nutrient intakes, and the fat- and protein pattern explained 2%. Stronger adherence to the
fibre- and micronutrient pattern tended to increase the chance of clinical malaria (OR per 1 score-standard deviation increase:
2.18; 95% CI: 0.86, 5.56). There was no association of the fat- and protein pattern with clinical malaria, and both patterns were
not associated with anemia. In conclusion, clinical malaria and anemia are common among young children in Siaya County,
Kenya. On this background, enhanced availability of climate-sensitive micronutrients may increase their risk of clinical malaria.
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1. Introduction

Malaria is a dangerous and life-threatening disease. Preg-
nant women and children below the age of five years are most
vulnerable. Every year, malaria kills 600,000 people [1]. It is
caused by infections with Plasmodium species and is trans-
mitted by female Anopheles mosquitoes. Malaria predomi-
nates in tropical and sub-tropical regions, including
sub-Saharan Africa, South America, and South-East Asia [1].
Many strategies have been applied in malaria control and
prevention, ranging from the use of insecticide-treated bed
nets, indoor residual spraying, vaccination, malaria prophy-
laxis, and anti-malarial medication [1]. In Kenya, the latest
Malaria Indicator Survey shows that 4.4% of under-fives have
malaria infection and 45% have anemia (=low hemoglobin
concentration) [2].

At the same time, the worldwide reduction of child un-
dernutrition does not take effect in sub-Saharan Africa. The
current trajectories for this subcontinent indicate that 61 mil-
lion children below 5 years will have chronic undernutrition
(height-for-age z-score < -2) in 2025 as compared to 54 mil-
lion in the year 2000 [3]. This partly results from increased
food insecurity due to the COVID19-pandemic [4]. Further-
more, increased atmospheric concentrations of greenhouse
gases are causing dilutions of essential nutrients in major food
crops. By the year 2050, this will lead to 1.4 billion people at
increased risk of iron-deficiency anemia, additional 175 mil-
lion people with zinc deficiency, and additional 122 million
people with protein deficiency [5]. Currently, every fourth
child under the age of five in Kenya has chronic undernutri-
tion, frequently accompanied by micronutrient-deficiencies
[6].

The relationships between malaria and child nutritional
status are not fully understood. Malaria in early childhood
impairs the nutritional status of children [7]. Yet, the reverse
association is less clear-cut. A recent literature review on this
topic reports that “no consistent association between risk of
malaria and acute undernutrition was found, [whereas]
chronic undernutrition was relatively consistently associated
with severity of malaria such as high-density parasitemia and
anemia.” [8]. For iron deficiency, there is a direct association
with increased malaria morbidity [9]. Yet, iron supplementa-
tion in malaria-endemic areas might accelerate the risk of
Plasmodium infection, and is therefore only recommended if
proper malaria prevention and treatment are in place [10].
Finally, it is well established that zinc is important for an
intact immune system and normal growth in childhood; zinc
supplementation reduces the risk of respiratory infections and
diarrhea. Nevertheless, its role for malaria susceptibility has
been inconclusive so far [11].

Therefore, this study aimed at identifying the associations
between climate-sensitive nutrients and clinical malaria
among young children living in rural Kenya. The specific
objectives were 1) to characterize dietary intakes and identify
nutrient patterns; ii) to determine the malariometric profile of
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the study population; and iii) to establish the cross-sectional
associations of the identified nutrient patterns with clinical
malaria and anemia.

2. Materials and Methods

2.1. Study Design and Setting

This study used cross-sectional data from the baseline
survey of a cluster-randomized controlled trial of 602 children
aged 6-23 months living in Siaya county, Kenya. Kenya ranks
among the lower middle-income countries, and the population
in rural areas mainly lives on rainfed subsistence farming
complemented by fishing in the vicinity of Lake Victoria.
Kenya experiences two rainy seasons per year (March to May
and October to December). Malaria is holoendemic
throughout the year; 45% of under-fives have anemia; and
deficiencies in climate-sensitive nutrients are common, in-
cluding iron, zinc, and protein [2, 3, 6]. Siaya county is lo-
cated in the former Nyanza province of the southwest part of
Kenya. The county occupies a total area of 2,496 km? and
lies on the northern shores of Lake Victoria [12]. The study
was conducted in the sub-counties Wagai, Lwak, Akala, Ting
Wangi, and Siaya.

2.2. Recruitment and Sample Size

The protocol of the cluster-randomized controlled trial has
previously been published [13]. In brief, we recruited 683
children at the age of complementary food introduction (6-23
months) within the framework of the Siaya Health and De-
mographic Surveillance System (HDSS) between August and
December 2021. This HDSS was established in the 1990s and
spans an area of 700 km? with 220,000 inhabitants in 54,869
households. The children were recruited by experienced re-
search assistants within 5-km perimeter of five local weathers
stations. They had to be permanent residents in the HDSS area,
and have access to at least 40 m? of land and a water source for
irrigation.

The sample size was calculated for the primary outcome
height-for-age z-score (HAZ) using the parallel group- or
cluster-randomized trials (GRT) Sample Size Calculator of
the USA National Institutes of Health (NIH)
(https://researchmethodsresources.nih.gov/). We assumed a
group difference in mean HAZ of 0.18 to 0.25, an a-level of
0.05, a statistical power of 80%, and an intra-class correlation
coefficient of 0.05. This yielded a sample size of 135 to 260
households. Finally, we planned with 300 children per inter-
vention group to account for potential attrition and loss to
follow-up. Under the same assumptions, this sample size
allowed to measure a group-difference in the incidence of
clinical malaria of 0.16 standard deviation.
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2.3. Ethical Considerations

This study firmly adhered to the principles of the conduct of
research laid down in the latest version of the World Medical
Association Declaration of Helsinki. The study protocol was
reviewed and approved by the Ethics Committee of the
Medical Faculty, Heidelberg University, Germany, on May 15,
2019 (S-291/2019) and by the Kenya Medical Research In-
stitute’s (KEMRI) Scientific and Ethics Review Unit (SERU)
in Kenya, on March 11, 2020 (KEMRI/SERU/CGHR/327/
3962). Also, we obtained ethical approval from the ethics
committee at Jaramogi Oginga Odinga University of Science
and Technology (ERC 36/03/23-37). Research permit was
granted from the Kenya National Commission for Science,
Technology, and Innovation (NACOSTI). All caregivers of
the participants gave written informed consent.

2.4. Data Collection

2.4.1. Demographic and Socio-economic Variables

Well-trained study personnel interviewed the caregivers
about the demographic and socio-economic characteristics of
the child and the mother. This included age and sex of the
child, age of the mother, number of people living in the
household, maternal ethnic group, marital status, religion, and
education.

2.4.2. Malaria-related Variables

Finger-prick blood samples were collected and the he-
moglobin concentration (Hb) was measured using the
HemoCue® Hb 201+ system. Anemia was defined as Hb
<llg/dL. A certified laboratory technologist prepared
thick and thin blood films for microscopic detection of
asexual Plasmodium parasites after staining with 10%
Giemsa (Olympus CX22 binocular microscope, 100 x
100). Parasitemia was determined by counting the number
of asexual parasites against 200 leucocytes. Parasite den-
sity was calculated assuming 8,000 leukocytes/uL blood.
Axillary temperature was measured using a digital ther-
mometer and fever was defined as a temperature > 37.5°C.
Caregivers were asked about their child’s history of fever
within the last 2 weeks, and anti-malaria medication was
documented. Clinical malaria was defined as microscopi-
cally detected Plasmodium parasites plus fever or a histo-
ry of fever; clinical malaria also denoted when a child was
currently treated with anti-malaria medication. Malarial
anemia denoted the presence of Plasmodium parasites by
microscopy plus Hb < 11g/dL.

2.4.3. Dietary Variables

The usual dietary intake of children was assessed by a
semi-quantitative Food Propensity Questionnaire (FPQ), which
was adapted from a tool previously employed in Ghana and
Burkina Faso [14]. The FPQ queried for the intake frequencies
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of 134 food items that were collapsed into 30 food groups based
on their culinary use and nutrient profiles. This tool estimated
the intake frequencies of food items in predefined portion sizes,
which were indicated by common household utensils. The in-
take frequencies in combination with portion sizes were then
translated into energy and nutrient intakes, using the most recent
Kenya Food Composition Table [15].

2.5. Data Management and Analysis

2.5.1. Data Management

All data were collected via a web-based data entry mask
(Survey Solutions, version 21.09) employing automatic
plausibility checks. The data were uploaded and stored as
password-protected files on the shared server of the
DFG-funded research unit “Climate Change and Health in
sub- Saharan Africa.” The data analysis was performed using
the Statistical Analysis Software (SAS) version SAS-9.4.

2.5.2. Missing Data Handling

Participants with missing or implausible data in any of the
dietary variables, malaria-related variables, and covariables
were excluded from the analysis. This led to the exclusion of
177 children and yielded a final analytical sample of 506
individuals.

2.5.3. Descriptive Statistics

For the distributions of demographic and socio-economic
characteristics by gender and by malaria status, we calculated
means and standard deviations (SDs) for continuous variables
and proportions (%, n) for categorical data. Dietary data are
displayed as medians and interquartile ranges (IQR), and were
compared by malaria status using Wilcoxon signed rank test
for non-normally distributed, continuous variables.

2.5.4. Identification of Nutrient Patterns

For the identification of nutrient patterns, we used Principal
Component Analysis (PCA) with an orthogonal rotation to
ensure that the identified pattern scores remain uncorrelated.
The pattern scores were extracted based on the Eigenvalue
criterion (>1), the elbow method of the scree plot, and the
interpretability of the patterns (i.e., more than 3 nutrients with
factor loadings of >0.4). Each participant was assigned a
pattern score, calculated from the standardized nutrient intake
multiplied by the factor loading of this nutrient. The distribu-
tions of demographic, socio-economic, dietary, and malar-
ia-related characteristics of the children were calculated
across quintiles of pattern adherence.

2.5.5. Associations with Nutrient Patterns

In logistic regression models, we calculated odds ratios
(ORs), their 95% confidence intervals (CIs), and p-values for
the associations of nutrient patterns with clinical malaria and
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anemia. As a first step, we calculated the associations com-
paring the fifth quintile of pattern adherence with the first one
(reference). Then, we derived estimates for the associations
per 1 score-SD increase. We fitted three models: The crude
model without adjustments; Model 1 with adjustments for age,
sex, and energy intake; and Model 2 with additional adjust-
ments for maternal age, education, marital status, religion,
ethnic group, and number of people in the household.

3. Results

3.1. General Characteristics

Table 1 shows the demographic, socio-economic, and die-
tary characteristics of the study population. The mean age of
the children was 15.0 (SD: 5.0) months; 54% were boys, and
the mean number of people in their households was 6 (SD: 2).
Regarding the mothers, their mean age was below 30 years;
the majority belonged to the Luo ethnic group; most of them
were married and Christians; and less than one-third had

secondary formal education. Concerning dietary intakes, the
median energy consumption was 1806 kcal/d; carbohydrates
contributed 61% to the energy intake, total fat 27%, and pro-
tein 13%. Median daily intakes of climate-sensitive micro-
nutrients were 14.6 mg/d for iron, 10.9 mg/d for zinc, 0.9
mg/d for retinol-equivalents, and 90.5 pg/d for selenium.

3.2. Malariometric Characteristics

Out of the 506 children, 32 (6.3%) had a microscopically
visible infection with Plasmodium parasites. Current fever
was seen in 10 children (2.0%); and a history of fever was
recorded for 213 participants (42.4%). Accounting for the
number of children on anti-malarial medication, 60 (11.9%)
children (boys: 29; 10.6%) had clinical malaria at a geometric
mean parasite density of 116 (range: 6-1350) per uL. Mean
Hb was 10.1 (SD: 1.4) g/dL, and anemia was detected in 371
children (73.3%) (boys: 207; 75.8%). Twenty-nine partici-
pants (5.7%) also had malarial anemia (boys: 15; 5.5%).
There were no differences in the median intakes of energy and
nutrients according to clinical malaria (Table 1).

Table 1. Demographic, socio-economic, and dietary characteristics for 506 young children living in Siaya County, by malaria status.

Characteristics Total

N 506

Male sex 53.9 (273)
Child’s age (months) 15.0+5.0
Mother’s age (years) 294+7.38
Number of people in the household 6.1+22
Ethnic group, Luo 95.5 (483)
Mother’s education

None 0.6 (3)
Primary 64.4 (322)
Secondary 30.2 (151)
Tertiary 4.8 (24)
Mother’s marital status

Married 80.6 (408)
Mother’s religion

Christian 97.6 (494)
Other 2.4(12)
Energy intake (kcal/d) 1806 (1280, 2421)

Carbohydrates (energy%)

Total fat (energy%)
Protein (energy%)

Dietary fibre (g/d)

61.3 (56.6, 64.8)
26.5(22.5,30.2)
12.6 (11.6, 13.6)
29.6 (20.4, 37.3)

73

Malaria No malaria p-value
60 446
48.3 (29) 54.7 (244) 0.352
159+5.1 14.8+5.0 0.123
29.0+6.0 29.5+£8.0 0.676
6.4+29 6.1+2.1 0.376
93.3 (56) 95.7 (427) 0.401
0.759
0.0 (0) 0.7(3)
61.4 (35) 64.8 (287)
31.6 (18) 30.0 (133)
7.0 (4) 4.5 (20)
0.408
76.7 (46) 81.2 (362)
0.602
98.3 (58) 99.3 (436)
33(Q2) 2.2 (10)
1815 (1443, 2276) 1803 (1259, 2436) 0.788
59.5(56.1, 63.7) 61.5(56.9, 64.8) 0.205
27.2(22.5,31.3) 26.4(22.5,29.9) 0.410
12.8 (11.8, 13.8) 12.6 (11.6, 13.6) 0.333
30.4 (22.4,37.6) 29.5(20.1, 37.3) 0.445
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Characteristics Total Malaria No malaria p-value
Iron (mg/d) 14.6 (10.4, 18.4) 144 (11.1, 18.8) 14.6 (10.3, 18.3) 0.607
Zinc (mg/d) 109 (7.2, 14.1) 11.1 (7.4, 13.1) 109 (7.2, 14.2) 0.837
Retinol-eq (ng/d) 928.6 (607.6, 1314.7) 963.2 (677.6,1387.3)  915.7 (599.7, 1306.2) 0.389
Selenium (pg/d) 90.5 (57.6, 123.1) 97.8 (68.7, 125.7) 89.1 (55.5, 123.1) 0.217

Data are presented as means + standard deviations for continuous variables and as percentages (n) for categorical data. p-values were calculated
by t-test for normally distributed, continuous variables, by Wilcoxon signed rank test for non-normally distributed, continuous variables, and by
y>-test for categorical variables.
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Figure 1. Rotated factor loadings of two exploratory nutrient patterns among 506 young children in Siaya County.

lated with protein intake. It explained 3.8% of the variation in
nutrient intakes. The fat- and protein pattern showed positive
factor loadings for total fat and protein and inverse correla-
tions with carbohydrates. This pattern explained 2.2% of the
variation in nutrient intakes.

3.3. Nutrient Patterns

Figure 1 shows two identified nutrient patterns and their
rotated factor loadings. A fibre- and micronutrients pattern

was characterized by positive factor loadings of dietary fibre,
iron, zinc, and retinol-equivalents, and was negatively corre-
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Table A1 shows the demographic, socio-economic, dietary,
and malaria-related characteristics of the study population
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across quintiles of the identified pattern scores. Children in
the fifth quintile of the fibre- and micronutrient pattern were
older and had less often mothers with primary education.
Stronger adherence to this pattern was characterized by higher
energy intakes and more frequent clinical malaria. For the fat-
and protein pattern, children in the fifth quintile as compared
to the first quintile were older and more frequently male; they
had more often mothers with primary education. This pattern
also showed positive correlation with energy intake. Malaria
infection and malarial anemia were more common in the fifth
quintile than in the first quintile (Table A1).

3.4. Associations with Nutrient Patterns

Table 2 presents the associations of the nutrient patterns
with clinical malaria. When comparing the fifth with the first

quintile (reference) of the fibre- and micronutrients pattern
score, there was a positive but non-significant association
with clinical malaria in the crude model. This strengthened
after adjustment for age, sex and energy intake in Model 1,
and became additionally stronger in Model 2, when account-
ing for socio-economic factors. The association per 1
score-SD increase showed similar results. In Model 2 the
adjusted OR for clinical malaria was 2.18 (95% CI: 0.86, 5.56;
p = 0.101). There were no associations of the fibre- and mi-
cronutrients pattern with anemia (Table 3). Regarding the fat-
and protein pattern, we neither observed associations with
clinical malaria (Table 2) nor with anemia (Table 3). Due to
the low number of cases with malaria infection (parasitemia)
and with malarial anemia, we refrained from calculating re-
gression models for the associations with nutrient patterns.

Table 2. Associations of nutrient patterns with clinical malaria among 506 young children living in Siaya County.

Odds ratios (95% confidence intervals) for clinical malaria

Nutrient pattern

per 1 score-SD in-

Quintile 1 Quintile 5 p-value crease p-value
Fibre- and micronutrients
Malaria 10 cases / 90 controls 15 cases / 87 controls
Crude 1.00 (reference) 1.38 (0.73, 2.58) 0.321 1.09 (0.83, 1.42) 0.530
Model 1 1.00 (reference) 1.84 (0.72, 4.66) 0.202 1.76 (0.75, 4.16) 0.197
Model 2 1.00 (reference) 2.24(0.82, 6.13) 0.118 2.18 (0.86, 5.56) 0.101
Fat- and protein
Malaria 12 cases / 88 controls 15 cases / 86 controls
Crude 1.00 (reference) 1.40 (0.74, 2.62) 0.300 1.10(0.85, 1.43) 0.467
Model 1 1.00 (reference) 1.34 (0.72, 2.60) 0.338 1.08 (0.83, 1.41) 0.558
Model 2 1.00 (reference) 1.49 (0.77, 2.89) 0.238 1.14 (0.87, 1.50) 0.345

Odds ratios, 95% confidence intervals, and p-values were calculated by logistics regression analyses. Model 1: adjusted for age, sex, and energy
intake. Model 2: Model 1 + mother’s age, mother’s education, mother’s marital status, mother’s religion, number of people in the household,

and ethnic group.

Table 3. Associations of nutrient patterns with anemia among 506 young children living in Siaya County.

Odds ratios (95% confidence intervals) for anemia

Nutrient pattern

per 1 score-SD in-

intile 1 intil -val -val
Quintile Quintile 5 p-value crease p-value
Fibre- and micronutrients
Anemia 76 cases / 24 controls 73 cases / 29 controls
Crude 1.00 (reference) 0.90 (0.55, 1.45) 0.655 0.91 (0.75, 1.11) 0.372
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Odds ratios (95% confidence intervals) for anemia

Nutrient pattern

per 1 score-SD in-

Quintile 1 Quintile 5 p-value crease p-value

Model 1 1.00 (reference) 0.90 (0.45, 1.80) 0.755 0.72 (0.37, 1.41) 0.340
Model 2 1.00 (reference) 1.02 (0.49, 2.11) 0.964 0.77 (0.38, 1.55) 0.463
Fat- and protein

Anemia 78 cases / 22 controls 75 cases / 26 controls

Crude 1.00 (reference) 1.06 (0.65, 1.75) 0.812 0.93 (0.77, 1.13) 0.475
Model 1 1.00 (reference) 1.14 (0.68, 1.89) 0.628 0.96 (0.79, 1.17) 0.700
Model 2 1.00 (reference) 1.27 (0.74, 2.18) 0.382 1.00 (0.81, 1.24) 0.976

Odds ratios, 95% confidence intervals, and p-values were calculated by logistics regression analyses. Model 1: adjusted for age, sex, and energy
intake. Model 2: Model 1 + mother’s age, mother’s education, mother’s marital status, mother’s religion, number of people in the household,

and ethnic group.

4. Discussion

4.1. Summary of Main Findings

On the background of climate change-induced losses of
essential nutrients in major food crops in malaria-endemic
areas, this study aimed at identifying patterns of cli-
mate-sensitive nutrients and their cross-sectional associations
with clinical malaria and anemia among young children living
in rural Kenya. Out of 506 children (boys: 54%; mean age:
15.0 + 5.0 months), 12% had clinical malaria and 73% had
anemia. Two nutrient patterns were identified: The fibre- and
micronutrient pattern explained 4% of the variation in nutrient
intakes, and the fat- and protein pattern explained 2%.
Stronger adherence to the fibre- and micronutrient pattern was
associated with increased chance of clinical malaria (OR per 1
score-SD increase: 2.18; 95% CI: 0.86, 5.56). There was no
association of the fat- and protein pattern with clinical malaria,
and both patterns were not associated with anemia.

4.2. Malariometric and Dietary Profile

In this study population, the proportions of children with
malaria infection (6.3%) and with clinical malaria (11.9%)
were lower than expected. Previous reports have indicated
that 27% of children below the age of five years have malaria
parasitemia [16]. First, this discrepancy could stem from the
fact that the study was conducted during the rainy season
(August through December). Malaria transmission usually
peaks at the end of this season [17]. Second, we have selected
children aged 6-23 months, while age groups between 48-59
months experience the highest burden of malaria infection
[18]. Third, since 2012, Community Case Management for
malaria (CCMm) has been introduced in the malaria-endemic
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lake zones of western Kenya. For CCMm, Community Health
Volunteers (CHVs) are equipped with rapid diagnostic tests
(RDTs) for malaria diagnosis and anti-malaria medication
(artemther lumefantrine) for the treatment of confirmed, un-
complicated malaria. Given that CHVs reside in the area
where they deliver their services, diagnosis and treatment of
malaria has become timely and effective [16].

Regarding the dietary intake, the present study population
was mainly fed carbohydrate-based foods (61 energy%),
while the intakes of total fat (27 energy%) and protein, in
particular, (13 energy%) were low as compared to the re-
spective dietary recommendations [19]. For the cli-
mate-sensitive micronutrients iron, zinc, vitamin A, and se-
lenium, our findings indicate that dietary supplies might have
been adequate in this population. However, this interpretation
has to be handled with caution, because we have used a die-
tary assessment tool that has not been calibrated to the portion
sizes of the target age group. Therefore, we cannot exclude
that portion sizes were overestimated. The identified nutrient
patterns, which are based on the calculated nutrient intakes of
the FPQ data, reflect the profiles of foods that are commonly
consumed together. The fibre- and micronutrients pattern may
mirror a plant-based feeding practice, while the fat- and pro-
tein pattern appears to represent the intake of animal-source
foods. Indeed, weaning foods for young children in western
Kenya comprise starchy purees made from region-specific
staples (ugali), green leafy vegetables and legumes [20]. Also,
fish is frequently consumed in the lake areas.

4.3. Associations of Climate-sensitive Nutrients
with Clinical Malaria and Anemia

None of the identified dietary patterns was associated with
anemia, which corroborates our finding that micronutrient
supplies appear to be adequate. There was a trend towards
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increased odds of clinical malaria for children with stronger
adherence to the fibre- and micronutrients pattern. But this
was not seen for the fat- and protein pattern. Previous evi-
dence may explain these findings. With regard to iron, the
famous iron supplementation trial conducted in Zanzibar in
2003 has raised concerns whether increased iron
bio-availability could lead to accelerated risk of malaria in
endemic regions [21]. In that trial, daily iron and folic acid
supplementation were given to 7,950 children aged 1-35
months, and placebos were administered to 8,006 children of
the same age group. The trial was stopped preterm, because
the investigators observed that individuals in the treatment
group were 12% more likely to die or had a severe adverse
event, and they were 11% more likely to be hospitalized [21].
This observation was also made in an independent iron forti-
fication trial among children in Ghana [22]. Indeed, iron de-
ficiency anemia may confer partial protection against malaria
infection because of the parasite’s dependency on external
iron [23], and thus, rapid increase in iron bio-availability may
promote parasite growth. With regard to zinc, this trace ele-
ment is vital for protein synthesis in the human body, in-
cluding proteins of the immune system and the globin chains
in hemoglobin [24]. Therefore, its role in malaria infection
and manifestation remains controversial. Some studies have
shown increased susceptibility to infection, possibly due to
the impaired immune function, while others have shown the
opposite, likely caused by a lack of substrates (hemoglobin)
for the Plasmodium parasites to grow [25]. Disturbed ab-
sorption of micronutrients through dietary fibre [26] may
present an alternative explanation for the increased odds of
clinical malaria from stronger adherence to the fibre- and
micronutrients pattern. In fact, the first pattern shows com-
bined high intakes of climate-sensitive micronutrients and
large amounts of dietary fibre, possibly leading to low
bio-availability of the micronutrients and adverse conse-
quences for immune function [9, 11].

4.4. Strengths and Limitations

The findings of this study need to be interpreted with cau-
tion. In a considerably large dataset of young children living
in rural Kenya, we have comprehensively assessed the usual
feeding practices and analyzed the intakes of climate-sensitive
micronutrients, using the most recent Kenya Nutrient Data-
base. While we acknowledge that the semi-quantitative FPQ
cannot estimate the absolute intakes of foods and nutrients,
this tool allowed us to rank the study participants according to
their intakes, because all of them carry the same measurement
error. Therefore, we confidently assigned score points of
pattern adherence to each child, which remained uncorrelated
due to the orthogonal rotation in PCA. This means, for each
child, we were able to estimate the adherence to both identi-
fied nutrient patterns. The biggest limitation of our analysis
was the cross-sectional nature of the study design, which is

7

prone to recall bias of the feeding practices by caregivers, and
reverse causation. Therefore, it is difficult to disentangle
whether high adherence to the fibre- and micronutrients pat-
tern increased the chance of clinical malaria or whether chil-
dren with clinical malaria are fed differently than healthy
children. As a consequence, prospective study designs are
required to verify these hypotheses. Ideally, future studies will
employ objective measurements of the bio-availability of
climate-sensitive micronutrients, such as biomarkers from
established invasive methods, including iron transport pro-
teins and zinc concentration [26, 27], as well as from novel,
non-invasive technologies, including hand-held spectrometry
or saliva testing [28, 29].

5. Conclusions

This cross-sectional study on the associations of nutrient
patterns with clinical malaria and anemia among young chil-
dren in rural Kenya contributes to the concerns that enhanced
bio-availability of iron and zinc may confer increased risk of
clinical malaria, if the baseline prevalence of anemia is high
and malaria is endemic. At the same time, the combined in-
takes of iron, zinc, selenium and vitamin A with dietary fibre
in one of the identified nutrient patterns argue for potential
malabsorption of minerals, which might impair immune
function and thus, increase the risk of clinical malaria. While
future prospective studies remain to verify these associations,
our findings advocate for improving nutrition literacy and
fluency among caregivers of young children to ensure the
introduction of complementary foods that do not inhibit the
absorption of climate-sensitive nutrients. At the same time,
community-targeted efforts in healthcare, such as household
visits by CHVs, may incorporate routine screening for ane-
mia.
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Appendix

Table Al. Demographic, socio-economic, dietary, and malaria-related characteristics of 506 young children living in Siaya County, Kenya
across quintiles of two identified nutrient pattern scores
Fibre- and micronutrients pattern Fat- and protein pattern
Characteristics
Quintile 1 (n=95)  Quintile 5 (n =99)

Quintile 1 (n=97) Quintile 5 (n = 94)

Demographic and socio-economic

Mean age + SD (months) 11.6 £5.1 16.6 £3.9 13.5+5.1 159+5.2

Male sex 51.6 (49) 51.5(51) 48.5 (47) 61.7 (58)

Mean mother’s age + SD (years) 29.8+£6.6 29.1+£6.0 27.8+6.7 299+54

i’lg?)“ number of people in houschold ¢ 5, 6.4+3.1 64+23 63+28

Ethnic group (Luo) 94.7 (90) 96.0 (95) 94.9 (92) 97.9 (92)
Mother’s education (primary) 79.3 (73) 58.4 (52) 58.8 (57) 71.3 (76)
Mother’s marital status (married) 87.4 (83) 86.9 (86) 76.3 (74) 77.7 (73)
Mother’s religion (Christian) 81.1 (77) 75.8 (75) 84.5 (82) 79.8 (75)

Dietary

Energy (kcal/d) 827 (589, 957) 2999 (2721, 3274) 1544 (1123, 2200) 1719 (1111, 2378)

Carbohydrates (energy%o)
Total fat (energy%)
Protein (energy%)

Dietary fibre (g/d)

Iron (mg/d)

Zinc (mg/d)
Retinol-equivalents (mg/d)
Selenium (pg/d)
Malaria-related

Fever (T >37.5°C)

History of fever (positive)
Anemia (Hb < 11 g/dL)
Anemia (Hb <10 g/dL)
Malarial anemia (positive)
Malaria infection (positive)

Clinical malaria (positive)

Data are presented as medians and interquartile ranges (IQR) for continuous variables and as percentages (n) for categorical data, unless

otherwise indicated.

61.7 (54.6, 65.6)
24.6 (20.9, 30.2)
13.8 (12.9, 15.2)
14.0 (10.8, 16.8)
6.7 (4.7, 8.6)
5.3(4.0,6.5)

382.0 (264.8,477.1)

38.4 (26.9, 59.2)

32(3)
40.0 38)
76.8 (73)
37.9 (36)
42 (4)

53(5)

10.5 (10)

61.6 (58.2, 64.4)
26.9 (24.4,29.9)
11.3 (10.6, 12.1)
443 (39.6, 49.8)
212(19.7,23.7)
16.9 (14.7, 18.4)

1736.3 (1401.7, 2132.1)
130.7 (106.1, 151.4)

3.0(3)
414 (41)
72.7 (72)
414 (41)
6.1(6)
6.1 (6)
14.1 (15)

78

68.5 (67.2, 69.6)
19.4 (17.9, 20.7)
12.1 (11.0, 13.0)
25.7(18.0,35.4)
12.7 (9.3, 17.5)
9.4 (6.3, 12.6)

609.6 (411.6, 980.2)

93.6 (52.1, 130.5)

1.0 (1)
40.2 (39)
79.4 (77)
38.1 (37)
2.1(2)
3.1(3)
10.3 (12)

52.3 (49.0, 54.3)
343 (32.4,37.1)
13.3 (12.0, 14.9)
27.0 (16.3,37.1)
13.1 (8.8, 17.5)
10.2 (6.7, 14.0)

969.1 (646.6, 1392.9)

82.1 (48.2, 114.2)

32(3)

40.4 (38)
75.5 (71)
37.2 (35)
11.7 (11)
12.8 (12)
16.0 (15)
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