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ABSTRACT 

 

Background: Zinc deficiency is considered a significant public health problem in preschool 

children in Africa together with infections such as diarrhea, which further deplete the body of 

zinc. Young children are more vulnerable to zinc deficiency due to increased requirements and 

frequent infections. Zinc fortified water is one way of improving zinc intake and reducing 

diarrheal infections in such vulnerable groups. Vestergaard Frandsen has developed a point-of-

use device capable of purifying and concomitantly fortifying water with zinc at concentration 

ranges of ≈ 1-4mg/L. This filter is meant for households in areas of poor socioeconomic status 

with limited access to improved water sources. The overall aim of this thesis is to assess the 

contribution that zinc fortified water can make to zinc intake and bioavailability in children 

aged 2-6 years old from rural Western Kenya. 

 

Methods: The investigations in this thesis comprise a cross sectional and effectiveness study 

conducted in rural Western Kenya and a stable isotope study conducted in Switzerland. Firstly 

we assessed the baseline prevalence of zinc, iron and vitamin A deficiency in 461 children aged 

between 2-6 years in rural Western Kenya in a cross sectional study. We conducted a stable 

isotope study in Swiss adults to determine bioavailability of zinc from zinc fortified water 

produced by a household water purification and fortification device – the Lifestraw Family filter 

(LSF filter). Furthermore we conducted laboratory trials to investigate effect of usage pattern 

and idle time on zinc elution levels. Next we investigated the effectiveness of daily consumption 

of zinc fortified water on zinc intake, zinc status and morbidity in rural Kenyan children 2-6 

years old (n=184). Lastly we used dietary intake data of the children involved in the 

effectiveness trial to develop food based recommendations that should accompany the 

introduction of zinc fortified water to ensure overall nutrient adequacy. 

 

Results: The results indicated that zinc and iron deficiency were highly prevalent and affected 

74% and 61% respectively of the children. Vitamin A deficiency affected 34% of the children. 

Inflammation was high in this population and applying published approaches to correct 

nutrient biomarker for inflammation led to varying estimates of deficiency. Percent decrease in 

zinc and vitamin A deficiency ranged from 2-19%, and 43-78% respectively, with iron 

deficiency (definition inclusive of soluble transferrin receptor) decreasing by 10% using 

exclusion method and increasing by range 0.6-3.6% by all other approaches. The stable isotope 

study showed that geometric mean (-SD, +SD) fractional absorption was 65.9% (42.2, 102.4) 

from fortified water, higher (p<0.01) than 9.8% (5.7, 16.7) and 9.1% (6.0, 13.7) when either 

water was fortified and consumed with maize or when maize was fortified and consumed with 

water, respectively (p<0.01). Zinc elution was higher in filters used to treat 2L/day 

(4.7±1.6mg/L) than 10L/d (1.7±0.9) and 20L/d (1.3±0.7mg/L) (p<0.05). Percent increase in 

zinc eluted after 1 week storage was 23.4% (2L/d), 82.4% (10L/d) and 43.1% (20L/d). After 

the second week of storage, zinc elution further increased by 56.9% (2L/d), 12.9% (10L/d) and 

7.5% (20L/d), compared to previous week of continuous usage. Daily consumption of zinc 

fortified water at the rate ≈461ml/d per child, contributed 42% and 36% of daily requirements 

for absorbable zinc in children 2-3 and 4-6 years respectively. Zinc fortified water decreased 

overall morbidity (RR=0.91; 95%CI: 0.87, 0.96), morbidity due to colds (RR=0.91; 95%CI: 0.83, 

0.99) and stomach pain (RR =0.70; 95%CI: =0.56, 0.89) and a significant reduction for diarrhea 

in the per protocol analysis, (RR=0.72; 95%CI: =0.53, 0.96). There was no treatment effect on 

plasma zinc concentration and stunting. The final set of FBRs developed comprised unfortified 
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whole grain products (14 serves per week), unfortified fluid or powdered milk (7 serves per 

week), nuts and seeds (4 serves per week), vitamin A rich vegetables (7 serves per week), other 

starchy plants (7 serves per week), vitamin C rich vegetables (7 serves per week) and small 

whole fish with bones (7 serves per week). These FBRs achieved nutrient adequacy for all 

nutrients except for vitamin A (25%RNI) and folate (68%RNI). 

 

Conclusion: We have shown that in areas at elevated risk of zinc deficiency and with limited 

access to improved water sources, daily consumption of zinc fortified water contributes 

substantially to daily zinc intake and is effective in reducing prevalence of common infectious 

morbidity in children. A single nutrient intervention such as zinc fortified water must be 

accompanied by food based recommendations in order to fulfill nutrient gaps as these 

communities often suffer from multi micronutrient deficiencies. In areas with high prevalence 

of deficiencies, correcting nutritional biomarker for inflammation does not change the 

conclusion that deficiency levels are of public health relevance. 
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INTRODUCTION 

 

Zinc deficiency is considered a significant public health problem in Africa, and is likely to be 

highly prevalent particularly among pre-school children in rural areas. These children mainly 

subsist on cereal based foods low in zinc content and high in inhibitors of zinc absorption. They 

are also frequently exposed to infections such as diarrhea that is known to deplete the body of 

zinc [1]. Foods with high amounts of zinc or high in bioavailable zinc are often unavailable 

and/or unaffordable in such areas. Providing additional dietary zinc to such age groups is 

difficult because often they cannot consume large enough amounts to supply requirements. Due 

to high prevalence of zinc deficiency concurrently with high prevalence of diarrhea, approaches 

to addressing these two issues separately may tend to be ineffective [2]. Measures to control 

prevalence of diarrhea may be more effective when combined with measures to reduce 

prevalence of zinc deficiency. Introduction of zinc fortified drink water through LSF (Lifestraw 

Family filter) strategy offers two benefits: purifying drinking water and secondly improving zinc 

intake and status, however direct evidence on the public health potential of this approach is 

lacking [2]. 

 

To assess this, we conducted a cross sectional study to assess prevalence of zinc deficiency; an 

elution and bioavailability study to assess the potential of this method to deliver safe, adequate 

amounts of bioavailable zinc; and an effectiveness trial. The trial assessed the extent to which 

daily consumption of zinc fortified water in households contributed to dietary zinc intake and 

subsequently to zinc status and morbidity of preschool children living in diarrhea endemic parts 

of rural western Kenya. Lastly we developed food based recommendations to accompany this 

single nutrient intervention for overall nutrient adequacy. 

 

BACKGROUND 

 

Zinc, metabolism and function in the human body  

 

Zinc is an essential trace element highly necessary in all bodily systems. In its physiological state 

it almost always exists in the divalent form (Zn2+) and does not participate in redox reactions. 

The biochemical role of zinc in the body can be divided into: catalytic, structural and regulatory 

roles [3]. In its catalytic and structural role zinc acts as a cofactor on metallo-enzyme active 

sites, either participating in biochemical reactions, or stabilising the tertiary structure of the 

enzyme [4]. Removal of the zinc ion from metallo-enzymes leads to loss of enzymatic activity. 

An example  is carbonic anhydrase, responsible for catalysing the reversible reaction between 

CO2 and bicarbonate ions to enable transport of CO2 from tissues to the lungs for exhalation [5]. 

A classic example where zinc performs purely a structural role is in the zinc finger motifs [6]. 

Zinc fingers play roles in cell adhesion, DNA transcription, cellular differentiation and 

proliferation [6]. In its regulatory function, zinc is responsible for stimulating transacting 

factors responsible for regulating gene expression. As a result of its numerous biologic 

functions, a deficiency state will affect a number of biochemical pathways thus disrupting 

multiple functions in the body [7]. Infants, pre-schoolers, pregnant and lactating women are 

considered high risk groups for zinc deficiency due to their higher requirements to support 

growth and development of new tissues. 

 



General Introduction 

3 

 

The human body has a zinc content of approximately 1.5-2.5g [7]. Males have higher average 

zinc content than females due to higher tissue concentrations. Most (>95%) of the zinc in the 

body is located intracellularly. It is present in all organs, tissues, fluids and secretions, and 

serum zinc represents only about 0.1% of total body zinc. When a meal containing zinc is 

ingested, absorption of free zinc ions begins in the small intestine primarily the distal 

duodenum and proximal jejunum [8, 9]. There is no consensus as to which anatomical region in 

the gastro intestinal tract (GIT) is responsible for most of the absorption, however studies have 

shown that most absorption occurs between the mid distal duodenum and proximal jejunum 

[8]. The efficiency of zinc absorption depends on many factors including the deficiency state of 

the individual, the amount of zinc consumed, and the presence of inhibitors in food such as 

phytates [10, 11]. Active transport of zinc is thought to dominate at low or normal intake whilst 

zinc is passively transported at high intakes [8]. Twenty four distinct zinc transporters have 

been identified with various roles in the body [12]. The first class is the Zinc Transporter 

Protein (ZIP) family of transporters responsible for increasing intracellular zinc levels and the 

second class is the Zinc Transporter (ZnT) family responsible for decreasing intracellular zinc 

levels. Zinc transporter proteins such as Zinc Transporter Protein 1 (ZnTP-1) are responsible 

for facilitating the passage of zinc across the basolateral membranes of enterocytes into the 

portal circulation [12]. From the portal system zinc is carried directly to the liver. In the liver it 

is taken up rapidly and released into the systemic circulation for delivery to other tissues.  

 

Some zinc is secreted into the intestine from the pancreas after each meal and also from the gall 

bladder. Intestinal secretions also contain some amount of zinc. The total amount of 

endogenous zinc secreted exceeds the amount consumed in the diet however most of the zinc is 

subsequently re-absorbed. This excretion and reabsorption process is essential in regulating 

total body zinc. Faecal zinc losses composed of endogenous secretions and unabsorbed zinc 

ranges from 1mg/d in zinc restricted diets to greater than 5mg/d in zinc rich diets [13]. Faecal 

excretion of zinc decreases when dietary zinc is decreased or when zinc needs are increased due 

to growth or lactation [9]. Additionally, urinary zinc losses and losses from skin surface range 

between 0.5-0.7mg/d [14]. Some amount of zinc is also lost through semen ≈0.1mg/d [7] and 

menstrual blood 0.1-5mg [15]. 

 

Up to 12 plasma proteins bind to zinc in vitro, however two such proteins (albumin 70% and 

alpha macroglobulin 20-40%) contain most of the plasma zinc [16]. Any conditions that alter 

serum albumin concentration also affect serum zinc levels. Pregnancy, for example, due to hemo 

dilution causes a decline in serum zinc concentration. Protein energy malnutrition which leads 

to hypoalbuminemia also causes a decrease in serum zinc concentration. Serum zinc levels rise 

during fasting due to release from muscle catabolism and the levels decline after meal 

consumption. Infections, trauma and other stress cause a decline in serum zinc levels [7]. 

 

Etiology of zinc deficiency and prevalence  

 

Inadequate dietary intake appears to be the most important cause for zinc deficiency. Important 

food sources of zinc are animal source foods such as organ meats or flesh foods. Zinc content is 

also relatively high in nuts, seeds, legumes and whole grain cereals however these also contain 

high amounts of phytic acid, a potent inhibitor of zinc absorption [17, 18] rendering them poor 

sources of absorbable zinc. Even though some zinc may be present in water, drinking water 

itself is usually a poor contributor to zinc intake [19]. Increased requirements such as during 
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growth, pregnancy and lactation are important factors in the etiology of zinc deficiency. Disease 

states that cause malabsorption, excessive loss (diarrhea and vomiting) or impaired utilisation 

may also lead to zinc deficiency [20].  

 

Exact data on prevalence of zinc deficiency are unavailable mostly due to lack of a specific and 

sensitive biomarker. Depending on the indicator used and method of calculation, prevalence 

estimates of zinc deficiency vary globally. Estimates are currently based on proxy indicators 

such as prevalence of inadequate dietary zinc intake and prevalence of stunting. Zinc deficiency 

worldwide is estimated to be at 17,3% based on estimates of absorbable zinc content of national 

food supplies derived from national food balance sheets of the FAO [21]. Using this method, Sub 

Saharan Africa is the second highest with an estimated prevalence of 26% after South Asia 

(30%), see Figure 1. Recently some experts have used the EAR cutpoint method on data derived 

from food balance sheets and food composition tables and using this indicator zinc deficiency is 

believed to be highest in Africa at 40% [22]. 

 

 
Figure 1: Estimated country-specific prevalence of inadequate dietary zinc availability based on FAO’s food balance 

sheets [21] 

 

Prevalence of infections related to zinc deficiency  

 

It has been observed that a high prevalence of zinc deficiency and diarrhea are found in 

conjunction in low socio-economic settings in developing countries [23]. Globally it is estimated 

that almost two million deaths in under-fives are due to diarrheal disease with about 40% of 

these being in Africa [24]. Diarrhea is a symptom characterised by stools of decreased 

consistency and increased number. The WHO defines diarrhea as the passage of 3 or more 

liquid or watery stools per day [25]. Diarrhea is not a disease in itself but is often a sign of an 

infection in the gastro-intestinal system by bacteria, viruses or parasites. In most developing 

countries diarrhea is more often linked to lack of safe drinking water, good hygiene and poor 

basic sanitation [26]. A wide variety of bacterial, viral, and protozoan pathogens excreted in the 

faeces of humans and animals are known to cause diarrhea. Among the most important of these 

are Escherichia coli, Salmonella sp., Shigella sp., Campylobacter jejuni, Vibrio cholerae, and 

rotavirus [27]. Many of these diarrhogenic agents are potentially waterborne [27]. Severe 

diarrhea leads to dehydration and may be life threatening especially to young children. Various 

methods have been proposed to reduce exposure to diarrhogenic agents and these incorporate 

safer sanitation techniques that include improved household/personal hygiene and water 
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purification techniques [26]. Diarrhea still remains a leading cause of childhood mortality in 

poor countries [28]. 

 

Dietary zinc requirements for children 

 

Human zinc requirements have been determined by estimating the average physiologic zinc 

requirements by expert committees composed of the IOM, WHO, IAEA and IZINCG. Physiologic 

zinc requirements are defined as “the amount of zinc that must be absorbed to offset the 

amount of endogenous zinc lost from both intestinal and non-intestinal sites”(3). There is no 

consensus on which requirement levels to use. Table 1 shows the physiological requirements in 

absorbed zinc, EARs and RDAs for children between the ages of 1-8years as set by WHO and 

IZINCG.  

 
Table 1: Estimated physiological requirements, EARs and RDAs as set by WHO and revised by IZINCG [7, 29] 

WHO  IZiNCG 

Age 

group 

(years) 

Physiological 

requirements 

(mg/d) 

EAR 

(mg/d) 

RDA 

(mg/d) 

Age group 

(years) 

Physiological 

requirements 

(mg/d) 

EAR 

(mg/d) 

RDA 

(mg/d) 

1-3 0.83 3.0 6.9 1-3 0.53 2.0 3.0 

3-6 0.97 5.0 8.0 4-8 0.83 4.0 5.0 

EAR-Estimated average requirement 

RDA-recommended daily allowance 

 

OUTSTANDING ISSUES 

 

1. Prevalence of nutrient deficiencies in the presence of inflammation 

 

Malnutrition is considered to be high in developing countries, with main nutritional deficiencies 

of public health significance being that of zinc, iron and vitamin A [30, 31]. There is also a high 

prevalence of infectious diseases such as diarrhea, ARI and malaria [32]. The consequence is 

that individuals in these regions are often malnourished and simultaneously affected by 

underlying infections [33]. Children particularly present this conundrum because of their 

vulnerability to deficiency and susceptibility to disease due to their immature immune system. 

The relationship between infection and malnutrition can therefore be a vicious cycle in such 

individuals with one exacerbating the other [34]. The immune response itself also causes a 

rapid redistribution of nutrients which only goes back to normal when infection subsides. Due 

to this intimate relationship most biomarkers of nutrition are not reliable during infection [35]. 

However, it is more the direct effect of inflammation on the biomarker itself that makes 

assessment of nutrition status during inflammation difficult. 

 

One of the recommended indicators to assess individuals at risk of zinc deficiency at population 

level is plasma (PZn) or serum zinc (SZn) concentration [36]. This indicator is however not very 

reliable for two reasons: 1) concentrations of plasma zinc are strictly maintained and therefore 

not sensitive to diet intake changes [18] and 2) in the presence of inflammation concentrations 

are known to be reduced due to release of calprotectin from damaged neutrophils during 

inflammation. This is seen as a defense mechanism similar to iron to reduce amount of zinc 

present for microbial metabolism [37, 38].  
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Zinc is not the only nutrient affected by immune response. Low serum ferritin (SF) 

concentrations are considered to be sensitive indicators of iron deficiency [39]. However 

ferritin is also an acute phase protein, and its concentrations rise during the acute phase 

reaction because it is responsible for iron sequestration [40] masking iron deficiency status. 

Retinol binding protein (RBP), a biomarker of vitamin A status, has been observed to fall during 

acute phase reaction due to compartmentalization of vitamin A which is known to negatively 

regulate natural killer (NK) cell function [41]. These changes hamper the correct estimation of 

those at risk of deficiency.  

 

To estimate the impact of inflammation on nutritional biomarkers, it is therefore recommended 

to measure acute phase proteins in nutrition surveys in developing countries [42]. Different 

approaches have been proposed to correct nutritional biomarker data for the effects of 

inflammation [33, 43–45]. The correct estimation of individuals at risk of deficiency would be 

important to assess the need for an intervention, to evaluate success of an intervention and to 

allow for quality control and accountability in public health programs and initiatives. There is 

however no consensus on which method to use to correct nutritional biomarker for 

inflammation and a limited number of studies which compare the different approaches are 

available [46, 47]. 

 

2. Measures to reduce zinc deficiency 

 

Despite numerous measures available to combat zinc deficiency like fortification, dietary 

diversity, bio-fortification and supplementation, the risk of deficiency remains high in most poor 

countries. Fortification, the process of adding nutrients to food vehicles at amounts higher than 

those normally found in the food, is currently the most desirable and sustainable way for 

improving zinc intake [29]. The most common food vehicles used to deliver zinc are cereals such 

as wheat and maize. Though many fortification programmes have been implemented at both 

targeted and nationwide scale, the efficacy of this approach on child growth still remains 

unclear [48–50]. A recently published review of 11 trials on effect of zinc fortification on zinc 

status of pregnant women and children found that zinc fortification was associated with 

significant improvement in serum zinc status and weak but significant improvement in height 

velocity in new-borns with very low birthweight in a subgroup analysis. The authors concluded 

that the overall effectiveness of this approach is limited. A possible reason has been attributed 

to the fortification vehicles used [51]. As cereal foods contain phytic acid, the zinc absorption 

inhibition may persist in fortified cereals affecting bioavailability of native and fortificant zinc 

[52]. A possible alternative would be to fortify vehicles such as water that are devoid of 

inhibitors. 

 

Water Fortification 

Water’s most important function is the maintenance of fluid and electrolyte homeostasis. Even 

though its potential as a fortification vehicle has not been fully explored, water fortification 

defined as the act of adding nutrients to drinking water is not a completely new concept. The 

following nutrients have been added to water in the past and their efficacy and effectiveness 

tested in the following studies; iodine has been added for the eradication of iodine deficiency 

disorders [53–55], flouride to prevent dental flourosis [56] and iron to improve iron status in 

preschool children [57, 58]. Mineral water fortified with vitamins B6, B12, and D and calcium has 

been effective in improving folate status and decreasing plasma homocysteine in men and 
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women [59]. Water as a vehicle for zinc fortification deserves more research attention due to its 

numerous advantages such as long shelf life, its stability and high bioavailability of the 

fortificant due to absence of the food matrix [60].  

 

Lifestraw Family filtering device 

Verstergaard Frandsen S.A. (Lausanne, Switzerland) has developed a point-of-use water 

treatment system called LifeStraw®Family 1.0 (LSF) intended for daily use in households from 

low-income settings (Figure 2). The device can filter up to 18’000 liters, which is estimated to be 

enough to supply a family of five with microbiologically clean drinking water for up to three 

years, assuming that per person three liters of water are used daily for drinking. The device is 

built as a 3-tier water purification system with the following stages (Figure 2); 1) source water 

is introduced into an upper bucket which has a capacity of 2.5L and consisting of a 80 μm pre-

filter for gross particles removal; 2) immediately below the upper bucket is a chamber that 

contains a chlorine tablet .This tablet releases each time a small amount of chlorine to prevent 

biofilm forming on the ultrafiltration membranes described below. The water runs down a 1 

metre plastic pipe forming enough pressure in 3) the ultrafiltration chamber to force the water 

through the membranes. This is the final purification step that occurs in the light blue 

compartment which consists of membranes with a pore size of 20 nm. These membranes have 

the ability to remove all of remaining solid particles (<0.5 NTU turbidity reduction), bacteria 

(>Log 6 reduction), viruses (>Log 4 reduction) and cysts (>Log 3 reduction) [61]. The device 

assures a 20 l/hour flow rate which decreases to 10 l/hour towards end of filter life (i.e. 

approximately three years) (Vestergaard Frandsen, personal communication). Previous 

laboratory tests have demonstrated that the LSF meets the microbiological performance 

specifications by United States Environment Protect Agency (US EPA) and WHO [62]. This 

device treats water in the household right before use and thus falls under the category of point-

of-use water treatment systems. Point-of-use water treatment systems can be effective in 

delivering safe drinking water and therefore preventing waterborne diseases in low-income 

settings [63] and are recommended by UNICEF as the preferred water treatment method [64]. 

 

The Lifestraw family filter with zinc is an adaptation to the Lifestraw Family 1.0 described 

above (Figure 3). A nutrient chamber containing two soluble zinc based glass plates has been 

placed adjacent to the ultrafiltration chamber. The zinc support matrix consists of sodium-

phosphate glass plate(s) with embedded zinc oxide. The purified water runs through the zinc 

chamber where zinc is continuously released from two phosphate based glass plates. Filtered 

water produced contains phosphate, sodium and zinc ions with the following approximate 

concentrations: Zn 1-5mg/L; P 1.85 mg/L; Na 0.62 mg/L (Vestergaard Frandsen, personal 

communication). Bioavailability of zinc from water fortified using this device has not been 

described before as well as its performance under varying usage conditions. 
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Figure 2: The Lifestraw Family Filter 1.0, a point of use water filter by Vestergaard Frandsen 
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Figure 3: Ultrafiltration and fortification with zinc in one device (Illustration from Galetti et 

al)[65] 

 

3. Efficacy of zinc fortified water 

 

Zinc fortified drinking water may make a significant contribution to dietary zinc intake in areas 

that subsist on cereal based diets and this may translate to improved zinc status in vulnerable 

groups. However the effectiveness of this approach in resource poor countries still needs to be 

confirmed. In a recent efficacy trial investigating the effect of zinc fortified water on zinc status 

and diarrhea morbidity, a small but significant effect of the zinc fortified water was 

demonstrated on plasma zinc concentration but no effect on diarrhea prevalence [66]. This was 

a 20 week duration school based study conducted in rural Benin. It recruited school children 

between the ages of 6-10 years and the daily dosage of zinc delivered was 2.6-4.6mg in 300ml of 

drinking water. Even though compliance in this controlled study was high at 87%, factors such 

as a strong seasonal influence and possible presence of tropical enteropathy may have 

precluded a larger effect on plasma zinc. The trial was however able to demonstrate proof of 

concept and provided first evidence that zinc fortified water when consumed daily can maintain 

higher plasma zinc levels compared to non-fortified water. It is not known what contribution 

daily consumption of zinc fortified water by a free living population would have on dietary zinc 

intake, and its subsequent effects on zinc status biomarkers and morbidity. 

 

4. The need for food based recommendations in conjunction with single nutrient 

intervention 

 

A single nutrient intervention may need to be accompanied by additional food based 

recommendations for overall improvement of nutrition status as children from resource poor 

countries often suffer from multiple micronutrient deficiencies. Linear programming, a 

mathematical modeling approach, offers the possibility to arrive at the best possible diet whilst 

taking into consideration constraints such as the energy content of the diet and cost of local 
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food [67]. This mathematical modeling approach has been used successfully in analysis such as, 

designing optimal food based recommendations in young children and adults [68–70] , studying 

the impact of cost constraint on food choices [71] and assessing economic value when 

introducing fortified foods and food aid [72–74]. This method offers the advantages that it is an 

objective approach and as it is based on local foods and current dietary patterns the food based 

guidelines are likely to be adhered to [68, 75]. The ability to model the contribution that zinc 

fortified water together with additional recommendations can make to the diet to ensure overall 

nutrient adequacy could help to improve the overall effect on micronutrient status when 

combining the two.  

 

RATIONALE OF STUDY AND OBJECTIVES OF THESIS 

 

Zinc deficiency is considered a major public health problem in developing countries especially 

among young children. The high growth rate, intake of weaning foods low in zinc and high in 

inhibitors as well as frequent diarrheal infections makes this group very vulnerable to zinc 

deficiency. Prolonged deficiency ultimately may lead to stunting, which later in life causes 

reduced physical work capacity and impacts on economic development. Efforts to reduce or 

prevent diarrhea (clean water, improved hygiene) and improve zinc intake may be cost effective 

to reduce the zinc deficiency burden. Fortification of clean drinking water with zinc may be a 

possible option to improve zinc intake and status among vulnerable groups whilst also 

protecting these groups from diarrheal infections. The Lifestraw Family filter is a device capable 

of purifying drinking water and concomitantly fortifying the water with zinc (approx. 1-4mg/L). 

This device is meant for use in low socioeconomic areas using drinking water from unimproved 

sources. The efficacy of this intervention has been shown before; however the effectiveness of 

this intervention has not been proven.  

 

The evaluation of such an intervention and similar ones is dependent upon accurate 

determination of prevalence of nutrient deficiency. This is usually hampered by the fact that 

most micronutrient biomarkers are affected by inflammation. Various approaches have been 

proposed in literature to correct for inflammation and these will be compared in this thesis. In 

order to instruct the participants on how to use the device at household level for optimum zinc 

delivery, it is necessary to conduct elution trials under varying conditions of use. Finally as 

intervention with zinc fortified water constitutes a single nutrient intervention, it is important 

to develop dietary recommendations to accompany the introduction of zinc fortified water to 

achieve overall nutrient adequacy. 
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AIM AND OUTLINE OF THIS THESIS 

 

The overall aim of this research is to assess the contribution that zinc fortified water can make 

to zinc intake and bioavailability in children aged 2-6 years old from rural Kenya. To achieve 

this aim, the following objectives were formulated: 

 

Primary objective  

1. To assess effectiveness of a household water filtration device capable of purifying and 

fortifying water with zinc (Lifestraw Family filter) in increasing zinc intake and 

subsequent status and morbidity in children aged 2-6 years from rural Western Kenya 

 

Secondary objectives are: 

1. To compare approaches for assessing prevalence of micronutrient deficiency in the 

presence of inflammation in children aged 2-6 years from rural Western Kenya 

 

2. To assess bioavailability of zinc from zinc enriched Lifestraw Family filter water, as well 

as effect of volume filtered and idle time on zinc elution from the device. 

 

3. To determine food-based dietary recommendations that should accompany the 

introduction of daily consumption of zinc fortified drinking water in children between 4 

and 6 years old to optimize nutrient adequacy. 

 

OUTLINE OF THESIS 

 

This thesis is based on a baseline cross sectional study, a bioavailability study and an 

effectiveness trial (Figure 4). 

 

Chapter 2 which is based on a cross sectional study conducted in 2011 and 2014 describes the 

prevalence of zinc and other nutrient deficiencies in pre-school children in the study area and 

compares approaches that have been proposed in literature to control for the effect of 

inflammation on nutrition status biomarkers. A water ultra-purification device capable of 

fortifying water with zinc is evaluated in an isotope study described in chapter 3 to determine 

its potential to deliver bioavailable zinc. In a laboratory based trial, the effect of different usage 

patterns and storage on zinc elution from this device is also investigated. Chapter 4 is based on 

the effectiveness trial to determine whether purified water with low dose zinc fortification can 

effectively improve zinc intake and subsequently status and morbidity in pre-school children. 

Dietary intake data from children in the effectiveness study was used in chapter 5 to propose 

food based recommendations that should accompany the introduction of zinc fortified water to 

fulfill nutrient adequacy. Firstly we assess the extent to which daily inclusion of zinc fortified 

water in their dietary patterns can theoretically improve fulfillment of the zinc intake gap, and 

then we assess the extent to which different combinations of local foods can be used to improve 

the overall nutrient adequacy of the diets of these young children. Finally chapter 6 discusses 

the main findings of this thesis, internal and external validity, public health implications as well 

as direction for future research.  
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Figure 4: Framework of the temporary linkages in studying the contribution that zinc fortified water makes to zinc 

intake and status of preschool children. 

 

STUDY SITE SELECTION 

 

We selected the study area based on the following criteria: expected high prevalence of low 

serum zinc status in preschool children, high rates of contaminated surface water usage for 

domestic purposes and high prevalence of diarrhea in under five year olds. Based on these 

selection criteria we conducted our study in Western Kenya, rural Kisumu (Figure 5). Western 

Kenya has a tropical climate which is warm and humid throughout the year, with 2 rainy 

seasons, the long rains from March to May and the short rains from October to December. The 

study area Kajulu Koker consists of 15 villages which lie along the shores of Lake Victoria and 

about 25Km from Kisumu city. This rural population lacks access to many basic healthcare 

services and poverty is high. The study population relies on water from Lake Victoria or rain 

water for domestic purposes, with main economic activities being small scale farming and 

fishing restricted to parts bordering Lake Victoria. The bioavailability study in chapter 3 was 

conducted at The Clinical Trials Center (CTC) of the University Hospital of Zurich, Switzerland 

largely because adequate resources were not available in the research area for such a study and 

establishing them during the time frame was beyond the capacity of the project. 
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Figure 5. Map of Kenya showing Kisumu and the study site (rural Kisumu) encircled in red  

Lake Victoria 
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ABSTRACT 

 

Introduction: Malnutrition and Inflammation are highly and concurrently prevalent in 

preschool children in rural Western Kenya, making estimation of those at risk of deficiency 

difficult. Different approaches have been proposed to correct nutritional biomarker data for the 

effects of inflammation. 

 

Objectives: (1) to assess the impact on population prevalence estimates of zinc, iron and 

vitamin A deficiencies of different recently proposed approaches to correct for inflammation 

and (2) to investigate the determinants of zinc, iron and vitamin A status in children 2-6 years 

old living in rural Western Kenya. 

 

Methods: Iron deficiency was defined as plasma ferritin concentration <12 µg/L and/or soluble 

transferrin receptor concentration > 8.3mg; zinc deficiency as plasma zinc less than 65 and 57 

µg/dl (collection morning and afternoon, respectively) and vitamin A deficiency as retinol 

binding protein levels >0.75 µmol/l. Inflammation was defined as C-reactive protein >5mg/l and 

alpha 1 acid glycoprotein >1g/l. Five approaches to correct nutritional biomarkers for 

inflammation were compared (a) ignoring inflammation, therefore assessing nutritional 

deficiency prevalence without taking into account acute phase proteins, (b) exclusion of 

inflamed individuals from the survey, (c) change of nutrient biomarker cut off values for those 

with and without elevated APP, (d) four level inflammation correction factors and (e) regression 

modelling. Linear regression was used to assess determinants of zinc, iron and vitamin A status. 

 

Results: Zinc deficiency prevalence was 74%, vitamin A deficiency, 34% and iron deficiency 

61%. Acute phase proteins were elevated in 53% and 37% of the children (AGP and CRP 

respectively). Prevalence estimates varied for all nutrient biomarkers depending on approach 

used to correct for inflammation: percent decrease range for zinc and vitamin A deficiency was 

2%-19% and 43-78% respectively. Iron deficiency prevalence increased by range 0.6-3.6% by 

all other approaches except exclusion where it decreased by 10%. Fasting status, household 

size, alpha 1 acid glycoprotein, hemoglobin, and retinol binding protein concentration were 

significant predictors of PZn status. The age of child, C-reactive protein and alpha 1 acid 

glycoprotein concentration were significant predictors for plasma ferritin levels. Whilst plasma 

zinc, hemoglobin and C reactive protein concentrations were significant predictors of retinol 

binding protein levels. 

 

Conclusions: Zinc, iron and vitamin A deficiencies as well as inflammation were high in the 

Kenyan preschool children assessed. Regardless of the approach used in this population, for 

high prevalences above global thresholds there was no substantial difference in Fe and Zn 

deficiency prevalence hence correction is not required in such instances to determine the public 

health relevance of a nutritional deficiency problem. 
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INTRODUCTION 

 

Micronutrient deficiencies, especially zinc, iron and vitamin A deficiency, are major public 

health concerns in developing countries affected by inadequate dietary intake, frequent 

infections or both [1]. Whilst a deficiency state deprives the body of important nutrients 

required to mount an effective immune response, infections may cause nutritional deficiency 

through mechanisms such as reduced appetite, malabsorption, metabolic losses and increased 

requirements [2, 3]. The relationship between infection and nutrition has therefore been 

described before as an intimate one [4] and that between infection and malnutrition as a 

“vicious cycle”[5]. 

 

The assessment of nutritional status is complicated by the fact that many biochemical markers 

of nutrition status are not reliable during infection [5], leading to an apparent increase or 

decrease in the estimated prevalence of nutrient deficiencies. The estimation of those at risk of 

deficiency is important for many reasons namely, assessing the need for an intervention, 

targeting of resources, investigating the etiology of a nutritional problem, evaluation of success 

[6], and to allow quality control and accountability in public health programs and initiatives. 

Plasma zinc (PZn), and retinol binding protein (RBP), are known to decrease during 

inflammation while plasma ferritin (PF), increases. This may lead to masking true deficiency 

status, resulting in a possible overestimation of zinc and vitamin A deficiency and to an 

underestimation of iron deficiency, respectively.  

 

For this reason, the measurement of acute phase proteins (APP) in nutrition surveys has been 

recommended in communities where nutritional deficiencies and infections and inflammation 

coexist [6, 7]. Different approaches to correct nutrition status biomarkers for inflammation have 

been proposed [6, 8–11] and a recent comprehensive review on the complex interrelation 

between nutrition and infection and inflammation [6] has identified five main approaches to 

account for the effect of inflammation on markers of nutritional status: (a) ignoring 

inflammation, therefore assessing nutritional deficiency prevalence without taking into account 

APP, (b) exclusion of inflamed individuals from the survey, (c) change of nutrient biomarker cut 

off values for those with and without elevated APP, (d) four level inflammation correction 

factors (CFs) and (e) regression modelling [6]. While the choice for any of the approaches above 

may be context specific, there is no consensus on the best approach to account for inflammation 

in prevalence studies [6]. 

 

In a cross sectional study of preschool children living in rural Western Kenya, we aimed to: (1) 

compare prevalence estimates of zinc, iron and vitamin A deficiencies corrected for 

infection/inflammation using various recently proposed approaches [6] and (2) investigate the 

determinants of zinc, iron and vitamin A status.  

 

METHODS 

 

Cross-sectional biochemical and anthropometric data were collected in September 2011 and 

February 2014 in rural Western Kenya, Kisumu West District from children between the ages of 

2-6 years. The research site and subjects were chosen based on eligibility for conducting an 
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effectiveness study with a water purification device that fortifies water with zinc in 

communities with coexisting zinc deficiency and high prevalence of diarrhea.  

 

Data was used from 2 data bases, a baseline conducted in 2011 and one conducted in 2014. The 

methodology was the same in both studies. In total 487 children were recruited from rural 

western Kisumu through a household demographic and health surveillance system (HDSS) 

established by United States Army Medical Research Unit-Kenya (USAMRU-K) and the Kenya 

Medical Research Institute (KEMRI) [12]. Trained field assistants collected socio economic 

status data through household visits, using pretested questionnaires in the local language Luo.  

 

Height and weight were measured in duplicate with the child wearing light clothing and no 

shoes. Standing height was measured to the nearest 0.1 cm using a UNICEF wooden measuring 

board with a sliding foot or head piece. Weight was measured to the nearest 0.1 kg using an 

electronic scale (Ashton Meyers, England, United Kingdom), which was calibrated daily. Blood 

samples were collected between 0800 and 1300 from fasting and non-fasting subjects and 

handled according to standardized protocols by IZINCG [13]. Hemoglobin (Hb) was analyzed in 

the field on the spot using a Hemocue photometer (Hemocue HB 201, Angelholm, Sweden). We 

analyzed PZn by flame atomic absorption spectrometry (FAAS) (AA240FS, Varian Inc., 

Australia) at the Laboratory of Human Nutrition, ETH Zurich, Switzerland. Plasma ferritin (PF), 

soluble transferrin receptor (sTfR), alpha-1-acid glycoprotein (AGP), C-reactive protein (CRP), 

and retinol binding protein (RBP) were analyzed at a private laboratory in Freiburg, Germany, 

with previously published sandwich ELISA technique [14]. All samples were measured in 

duplicate. For evaluating the prevalence of zinc deficiency among the study population, two cut-

offs were used: PZn <65 µg/dl for blood samples collected during the morning, and PZn <57 

μg/dl for the afternoon samples [15]. The thresholds for defining abnormal values for 

biochemical indicators assessed were as follows: CRP>5mg/L and AGP>1.0g/L for presence of 

inflammation, PF <12µg/L for low iron stores, sTfR >8.3mg/L for iron deficiency, and RBP 

<0.75µmol/L for vitamin A deficiency [11]. Anemia was defined according to the WHO threshold 

as Hb<110g/L for children 0.5-4.99 years and Hb<115g/L for children>5years [16].  

 

The study protocols were approved by the Ethical Review Committees of Kenyatta National 

Hospital/Nairobi University (KNH-ERC/A/197, and KNH-ERC/A/335), Wageningen University 

Ethical Committee (WUR 10/20) and ETH Zurich Ethical review committee (EK 2010-N-34, and 

EK 2013-N-31). The study was presented to local leaders and they gave their approval for its 

conduction. Written informed consent was obtained from the caregivers on behalf of their 

children before the study commenced. These trials were registered at www.clinicaltrials.gov; 

NCT01481181 and NCT02162238. 

 

Data Analysis 

 

Body iron stores (BIS) in mg/kg body weight were calculated using the Cook method [17]. 

Prevalence of children below respective cutoff for each nutritional status biomarker (PZn, PF, 

and RBP) were computed using the 5 methods as follows:  

(a) Ignoring inflammation: uncorrected prevalence were computed using the following 

cutoffs; PZn <65 µg/dl for blood samples collected during the morning, and PZn <57 
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μg/dl for the afternoon samples; PF <12µg/L for low iron stores or (inclusive) serum 

transferrin receptor >8.3mg/l; RBP <0.75µmol/L for vitamin A deficiency.  

(b)  Exclusion: prevalence based on individuals without elevated APP was computed 

(reference group) 

(c) Change of nutrient biomarker cutoff: a higher cutoff for inflamed individuals only is 

applied. For PF a higher cutoff of 30µg/dl has been proposed. This has not been 

suggested for PZn and RBP. 

(d) Four level inflammation correction factor approach: data was corrected using the 

Thurnham adjustment method [10] based on  

(i)  study specific CFs , according to whether participants belong to reference group 

(plasma CRP concentration was ≤5mg/L and/or plasma AGP was ≤1.0g/l), to the 

CRP elevated group (infection incubation), to both CRP and AGP elevated (early 

convalescence from infection) or to AGP elevated only group (late convalescence) 

respectively.  

(ii) CFs from literature when available.  

 CFs were determined as ratios of mean or median concentration of biomarker in 

inflamed group relative to the reference group. To obtain corrected biomarker 

concentration we multiplied individual values by group specific CF’s. 

(e)  Regression modelling: to correct by regression, specific regression models were 

computed to assess the effect of inflammation on the markers, with the outcome 

variable being the respective biomarker and the predictor variable being CRP for the 

group with raised CRP, CRP and AGP for the group with both raised APP and AGP for 

the group with elevated AGP only. To calculate the corrected biomarker, the slope was 

used in each case for example corrected PZn for CRP raised only group =PZn-(CRP x 

slope). 

 

We analysed data using IBM SPSS software (version 22.0). Normality of distributions was tested 

visually using QQ plots. Non normal data was log transformed when necessary. Statistical 

significance was set at p<0.05. ANOVA followed by posthoc Bonferroni or Kruskal Wallis was 

used to compare mean or median values across subgroups grouped by inflammation status. The 

percent change in prevalence was calculated as (A-B/A)*100 whereby A is prevalence before 

correcting and B is prevalence after correcting. 

To assess a linear relationship between nutritional status indicators, anthropometry and APPs 

we used Spearmen correlation coefficients with uncorrected biomarkers. A backward stepwise 

regression analysis was used to achieve the best fit model as determined by R2.  
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RESULTS 

 

General characteristics 

 

In total 487 children were recruited (September 2011, n=303; February 2014, n=184 children). 

Data on APP was available for 461 children. The median [25th, 75th percentile] age of the 

children was 48 [36, 56] months and 48% were males. Stunting prevalence was 22%, and 11% 

of the children were underweight. The mean value for PZn was 58±12µg/dl and the median 

[25th, 75th percentile] for iron status indicators was as follows; Hb= 107g/L [96, 116], PF= 55.9 

µg/L [24, 102]; sTfR= 9.1 mg/L [7.2, 13] and BIS= 4.9 mg/kg [2, 7]. A high proportion were zinc 

deficient (74.4% had low uncorrected PZn status), 10.2% and 15% had low iron PF and BIS, 

61% high transferrin receptor and 62.6% had anemia. Over a third of the children (34%) had a 

low vitamin A status. Thirty-seven percent of the children had more than 1 deficiency. A high 

proportion of the children had elevated CRP (37%) and AGP concentrations (53%) indicating a 

high degree of infection/inflammation within this study population (Table 1). 

Effect of inflammation on nutritional biomarkers 

 

When individuals were grouped according to APP status, PZn concentration was below the 

cutoff (65µg/dl) in all the groups even in the group without inflammation. RBP concentrations 

were above the cutoff 0.75µmol/l in all groups except for high CRP and high AGP (0.7µmol/l). 

Plasma ferritin was higher than 12µg/l in all the groups particularly in the early convalescence 

group (with both CRP and AGP elevated). Generally, there was a significant difference in 

biomarker concentration between groups of participants grouped by APP status for all 

biomarkers (p<0.001) (Table 2). Biomarker concentration did not differ substantially between 

reference and incubation group for all biomarkers except for RBP. When both APPs were raised, 

the concentration of PF was significantly higher, and PZn and RBP significantly lower compared 

to reference group. When only AGP was raised, PZn remained significantly lower and PF 

remained significantly higher compared to reference group. However, RBP concentration was 

the same in this stage of inflammation as in the reference group.  
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Table 1: Anthropometry and biochemical characteristics of children 2-6 years old from rural Western Kenya 

(n=461)1,2 

Characteristic  

Age (months)* 48 [36, 56] 

Males %(n) 48 (220) 

HAZ  -0.9±1.7 

Less than -2SD, %  22.5  

WAZ  -0.6±1.1 

Less than -2SD, %  10.9 

BAZ  -0.2±0.9 

Less than -2SD, %  2.5 

PZn µg/dl 58±12 

Zinc deficient3 % 74.4 

Hemoglobin concentration g/L 107 [96, 116] 

Anemia4  % 62.6 

Ferritin,ug/L 55.9 [24, 102] 

Low ferritin5 % 10.2 

Transferrin receptor mg/L 9.1 [7.2, 13] 

Iron deficient5 % 61 

Body iron stores mg/kg 4.9 [2, 7] 

Low BIS5 % 15 

Retinol binding protein µmol/L 0.8 [0.6, 1] 

Vitamin A deficient6 % 34 

CRPmg/L 2.4 [0.7, 13] 

High CRP7 % 37 

AGPg/L 1.0 [0.7, 1.5] 

High AGP7 % 53 

1Values are mean ± SD and median [25th, 75th percentiles] unless stated otherwise 

*Age determined for n=449 children 
2n=461 except for HAZ and WAZ where n =432 and BAZ n=433 
3values less than 65 and 57 µg/dl were considered low for samples collected in the morning and afternoon respectively 
4Anaemia is defined as Hb<110g/L for children below the age of 59months and Hb<115g/L for children 5-11 years 
5For iron status indicators the following cutoffs were used: less than 12ug/l was considered low for ferritin, >8.3mg/l low for 

transferrin receptor, and <0mg/kg low for body iron stores  
6Values less than 0.75umol/l were considered vitamin A deficient 
7Children with serum C reactive protein >5mg/L and AGP >1g/l were considered inflamed 

HAZ-height for age z scores, WAZ-weight for age z scores, BAZ-BMI for age z scores, CRP-C reactive protein, AGP-alpha 1 acid 

glycoprotein, BIS Body iron stores 

 

 

 

 

 

 

 



Assessing micronutrient status in the presence of inflammation 

 

27 

 

Table 2: Concentration of biomarker by inflammation status in children 2-6 years old from rural Western Kenya 

(n=461)1 

Biomarker Non inflamed  High CRP  

 

(Incubation) 

High CRP and High 

AGP  

(Early 

convalescence) 

High AGP  

(Late 

convalescence) 

 

 n=199 n=20 n=150 n=92 p-value 

PZn (µg/dl) 61.2±11.0a 61.8±12.5a,b 54.9±12.6b 55.7±12.7b p<0.001 

RBP (µmol/l) 0.9±0.2a 0.8±0.1b 0.7±0.2b,d 0.9±0.2a p<0.001 

Ferritin (µg/l) 32[14, 54]a 55[21, 91]a,c 105[63, 166]b 60[31, 92]c p<0.001 
1 Values are mean ±SD or median [25th, 75th percentiles] 

Subgroup means and median in a row with uncommon letter differ, p<0.05(ANOVA with posthoc Bonferroni test) or Kruska Wallis 

test 

Ferritin was log transformed first before analysis. Back transformed group medians are presented 

PZn-plasma zinc, RBP-retinol binding protein, CRP-C reactive protein, AGP- alpha 1 acid glycoprotein 

 

Prevalence of micronutrient deficiency depending on the correction approach for inflammation 

The prevalence of micronutrient deficiency differed depending on which method was used to 

correct for inflammation (Table 3). Correction by all applicable methods in comparison to 

uncorrected prevalence had the effect of decreasing estimated prevalence of zinc and vitamin A 

deficiencies whilst increasing iron deficiency (except for exclusion method) albeit to different 

degrees. 

When ignoring inflammation the prevalence of zinc, iron and vitamin A deficiency was 74.4%, 

63.9% and 36.7% respectively. Analysis of the reference group resulted in lower prevalence for 

zinc, iron and vitamin A deficiency of 66.8%, 57.3% and 18.6% respectively representing a 

reduction in prevalence of 10%, 10% and 49% respectively. However, when iron deficiency was 

defined by PF only, not taking into account elevated sTfR, ignoring inflammation increased 

prevalence of iron deficiency by 82.3%, resulting in an estimated prevalence of 18.2%. 

The study specific four level inflammation CFs for PZn were 0.96, 1.09 and 1.07 for incubation, 

early and late convalescence respectively. The resulting prevalence of zinc deficiency using 

study specific CFs was 67.2%, a decrease of 9.7% from uncorrected prevalence. The prevalence 

of iron deficiency after correcting using study specific CFs (0.6, 0.3 and 0.5 for incubation, early 

and late convalescence respectively) was 65.5% representing an increase of 2.5% from the 

uncorrected prevalence. When using PF only to estimate iron deficiency, prevalence changed by 

38.2% from the uncorrected prevalence. The prevalence of vitamin A deficiency was 21% after 

using the following study specific CFs to correct for inflammation (1.27, 1.43, and 1.09). This 

represented a 43% decrease from the uncorrected prevalence. 

Meta-analysis CFs were not available for PZn but published CFs [10] resulted in a prevalence of 

zinc deficiency of 60.1%, a reduction of 19% from uncorrected prevalence. Meta-analysis CFs 

for PF gave a prevalence of iron deficiency of 64.3%, an increase of 0.6% from uncorrected 

prevalence. When only PF was used to define iron deficiency there was a 16.6% increase in iron 

deficiency prevalence. A higher cutoff has been proposed for PF only. Use of 30µg/l instead of 

12µg/l for PF on inflamed individuals increased prevalence of iron deficiency to 66.2% (an 

increase of 3.6%) when both PF and sTfR was used to define iron deficiency. When only PF was 

used, there was a 194.1% increase in prevalence of iron deficiency.  
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The prevalence of zinc, iron and vitamin A deficiency after using regression modelling was 

72.9%, 65.1% and 8.0% respectively representing a decrease of 2% and 78% for the zinc and 

vitamin A deficiency prevalence and an increase of 1.9% for iron deficiency prevalence. Using 

PF only, iron deficiency prevalence increased by 54.9% 

 

Determinants for zinc, vitamin A and iron status 

 

Zinc status 

PZn was negatively correlated with fasting status (r=-0.230; p<0.01), size of household (r=-

0.117; p<0.05), PF(r=-0.115; p<0.05), CRP (r=-0.214; p<0.01), AGP (r=-0.287; p<0.01) and was 

positively correlated with Hb (r=0.258; p<0.01) and RBP (r=0.299; p<0.01) (Table 4). In linear 

regression analysis with PZn as dependent variable, fasting status (β=-0.218), family size (β=-

0.127), AGP (β=-0.149) were significant negative predictors, whilst Hb (β=0.115) and RBP 

(β=0.219) were significant positive predictors of plasma zinc (p<0.05). In total these variables 

explained 19% of the variability in plasma zinc. 

Stunting (HAZ) was positively correlated with size of household (r=0.095; p<0.05), age of child 

(r=0.138; p<0.01), Hb (r=0.150; p<0.01), BIS (r=0.107; p<0.05) and negatively correlated with 

serum transferrin receptor (r=-0.173; p<0.01) and AGP (r=-0.140; p<0.01) (Table 4). 

Explanatory power was detected for AGP (β=-0.209) and BIS (β=0.187) only. The regression 

model explained 5% of the variability. 
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Table 3: Comparison of effect on prevalence estimates of approaches proposed in literature on data from children aged 2-6 years from rural Western Kenya1,2 

 
Ignore 

Inflammation Exclusion  

Four-level 

inflammation CFs 

Meta analysis 

CFs 

Change 

nutrient 

biomarker  

cutoff 

Regression 

modelling8 

Mean PZn concentration (µg/dl) 58.0±12 61.2±11 60.3±12.5 62.0±13  58.9±12 

Low PZn (%) 74.4 66.8 67.2 60.13 NA 72.9 

Magnitude of change in 

prevalence PZn (%)  10.2 9.7 19.2  2.0 

 

Median PF concentration (µg/L) 55.9 [24, 102] 31.5[14.5, 54.5] 31.3[16.1, 50.7] 43.0[20.5, 71.1]  45.8[17.8, 82.3] 

Iron deficiency (%)4 63.9 57.3 65.5 64.35 66.2 65.1 

Magnitude of change in iron 

deficiency prevalence (%)  10.3 -2.5 -0.6 -3.6 -1.9 

Iron deficiency (%)6 10.2 18.6 16.5 11.95 30 15.8 

Magnitude of change in iron 

deficiency based on PF only (%)  82.3 38.2 16.6 194.1 54.9 

 

Median RBP concentration 

(µmol/L) 0.8 [0.6, 1] 0.93[0.77, 1.2] 0.93[0.77, 1.12]   1.3[1.0, 5.0] 

Low RBP (%) 7 36.7 18.6 21.0 NA NA 8.0 

Magnitude of change in vitamin A 

deficiency prevalence (%)  49.3 42.8   78.2 
1values represent mean ±SD or median [25th, 75th percentile]  
2N=461 expect for exclusion where n=199 
3Meta analysis CF not available , CFs used refer to  Thurnham et al 2005 [10] 
4 as defined by PF concentration <12 µg/L and/or soluble transferrin receptor concentration > 8.3mg/l except in method 4 where a cutoff PF <30µg/l was used 
5 refers to Thurnham et al 2010[11] 
6 as defined by PF concentration <12 µg/L except where a higher cutoff <30µg/l was used 
7Values less than 0.75umol/l were considered Vitamin A deficient 
8The slope from the regression model was used in each case to correct; CRP only for group with raised CRP only, CRP and AGP for group with both raised APP and AGP for group with raised AGP only 

PZn-plasma zinc, PF, plasma ferritin, RBP-retinol binding protein, NA-not applicable 
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Vitamin A status 

RBP was positively correlated with PZn (r=0.299; p<0.01), Hb (r=0.302; p<0.01), and negatively 

correlated with PF (r=-0.228; p<0.01), transferrin receptor (r=-0.149; p<0.01), BIS (r=-0.150; 

p<0.01), CRP (r=-0.529; p<0.01) and AGP (r=-0.420; p<0.01) (Table 4). In the regression model 

PZn (β=0.220) and Hb (β=0.122) were significant positive predictors of RBP whilst CRP (β=-

0.335) was a significant negative predictor. Together they explained 24% of the variability in 

the model. 

Iron status 

Hb was positively correlated with HAZ (r=0.150; p<0.01), PZn (r=0.258; p<0.01), age (r=0.196; 

p<0.01), RBP (r=0.302; p<0.01), and negatively correlated with PF (r=-0.185; p<0.01), sTfR (r=-

0.586; p<0.01), CRP (r=-0.415; p<0.01) and AGP (r=-0.422; p<0.01) (Table 4). Significant 

negative predictors of Hb in the regression model were PF (β=-0.108), transferrin receptor (β=-

0.602, and AGP (β=-0.107). PZn (β=0.112) and RBP (β=0.111) were positive significant 

predictors of Hb. In total these variables explained 51% of the variability in Hb. 

Log PF was negatively correlated with PZn (r=-0.115; p<0.05), age of child (r=-0.133; p<0.01), 

Hb (r=-0.185; p<0.01), BIS (r=-0.912; p<0.01), RBP (r=-0.228; p<0.01) and positively correlated 

with CRP (r=0.556; p<0.01) and AGP (r=0.541; p<0.01). In regression analysis significant 

positive predictors were age of child (β=0.232), CRP (β=0.226) and AGP (β=0.368). Together 

they explained 31% of the variability in PF. 

Log sTfR was negatively correlated with HAZ (r=-0.173; p<0.01), age of child (r=-0.172; p<0.01), 

Hb (r=-0.586; p<0.01) BIS (r=-0.343; p<0.01), RBP (r=-0.149; p<0.01) and positively correlated 

with CRP (r=0.191; p<0.01) and AGP (r=0.290; p<0.05). Significant negative predictors in the 

regression model were Hb (β=-0.358) and AGP was a significant positive predictor (β=0.127). 

These variables explained 18% of the variability in the model. 

 

DISCUSSION 

 

Our results show that deficiencies in zinc, iron and vitamin A are high and occur concurrently in 

a third of the children. Inflammation affects at least half of the population and correcting for 

inflammation results in prevalence estimates that do not substantially differ from uncorrected 

prevalence except for vitamin A and depending on the indicator used to define the deficiency. 

Interventions to reduce zinc, iron and vitamin A deficiency are required in this population.  

 

The prevalence of low serum zinc (74.4%) and stunting (22.5%) was above the 20% cutoff 

suggested by IZINCG which are indications of a population at an elevated risk of zinc deficiency 

[18]. This confirms evidence from previous trials that zinc deficiency is present and of public 

health concern among Kenyan children particularly from Western Kenya [19–21]. Anemia was 

high in this population (62%) and also an almost equally high percentage of the children 

(63.9%) suffered from iron deficiency. The prevalence of anemia is comparable with that 

assessed in similar studies conducted in the same area [19, 22, 23] confirming that this 

population suffers from chronic malnutrition, zinc deficiency and anemia.  
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Table 4: Spearmen correlation coefficients (Rho) for demographic, nutritional status and inflammation markers of the study children aged 2-6 years old from rural Western Kenya 

 

HAZ PZn 

fasting 

status 

family 

size 

age 

(mths) Hb PF sTFR BIS RBP CRP AGP 

Gender 0.000 0.014 0.03 -0.088 -0.066 -0.007 -0.017 0.057 -0.034 0.002 -0.05 0.038 

HAZ 

 

0.045 0.021 .095* .138** .150** 0.052 -.173** .107* 0.032 -0.027 -.140** 

PZn 

  

-.230** -.117* 0.055 .258** -.115* -0.08 -0.078 .299** -.214** -.287** 

fasting status 

   

-0.004 -0.037 -0.075 0.005 -0.003 0.013 -0.064 -0.009 -0.036 

family size 

    

0.043 -0.013 0.004 -0.088 0.038 0.004 -0.031 -0.049 

age (mths) 

     

.196** .133** -.172** .195** 0.01 -0.013 -.168** 

Hb 

      

-.185** -.586** 0.039 .302** -.415** -.422** 

PF 

       

0.03 .912** -.228** .556** .541** 

sTfR 

        

-.343** -.149** .191** .290** 

BIS 

         

-.150** .438** .383** 

RBP  

          

-.529** -.420** 

CRP 

           

.717** 

*Correlation is significant at the 0.05 level 

**Correlation is significant at the 0.01 level  

HAZ-height for age z scores, PZn-plasma zinc, Hb-hemoglobin, PF-plasma ferritin, sTfR soluble transferrin receptor, BIS-body iron stores, RBP-retinol binding protein, CRP-c reactive protein 
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We used CRP and AGP to define acute and chronic phases of the acute phase response and also 

for purposes of comparing across studies. Over a third and about half of the children had 

elevated acute and chronic acute-phase markers respectively. Similar proportions were obtained 

by Grant et al (2012) in their study in Western Kenya [9]. When the data was grouped by 

inflammation status, the proportion of children in the incubation group was low and this is 

comparable to other similar studies [9, 10, 24] although in a study in Indonesian infants, lower 

proportions were found in the early convalescence group [25]. Lower numbers in the incubation 

group (high CRP only) is expected as the incubation period is very short as compared to the 

early and late convalescence phase and few individuals will be in that phase at any given time. 

The fact that prevalence of elevated AGP, linked to a higher number in the early or late 

convalescence period indicates that in this population there are repeated inflammation events 

which occur before full recovery from the previous event. 

Zinc deficiency prevalence estimates 

We aimed at comparing the impact on estimated deficiency prevalence of different recently 

suggested approaches to correct nutritional biomarkers for inflammation. A quantitative insight 

into the magnitude of change in the prevalence estimates is essential to compare the different 

approaches for correcting for the effects of inflammation. Inflammation had the effect of 

decreasing PZn concentration thereby overestimating prevalence of zinc deficiency by between 

2-10.2% when excluding published CF approach as these were from a single study. On a 

population basis the method of correction did not fundamentally change the nutritional 

assessment for this population. The observed decrease of PZn with infection has been observed 

previously, and has been ascribed to the fact that zinc moves from the bone marrow to the liver 

during the acute phase and this results in a decrease in PZn concentration. This decrease in PZn 

concentration has been observed in some studies [25–27] but not in a recent study conducted in 

6-11 year old children from Guatemala [28]. The latter study was conducted in older apparently 

healthy children whilst the former studies were conducted in younger children and immune 

compromised adults. This difference in age and physiological status may have affected the way 

PZn responded to inflammation leading to a non-response in the ‘healthier’ older children.  

 

Iron deficiency prevalence estimates  

In our results, PF was elevated in the inflamed groups leading to an underestimation of 

prevalence of iron deficiency. The magnitude of prevalence increased when using PF only to 

define iron deficiency ranging from 16.6% (meta analysis CFs) to 194% (use of higher 

biomarker cutoff). When the definition of iron deficiency was inclusive of sTfR, the magnitude of 

prevalence increase was much lower and ranged from 0.6-3.6% by all other approaches except 

exclusion where it decreased by 10%. This almost constant prevalence for iron deficiency is 

likely due to the fact that sTfR is generally less affected by inflammation/infection than PF [29, 

30]. PF is a positive acute phase protein and concentrations rise during the acute phase reaction 

while it is unclear whether PF plays a role in iron sequestration or is a secondary signal 

following the infection induced increase in hepcidin [31, 32]. 

 

Vitamin A deficiency prevalence estimates 

Consistent with our results, RBP concentrations have been observed to fall during acute phase 

leading to overestimation of vitamin A deficiency [33, 34]. The change in prevalence from 36.7% 

(ignoring inflammation) to 18.6% (reference group only) and to 21% using study specific CFs 

may indicate that deficiency levels have shifted from ‘high’ to ‘moderate’, however in the 

absence of global cutoffs for RBP [35] the prevalence changes remain difficult to interpret. In 
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this case ignoring inflammation misclassifies individuals by between 42.8-78%. We used RBP a 

surrogate biomarker of vitamin A status known to overestimate vitamin A deficiency in 

malnourished individuals due to excess unbound RBP in the circulation released from the liver. 

Serum retinol is the biomarker commonly used to evaluate vitamin A deficiency [36], however it 

is also known to decrease during inflammation due to reduced hepatic synthesis of RBP and 

secretion of the retinol-RBP complex [37, 38]. Serum retinol as a biomarker of vitamin A status 

thus too misclassifies individuals during periods of inflammation [39]. 

Public health and policy impacts of change in prevalence 

In summary, our prevalence estimates differed depending on the approach used for correction. 

However the magnitude of difference, for iron and zinc deficiency was small and produced a 

change in estimated prevalence of 10% for both nutrients. This data suggest that if a survey is 

conducted with the solely aim of estimating nutritional deficiency prevalence, the choice of the 

correction methods may not greatly affect the overall estimate of a deficiency. This may have 

programmatic implication and our data if confirmed in larger studies in other population 

groups, suggest that assessing the public health importance of a nutritional deficiency is not 

greatly affected by the approach used. It is however likely that for lower prevalence and in 

smaller surveys the approach used to correct for inflammation will be critical. In contrast to the 

findings in minerals, for vitamin A deficiency, prevalence estimates changed from high to 

moderate to being not judged a problem of public health significance depending on the approach 

used. From a public health perspective the choice of approach used can therefore have extensive 

consequences on resource allocation when it comes to programme planning and management.  

 

Concerning for example iron deficiency, for case finding, the consequences would vary greatly 

depending on the definition used. For the definition inclusive of sTfR which is the recommended 

definition [40] the approach used to correct for inflammation did not change the prevalence 

substantially. However when based on PF only there can be extensive misclassification of 

individuals. There was a high prevalence of seemingly false negatives when ignoring 

inflammation. Using this latter approach would have a negative bearing on evaluating overall 

effectiveness of targeted interventions to reduce deficiency. 

 

Rationale for correcting 

Correcting biomarker concentration for inflammation is based on the assumption that diet is the 

only responsible factor for the concentration of nutrient biomarker, therefore removing the 

effects of inflammation would imply that what remains is the ‘true’ concentration of biomarker. 

This assumption may not be true especially for individuals exposed to chronic inflammation 

being the cause for the poor nutritional status and not a confounder. There is evidence that in 

areas where parasitic infections are high and endemic, repeated infections  may lead to chronic 

inflammation [41] with observations that the condition itself often leads to undernutrition and 

stunted growth in children [42, 43]. Infections such as HIV, highly prevalent in developing 

countries can cause metabolic disturbances leading to altered micronutrient levels [44]. Low 

grade chronic inflammation has been shown to cause poor nutrition status in infants [45]. In 

such situations correcting for inflammation when inflammation is the cause of malnutrition may 

not be justified. Distinguishing these scenarios will be dependent on a functioning health care 

system and local judgement.  

 

To strengthen estimates of deficiency and for more complete assessment it is often advised to 

combine biomarker concentrations with dietary intake data [18]. In a dietary survey conducted 
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in a subsample of the children aged 4-6 years in the same area (n=60) in 2014 (chapter 5), 85% 

were below the WHO EAR for zinc intake, 55% for vitamin A, and 0% for iron. Those at risk of 

zinc deficiency were high in this population and this prevalence is consistent with the 

uncorrected prevalence obtained from PZn. Risk of vitamin A deficiency from dietary intake was 

also high. However for iron, despite high prevalence of iron deficiency and anemia, no children 

in this subsample were below the EAR for inadequate iron intake. This may indicate the negative 

iron balance in this population, highlighted by the high prevalence of iron deficiency and anemia, 

due to other reason than insufficient intakes. One possible explanation is the low mineral 

bioavailability from the diet in this population relying mostly on whole maize, cereals with 

limited intake of iron absorption enhancers. An additional possible etiological factor for the high 

prevalence is the likely high prevalence of parasitic infections, which are highly prevalent in 

Western Kenya [46–49]. The dietary survey however was conducted in a small sample and in 

one season and therefore cannot be fully compared with the results obtained from the 

biochemical markers in these children. In the case that there is high prevalence below the EAR 

correlating with low biomarker concentrations, correcting for inflammation may not be 

required. 

Determinants for low plasma zinc, anemia, stunting and vitamin A status 

The regression model predicted ≈ 20% of the variability in zinc status. Whilst some studies have 

found an association between PZn and stunting [50, 51], we found no such association and 

therefore height for age z scores were not included in the modeling. Family size was associated 

with both PZn as well as with stunting, suggesting that in this population, poverty may be a 

determinant of low nutritional status in children. PZn and Hb were significant positive 

predictors of RBP. The nutrient-nutrient interactions between zinc, iron and vitamin A have long 

been established [52]. Conversion of retinol to retinal requires a zinc dependent retinol 

dehydrogenase enzyme [53], zinc regulates transport of vitamin A through protein synthesis 

[54, 55] and erythropoiesis is known to be modulated by vitamin A [56] hence the metabolism of 

vitamin A is dependent on adequate supply of zinc and iron and vice versa. The regression 

model for Hb had high predictive power (51%) possibly due to the presence of PF and 

transferrin receptor in the model. We decided to maintain these predictors as we did not detect 

any collinearity in the diagnostics procedure.  

 

In conclusion, the difference in estimated prevalence suggest that inflammation is only 

marginally affecting the estimated prevalence of nutritional deficiency in this population. In 

view of the different approaches available for correcting for inflammation and until a consensus 

is reached, we suggest that with elevated uncorrected prevalence (above the respective 

threshold), the choice of approach may not be important to decide if a problem is of public 

health significance or not. At lower prevalence, to correct for inflammation in programme 

planning and evaluation, we propose the following hierarchy of decision making. First, in cross 

sectional studies with adequate sample size, prevalence should be estimated from uninflamed 

population only (exclusion). A second choice would be correction by study specific correction 

factors as these gave similar prevalence to restrictive analysis. Finally, if the survey has not 

collected APP status biomarkers then the application of correction factors from meta analysis 

should be explored if the population and study setting are comparable. More research is 

required to establish the possibility of using a higher cutoff for other biomarkers in times of 

inflammation. As different approaches had varying effects on each biomarker there should be 

consideration for the decision making process to be biomarker specific. 
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Zinc bioavailability and elution rate from zinc fortified water 
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ABSTRACT  

 

Introduction: Zinc deficiency is a major public health problem in many developing countries. Zn 

fortification of foods may have limited impact because Zn bioavailability from staple foods is 

generally low. Fortification of drinking water with a stable, predictable concentration of 

fortificant at safe but adequate levels may be an alternative approach. 

 

Objectives (a) to compare bioavailability of zinc from fortified water consumed with or without 

zinc fortified maize in healthy adults (b) to investigate the effect of 3 simulated usage patterns 

and storage on zinc eluted into purified drinking water and (c) to compare expected enrichment 

levels with physiological requirements in children aged 1-6 years. 

 

Methods: Fractional Zn absorption (FAZ) was assessed in human subjects using the double 

isotopic zinc urinary monitoring method. The study had a single blind three way cross over 

design comparing bioavailability from fortified water consumed with (M+FW) and without (FW) 

maize porridge compared to Zn-fortified maize porridge alone (FM+W). Lifestraw family filters, 

a point-of-use water ultrafiltration device fitted with zinc glass plates were used to filter daily 

2L, 10L and 20L for 6 weeks. The filters were kept idle on week 7 and 9 and the entire trial 

lasted 10 weeks. Zinc concentration in water was measured daily with a rapid zinc test method. 

Expected fortification and consumption levels were compared to physiological requirements in 

children aged 2-6 years. 

 

Results: Geometric mean (-SD, +SD) FAZ was significantly higher from FW (65.9% (42.2, 102.4)) 

than from M+FW (9.8% (5.7, 16.7)) or from FM+W (9.1% (6.0, 13.7)) (p<0.01). Zinc elution was 

significantly higher in filters used to treat 2L/day (4.7±1.6mg/L) than 10L/d (1.7±0.9) and 

20L/d (1.3±0.7mg/L) (p<0.05). Percent increase in zinc eluted after 1 week storage was 23.4% 

(2L/d), 82.4% (10L/d) and 43.1% (20L/d). After second week of storage zinc elution further 

increased by 56.9% (2L/d), 12.9% (10L/d) and 7.5% (20L/d), compared to the last week of 

filtering. Fortified water from high and medium usage can provide adequate coverage of 

physiologic requirements (30-120%) in children aged between 2-6 years without reaching 

upper limits. 

 

Conclusions: Zinc fortified water should be consumed away from meals for high bioavailability. 

Regular filter usage with higher quantities of water leads to decreased, adequate and safe zinc 

concentrations in drinking water. The device is more resilient to increased zinc elution caused 

by idle time at high usage patterns. 
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INTRODUCTION 

 

Zinc deficiency is particularly common among young children in developing countries [1] mainly 

due to high estimated physiological requirements [2], cereal based weaning foods low in zinc [3, 

4] and rich in zinc absorption inhibitors such as phytate [5–9]. Provision of zinc through 

drinking water, could prove useful in the global effort to control zinc deficiency.  

 

Verstergaard Frandsen S.A. (Lausanne, Switzerland) has developed a point-of-use water 

treatment system called LifeStraw®Family (LSF) intended for daily use in households from low-

income settings. The device is capable of removing solid particles (<0.5 NTU turbidity 

reduction), bacteria (>Log 6 reduction), viruses (>Log 4 reduction) and spores (>Log 3 

reduction)[10] by means of a hollow fibre filtration cartridge. Lower incidence of diarrhea in 

groups using the LSF filter compared to controls has been reported in a community based field 

trial [11] and a prospective cohort study [12]. 

 

A new configuration of the LSF with soluble zinc based glass plates housed in a post-filtration 

cartridge can slowly elute zinc into the purified water (Figure 1). The zinc support matrix 

consists of sodium-phosphate glass plate(s) with embedded zinc oxide. Filtered water produced 

contains phosphate, sodium and zinc ions with the following approximate concentrations Zn 1 

mg/L: P 1.85 mg/L: Na 0.62 mg/L (personal communication, Daniel Frauchiger, Vestergaard 

Frandsen). Bioavailability of this novel zinc containing water has never been described. 

 

 

 
Figure 1: Schematic of LSF filter with integrated Zn fortification cartridge 

 

Bioavailability of zinc from water has been described before in studies investigating different 

dosages or the effect of a meal [13, 14], the influence of iron, tin, copper, and ascorbic acid on 

zinc absorption [15–17], and comparing absorption of zinc from supplements administered in 

water [18]. To our knowledge our study is the first that seeks to test bioavailability of zinc added 
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by an ultrafiltration device to water using a unique matrix containing phosphorus and sodium. It 

is also important to know if the final zinc containing water solution results in a bioavailability 

comparable to that from previous studies.  

 

Furthermore not much is known about the zinc delivery from this new configuration under 

different usage patterns. Knowledge about the zinc delivery in addition to bioavailability will 

provide information concerning the potential effectiveness of this novel approach in improving 

nutrition. Secondly it will provide indirect information about possible compliance and safety. 

High Zn concentrations in eluted water would be of great concern because zinc imparts an 

astringent taste to water at concentrations higher than ≈4mg/L [19]. IZINCG has set revised 

tolerable upper intake levels (UL) for zinc intake in children aged between 2-3 and 4-6 years the 

ULs at 8 and 14mg/d respectively [1]. Higher concentrations may not only be unsafe but may 

affect compliance and yet maximal compliance would be important in achieving public health 

impact. It is hence necessary to test this novel strategy targeted towards populations at risk of 

zinc deficiency in areas with unimproved water sources. 

 

The aims of this study were therefore to: a) measure fractional zinc absorption using stable 

isotopes from the LSF-fortified water consumed with and without maize porridge and compare 

it to Zn-fortified maize porridge alone and b) investigate the effect of 3 simulated distinct usage 

patterns and storage time on zinc enrichment of water by the LSF filter fitted with zinc glass 

plates and c) to compare expected enrichment levels with physiological requirements in 

children aged 1-6 years. 

 

MATERIALS AND METHODS 

 

Zn absorption study  

 

We performed the Zn absorption study between June and August 2012 at the Clinical Trials 

Center (CTC) of the University Hospital of Zurich, Switzerland as well as at the laboratory of 

Human Nutrition, ETH Zürich. We recruited potential subjects from the student and staff 

population of ETH Zürich; we screened 25 individuals to determine their eligibility for the trial. 

We assessed medical history and dietary patterns by using a short questionnaire and measured 

height and weight. We applied the following inclusion criteria: 18 to 45 years of age, body mass 

index (BMI) 19 to 25 kg/m2, no mineral or vitamin supplementation for at least two weeks prior 

to start and during the whole duration of the study, no major chronic diseases or long-term 

medication (except for oral contraceptives), no vegan diet, non-smokers, not pregnant and not 

lactating, no participation in any other clinical study within the preceding 30 days, no earlier 

participation in a study using Zn stable isotopes. We invited 18 subjects to participate in the 

study; all gave informed written consent. The Cantonal Ethics Commission of the Canton of 

Zurich approved the research protocol (KEK-ZH-No. 2012-0168). We registered the study at 

www.clinicaltrials.gov (NCT01636583). 

 

The study was a single-blind, three-way crossover trial to quantify fractional zinc absorption 

(FAZ) from three Zn-fortified test meals and/or water each containing a total of 2 mg Zn. These 

were: 1) a Zn-fortified maize porridge consumed with ultrapure water (18.2 MΩ) (FM+W); 2) 

the same maize porridge but unfortified consumed with Zn-fortified LSF-water (M+FW); and 3) 

Zn-fortified LSF-water alone (FW). We randomly assigned 18 subjects, each of whom had to 

consume all three test meals, to one of six possible meal administration sequences. To allow for 
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isotope washout, we administered the test meals >24 days apart. The evening before the meal 

administration, subjects consumed no food after 8.00 pm and had no beverages after midnight. 

Following meal administration, the subjects remained fasted for at least 3 hours. Thereafter, 

each of the subjects resumed their usual dietary habits until the evening before the next test 

meal administration. We determined FAZ after oral and intravenous administration of the stable 

isotopes using the measured isotopic enrichment in urine samples collected before and after the 

test meal according to the dual isotope tracer ratio (DITR) technique, as previously described 

[20–22]. 

 

We prepared the porridge in bulk by cooking on a stovetop for 30 minutes. To account for water 

loss during cooking, we added ultrapure water (18.2 MΩ) back to the cooked porridge after 

cooling to room temperature. Each serving consisted of 5 g sugar, 170 g ultrapure water and 

50 g maize flour. We prepared servings of 225 g wet weight maize porridge in pre-coded plastic 

bowls that were frozen to -20 °C until the evening before feeding day. We designed the three test 

meals/drinks to each deliver 2 mg total Zn per serving. FM+W meal consisted of a serving of 

maize porridge containing 0.56 mg native Zn, 0.44 mg added Zn as ZnSO4 and labelled with 

1.00 mg 67Zn as ZnSO4. We served this meal with 300 ml of ultrapure water. The M+FW meal was 

composed of the same porridge (0.56 mg native Zn) but unfortified, and was served with 300 ml 

LSF-water containing 0.44 mg Zn as LSF-Zn and labelled with 1.00 mg 67Zn as ZnSO4. The FW 

drink was composed of 300 ml LSF-water containing 1.00 mg Zn as LSF-Zn and labelled with 

1.00 mg 67Zn as ZnSO4. We prepared the Zn-fortified water at a specified concentration by 

diluting Zn concentrated water produced with the LSF filter with ultrapure water. Fortification 

concentrations for the maize flour and the LSF-water were of 28.8 and 6.7 ppm, respectively. 

The FM+W and M+FW meals had a phytic acid (PA) to Zn molar ratio of 16.4:1. On 

administration day, we heated the defrosted porridge in the microwave for 2 minutes. We 

quantitatively added the 67Zn tracer to either the porridge or the LSF-water, out of the subject’s 

sight. The subjects consumed the test meals under supervision and the serving bowls were 

weighed before and after feeding. Immediately after feeding, we injected intravenously 

0.2 mg 70Zn in 9 ml saline over a period of 5 minutes to each subject; we weighed the syringe 

before and after injection and flushed the injection system (catheter and needle) with 10 ml 

physiological saline to ensure quantitative isotope administration. 

 

We purchased isotopically-labelled Zn oxide powders (67ZnO and 70ZnO) from Chemgas 

(Boulogne, France). Powders were stored in a glass vial as provided by the supplier at room 

temperature prior to preparation. For the test meal label, we prepared isotopically-labelled Zn 

sulphate (67ZnSO4) from 67ZnO by dissolution in diluted sulphuric acid. The solution was stored 

at room temperature until use. For the preparation of the intravenous dose, we converted 70ZnO 

to 70ZnCl with HCl, adjusted to pH 6 by adding NaHCO3 and diluted by physiological saline. The 

Cantonal Pharmacy of the University Hospital Zurich prepared the individual intravenous doses 

of 9.5 g solution by transferring to septum sealed glass vials where they were sterilised and 

checked for sterility and pyrogens. Doses were stored at 4 °C until use. We used inductively 

coupled plasma mass spectrometry (ICP-MS) to determine the concentration of the 

administered isotopic labels in solution and in the administered Zn fortificant. 

 

We drew a 7.5 ml fasting blood sample from each study participant into a trace element free 

tube (Monovette Li-He, Sarstedt, Nümbrecht, Germany) in the morning of study day 1 for 

baseline biochemical analyses (plasma zinc, PZn; C-reactive protein, CRP) prior to the first meal 

and intravenous dose. Since raised intravascular pressure causes the outward movement of fluid 
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into the interstitial space, thereby increasing the concentration of serum proteins and Zn, the 

subject remained laying for the blood-drawing procedure and the tourniquet was placed for a 

standardized length of time (less than 1 minute) [23]. The blood samples were refrigerated at 

4 °C immediately after collection, centrifuged within 1 hour (3000 x g for 10 minutes), aliquoted 

into acid washed plastic vials (Eppendorf AG, Hamburg, Germany) and frozen at -25 °C for later 

analysis of PZn and CRP. We measured PZn by flame atomic absorption spectrometer (AAS) 

(AA240FS, Varian Inc., Australia) using standard addition technique to minimize matrix effects, a 

commercial aqueous standard (Titrisol 1.009953.0001, Merck, Germany) for external calibration 

and SeronormTM Trace Elements Serum L-2 (lot 0903107, ref 203105, Sero AS, Norway) as 

reference material. Instrumental parameters were set at 213.9 nm for wavelength, 1 cm for slit 

width and no background correction. We measured acute response indicator CRP using an 

automated chemiluminescent immunoassay system (IMMULITE®, Diagnostic Products 

Corporation, Los Angeles, USA) according to manufacturer’s instructions. This analysis defined 

CRP > 3.0 mg/L as the cutoff for high CRP [24].  We compared mean PZn concentration (from 

duplicate analysis) to the suggested sex-specific lower cutoff indicating Zn deficiency in 

populations, which for morning fasting blood samples in adults was defined as 74 µg Zn/dl and 

70 µg Zn/dl for males and non-pregnant females, respectively [1]. 

 

Before and 96±3 hours after each meal administration, we collected a morning urine sample to 

assess baseline and enriched isotopic composition. All urine samples were collected into pre-

labelled Zn-free (acid washed) PE-containers and kept at 4 °C until delivery to ETH, where they 

were stored at -25 °C until analysis. We applied an hCG marker test for pregnancy to each 

baseline urine sample from female participants. After freeze-drying, we mineralized urine 

samples using an HNO3/H2O2 mixture and microwave digestion followed by separation of the 

sample Zn matrix by anion-exchange chromatography. We performed the isotopic analyses by 

ICP-MS using a high resolution double focusing magnetic sector field multi-collector mass 

spectrometer (Neptune, Thermo Scientific), in duplicate and under chemical blank monitoring. 

We measured 70Zn/66Zn and 67Zn/66Zn ratios to determine 70Zn and 67Zn enrichment. All 

laboratory analyses were performed at the Laboratory of Human Nutrition at ETH. 

 

Zinc elution study 

 

The zinc elution study was performed between April and May 2012 in a controlled environment 

in Kisumu, Kenya. The following three usage patterns obtained from preliminary data on usage 

of the filter in the study area, were assessed: Low usage-2 litres of water; medium usage-10 

litres of water; high usage pattern-20 litres of water. Influent water used was tap water with the 

following characteristics; temperature 23°C, pH 6.6, conductivity 210 µS/cm. Each usage pattern 

was assessed in duplicate (n=2) in a laboratory set up in Kisumu, Kenya. 

 

We filtered the respective amounts into 20L jerricans every day once a day except on Saturdays 

and Sundays for 6 weeks. At week 7, the filters were kept without usage for one week to 

simulate a prolonged nonuse of the filter. Filtering of the respective amounts resumed 

throughout week 8. In the following week 9, the filters were again stored without usage for 1 

week. Filtering and testing resumed in week 10. To standardize, each filter was flushed with 1 

litre of water which was discarded before use each time. Water samples were collected from 

each filled jerrican into 50ml polypropylene bottles and tested for zinc immediately at the spot 

using the Rapid Zinc test kit (Aquaquant, Merck 1.14412.0001 Darmstadt, Germany).  
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The rapid zinc test was previously validated in a series of experiments conducted at the Institute 

of Food, Nutrition and Health, ETH Zurich [25]. Validation was carried out by repeated 

measurements of standard zinc samples of different concentrations, all of them verified by flame 

atomic absorption spectrometry (FAAS). The kit was found to be most sensitive at the range 

between 0 and 1.0 mg/l. All samples with concentrations above 1mg/l were therefore re-

analysed after a x10 dilution. The measurement value was multiplied with the dilution factor to 

arrive at the final concentration. 

 

Statistical methods 

 

We conducted data analysis with Excel (Microsoft Office, Seattle WA, USA), SPSS version 19; 

(IBM, Chicago IL, USA) and R statistical programming environment (version 3.0.3) [26]. When 

data were not normally distributed, values were logarithmically transformed before statistical 

analysis. Characteristics of participants of the absorption study (age, BMI, PZn, CRP) are 

presented as mean (±SD) or median (min, max) and FAZ as geometric mean (±SD). Zinc 

concentrations per usage pattern are presented as mean (±SD). Percentage increase in zinc 

concentration after storage was determined as the zinc concentration of current week (a) minus 

mean zinc concentration of preceding week before storage (b) divided by (b) times hundred. 

 

For the comparison of FAZ between different test meals in the absorption study, and zinc 

concentrations in eluted water per usage pattern in the elution study we used repeated 

measures ANOVA with posthoc tests corrected for multiple comparison (Bonferroni). We 

required 18 eligible subjects in order to detect a FAZ difference of 40% between test meals, with 

80% power at a 0.05 significance level by taking into account a 20% dropout rate. We based 

sample size calculation on the pooled results of 5 previous Zn absorption studies we performed 

at ETH (SD of the log-transformed differences between pairs, 0.20).  

 

To investigate a time effect on the level of zinc eluted, linear regression was used with zinc 

concentration as dependent variable and time as independent variable. Significance was set at 

(p<0.05). 

 

We compared expected enrichment levels with physiological requirements for zinc in our target 

group, assuming the bioavailability obtained from this study and 25th, 50th and 75th percentile 

drinking water intake data obtained from an unpublished study conducted in the same study 

area [27]. 

 

RESULTS 

 

Zn absorption study 

 

The content of PA and Zn in each maize meal serving was 330 mg and 0.56 mg. Sixteen out of 18 

subjects successfully completed the study. Two subjects dropped out on study day 1 and one 

was replaced. Another subject developed a cystitis that was judged unrelated to study 

participation and withdrew from the study on day 58. Thus, we administered 50 meals and 

intravenous doses (n (FM+W) =16, n (M+FW) =17 and n (FW) =17) and collected 50 pairs of 

baseline and enriched urines. Baseline characteristics (age, BMI, PZn and CRP concentrations) 

are shown in (Table 1). In 3 subjects, we measured an elevated CRP value (10.2, 5.1 and 
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15.6 mg/L) [24], but we found no correlation between PZn and CRP and therefore we did not 

correct the PZn values of subjects with elevated CRP. 

 
Table 1: Baseline characteristics of the Swiss subjects in the absorption study, by sex1 

 
All Males Females 

N 18 7 11 

Age (y) 24.0±1.7 25.4±1.7a 23.2±1.1 

BMI (kg/m2) 21.5±1.6 22.3±1.7 21.0±1.4 

Plasma Zn (μg/dl) 76.0±11.1 80.3±10.0 73.2±11.4 

Plasma CRP (mg/L) 0.2 (0.2-15.6) 0.2 (0.2-10.2) 0.2 (0.2-15.6) 
1 Values are mean±SD or median (min-max). CRP, C-reactive protein; Zn, zinc. 
a Different from females, p<0.005 (independent samples t-test). 

 

Geometric mean (-SD, +SD) FAZ was 65.9% (42.2, 102.4) from FW, 9.8% from M+FW and 9.1% 

from FM+W (Table 2 and Figure 2). In post-hoc comparisons, meals containing maize (FM+W 

and M+FW) showed significantly lower FAZ than FW (p<0.01), but FAZ did not significantly 

differ in FM+W versus M+FW. We found no significant correlation between PZn and FAZ. 

 
Table 2: Composition of the test meals containing a total of 2mg Zn, and fractional and total absorption of Zn in young 

Swiss adults1 

 FM+W2 M+FW3 FW4 

Maize porridge, g 225 225 - 

Ultrapure water, ml 300 300 300 

PA:Zn molar ratio 16.4:1 16.4:1 - 

FAZ5, % 9.1 (6.0,13.7)a 9.8 (5.7,16.7)a 65.9 (42.4,102.4) 

TAZ5, mg 0.18 (0.12,0.27)a 0.20 (0.11,0.33)a 1.32 (0.85,2.05) 
1 FAZ, fractional absorption of Zn; TAZ, total absorption of Zn; FM+W, fortified maize porridge and ultrapure water (18.2 MΩ); 

M+FW, maize porridge and Zn-fortified water; FW, Zn-fortified water; PA, phytic acid; Zn, zinc. 
2 Composition per maize porridge serving: native Zn content, 0.56 mg; added Zn of normal isotopic composition as ZnSO4, 0.44 mg; 

added 67Zn as ZnSO4, 1.00 mg; native phytic acid content, 330.5±11 mg. 
3 Composition water serving: LSF-Zn of normal isotopic composition, 0.44 mg; added 67Zn as ZnSO4, 1.00 mg. Composition per maize 

porridge serving: native Zn content, 0.56 mg. 
4 Composition per water serving: LSF-Zn of normal isotopic composition, 1.00 mg; added 67Zn as ZnSO4, 1.00 mg. 
5 Values are geometric means (-SD,+SD).  
a Treatment effect based on repeated measures ANOVA (Bonferroni test for multiple comparisons), p<0.01. 
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Figure 2: Fractional absorption of Zn (FAZ) from fortified maize porridge and ultrapure water (FM+W), maize porridge and fortified 

water (M+FW) and fortified water (FW) containing a total of 2 mg Zn in young Swiss adults. Lines represent individual FAZ and 

dashes represent geometric means. Labelled geometric means without a common letter differ, p<0.0011 

 

Zinc elution trial 

 

Water was filtered and tested for 39 days excluding weekends and the 2 storage weeks. With 

regular usage the 2L/day pattern led to significantly higher zinc elution (4.7±1.6mg/L) (p<0.05) 

than the 10L/d and 20L/d pattern (1.7±0.9 and 1.3±0.7mg/L respectively) (Table 3). There was 

no significant difference in zinc elution between the 10L/d and 20L/d usage pattern (p=0.67).  

 
Table 3: Zinc concentration (mg/L) in eluates of the 6 LSF filter units before and after storage1 

Zinc concentration (mg/L) 

  

6 weeks of 

regular 

usage Min Max RSD% 

1st week 

storage % increase 

2nd week 

storage %increase2 

low 4.7±1.6b 0.6 8.5 34 5.8±1 23.4 9.1±0.8 56.9 

medium 1.7±0.9α 0.3 3.5 47 3.1±0.9 82.4 3.5±0.5 12.9 

high 1.3±0.7α 0.5 4.5 54 1.8±0.8 43.1 2.0±0.8 7.5 
1 Values are mean ±SD 
2as compared to last filtering week 
RSD-relative standard deviation 

 

Time had no significant effect on zinc concentration for the 2 and 10L/d patterns. The trendlines 

for the 2L/d pattern and 10L/d pattern over time of regular usage gave R square values of 

R2=0.06 and 0.01 respectively. Both trendlines did not significantly fit the data (β=0.05 p=0.20 

and β=-0.01 p=0.66) respectively. For the 20L/d pattern time had a significant reducing effect on 

zinc concentration. The trendline only poorly but significantly fit with, R2 =0.21 (β=-0.02 p=0.01) 

(Figure 3). 
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Figure 3: Trends per filtering pattern over 6 weeks of regular usage 

 

Effect of storage 

The mean zinc concentration before storage was compared to week 8 after storage for a week. 

There was a marked increase in zinc concentration across all usage patterns. Percentage 

increase were 23.4% (2L/d), 82.4% 10L/d and 43.1% (20L/d). Storage for another week led to a 

higher percentage increase in the low pattern 56.9% (2L/d). The increase was less in the other 2 

patterns studied 12.9% (10L/d) and 7.5% (20L/d) (Table 3 and Figure 4).  
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Figure 4: Eluted weekly mean zinc concentrations of the LSF devices over the study period 

 

Expected physiologic requirements covered 

It can be estimated that with the medium usage pattern (10L/d) and a median water intake of 

477ml/d [27] the fortified water can potentially cover 100 and 64% or 64 and 55% of IZINCG or 

WHO physiological requirements in children aged between 2-3 year and 4-6 years respectively. 

For a high usage pattern (20L/d) the fortified water can cover 77 and 49% of IZiNCG or 49 and 

42% of WHO set physiological requirements for children aged between 2-3years and 4-6 years 
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respectively. With regards to safety, an enrichment level of 1.3mg/L (high usage pattern) and 

the median water are expected to provide 0.62mg/d for children aged 2-6 years. An enrichment 

level of 1.7mg/L is expected to provide 0.81mg/d for the same age group. This will not reach the 

IZiNCG upper limit (UL) which is 8mg/d and 14mg/d for children aged 2-3 and 4-6 years 

respectively (Table 4). 

 

DISCUSSION 

 

This study shows that the Lifestraw family device is capable of delivering reproducible, 

nutritionally relevant zinc concentrations of high bioavailability when used regularly (at least 

10L/day). 

 

The 7 fold higher bioavailability achieved with fortified water compared to zinc fortification of 

foods indicates this approach to have the potential to impact zinc nutrition in vulnerable 

populations by providing 30-120% of the physiological requirements of children aged 2-6 years 

depending on the usage pattern used and water consumption. Our data highlight the potential 

advantages of using water as a fortification vehicle: with no inhibition of Zn absorption from 

phytic acid and other food components, even a low Zn fortification concentration can achieve 

high levels of absorbed Zn [28–30]. Previous measurements of Zn absorption from aqueous 

solutions found similarly high FAZs: 90% and 62% for a Zn dose of 1.0 and 5.0 mg [13], 69% and 

63% of a ZnCl2 solution delivering 0.5 and 4.0 mg [15], 73-74% from a water solution delivering 

2.6 mg Zn as ZnSO4  [16], 73% for a Zn dose of 2.6 mg [17], 73% for an intake of 2.0 mg aqueous 

Zn as ZnSO4 [14], and 61%, 61%, and 50% from a Zn dose of 10 mg as Zn citrate, Zn gluconate 

and ZnO, respectively [18]. We therefore confirmed that FAZ of zinc from LSF water is 

comparable to values in literature. 

 

When the Zn-fortified water was consumed with a maize meal, its FAZ was sharply lower and 

comparable to that of the Zn-fortified maize. This finding is likely due to the chelating action of 

PA found in maize which, when consumed together, prevent absorption of Zn ions present in the 

fortified water. Previous studies have consistently shown that PA decreases Zn absorption. Sian 

and colleagues [13] showed FAZ decreased by a factor of 4.1 when 1 mg Zn was delivered in a 

high PA liquid meal (PA:Zn ratio of 240:1) compared to the same dose delivered in water. 

Fractional absorption decreased 2.5 folds when 2.6 mg Zn was delivered in a test meal 

consisting of rice and meat sauce compared to a ZnCl2 solution [16]. Our subjects absorbed 9.8% 

of Zn when delivered via LSF water consumed with a maize meal and 9.1% when Zn was 

delivered with a fortified maize meal (PA:Zn molar ratio 16.4:1). Several tracer studies reported 

similar FAZ from medium to highly inhibitory meals, such as maize tortillas or porridge [31–34]. 

 

Despite these promises the delivery of zinc by the Lifestraw device was affected by high 

variability (Table 3). The high zinc concentrations in the low usage pattern during regular usage 

could be attributed to the dilution effect of low quantities of water passing through the nutrient 

chamber. With a low water turnover in the zinc nutrient chamber the concentration of zinc in 

eluted water is expected to be increased. For the same reason, storage had a negative effect on 

zinc elution. After the first week of storage there was a marked increase in zinc concentration 

across all filters. Percentage increase ranged from 23.4%-82.4%. Even though the percent 

increase was highest in the medium and high usage pattern group, the overall zinc 

concentrations for these two patterns remained within acceptable levels with regards to taste 

threshold [19]. Storage for another week led to even higher zinc concentrations across all usage 
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patterns. The highest percentage increase was in the low usage (2L/d) pattern (56.9%). The 

increase was less marked in the other 2 patterns studied 12.9% (10L/d) and 7.5% (20L/d). Only 

the increase in zinc elution in the 2L/d pattern due to storage was of concern with regards to 

safety as the levels (9mg/L) began to exceed and approach the upper tolerable limit 8 mg/d and 

14mg/d for children 2-3 and 4-6years respectively. 
 

The decrease in the upward trend observed in the medium and high usage pattern after storage 

may mean that with higher quantities of water and prolonged storage, zinc elution starts to 

decrease or to approach a plateau. However more data points would be required to prove if 

prolonged storage alternating with usage will reach either of the effects.  

 

Our results indicate that in-frequent use of the filters increases zinc elution more markedly in a 

low usage pattern than in a higher usage pattern. The device when used with larger quantities of 

water seems to be more resilient to storage effects than when used with reduced quantities of 

water. This may mean that more regular use of the device with higher quantities of water should 

form part of the education message for future roll out programmes. Higher concentrations of 

zinc in filtered water may affect compliance and yet maximal compliance may be important to 

reduce inter filter variability. Changes in filter design for example a bigger upper bucket 

(capacity ≥10L) from the current 2.5L may encourage households to filter at once the desirable 

higher volumes leading to acceptable zinc elution rates. 

 

Even though we tried to simulate a range of usage patterns similar to real life settings based on 

baseline unpublished data, the limitations of the elution trial are that they were conducted using 

tap water with fixed physico-chemical properties. Water properties like turbidity, hardness, 

temperature and conductivity for rural household domestic use are expected to vary from 

season to season and source to source [35, 36]. This variation may influence the elution rate. 

Unpublished data shows that elution is increased in water with decreased hardness and 

turbidity, and with higher temperatures. Another limitation is that the zinc content in the native 

water was not measured and used in correcting the final concentration as we assumed the levels 

to be negligible [19].However even if the zinc content was high in native water this would not 

have affected the trend, but it would have affected the mean level of zinc eluted across all 

filtering patterns. This may in the real setting present a safety hazard from over exposure of zinc 

coming from combined native water and enriched water.  

 

Although we measured with a rapid assessment method we however validated the test kit 

against FAAS and we used the kit with water samples prepared for its most sensitive range in 

the field. We can therefore say that the zinc levels obtained are comparable to those obtained by 

FAAS. The use of the rapid zinc test method is however useful in resource limited settings 

because the test kits are portable, fast, and easy to use. Local personnel can be trained to self-

monitor the zinc levels in effluent water periodically. 

 

The zinc enriched water can potentially provide coverage, for between ≈40% and 100% of the 

physiologic Zn requirement in children aged between 1 and 6 years. This is of great importance 

in vulnerable populations as we expect background dietary zinc intakes to be low [37] as 

confirmed in our dietary study (chapter 5). Even if the diet provides 50% or 100% RNI of zinc 

requirement (which is unlikely), the upper limit will not be reached with combined dietary 

intake and filtered water intake. 
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Table 4: Expected fortification levels and estimated zinc intakes from fortified water  

    

WHO IZiNCG 

Enrichment 

level1 

Water 

consumption 

(L)2 

Zinc intake 

from 

filtered 

water 

TAZ3 

(mg) 

Age 

group 

Zn physiologic 

requirements4 

(mg/day) 

% physiologic 

requirements 

covered 

UL5 

(mg/d) 

Age 

group 

Zn physiologic 

requirements4 

(mg/day) 

% physiologic 

requirements 

covered 

NOAEL5 

(mg/d) 

1.3mg/L 378 0.49 0.32 1-3 y 0.83 39.02 23.00 2-3 y 0.53 61.10 8.00 

  

0.49 0.32 3-6 y 0.97 33.38 23.00 4-8 y 0.83 39.02 14.00 

 

477 0.62 0.41 1-3 y 0.83 49.23 23.00 2-3 y 0.53 77.10 8.00 

  

0.62 0.41 3-6 y 0.97 42.12 23.00 4-8 y 0.83 49.23 14.00 

 

600 0.78 0.51 1-3 y 0.83 61.93 23.00 2-3 y 0.53 96.98 8.00 

  

0.78 0.51 3-6 y 0.97 52.99 23.00 4-8 y 0.83 61.93 14.00 

1.7mg/L 378 0.64 0.42 1-3 y 0.83 51.02 23.00 2-3 y 0.53 79.90 8.00 

  

0.64 0.42 3-6 y 0.97 43.48 23.00 4-8 y 0.83 51.02 14.00 

 

477 0.81 0.53 1-3 y 0.83 64.38 23.00 2-3 y 0.53 100.83 8.00 

  

0.81 0.53 3-6 y 0.97 55.03 23.00 4-8 y 0.83 64.38 14.00 

 

600 1.02 0.67 1-3 y 0.83 80.99 23.00 2-3 y 0.53 126.83 8.00 

  

1.02 0.67 3-6 y 0.97 69.30 23.00 4-8 y 0.83 80.99 14.00 

4.7mg/L 378 1.78 1.17 1-3 y 0.83 141.06 23.00 2-3 y 0.53 220.90 8.00 

  

1.78 1.17 3-6 y 0.97 120.93 23.00 4-8 y 0.83 141.33 14.00 

 

477 2.24 1.48 1-3 y 0.83 178.00 23.00 2-3 y 0.53 278.76 8.00 

  

2.24 1.48 3-6 y 0.97 152.18 23.00 4-8 y 0.83 177.85 14.00 

 

600 2.82 1.86 1-3 y 0.83 223.90 23.00 2-3 y 0.53 350.64 8.00 

  

2.82 1.86 3-6 y 0.97 191.59 23.00 4-8 y 0.83 223.90 14.00 
1As per high, medium and low usage pattern respectively 
2Filtered water consumption by children in rural Kisumu per quartile [27] 
3TAZ-total absorbed zinc assuming FAZ of 65,9% 
4the amount of zinc that must be absorbed to offset the amount of endogenous zinc lost from both intestinal and non-intestinal sites[1] 
5UL-upper limit, NOAEL-No observed adverse effect level [1] 
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Conclusion 

 

Regular filter usage with quantities above 10L of water leads to decreased but adequate and safe 

zinc concentrations in drinking water. The device is more resilient to storage at high usage 

patterns. Highest bioavailability was obtained when zinc fortified water was consumed without 

meals and hence zinc fortified water should be consumed away from meals for high 

bioavailability. 

 

Further research is needed to determine if regular use of the device can improve zinc nutrition 

in target populations and if so, what impact this would have on rates of growth and morbidity 

due to diarrhea and acute respiratory infections (ARI), particularly among infants and young 

children. 
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Chapter 4 
 

 

 

Daily consumption of zinc fortified water increases daily zinc 

intake and improves overall morbidity from common 

childhood infections in rural Kenyan children: a randomized, 

controlled effectiveness trial 
Prosper Kujinga, Valeria Galetti, Elizabeth Opiyo Anyango, Viktor Jakab, Simone Heeb, Pauline 

Andang’o, Inge D. Brouwer, Michael B. Zimmerman, Diego Moretti 
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ABSTRACT 

 

Introduction: Zinc deficiency and diarrhea are highly prevalent and coexist in children from 

developing countries. A promising novel option for delivering zinc in diarrhea endemic, zinc 

deficient communities is through microbiologically treated, zinc fortified water provided with a 

household based fortification and filtration device.  

 

Objectives: Our objective was to assess the effectiveness of zinc fortified filtered water to 

improve zinc intake and status, and reduce morbidity in children aged 2-6 years from rural 

Western Kenya 

 

Methods: We randomly allocated 184 children (2-6 years) to receive either zinc fortified filtered 

water or filtered water with no zinc daily for 6 months. The main outcome measure was dietary 

zinc intake. Secondary outcomes were plasma zinc concentration (PZn), morbidity and growth. 

Dietary zinc intake was assessed using a quantitative multi-pass 24hr recall. Secondary 

outcomes were measured at baseline, midpoint and endpoint except morbidity which was 

assessed weekly by means of a questionnaire. 

 

Results: Zinc fortified water contributed 42% and 36% of daily requirements for absorbable 

zinc in children 2-3 and 4-6 years respectively. A time treatment interaction effect was obtained 

on overall morbidity (p<0.001); RR (95%CI) =0.91 (0.87, 0.96) morbidity due to cold (p=0.034) 

RR (95%CI) =0.91(0.83, 0.99) and stomach pain (p=0.003) RR (95%CI) =0.70(0.56, 0.89). There 

was no treatment effect on plasma zinc concentration. 

 

Conclusion: Daily consumption of zinc fortified, microbiologically treated water could have 

significant public heath impact in improving dietary zinc intake and preventing general 

childhood infections in preschool children in rural Africa. 
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INTRODUCTION 

 

Globally 17% of the world’s population is estimated to be at risk of zinc deficiency [1]. 

Prevalence of zinc deficiency is estimated to be highest in Sub Saharan Africa, particularly 

among children [2–4]. Zinc deficiency causes growth deficits, compromised immunity and can 

lead to increased risk of infections such as diarrhea and respiratory tract infections (RTI) [5]. 

The most common cause of zinc deficiency is the habitual consumption of foods low in 

bioavailable zinc [6]. An important contributing factor may also be excessive zinc loss as 

experienced during frequent diarrhea episodes [7]. In settings where diarrhea is endemic, zinc 

deficiency can be a coexisting major nutritional deficiency [8, 9].  

 

One way to reduce zinc deficiency and improve zinc status is through preventive zinc 

supplementation. Reviews and meta-analysis conducted in the recent past provide evidence on 

improved plasma zinc status and decreased morbidity due to diarrhea [10–13]. However, 

published evidence on effectiveness of zinc fortification and supplementation on growth and 

morbidity in children is limited [14] and has been attributed to many factors including choice of 

fortificant, food vehicle [15, 16] and excessive zinc losses due to diarrhea [17, 18]. A promising 

and potentially novel option for delivering zinc in diarrhea endemic, zinc deficient communities 

is through fortified water. Provision of microbiologically clean drinking water combined with 

strategies that reduce zinc deficiency may improve zinc status and provide enhanced protection 

against diarrhea in such communities. Zinc from drinking water consumed away from meals has 

been shown to be well absorbed because of absence of absorption-inhibitory dietary 

components such as phytate [19, 20].  

 

A novel approach of treating water by simultaneously removing microbiological contamination 

and adding zinc at a concentration of between 1-4mg/L has been reported recently [19]. This 

approach was field tested in a controlled, primary school based efficacy trial in rural Benin, 

where daily consumption of 2.8 mg Zn in water was effective in maintaining plasma zinc over 

the 4 months intervention period [19], resulting in a better zinc status in the intervention group 

compared to control. While school based strategies may be effective in school aged children [21, 

22], preschool children will benefit more from home based interventions [23]. To test impact on 

zinc intake, zinc status and morbidity in real life conditions, we conducted a 6 month-long 

effectiveness trial in a free living population in areas of low socioeconomic status exposed to 

unsafe water in rural Kenya.  

 

METHODS 

 

Study setting design and randomization 

 

This study was a 6 month double-blind randomized effectiveness trial conducted between 

February 2014 and August 2014 in Western Kenya, Kisumu West District. The study area 

consisted of 15 villages in the sublocation Kajulu Koker which lies along the shores of Lake 

Victoria and about 25Km from Kisumu city. This rural population lacks access to many basic 

healthcare services and poverty is prevalent. The study population relies on water from Lake 

Victoria or rain water for domestic purposes with main economic activities being small scale 

farming and fishing restricted to parts bordering Lake Victoria. Western Kenya has a tropical 

climate which is warm and humid throughout the year, with 2 rainy seasons, typically taking 

place as long rains from March to May and as short rains from October to December. 
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Eligible study households were randomly assigned to 2 groups using a block randomization 

procedure that guaranteed the same numbers of randomized participating households per study 

group. One child per eligible household was enrolled and when there was more than 1 child 

between 2-5 years old one of them was randomly selected to participate. The control group 

received a normal filter which did not deliver zinc but only purified water, while the LSF Zn 

intervention group received a filter containing zinc delivery glass plates. Randomization was 

performed by a member of the investigating team who was not present at screening and 

enrolment in Kenya, nor was involved in data analysis. Participants were randomized into 4 

pseudo treatment arms. All study personnel and participants were blinded to treatment 

assignment for the duration of the study. Control and intervention filters were identical in 

presentation and were matched weight to weight so that subjects would not notice the presence 

or absence of zinc glass plates based on weight. Treatment assignment was revealed at the end 

of primary analysis. 

Study population and sample size 

Children were enrolled into the study if they were aged between 2-6 years, residing in Kajulu 

Koker, apparently healthy with hemoglobin (Hb) > 70g/L. Subjects were excluded if they were 

chronically ill or were participating in other clinical trials in the area. Sample size was based on 

the outcome plasma zinc. A sample size of 180 was determined sufficient to detect a difference 

in PZn of 5µg/dl assuming a SD of 9µg/dl at a 5% significance level with 80% power assuming 

an attrition rate of 20%.  

The study protocol was approved by the Ethical Review Committees of Kenyatta National 

Hospital/Nairobi University (KNH-ERC/A/335), and ETH Zurich Ethical committee (EK 2013-N-

31). The study was presented to local leaders and they gave their approval for its conduction. 

Written informed consent was obtained from the head of household and caregiver on behalf of 

their children before the study commenced. The trial was registered at www.clinical trials.gov 

(NCT02162238). 

A baseline questionnaire was administered to each enrolled household to collect information on 

socio economic status, demographics, drinking water sources, hygiene practices and sanitation 

conditions. 

 

Blood collection and biochemical analysis 

 

Blood samples were collected between 8 am and 13:00 pm from fasting and non-fasting subjects 

for PZn analysis according to the International Zinc Nutrition Consultative Group (IZINCG) 

protocol [24] at baseline, midpoint and endpoint. Blood was drawn from subject’s vein into trace 

element free monovette (Sarstedt system tubes, Numbrecht, Germany). To obtain plasma, blood 

was centrifuged at 3000 revolutions per minute (rpm) for 10 minutes using a field centrifuge 

within 40 minutes from collection. The aliquots were kept in a cooler box before transporting on 

the same day to Maseno University for storage at -20 °C. All samples were then sent to ETH 

Zurich, Switzerland on dry ice for analysis of PZn concentration. Hemoglobin (Hb) was analyzed 

in the field on the spot using a Hemocue photometer (Hemocue HB 201, Angelholm, Sweden).  

 

Plasma analysis 

In Zurich, we measured PZn by atomic absorption spectrometry (AAS) (AA240FS, Varian Inc., 

Australia) using standard addition technique to minimize matrix effects, a commercial aqueous 

standard (Titrisol 1.009953.0001, Merck, Germany) for external calibration and SeronormTM  
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Trace Elements Serum L-2 (Sero AS, Norway) as reference material, which delivered values 

within acceptable ranges as specified by the manufacturer. Instrumental parameters were set at 

213.9 nm for wavelength, 1 cm for slit width and no background correction. Inter-assay mean 

coefficient of variation was 1.7% for PZn. To avoid exogenous or endogenous zinc contamination 

during sample collection, handling and analysis, IZiNCG standardized protocols were followed 

[24, 25]. CRP and AGP were analysed using a sandwich ELISA [26]. Liquicheck Trilevel (Bio-Rad 

Laboratories Inc., Hercules, United States) were used as control materials with each run of 

analysis, and measured values were within acceptable ranges as specified by the manufacturer. 

We coded specimens from all time points and analysed them without knowledge of study arm 

and in a random order. All values represent the mean of an independent duplicate 

measurement; we re-ran analysis if coefficient of variation exceeded 5% and removed obvious 

outliers. We calculated prevalence of low PZn by using sex and age-specific lower cut-offs by 

IZiNCG [2]. Subclinical inflammation was defined as CRP>5 mg/l and/or AGP>1 g/l. Applied cut-

off for Hb was <110g/L in children aged 0.5 to 4.99 years and 115g/L in children 5 years and 

older [27]. 

 

Anthropometry 

 

At baseline, midpoint and endpoint weight and height were measured according to WHO 

guidelines to the nearest 0.1kg and 0.1cm respectively using an electronic scale (Ashton Meyers, 

England, United Kingdom), and a UNICEF wooden three piece measuring board with a sliding 

foot or head piece. The accuracy of the weighing scale was checked daily with a known weight. 

The same research assistant took the measurements at the 3 time points. Age was calculated 

using verifiable records (birth certificate, health record), or estimated based on a traditional 

calendar). Z-scores, for height-for-age (HAZ), and weight-for-age (WAZ) were determined, for 

each child using WHO ANHTRO PLUS (version 1.0.4). Children were classified as stunted, or 

under-weight if their HAZ, or WAZ respectively, were less than –2 SD. 

 

Dietary intake 

 

Dietary intake in a subsample of the children (n=110) was assessed using a quantitative 

multipass 24hr recall method [28, 29], with all days evenly distributed throughout the week. A 

second recall was carried out for each child on a non-consecutive day to permit adjustment for 

day-to-day variation. The interviews were carried out by local, trained interviewers speaking 

fluent Dholuo language. Children were randomly allocated to day of the week, interviewers were 

randomly allocated to households and repeated household visits by the same interviewer were 

avoided. Caregivers were first asked to list all the foods and drinks the child had consumed at 

home and away in the previous 24 hours from waking up the day before the interview till 

waking up the day of interview. Then they were requested to mention all the ingredients and 

cooking methods for each food/dish. Duplicate amounts of all foods, beverages and ingredients 

were weighed to the nearest 1 gram using a digital precision balance scale (Kern EMB, Germany, 

max 5200g). If duplicate amounts were not available in the household during the interview, 

amounts were estimated using household units, in volume, size (small medium large) or as 

monetary equivalents. Conversion factors were determined by the supervisors and these were 

used to determine the amount consumed by the child. Caregivers were systematically probed for 

any food, beverage or snack omitted during the interview. Standard recipes were generated to 

estimate the grams of ingredients consumed from mixed dishes purchased or eaten outside the 

home by averaging 3 recipes of different caregivers or vendors in the local area. For foods  
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consumed at school, recipes were collected from the school cook. In all cases proportion given to 

child was calculated as the total volume given to the child minus any leftovers divided by the 

total volume of food cooked by the caregiver/vendor/school. This proportion was multiplied by 

the total amount of ingredients used in preparing the dish to determine amount consumed by 

the child.  

 

Drinking water consumption 

Consumption of both unfiltered and filtered water was assessed for each child during the 25 

weeks of the intervention. All study children were provided with cups of standard volume 300ml 

graduated at 75, 150 and 300 ml. A personal diary was filled out by each caregiver every day to 

record the participating child’s water intake by placing a tally mark under the image 

corresponding to the day of week, type of water consumed and administered volume whenever 

the index child consumed water. 

 

Morbidity  

 

Prevalence of diarrhea and the following symptoms, cold, rapid breathing, cough, stomach pain, 

fever and headache in the study children were assessed weekly by field assistants who 

completed a forced-choice questionnaire by interviewing the caregivers. The recall period for 

symptoms was one week, only for diarrhea a recall period of 48hrs was applied as it has been 

shown that diarrhea morbidity is often underreported if recall period is longer than 2-3 days 

[30–32]. Diarrhea was defined using the WHO definition of three or more loose stools passed in 

24hrs [33]. Clinic visit records when available were asked for proof to verify symptoms 

reported.  

 

Monitoring device usage 

 

All households were provided with a tally counter to record the number of times they filtered 

water. The caregivers were instructed to push the tally counter each time they refilled one jerry 

can (10L) with filtered water. The counter was stored near the filter, out of reach from small 

children. During the weekly visit from the field assistant, the number on the tally counter was 

recorded and set back to zero. One count was assumed to be equal to one filtering event of 10L.  

 

Monitoring of device effectiveness 

 

Device effectiveness was assessed by measuring zinc content, total coliforms (TCC) and E. coli in 

influent and effluent water samples from 35 randomly selected households representing 19% of 

the study households (18=LSF Zn group, 17=control group). Water was sampled for zinc 

analysis at 4 random time points and for microbiology at 3 random time points over the 

intervention period the following way: water samples were collected from each filled jerry can 

during a household visit into (acidified) 50ml polypropylene bottles and transported to Kisumu 

in cooler boxes for zinc analysis by a rapid zinc assessment method (Aquaquant, Merck 

1.14412.0001 Darmstadt, Germany). A duplicate sample was stored for zinc analysis by AAS. 

Influent and effluent (from jerry can) water samples were collected aseptically into previously 

autoclaved PEP bottles for assessment of microbiological quality. The samples were stored 

immediately in cooler boxes and transported to Government Analyst Laboratories in Kisumu 

town for analysis of coliforms and E. coli by the membrane filtration method. 
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Data Analysis 

 

Dietary zinc intake 

Compl-eat© (version 1.0, Wageningen University, the Netherlands) was used to calculate 

nutrient intakes from the 24hr recalls. Nutrient intake calculations were based on a food 

composition table (FCT) developed specifically for this study using the Kenya national FCT as 

primary source [34] complemented with data from FCTs from South Africa [35], Mali [36], East 

Africa [37], International Minilist [38] and the United States Department of Agriculture database 

(USDA) [39]. USDA retention factors [40] were applied to raw ingredients and foods to account 

for nutrient losses during food preparation. Nutrient intake analysis was done using IBM SPSS 

(v21). Normality of distributions was tested visually using QQ plots. Non normal nutrient intake 

data was log transformed then adjusted for day-to-day variation according to the method 

developed by the National Research Council [41, 42] and then back transformed to facilitate 

interpretation. The percentage of children below the WHO EAR for zinc intake was determined, 

assuming 15% zinc bioavailability from food [2]. 

 

Device effectiveness 

To compute percent reduction in microbial load after filtering the following formular was used: 

percent reduction= ((A-B)*100)/A where A is the number of viable microorganisms before 

treatment and B is the number of viable microorganisms after treatment. 

 

Statistical analysis 

 

Data was analysed using IBM SPSS (v21). Normality of distributions was tested visually using QQ 

plots. We excluded outliers defined as more than 3SD from the overall mean at baseline, 

midpoint and endpoint. One outlier was identified at baseline for PZn (22.4µg.dL), 1 at midpoint 

(173.4 µg/dL) and 1 at endpoint (28.0 µg/dL). We tested group wise differences using 

independent samples T test for normally distributed data, Mann Whitney U test when the data 

was non normal and Sign test for paired non normal data. Chi square was used to test difference 

between proportions. We tested intervention effects for continuous outcomes and binary 

outcomes using linear mixed effect models (MEM) and Generalised estimating equations (GEE) 

[43] respectively with unstructured covariance matrix. Subjects were entered as random 

components, time and treatment as fixed effects. For linear MEM we selected best fit model by 

Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). Risk ratios (RR) 

and 95% confidence intervals (CI) for disease incidence were calculated by means of 

contingency tables. The significance level was set at p<0.05. Compliance to treatment was 

defined by the median amount of filtered water consumed per day over the intervention 

(500ml). The primary analysis was intention to treat and included all children enrolled at 

baseline. Per protocol analysis was restricted to children who completed 25 weeks of the trial. 

 

RESULTS 

 

In total 235 children and their caregivers initially consented to the study. 192 came for 

screening after 43 refusals between consenting and baseline for unknown reasons. Of these 6 

had a low Hb and for 2 phlebotomy was unsuccessful. A total of 184 subjects were included in 

the study and randomized to 4 pseudo treatment arms, corresponding to the intervention and 

control group. 167 completed the study representing a dropout rate of 9.2% (Figure 1) with no  
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difference in withdrawals between LSF Zn group (8.0%) and control group (10.6%). The main 

reason for non-completion of the trial was migration from the study area. 

Stunting was high in this population (17.7%) with a negative overall mean HAZ scores at 

baseline (Table 1). The most common source of domestic water use in the wet season was rain 

water (91% LSF Zn group, 89% control group) and for the dry season it was mostly surface 

water from Lake Victoria (53% LSF Zn group, 53% control group). Zinc deficiency was high at 

baseline (LSF Zn group: 42.9%, control group, 52.7%). More than half of all children in both 

treatment arms were anemic at baseline (LSF Zn group: 60%, control group: 51%). An equally 

high number had elevated CRP concentration (39% both groups) with 53.7% and 52.4% in the 

LSF Zn group and control group, respectively, having elevated AGP concentration.  

 

At baseline the children in the two intervention groups were not significantly different from 

each other in terms of demographic and socio-economic characteristics, anthropometry, 

prevalence of anemia and inflammation (Table 1 and 2). 

Dietary zinc, energy and water intake 

 

Zinc intake from the diet was 6±1.7 mg/d in the LSF Zn group and 5.7±1.6mg/d in the control 

group, with no difference between the groups (p=0.368). Similarly, we did not find differences in 

energy intakes between the LSF Zn group (1496±306 kcal/d) and the control group (1496 

±315kcal/d). The proportion below the WHO derived EAR for habitual zinc intake was 81.1% 

and 87.3% in the LSF Zn group and control group respectively [2]. There was no significant 

difference in these proportions (p=0.405) and 15.6% in both groups had energy intakes below 

the age and sex specific cutoffs [46] . 

 

A significantly higher zinc concentration was measured in the LSF Zn-group water samples 

(N=74) compared to the Control-Group (N=76) (p <0.01), with the overall median zinc 

concentration in the LSF Zn-group of 1.15 mg zinc/L (range=0.04-18.7), compared to an overall 

median concentration of 0.30 mg zinc/L (range=0.02-2.2) in control water (Figure 2).  

Median and [25th, 75th percentile] filtered water intake for LSF Zn and Control group was 450 

[289, 675] ml/d and 471 [300, 718] ml/d respectively over the intervention period with no 

significant difference between the 2 groups (p=0.168). Median zinc intake from LSF Zn group 

filtered water was therefore 0.52 [0.37, 0.74] mg/d with mean 0.59±0.32mg/d. Median zinc 

intake from control group filtered water was 0.14 [0.10, 0.20] mg/d with mean 0.15±0.07mg/d 

respectively. Compliance was 39% and 42% for LSF Zn and Control group respectively, with no 

significant difference between the two groups (p=0.626). 

 

There was a slight increase in filtered water consumption in both groups in the first 3 weeks 

followed by a decrease which did not reach baseline levels through the study (Figure 3). There 

was an overall decrease in unfiltered water consumption in both groups. Median unfiltered 

water intake was 0 ml/d for both groups. Device usage as assessed with a tally counter (median 

with 25th, 75th percentile) was 3 [2, 5] filtration events per week for households of both groups. 

There was an overall slight decrease of filtration events over time. Notable peaks of increase in 

filter usage were observed at start of intervention, midpoint and endpoint.  
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Figure 1: Trial Profile 

  

 

192 baseline screening 
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Analysed for PZn  N=84 
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Baseline: health, socio economic and 

demographic analysis N=94 

Analysed for PZn N=90 

 

Midpoint  N=81 

Analysed for PZn N=81 
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Endpoint: Analysed for morbidity 
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Endpoint: Analysed for morbidity 
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Table1: Demographic, socioeconomic and nutrition status profile of study children (2-6yrs) from rural Western 

Kenya* 

Variables assessed 

LSF Zn     

group 

Control 

group p value1 

N 90 94 

 Age (months) 47[37, 57] 46[36, 59] 0.94 

Sex male  43 (39) 48 (45) 0.48 

Nutritional status2 

   Height for age z score -0.87±1.5 -0.78±1.8 0.72 

Stunted 2  15.9 (13.0) 19.5 (16.0) 0.54 

Weight for age z score  -0.1±0.9 -0.1±0.9 0.84 

Underweight 2 (%) 7.3(6.0) 12.2(10.0) 0.29 

Socioeconomic characteristics of 

households  

   Household size 6.0[4.0, 7.0] 6.0[5.0, 7.0] 0.79 

Main source of income3     

 casual labour 51.7 (46.0) 56.7 (55.0) 

 fishing 25.8 (23.0) 15.5 (15.0) 

 Other 23.3 (21.0) 27.8 (27.0) 

 Drinking water source (wet season)       

Rain harvesting 91.0  (81.0) 89.4 (84.0) 

 Lake Victoria 7.9 (7.0) 7.4 (7.0) 

 Other 1.1 (1.0) 3.2 (3.0) 

 Drinking water source (dry season)       

Lake Victoria 53.3 (48.0) 53.2 (50.0) 

 Public tap 17.8 (16.0) 18.1 (17.0) 

 private well protected 14.4 (13.0) 14.9 (14.0) 

 Other 14.4 (13.0) 13.8 (13.0) 

 Toilet facility     

 Not shared 85.6 (77.0) 80.9 (76.0) 

 No toilet 7.8 (7.0) 14.9 (14.0) 

 Shared 5.6 (5.0) 2.1 (2.0) 

 Other 1.1 (1.0) 2.1 (2.0)  

Type of toilet     

 Pit latrine without slab 60.0 (54.0) 62.8 (59.0) 

 Pit latrine with slab 31.1 (28.0) 22.3 (21.0) 

 Bush toilet 7.8 (7.0) 12.8 (12.0) 

 Other 1.1 (1.0) 2.1  (2.0 ) 

 Transport type     

 None 62.0 (56.0) 42.5 (54.0) 

 Bicycle 33.3 (30.0) 33.0 (31.0) 

 Motorbike 4.4 (4.0) 9.6 (9.0) 

 Fuel source     

 Wood 98.8 (89) 100.0 (94.0) 

 Other 1.1 (1.0) 0.0 (0.0) 

 *Values represent mean±SD or median [25th, 75th percentile] or %(n) unless stated otherwise,1Group wise differences analyzed by 

Independent samples T test and Mann Whitney U test for normal and non-normal data respectively,2n=82 for LSF Zn and placebo 

group for HAZ only due to missing date of birth, children with Z scores<-2SD were considered as stunted and underweight according 

to WHO growth standards for children (<59mths) and WHO 2007 reference population (>60mths) 3 multiple responses were 

possible 
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Table 2: Baseline biochemical characteristics of study children (2-6yrs) in rural Western Kenya* 

Variables assessed LSF Zn group  Control group P value1 

Uncorrected PZn (µg/dl) 65.9±10.6 63.5±12.9 0.169 

Zinc deficient2  42.9 (36/84) 52.7 (48/90) 0.315 

Corrected3 PZn ug/dl 68.2±10.3 64.8±13.3 0.078 

Zinc deficient2  32 (28/82) 46.2 (42/84) 0.083 

Hemoglobin concentration g/L 109±1.4 107±1.2 0.377 

(Anemia) Low Hb4  51 (46/90)  60 (56/94) 0.248 

CRPmg/L 2.4[0.7, 15] 2.4[0.9, 15] 0.768 

High CRP5 39 (32/82) 39.3 (33/84) 0.704 

AGPg/L 1.1[0.7, 1.9] 1.0[0.8, 1.6] 0.946 

High AGP5  53.7 (44/82) 52.4 (44/84) 0.695 
*Values represent mean±SD or median [25th/ 75th percentile] and percent (n/N)  

1Group wise differences analysed by Independent samples T test (normal data), Mann Whitney U test (non-normal data) and Chi 

Square (proportions)  
2 Zinc deficiency: plasma zinc concentration <65µg/dl for AM and PZN<57µg/dl for PM samples [2] 
3 Corrected using the four level inflammation correction factor approach. Subjects were allocated to reference group unless plasma 

CRP concentration was >5mg/L and or plasma AGP was >1.0g/l when subjects were allocated to the incubation (only   CRP elevated), 

early convalescence (both CRP and AGP elevated) or late convalescence (AGP only) groups [44] 
4Anaemia is defined as Hb<110g/L for children below the age of 59months and Hb<115g/L for children 5-11 years [45] 
5Defined by plasma concentrations of C-reactive protein >5mg/L or α1-acid glycoprotein >1g/l [44] 

 

 

 

Figure 2: Zinc concentrations of random water samples collected in the households of the two treatment groups (Ntotal=150) 

LSF-Lifestraw family filter 
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Water quality 

 

The overall median colony forming units (cfu/100ml) TCC in influent and effluent water was 

631 [302, 1743.75] and 22.5 [0, 136] respectively representing a percent reduction in TCC of 

96% for both groups combined. Median Ecoli cfu/100ml before and after filtration was 12.5 [6.4, 

50.6] and 0 [0, 1.5] representing a percent reduction in Ecoli of 100% for both groups combined. 

This reduction in TCC and Ecoli after filtration was significant (p<0.001). When the samples 

were analysed by group: LSF Zn group had a significant 95% reduction in TCC and Control group 

a reduction of 99% in TCC counts. For Ecoli both groups had a significant reduction of 100%. 

 

Figure 3: Graphs showing filtered water intake and filter usage by treatment group over study period. Solid line 

represents median with [25th, 75th] percentile (shaded area) for children 2-6 years old, rural Western Kenya 

 

Effect of intervention on serum zinc and stunting 

 

There was no significant time by treatment effect on plasma zinc (p=0.106) (Table 3). Zinc 

deficiency prevalence increased in LSF Zn group from 42% to 50% but decreased in the control 

from initial high of 53% to 52% however no significant time by treatment effect was observed 

(p=0.506). There was a significant time effect on prevalence of zinc deficiency (p=0.042). When 

change in plasma zinc was plotted against baseline plasma zinc levels, children with a higher 

initial corrected plasma zinc concentration had a minor change in PZn concentration and vice 

versa (-0.72µg/dl less increase in PZn for each µg/dl greater baseline PZn concentration) (Figure  

LSF Zn Control 
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4). This phenomenon occurred regardless of treatment group (p=0.15) and also for uncorrected 

PZn (Figure 5). The strongest predictor of change in plasma zinc was baseline plasma zinc status 

(p=<0.001) and endpoint CRP (p<0.001). 

At baseline overall median with IQR for CRP and AGP was 2.3 [0.8, 13.3] and 1.05 [0.7, 1.6] 

respectively indicating inflammation in 39% (65/166) and 53% (88/166) of the study 

population. There was a trend towards a time effect (p=0.067) and significant time by treatment 

interaction effect on the prevalence of elevated AGP (p=0.019), while the difference in 

prevalence between the groups at endpoint was not significant (p=0.937). There was no 

significant time effect or time by treatment effect on stunting (p=0.966) and prevalence of 

stunting (p=0.879).  

Morbidity 

Table 4 shows the effect of zinc fortified water and non-zinc fortified water on the occurrence of 

common infectious morbidities as reported by caregivers during the weekly field assistant visits. 

Overall, in the intention to treat analysis, percentage visits with reported illness were lower in 

LSF Zn (15.9%) than Control group (17.4%) for all conditions assessed (p<0.001); RR (95%CI) 

=0.91 (0.87, 0.96). Analyzing symptoms separately, there were significantly higher percentage 

visits with reported for cold runny nose (p=0.034) and stomach pain (p=0.003) and a trend for a 

difference in the percentage of visits during which diarrhea (p=0.09) was reported, but no effect 

on other conditions assessed (Table 4). Per protocol analysis showed similar results, with the 

exception of reported diarrhea which was significantly lower in the LSF Zn group than the 

control group (p=0.03). There were 34 total clinic visits for diarrhea with 11 occasions when 

zinc tablets were given (LSF Zn group) and 47 total visits for diarrhea with 12 occasions when 

zinc tablets were given as part of treatment (control group). Clinic visits did not significantly 

differ between the 2 groups (p=0.129)  

DISCUSSION 

 

We investigated the effect of zinc fortified water on improving zinc intake, zinc status and 

morbidity of young rural Kenyan children. The results indicate that the consumption of fortified 

water (1.15 mg zinc/L; range=0.04-18.7) over a 25 weeks intervention period had a substantial 

addition to the daily zinc intake. This led to less reported overall morbidity and lower specific 

morbidity such as stomach pain and cold with runny nose, and to a trend towards less reported 

diarrhea, which was significant in the per protocol analysis. In contrast, we did not detect an 

increase in plasma zinc concentration and an effect on the prevalence of zinc deficiency. 

Similarly to our findings, daily zinc supplementation (5mg per day in 5ml sterile water) reduced 

incidence of diarrhea and upper respiratory tract infections in Tanzanian infants [48], and 

comparable benefits of zinc supplementation on diarrhea and acute respiratory infections have 

been observed in a systematic review [13]. PZn may not be a highly sensitive marker of zinc 

status [49] and a marker reflecting body zinc pools is yet to be identified [50]. A previous zinc 

supplementation study in zinc deficient children has shown improvement in clinical features of 

zinc deficiency such as linear growth and immune function with no change in PZn [51], whilst 

several studies have shown improvements in growth indices in zinc supplemented children with 

decrease in serum zinc [52–55]. 
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Table 3: Plasma zinc concentration, APP’s and anthropometry by treatment group and stage of study of children (2-

6yrs) in rural Western Kenya 1 

 

LSF Zn group Control group p2 

Uncorrected PZn concentration (µg/dL)  

Baseline 65.9±11 63.5±13  

Midpoint  68.0±12 69.0±14  

Endpoint 64.3±11 65.5±12 0.106 

Corrected PZn concentration3 (µg/dL)   

Baseline 68.2±10 64.8±13  

Midpoint 71.0±12 72.8±14  

Endpoint 67.4±10 68.2±12 0.137 

Low PZn (uncorrected) (%) 

  

 

Baseline 42.9 (36/84) 53.3 (48/90)  

Midpoint 43.2 (35/81) 45.7 (37/81)  

Endpoint 50.6 (41/79) 52.4 (44/84) 0.506 

CRP (mg/L) 

  

 

Baseline 2.4[0.7, 14] 2.3[0.8, 12]  

Midpoint  1.4[0.4, 15.6] 2.6[0.8, 12.3]  

Endpoint 3.84[0.8, 33.4] 2.1[0.8, 11.3] 0.102 

Elevated CRP >5g/L (%) 

  

 

Baseline 39.0(32/82) 39.3(33/84)  

Midpoint  33.8(27/80) 44.4(36/81)  

Endpoint 41.8(33/79) 34.5(29/84) 0.176 

AGP (g/L) 

  

 

Baseline 1.05[0.6, 1.6] 1.04[0.8, 1.6]  

Midpoint  0.89[0.6, 1.6] 1.08[0.6, 1.6]  

Endpoint 1.19[0.8, 1.6] 0.9[0.6, 1.5] 0.830 

Elevated AGP >1g/L (%) 

  

 

Baseline 53.6(44/82) 52.4(44/84)  

Midpoint  34.4(31/80) 50.6(41/81)  

Endpoint 64.6(51/79) 47.6(40/84) 0.019 

HAZ    

baseline -0.8±1.5 -0.9±1.5  

midpoint -1.2±1.4 -0.9±1.5  

endpoint -0.8±1.4 -0.9±1.4 0.966 

Stunting prevalence (%)    

baseline 15.8(13/82) 19.5(16/82)  

midpoint 20.0(16/80) 20.2(16/79)  

endpoint 18.2(14/77) 19.0(15/79) 0.879 
1Values are mean±SD or median [25th, 75th percentile] or %(n/N) 
2 testing time by treatment effect by Linear Mixed Effect Model for continuous variables and GEE binary logistic for binary variables 
3 Corrected using the four level inflammation correction factor approach. Subjects were allocated to reference group unless plasma 

CRP concentration was >5mg/L and or plasma AGP was >1.0g/l when subjects were allocated to the incubation (only    

CRP elevated), early convalescence (both CRP and AGP elevated) or late convalescence (AGP only) groups [44] 

PZn-plasma zinc, CRP-C reactive protein, AGP-alpha 1 acid glycoprotein, HAZ-height for age z scores 

Children with Z scores<-2SD were considered as stunted according to WHO growth standards for children (<59mths) and WHO 2007 

reference population (>60mths) [47] 
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Figure 4: The magnitude of change in corrected plasma zinc concentration dependent (p <0.01) on baseline corrected 

PZn concentration, by LSF Zn-Group (N=75) and Control group (N=78) for the children 2-6 years old rural Western 

Kenya. PZn-plasma zinc. LSF-Lifestraw family filter. PZn was corrected using the four level inflammation correction 

factor approach. Subjects were allocated to reference group unless plasma CRP concentration was >5mg/L and or 

plasma AGP was >1.0g/l when subjects were allocated to the incubation (only CRP elevated), early convalescence 

(both CRP and AGP elevated) or late convalescence (AGP only) groups [44] 

 
Figure 5: The magnitude of change in uncorrected plasma zinc concentration dependent (p <0.01) on baseline 

uncorrected PZn concentration, by LSF Zn-Group (N=77) and Control group (N=83) for the children 2-6 years old 

rural Western Kenya. PZn-plasma zinc, LSF-Lifestraw family filter 

These children were either small for gestational age, stunted or malnourished at baseline. It 

could be that in nutritionally deficient children, functional response is higher due to higher 

sequestration rate of zinc by tissues in need of zinc, however this remains to be proven. ZIP4 is  
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known to increase in times zinc deficiency [56], and zinc from plasma is taken up in the tissues 

by ZIP transporters [57]. Furthermore in a review to assess the therapeutic value of zinc 

supplementation in acute and persistent diarrhea, the efficacy of zinc therapy on acute diarrhea 

was not predicted by plasma zinc concentrations [58]. 
 

Table 4: Effect of daily consumption of zinc fortified (LSF Zn) or non-fortified (Control) water on the occurrence of 

common infectious morbidities in 2-6 year old children, rural Western Kenya  

 

LSF Zn group n=88 Control group n=90 

    %(n event/n visit) RR(95% CI) P value 

Overall morbidity 15.9 (2623/16489) 17.4 (2916/16714) 0.91 (0.87, 0.96) 0.000 

Morbidity per condition*     

Diarrhea 3.9 (80/2063) 5.0 (103/2088) 0.78 (0.59, 1.04) 0.090 

Cold runny nose 29.8 (615/2060) 32.9 (687/2088) 0.91 (0.83, 0.99) 0.034 

Rapid breathing 8.1 (168/2062) 9.0 (188/2087) 0.90 (0.74, 1.10) 0.322 

Cough 27.0 (562/2062) 29.0 (610/2089) 0.93 (0.85, 1.03) 0.164 

Stomach pain 5.6 (116/2060) 7.9 (167/2091) 0.70 (0.56, 0.89) 0.003 

Fever 25.0 (520/2063) 26.0 (550/2091) 0.96 (0.86, 1.06 0.419 

Headache 22.0 (455/2058) 23.4 (489/2090) 0.94 (0.84, 1.06) 0.322 

Sore throat 5.2 (107/2061) 5.8 (122/2090) 0.89 (0.69, 1.14) 0.362 

*Recall period was 2 days for diarrhea only and 1 week for all other conditions assessed 

LSF-Lifestraw family filter  

 

Our findings build upon a previous study assessing the efficacy of zinc fortified water to improve 

zinc status in young children [19]. In a school based trial conducted in Benin, zinc fortified 

drinking water was able to maintain higher plasma zinc concentration and reduce prevalence of 

zinc deficiency, but with no effect on morbidity levels in the study children. The difference in 

outcomes between the two studies can be partly explained by the study design, target group and 

duration of trial: our current study was designed as an effectiveness household based trial, as 

such we set out to investigate the effect of zinc fortified water in conditions similar to real life, 

where filtering devices would be distributed to the households, such as in a donor driven 

initiative. The target group comprised younger children (aged 2-6 years) generally more 

vulnerable to critical water quality and sanitary issues than school-aged children. By the nature 

of the effectiveness intervention, water consumption was less strictly controlled compared to 

the Benin study resulting in lower than expected water consumption (only 40% of the 

participants consumed in average 500 ml treated water per day while the Benin study reported 

a compliance of about 80%). The zinc level in the consumed water was limited to an average 

level of 1.15 mg /l (compared to about 4.6mg/l in the Benin study), due to variability in water 

consumption and zinc elution rates from the device, which can vary when usage patterns 

fluctuate.  

 

This study was conducted in rural Kisumu in villages along Lake Victoria. The households are 

daily exposed to unclean water and the risk of zinc deficiency and infections was expected to be 

high [59–62]. This was confirmed by the high prevalence of inflammation, zinc deficiency as well 

as anemia at baseline in the study population. Background dietary zinc intake was high in this 

group as compared to other studies that found low dietary zinc intakes in Kenyan children such 

as 2.8 mg/d±1.5 [63] and 3.7±0.88 mg/d [64] however a high proportion 81.1% and 87.3% (LSF  

Zn and control group respectively) of the children were below the WHO EAR [65] for zinc intake 

(without contribution of zinc fortified water) suggesting elevated risk of zinc deficiency. At a  
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fortification level of 1.15mg/L the fortified water contributed about 0.52 [0.37, 0.74] mg/d 

additional zinc per day. This amount though seemingly low is highly bioavailable [19] and can 

contribute up to 42 and 36% of the WHO set physiologic requirements for absorbed zinc of 

children aged 2-3 years and 4-6 years respectively [2]. 

 

Intervention effect on serum zinc  

While we found no overall effect of the intervention on PZn level, in the control group the 

plasma zinc concentration at endpoint was higher than the baseline, whilst for the LSF Zn group 

it was lower. This trend can be partially explained by the levels of acute phase proteins in the 

children. Whilst in general there was a high prevalence of inflammation at baseline, 

inflammation levels remain elevated in the LSF Zn group with higher prevalence at endpoint 

than in the control group. Elevated acute phase proteins are known to decrease plasma zinc 

concentration [66]. The study was conducted from February to August, a period encompassing 

peak (April to July) malaria and influenza transmission [67]. Thus seasonal increase in infection 

could have blunted the effect of the intervention. Conducting the analysis with corrected PZn 

still gave no significant time by treatment effect (p=0.137) (Table 3). 

 

The lack of an overall positive effect on plasma zinc concentration and stunting could also have 

been due to the low dosage delivered by the fortification device (1.15mg/L). Comparison with 

other studies is limited as there have not been studies testing the effect of zinc fortified water on 

zinc status in literature. Trials on zinc fortification of foods that have used fortification levels 

below 5mg/day have shown mixed results. A recent review on effect of zinc fortified cereals 

and/or formula feed on zinc status in children showed a significant impact on serum zinc 

concentration but a non-significant change in height growth velocity. Fortification levels ranged 

from 3.2mg/L to 15mg/L [14].  

 

Intervention effect on diarrhea and other morbidities.  

This study shows a significant reduction in reported stomach pain, cold with runny nose and a 

trend towards reduced diarrhea events in the LSF Zn group compared to control group. In 

contrast we observed an opposite effect in the infection and inflammation marker AGP, which 

was more elevated in the LSF Zn group experiencing less reported morbidity. While we cannot 

fully explain this finding, a possible reason for this observation may be related to the failure of 

children in the control group to mount an effective immune response (detected by elevated 

AGP), which may have contributed to the increased observed morbidity from cold, stomach pain 

and diarrhea. Supplementation with zinc has been previously shown to amplify the acute phase 

response as shown by increased body temperature, cytokine concentrations, the acute phase 

protein ceruloplasmin, and IL-6 in human and animal studies [68, 69]. Adequate zinc levels are 

necessary for effective immunomodulation, as detected by the increased AGP levels [70]. 

Mechanistically, AGP may inhibit polymorphonuclear neutrophil activation [71], increase the 

secretion of an IL-1 inhibitor by murine macrophages, most probably the IL-1 receptor 

antagonist, and modulate LPS-induced cytokine secretion by monocytes–macrophages[71]. 

 

Participants in the LSF Zn group had less clinic visits for diarrhea (n=34) than the control group 

(n=47), but this difference was not significant (p=0.129). A general effect modifier in our study 

could have been the dispensing of zinc tablets by the local clinic to study children. The Kenya 

government adopted into national policy the WHO recommendation of including zinc 

supplements as first line treatment for diarrhea [72]. However, the LSF Zn and control group  
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reported to have received zinc tablets on a comparable number of occasions (11 and 12 

respectively) as part of diarrhea treatment. Furthermore plasma zinc concentrations are known 

to decline rapidly after supplementation is withdrawn [73] and therefore it is unlikely that this 

treatment from the clinic had a lasting effect on the plasma zinc concentration of the study 

children. A further possible confounder could have been total filtered water consumed. When 

comparing diarrhea events with total filtered water consumed, total filtered water consumed 

was higher in children who never experienced diarrhea (n=96, 8074L) as compared to children 

who had one or more diarrhea event(s) (n=82, 6544.5L). This translated to a difference of 4.3L 

/per person over the intervention period. This difference though not significant (p=0.486) may 

reflect the beneficial effect of filter usage irrespective of zinc dosage. Although the study was not 

directly powered to detect treatment effect on morbidity as a larger sample size would have 

been required, these results are important for future large scale studies that aim to test the 

preventative effect of low dose zinc fortification. The study reveals that when households are left 

alone to use the current LSF filter, a donated household water treatment device, compliance is 

likely to decrease in the absence of external reinforcement. This trend was especially observed 

at periods close to baseline, midpoint and endpoint (Figure 2). Although this specific study did 

not set out to investigate determinants of compliance to filter usage, a previous study has 

recommended a change in design of the filter to encourage and increase compliance [74].  

 

Several strengths of our study deserve mention. The study was 6 month long prospective, 

randomized trial, with weekly surveillance from trained field assistants. The study population 

was divided into 4 pseudo arms to increase the level of blinding, and we experienced a low 

dropout rate of 9.2%. The study was conducted in young, preschool children, the population 

likely to be vulnerable to both poor sanitary conditions and zinc deficiency and at the same time 

to benefit the most from a household based intervention. However, the study also had some 

limitations. Conducting the study during peak infection season may have led to lack of a net 

positive effect on PZn concentration. Although the field assistants that conducted morbidity 

surveillance were trained, they were not health personnel and this could have led to 

misclassification of symptoms. Morbidity data was based on recall from the mother, a method 

that relies on memory which may have introduced some errors. Recall bias is best minimized by 

blinding subjects sufficiently and standardizing data collection protocols and this was conducted 

to best ability.  

 

In conclusion our results show that zinc fortified water contributes to dietary zinc intake and 

results in an improvement in reported childhood infections. Though we did not detect an 

improvement in plasma zinc status and reduction in prevalence of zinc deficiency, it led to a 

reduction in overall morbidity as well as morbidity due to cold, stomach pain and diarrhea, 

suggesting the high public health potential of zinc fortification of water through household water 

treatment systems. This novel approach should be further optimized with regard to device 

design and zinc elution, but our data suggest that the approach could have significant public 

heath impact in preventing general childhood infections in preschool children in rural Africa. 
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ABSTRACT 

 

Introduction: Children in developing countries often face multiple micronutrient deficiencies. 

Introduction of zinc fortified water can increase zinc intake but additional recommendations are 

required to address overall diet nutrient adequacy. 

 

Objective: We developed and tested food based recommendations (FBRs) that included zinc 

fortified water for children aged between 4 and 6 years from rural Kenya to achieve the best 

possible nutrient adequacy. 

 

Methods: Dietary intakes of 60 children aged 4-6 years, from Kisumu district, Western Kenya, 

were assessed using a quantitative multi-pass 24-hour recall. Linear programming model 

parameters were derived, including a list of foods consumed, median serving sizes and 

distribution of frequency of consumption. By using the Optifood linear programming tool, food 

based recommendations for diets including zinc fortified water were developed. Food subgroups 

from nutrient dense foods were added to achieve an optimized nutritionally adequate diet. Food 

based recommendations with nutrient levels achieving ≥70%RNI of the WHO/FAO 

recommended nutrient intake (RNI) for most of the 12 considered nutrients were selected as the 

final recommendations for the children. 

 

Results: With no FBRs and no zinc fortified water percent RNI coverage range was between 40 

and 76% for zinc, improving to 66-101% after introduction of zinc fortified water. The final set 

of FBRs achieved nutrient adequacy for all nutrients except for vitamin A (25%RNI) and folate 

(68%RNI). 

 

Conclusions: Introduction of zinc fortified water combined with FBRs will likely improve the 

nutrient adequacy of diets consumed by children in Kenya, but need to be complemented with 

alternative interventions to ensure dietary adequacy. Optifood is a useful tool to assess the 

extent to which introduction of a water fortification intervention plus additional FBRs can 

contribute to nutrient adequacy of the diet.  
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INTRODUCTION  

 

Zinc (Zn) deficiency is common in children in developing countries leading to poor growth and 

decreased immune competence [1]. Twenty-six percent of children under 5 years old in Kenya 

are estimated to be at risk of zinc deficiency [2]. An important cause of zinc deficiency is 

inadequate dietary zinc intake or low zinc bioavailability in plant based foods, due to the 

presence of absorption inhibitors such as phytic acid [3]. 

 

Food fortification with zinc is currently recommended as a strategy to address zinc deficiency 

[4]. As cereal foods contain phytic acid, the zinc absorption inhibition may persist in fortified 

cereals affecting bioavailability of native and fortificant zinc [4]. Fortification of drinking water 

promises to overcome this as the zinc from an aqueous solution has been reported to be highly 

bioavailable in particular, if consumed away from meals [5]. An additional benefit of consuming 

microbiological clean drinking water might be a reduction of diarrhea, both a cause and 

consequence of zinc deficiency [6]. In a recent isotopic study zinc from fortified water was found 

to be 9 times more bioavailable than zinc from fortified cereal and in an efficacy trial in rural 

Beninese children it sustained significantly higher plasma zinc levels [7]. 

 

Resource poor populations often face multiple micronutrient deficiencies concurrently due to 

inadequate intakes, low bioavailability, and frequent infections [8–10]. Zinc is one of the critical 

nutrients in addition to iron, iodine [10, 11], as well as vitamin A and B vitamins [10, 12]. In low 

and middle income countries it is estimated that more than 25% of the population is at risk of 

inadequate zinc intake [13]. Kenya is estimated to have a high prevalence of hidden hunger and 

is ranked second out of 149 countries using the hidden hunger index developed in 2013 by 

Muthayya et al [10]. Food based recommendations (FBRs) for young children and adults in multi 

micronutrient deficiency settings developed through mathematical programming [14–16] can 

assist in defining a strategy to achieve nutrient adequacy in a well-defined, local setting. 

However, in most situations , adequacy cannot be reached by any combination of local foods and 

alternative strategies such as fortification or supplementation may be needed [17]. Especially for 

zinc it has been repeatedly demonstrated that nutrient adequacy cannot be reached through 

local food based dietary recommendations in different settings [15, 18–20]. Combining a 

recommendation to consume zinc fortified drinking water with FBRs could provide such an 

alternative to improve zinc intake specifically, but also overall nutrient adequacy.  

 

Optifood uses linear modelling to develop FBRs based on local dietary patterns to achieve 

nutrient adequacy [14]. This mathematical modeling approach provides an objective method to 

predict, for example, whether fortification, supplementation or special complementary food 

products are needed to ensure dietary adequacy for high risk populations, and the extent to 

which they might contribute to its achievement [21, 22]. No studies to date have combined FBRs 

with introduction of zinc fortified water. Based on dietary data collected in rural Western Kenya 

we developed and tested food based recommendations that include zinc fortified water for 

children aged between 4 and 6 years to achieve the best possible nutrient adequacy.  
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SUBJECTS AND METHODS 

 

Study area and Design 

 

This study was carried out in the context of a larger research assessing the effectiveness of zinc 

fortified drinking water in improving zinc intake and status of non-breastfed children aged 

between 24-60 months (n=184) at baseline. The larger research was designed as a randomized 

double blind effectiveness trial where households were divided into two treatment arms. One 

arm received a water ultrafiltration device capable of purifying water and fortifying it with zinc 

at a concentration between 1-4mg/L and the control arm received the same water purification 

device that did not fortify the water. This larger research was conducted between February 

2014 and August 2014 for 25 weeks in Kisumu West District, Western Kenya. This district has a 

population of about 123,447 people drawn from 29,043 households, being mainly rural and 

lacking access to many basic healthcare services. The main economic activities are small scale 

farming and fishing restricted to parts bordering Lake Victoria. This research site was chosen 

due to high prevalence of zinc deficiency [23], diarrheal disease [24, 25] and high surface water 

usage [23, 26].  

 

The research protocol was approved by the Ethical Review Committee of Kenyatta National 

Hospital/Nairobi University (KNH-ERC/A/335) and ETH Zurich Ethical review committee (EK 

2013-N-31). It was presented to local leaders who gave their approval for its conduction. 

Written informed consent was obtained from the household head and caregiver on behalf of 

their child before the research commenced. The trial was registered at www.clinicaltrials.gov 

(NCT0216223). 

 

Subjects  

As part of the larger research, a dietary assessment was carried out among a subsample of 112 

randomly selected children during week 22 and 23 of the intervention in August 2014 to 

quantify the daily dietary and water intake during the pre-harvest season. The sample size was 

estimated to be adequate to determine a mean daily zinc intake deviating less than 0.3mg from 

the true intake with 80% power and 95% confidence, assuming an expected mean intake of 

2.8mg/d with an anticipated standard deviation of 1.5mg/d [27, 28] and a 10% non-response 

rate. Children between 4-6yrs (n=62) constituted the largest age group in the dietary study 

subsample and therefore were considered the target group for the Optifood analysis.  

 

Survey data collection 

 

Dietary assessment 

Dietary intake of the children was assessed using a quantitative multipass 24hr recall method 

[28–30], with all recalls evenly distributed throughout the week. A second recall was carried out 

for each child on a non-consecutive day to permit adjustment for day-to-day variation. The 

interviews were carried out by well-trained interviewers speaking fluent Dholuo language. 

Children were randomly allocated to day of the week, interviewers were randomly allocated to 

households and repeated household visits by the same interviewer were avoided. Caregivers 

were first asked to list all the foods and drinks the child had consumed at home and away in the 

previous 24hrs from waking up the day before the interview till waking up the day of interview. 

Then they were requested to mention all the ingredients and cooking methods for each 

food/dish. Duplicate amounts of all foods, beverages and ingredients were weighed to the 
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nearest 1 gram using a digital balance scale (Kern EMB, Germany, max 5200g). If duplicate 

amounts were not available in the household during the interview, amounts were estimated 

using household units, in volume, size (small, medium, large) or as monetary equivalents. 

Caregivers were systematically probed for any food, beverage or snack consumed outside the 

home or omitted during the interview. Standard recipes were generated to estimate the grams of 

ingredients consumed from mixed dishes purchased or eaten outside the home by averaging 3 

recipes of different caregivers or vendors in the local area. For foods consumed at school, recipes 

were collected from the school cook. In all cases proportion given to child was calculated as the 

total volume given to the child minus any leftovers divided by the total volume of food cooked by 

the caregiver/vendor/school. This proportion was multiplied by the total amount of ingredients 

used in preparing the dish to determine amount consumed by the child.  

 

Drinking water intake assessment 

Consumption of both unfiltered and filtered (both fortified and unfortified) drinking water was 

assessed for each child during the 25 weeks of the intervention. All study children were 

provided with cups of standard volume 300ml graduated at 75, 150 and 125 ml. A personal 

diary was filled out by each caregiver every day to record the participating child’s water intake 

by placing a tally mark under the image corresponding to the day of week; type of water 

consumed (filtered or unfiltered) and administered volume whenever the index child consumed 

water. For each child the median daily drinking water amount over the intervention period was 

determined. 

 

Drinking water zinc content 

Water was sampled from 35 households (representing 19% of the households in the larger 

research) weekly during the first three weeks of the larger research as follows: samples were 

collected from the filters during a household visit into 10ml polypropylene bottles prefilled with 

0.5ml of 2M HNO3 for zinc stabilisation and transported to Kisumu in cooler boxes for zinc 

analysis by a rapid zinc assessment method (Aquaquant, Merck 1.14412.0001 Darmstadt, 

Germany).  

 

Weight and height 

Weight and height were measured in duplicate according to WHO guidelines [31] to the nearest 

0.1kg and 0.1cm respectively using an electronic scale (Ashton Meyers, England, United 

Kingdom), and a UNICEF wooden three piece measuring board with a sliding foot or head piece. 

The weighing scale was calibrated daily. 

 

Blood sampling 

Blood samples were collected between 8 am and 13:00 pm from fasting and non-fasting subjects 

for plasma zinc (PZn) analysis according to IZINCG protocol [32] at baseline of the larger 

research. Blood was drawn from subject’s vein into trace element free monovette sarsted system 

tubes. To obtain plasma, blood was centrifuged at 3000 revolutions per minute (rpm) for 10 

minutes in the field within 40 minutes of collection. Plasma samples were aliquoted into acid-

washed Eppendorf containers (500µl) in duplicate for zinc analysis and in triplicate into regular 

tubes (150ul) for analysis of C-reactive protein, alpha 1 acid glycoprotein, plasma ferritin, 

soluble transferrin receptor and retinol binding protein. The aliquotes were kept in a cooler box 

before transporting on the same day to Maseno University for storage at -20 °C. All samples were 

then sent to ETH Zurich, Switzerland on dry ice for analysis of PZn concentration and to 

Germany for analysis of the proteins using a sandwich ELISA technique [33]. Hemoglobin (Hb) 
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was analyzed in the field on the spot on a separate venous blood sample using a Hemocue 

photometer (Hemocue HB 201, Angelholm, Sweden). 

 

Data analysis 

 

Nutrition status 

Z-scores, for height-for-age (HAZ), and BMI for age (BAZ) were calculated for each child using 

WHO ANTHRO PLUS (WHOv1.0.4), (www.who.int/childgrowth/software/en/). Children were 

classified as stunted or thin if their HAZ and BAZ, were less than –2 SD respectively [31]. We 

measured nutritional and inflammation status of the population by measuring the following 

biomarkers: PZn (flame atomic absorption spectrometry,FAAS) (AA240FS, Varian Inc., 

Australia), and the following proteins : ferritin (FER), transferrin receptor (sTFR), retinol 

binding protein (RBP), C reactive protein (CRP) and α 1 acid glycoprotein (AGP) by a procedure 

that combines analytes using a sandwich ELISA technique [33]. We calculated prevalence of low 

PZn by using sex and age-specific lower cut-offs by IZINCG [34]: PZn <65 µg/dl for blood 

samples collected during the morning, (AM) and PZn <57 μg/dl for the afternoon (PM) samples 

irrespective of fasting status. Subclinical inflammation was defined as CRP>5 mg/l and/or 

AGP>1 g/l. Applied cut-off for Hb was <110g/L in children below 59 months and 115g/L for 

children ≥60months [35]. The thresholds for defining iron deficiency were FER <12µg/L or sTfR 

>8.3mg/L. Vitamin A deficiency was defined by RBP <0.75µmol/L. PZn, FER and RBP were 

corrected for inflammation using the Thurnham method [36]. 

 

Habitual nutrient intakes 

Compl-eat© (version 1.0, Wageningen University, the Netherlands) was used to calculate energy 

and nutrient intakes from the 24hr recalls. The following nutrients were considered: protein, fat, 

calcium, vitamin C, thiamin, riboflavin, niacin, vitamin B6, folate, vitamin B12, vitamin A, iron 

and zinc. Energy and nutrient intake calculations were based on a food composition table (FCT) 

developed specifically for this study using the Kenya national FCT as primary source [37] 

complemented with data from FCTs from South Africa [38], Mali [39], East Africa [40], 

International Minilist [41] and the United States Department of Agriculture database (USDA) 

[42]. USDA retention factors [43] were applied to raw ingredients and foods to account for 

nutrient losses during food preparation. β-carotene and retinol were converted into retinol 

activity equivalent (RAE) using the International Vitamin A Consultative Group recommended 

conversion factors [44, 45]. Energy and nutrient intake analysis was done using IBM SPSS (v21). 

Outliers were identified per nutrient according to the outlier labelling rule [46] and excluded 

from habitual intake analysis of that nutrient. Normality of distributions was tested visually 

using QQ plots. Non normal nutrient intake data was log transformed. All nutrient intakes were 

adjusted for day-to-day variation according to the method developed by the National Research 

Council [47, 48]. The percentage of children below the EAR and the percent coverage of RNI for 

each nutrient was determined. 

 

Preparation of model parameters 

The 24hr recall data were used to generate model parameters using Excel 2010 (Microsoft 

Corporation) and Access 2010 (Microsoft Corporation). These parameters were: a list of non-

condiment foods consumed by ≥5% of the target children, and per food the median serving size 

for those children that had consumed it, the minimum and maximum number of servings/week 

for the single foods, and (sub) food groups they belonged to. These were based on the 10th and 

90th percentile distribution of serve counts. For fortified water the minimum and maximum 



The contribution of zinc fortified water and additional dietary recommendations to nutrient adequacy 

84 

 

number of servings per week was set at seven, assuming this water would be provided every day 

to the child. The median daily drinking water consumed used in the modelling process was 

477ml/d based on the drinking water intake assessment and the zinc concentration for zinc 

fortified water was 1.15mg/L. 

 

An energy constraint was used to ensure all modelled diets provided the average energy 

requirement for the target group, estimated using reference mean body weight and the 

FAO/WHO/UNU algorithm for estimating energy requirements [49]. The FAO/WHO [50] RNI 

were used for the following nutrients: calcium, vitamin C, thiamin, riboflavin, niacin, vitamin B6, 

folate, vitamin B12, and vitamin A with 12.6mg/d as RNI for iron (assuming 5% bioavailability) 

and 9.6mg/d for zinc (assuming 15% bioavailability). Only for zinc fortified water the 

bioavailability of 65.9% was used, based on isotope studies conducted when fortified water was 

consumed between meals [7]. 

 

Optifood analysis 

Analysis was carried out using Optifood (v4.0.9), a linear modelling approach to design 

population-specific FBRs [51]. Two scenarios were modelled: 1) diet with no zinc fortified 

water-model parameters were entered without zinc fortified water 2) diet with zinc fortified 

water-model parameters are entered including zinc fortified water. 

 

Optifood modules 1 and 2 were run for both scenarios. Module 1 was used to check feasibility of 

diets. This analysis step checks if: (a) the model parameters can run correctly, (b) realistic diets 

can be generated for the target population and (c) the possible range in the energy contents of 

diets is wide enough for modelling. Module 2 analysis was run to generate two best (optimized) 

diets. One average food pattern diet, optimized close to the average food pattern and one best 

food pattern diet, optimized within the upper and lower food pattern limits but deviating more 

from the average food pattern. Module 2 best food pattern was used to identify nutrient dense 

foods and their (sub) food group if their contribution to nutrient intake was ≥5% for any of the 

nutrients considered. 

 

Module 3 was run in 3 phases. In phase I the module was run without recommendations. In this 

phase the model minimizes each nutrient by including the low nutrient dense foods per food 

group (worst case scenario) and maximizes each nutrient by selecting the high nutrient dense 

foods (best case scenario) within each food group. As the %RNI coverage in the no-fortified 

drinking water diet was the same as for the fortified drinking water diet (except for zinc), phase 

II was run only for the latter. In phase II food subgroups belonging to the nutrient dense foods 

identified in Module 2 were separately and in combination (phase III) added in the model. The 

FBRs with nutrient levels achieving ≥70%RNI in the worst-case scenario for most nutrients 

were selected as the final FBRs for the children.  

 

RESULTS 

 

Study characteristics 

Dietary data from 60 out of 62 children was used in the analysis as one child dropped out of the 

study and the second child turned 7 just at the time of the start of the study. The children had an 

average age of 62 months (Table 1). The percentage prevalence of stunting and thinness was 

16% and 3% respectively. Zinc deficiency was high in this population with 52% of the children 

having low serum zinc (<65µg/dl). Twenty seven percent of the children suffered from vitamin 
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A deficiency. The prevalence of anemia, iron deficiency and iron deficiency anemia was 52%, 

63% and 38% respectively. Inflammation affected 53% of the children. Thirty five out of the 60 

children had more than one micronutrient deficiency.  

 
Table 1: Nutritional status of the children aged 4-6 years old Kisumu, Western Kenya, Kenya* 

Characteristics n=60 

Background  

Age, months 62±8 

Sex, girls, %(n) 63 (35) 

Anthropometrics per age group1  

Height-for-age, z-score -1.0±1.3 

 Children being stunted, % (n) 16.7 (10) 

Body-mass-index-for-age, z-score -0.2±0.9 

 Children being thin for their age % (n) 3.3 (2) 

Micronutrient markersƗ  

Serum zinc concentration, µmol/L 62±10 

 Zinc deficiency2*, % (n) 52 (31) 

Hemoglobin concentration, g/L 108±1.2 

 Anaemia3, % (n) 52 (32) 

 Iron deficiency4*, % (n) 63 (37) 

 Iron deficiency anaemia5, % (n) 38 (23) 

Retinol binding protein concentration,  µmol/L 0.9±0.3 

 Vitamin A deficiency6*, % (n) 27 (16) 

Inflammation7*, % (n) 53 (32) 

Children with more than 1 nutrient deficiency, %(n) 35 (58) 

*values are mean ± standard deviation unless stated otherwise 
Ɨnutritional status biomarkers corrected for inflammation by Thurnham method [36] 
1children with Z scores<-2SD were considered as stunted and thin respectively according to WHO growth standards for children 

(<60mths) and WHO 2007 reference population (>61mths)[31] 
2 Zinc deficiency: serum zinc concentration <65ug/dl 
3 Anaemia is defined as Hb<110g/L for children below the age of 59 months and Hb<115g/L for children 5-11 years 
4Iron deficiency: Serum ferritin concentration <12 µg/L and/or soluble transferrin receptor >8.3mg/L 
5Defined as anaemia and Serum ferritin concentration <12 µg/L and/or soluble transferrin receptor >8.3mg/L 
6Vitamin A deficiency: Serum retinol binding protein concentration < 0.75 µmol/L 
7Defined by plasma concentrations of C-reactive protein >5mg/L or α1-acid glycoprotein >1g/l  

*n=59 for zinc, iron, vitamin A deficiency and inflammation biomarkers 

 

Food and nutrient Intake 

Data analysis included 120 dietary recalls (first and second recalls). Overall, 69 non condiment 

food items were reported in the dietary recalls over the two days. From this list, 45 foods were 

consumed by more than 5% of the children and were included in the modelling (Table 2). 

Excluded condiments were baking soda and soup powder. Three foods (brookside milk, okoko 

fish, and lemon) were excluded for having a maximum frequency consumption per week below 

one. Foods consumed by over 90% of the children were spring onion (96%), maize white flour 

(96%), brown sugar (96%), and tomato (90%). On average children consumed these foods every 

day. Median serving sizes varied from 3.7g/d for onion to 237g/d for sour cow milk. Most foods 

(42 out of 45 foods) had serving sizes of more than 10g/d. All children had iron and thiamin 

intake above the EAR. Respectively 36% and 2% of the children had  energy and protein intake 

below their daily requirements [49]. More than 50% of children had intake below EAR for 

calcium, riboflavin, vitamin B12, vitamin C, folate, and vitamin A. Respectively 19 and 49% of 

children had a low intake for vitamin B6 and niacin (Table 3). Eighty five percent of the children 
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had a zinc intake below the EAR. The median percent coverage of RNI without zinc fortified 

water was 61%. 

Food pattern and nutrients of optimized diets  

In Module 1 twenty realistic diets were generated for both possible diets (diet with and without 

zinc fortified water). The best food pattern resulting from Module 2 covered the RNI for most 

nutrients except vitamin A and zinc for both diets, although %RNI coverage for zinc was higher 

in the diet including zinc fortified (95.7%) compared to without fortified drinking water 

(70.8%). Based on this pattern, the foods (and their respective subfood groups) that contributed 

≥5% to the intake of at least 5 or more nutrients were selected to be included in the modelling 

exercise in Module 3 (Table 4). 

 

With no recommendation or zinc fortification, %RNI coverage range was between 40% (worst 

case scenario) and 76% (best case scenario) for zinc. This improved to 66% (worst case 

scenario) and 101% (best-case scenario), suggesting that zinc nutritional adequacy can be 

reached by including zinc fortified water in the recommendations (Table 5, Module III Phase I 

no recommendation). 

 

Subsequently, recommendations for the sub food groups belonging to the selected nutrient 

dense foods identified in module 2 (Table 4), were added individually (Table 5) and in 

combination (Table 6) to the diet with zinc fortified water and for each combination a new set 

of FBR was developed and tested.  The final set of FBRs selected covered 87% of zinc RNI and 

contained whole grain products, unfortified (14 serves per week), fluid or powdered milk 

unfortified (7 serves per week), nuts and seeds (4 serves per week), vitamin A rich vegetables (7 

serves per week), other starchy plants (7 serves per week), vitamin C rich vegetables (7 serves 

per week) and small whole fish with bones (7 serves per week). Nutrient adequacy did not reach 

70% for vitamin A (25%RNI) and folate (68%RNI) in the worst case scenario. The increased 

nutrient adequacy as %RNI coverage in the final FBR compared to the children’s actual median 

intakes is shown in Figure 1. The %RNI coverage improved to over 100% for most nutrients 

(calcium, vitamin C, riboflavin, niacin and vitamin B12). Only for iron (98%) and zinc (87%) 

intake remains below 100%RNI but above 70%RNI in the worst case scenario. 

 

DISCUSSION 

 

The objective of this study was to develop FBRs that included zinc fortified water to improve 

nutrient adequacy for children between 4 and 6 years in rural Kisumu, Kenya. We found that 

inclusion of zinc fortified water with careful combination of local foods in realistic servings can 

substantially improve the nutritional quality of the diet. Addition of zinc fortified water could 

improve the actual RNI coverage of 61% to a theoretical coverage of 87% even when low 

nutrient dense foods are consumed. Addition of fortified drinking water to FBRs can therefore 

substantially contribute to an adequate zinc intake. Calcium, vitamin C, riboflavin, niacin, vitamin 

B12, iron and zinc achieved >70%RNI in the final food based recommendation. However, 

adequate intake of vitamin A and folate could not be ensured even when high nutrient dense 

foods were included. 
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Table 2: Foods consumed by children (4-6 years), median serving sizes and minimum and maximum servings per 

week in Kisumu, Western Kenya1 

Food Group and Sub-food group2 Food 

Consumed 
by % of 
children1 

Serving 
Size3 
(g/d) 

Min 
servings4 
per week 

Median 
servings per 

week 

Max 
servings5per 
week 

Added Fats       
Butter, ghee, margarine 
Unfortified Cooking fat 35 10.2 0 0 7 

Vegetable oil unfortified Cooking oil 86 20.3 0 7 7 

Added sugars       

Sugar (unfortified) Sugar, brown 96 39.1 1 6 6 

 
Sugar, white 15 26.9 1 1 1 

Bakery and breakfast cereals       
Refined grain bread, 
unenriched/unfortified Bread, white 13 74.9 0 0 4 

Beverages        

Other beverages Drinking water6 100 477.0 7 7 7 

Dairy products       
Fluid or powdered milk 
unfortified Milk, cow, whole 80 100.0 0 6 6 

 
Milk, cow, sour 8 237.0 0 1 1 

Fruits       

Vitamin C rich fruit Avocado 8 92.7 0 0 1 

 
Banana, yellow 8 152.0 0 0 1 

 
Mango, ripe 25 63.5 0 0 3 

 
Orange 5 45.5 0 0 1 

 Papaya 5 36.7 0 0 1 

Grains & grain products       
Enriched/fortified grains and 
products, whole or refined 

Flour, wheat, 
Tropicana 56 16.3 0 4 7 

Refined grains and products, 
unenriched/unfortified 

Flour wheat white, 
in bread 56 14.3 0 4 7 

Whole grains and products, 
unenriched/unfortified Flour, maize, white7 96 114.8 2 5 7 

 Flour, maize, yellow7 32 127.3 1 2 2 

 Flour, millet, red7 48 52.8 1 2 4 

 Flour, sorghum7 18 38.2 0 1 1 

 Maize grains white 45 93.0 1 2 3 

 Maize grains yellow 8 93.1 0 0 1 

 Maize, roasted 43 85.6 1 2 3 

Legumes,nuts & seeds       

Cooked beans,lentils,peas Beans, piriton 6 42.3 0 0 1 

 Beans, red 8 29.2 0 0 1 

 Beans, cocoa rose 16 35.0 0 0 2 

 Cowpeas seeds 12 50.0 0 0 2 

 Greengrams 13 78.2 0 0 2 

Nuts,seeds, and unsweetened products Groundnuts raw 10 67.6 0 0 2 

 
Groundnuts 
prepared 8 44.0 0 0 2 

1 All foods consumed by at least 5% of the children (n=60), 2 Food groups and food subgroups as defined by Optifood programme, 3 

Values are median serving sizes of the raw edible portions when consumed based on 24-h recalls, 4 Minimum frequencies were 

calculated based on the 10th percentile of distribution of the serve counts with consideration of proportion consuming each food 

within each food sub-group 
5 Maximum frequencies were calculated based on the 90th percentile of distribution of the serve counts with consideration of 

proportion consuming each food within each food sub-group, 6 as assessed during the course of the study using personal diaries, 7 

Unrefined cereal flour 
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Table 3: Nutrient intake of the children aged 4-6 yrs and percent below EAR without zinc fortified water1 

 Nutrient Intake2 %below EAR3 %of RNI4 

Energy (Kcal/d) 1464 [1328 , 1653] 365  

Protein (g) 36 [30, 41] 26 192 [158, 216] 

Calcium (mg/d) 456 [352 , 600] 60 76 [59 , 100] 

Iron (mg/d) 10 [9 ,12] 0 82 [73 , 99] 

Thiamin (mg/d) 0.7 [0.6 , 0.8] 0 134 [114 , 154] 

Riboflavin (mg/d) 0.4 [0.4 , 0.6] 52 82 [67 , 103] 

VitaminB6 (mg/d) 0.8[0.6 , 1.2] 19 150 [96 , 211] 

VitaminB12 (µg/d) 0.8 [0.4 , 1.2] 58 73 [41 , 104] 

Vitamin C (mg/d) 23 [13 , 28] 55 77 [50 , 99] 

Folate (µgDFE/d) 99 [94 , 106] 100 50 [47 , 54] 

Niacin (mg/d)  6 [4 , 8] 49  75 [58 , 99] 

Vitamin A (µgRAE/d) 86 [54 , 116] 55 18 [12 , 24] 

Zinc (mg/d) 5.8 [4 , 6.6] 85 61 [46 , 73] 
1excluson of outlier nutrient intakes using outlier labelling rule[46] therefore n=60 except for thiamin n=59, Vitamin A n=56, niacin 

n=57, Vitamin B6 n=58, Vitamin B12 n=50, iron n=58, zinc n= 59 
2 median [25th ,75th percentile]  of the distribution of intakes 
3 EARs were calculated from RNIs (FAO/WHO), using conversion factors [17] except for Iron where value from IOM [52] was used 
4 percent coverage of the RNI of the intakes of the children 
5 daily energy requirements were used [49] 
6recommended dietary allowance of the IOM used 

DFE-dietary folate equivalents 

RAE-retinol activity equivalents 

 
Table 4: Foods that contributed ≥5% to nutrient intake in the best diet pattern and the subfood groups they belong 
Sub food group Food Count of nutrients 

with 

contribution≥5% 

to intake 

Whole grains and products, unenriched/unfortified flour, millet, red 9 

Nuts, seeds and unsweetened products groundnuts, raw 9 

Whole grains and products, unenriched/unfortified flour, maize, white 8 

Whole grains and products, unenriched/unfortified flour, maize, yellow 8 

Vitamin C rich vegetables cowpeas leaves 7 

Fluid or powdered milk unfortified milk cow whole 7 

Small whole fish with bones omena  6 

Vitamin A rich vegetables sukuma wiki 5 

Other starchy plants potatoes, irish 5 

 

The nutritional status indicators of the children confirmed existence of multiple micronutrient 

deficiencies. Fifty eight percent of the children had more than one nutrient deficiency. Forty-four 

out of the 60 children studied had intakes below the EAR of 4 or more nutrients. These low 

intakes may indicate the key role of low dietary intake as main cause of deficiencies. On the 

contrary even though prevalence of anemia and iron deficiency was high, there were no children 

with iron intakes below the EAR. Although the actual iron bioavailability might have been lower 

than assumed [53, 54], it is most likely that the presence of parasitic infections and chronic 

inflammation may play a large role in iron deficiency in this population. This was also confirmed 

by the fact that 53% of the children were suffering from inflammation. Western Kenya is 

classified as a malaria endemic area [55] and has high prevalence of helminth diseases such as 

hookworm and bilharzia [56–58]. Parasitic infections will lead to iron deficiency through 

mechanisms that include extra corporeal blood loss, haemolysis and inflammation [59, 60]. 



The contribution of zinc fortified water and additional dietary recommendations to nutrient adequacy 

89 

 

Furthermore it is also well established that deficiencies of other nutrients such as vitamin B12 , 

and folate can lead to anemia through ineffective erythropoiesis [61]. All our children had 

intakes below the EAR for folate and 58% for vitamin B12 and were at high risk of deficiency 

from these nutrients further exacerbating their risk for anemia. 

 

Consistent with our results other studies also found high prevalence of vitamin A deficiency in 

Western Kenya [62, 63], and zinc deficiency [64, 65] as well as multiple micronutrient 

deficiencies in primary school children from Eastern Kenya [8]. The diet of the children was 

characterised by low variation in food intake. Only 45 foods were consumed by ≥5% of the 

population. Cereals and legumes were consumed in larger quantities and higher frequency than 

nutrient dense foods such as animal source foods (ASF). Other studies also confirm that in 

Kenyan children consumption of ASFs is limited and consumption of plant based foods is high [8, 

66].  

 

The modelled final FBRs clearly suggest that using local foods in combination with zinc enriched 

water can ensure nutrient adequacy except that of vitamin A and folate. With exclusion of zinc 

fortified water, intakes of zinc, vitamin A and folate remain inadequate. The zinc nutrient gap 

can be covered by daily consumption of zinc fortified water however this should be 

complemented with additional FBRs that address the multiple micronutrient deficiencies. For 

vitamin A alternative interventions and approaches beyond the foods that are already consumed 

by the children and approaches such as supplementation, food fortification and biofortification 

have to be explored in order to improve intake. Though the Government of Kenya has universal 

vitamin A supplementation programmes for all under five year old children, national coverage 

has been shown to be low as 19% [67]. Biofortification of plant foods with pro vitamin A such as 

yellow sweet potato and yellow cassava is a promising approach that has been proven to 

improve vitamin A status in vulnerable groups [68, 69], and recently in an efficacy trial in central 

Kenya [70] The challenge will be to improve coverage of vitamin A supplementation, enforce and 

monitor vitamin A fortification of other foods and scaling up of biofortification efforts.  
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Table 5: Comparison of worst case scenario nutrient levels of 7 individual alternative sets of FBR worst case scenario nutrient levels of diet of children 4-6 years old consuming zinc fortified water in Kisumu, rural 

western Kenya, Kenya1  

Analysis2 Protein % Fat % Calcium 

% 

Vitamin 

C % 

Thiamin 

% 

Riboflavin 

% 

Niacin 

% 

Vitamin 

B-6 % 

Folate 

% 

Vitamin 

B-12 % 

Vitamin 

A % 

Iron 

% 

Zinc 

% 

Count 

≥70%RNI 

Module III Phase I (no recommendation) 

Best case  scenario with zinc 

fortified water 
318 132 158 274 238 154 132 194 110 211 52 135 101 

12 

Best case scenario No zinc 

fortified water 
318 132 158 274 238 154 132 194 110 211 52 135 76 

12 

worst case scenario with zinc 

fortified water 
144 41 13 7 105 38 39 82 28 15 2 56 66 

3 

Worst case scenario No zinc 

fortified water 
144 41 13 7 105 38 39 82 28 15 2 56 40 

2 

Module III Phase II worst case scenario nutrient levels for 8 single alternative sets of recommendations2 

Small whole fish 7 serves 

/week 
180 45 71 8 107 43 52 86 28 133 2 61 71 6 

VitC rich vegetables 7 serves 

per week 
151 41 31 105 111 53 46 92 41 15 5 74 66 5 

Nuts, seeds unsweetened 

products 4 serves per week 
144 72 13 7 107 64 39 83 40 15 2 56 68 4 

Fluid milk unfortified 7 serves 

per week 
157 49 40 11 105 73 39 82 28 49 12 56 67 4 

Whole grain products 14 

serves per week 
144 41 13 7 113 40 41 90 28 15 2 57 67 3 

Vit A rich vegetables 7 serves 

per week 
147 41 21 58 112 38 47 90 28 15 12 59 66 3 

Other starchy plants 7 serves 

per week 
144 41 17 34 131 38 69 93 35 15 2 58 66 3 

1Values are expressed as percentage of recommended nutrient intakes (RNI) 
2Module three was run with the fortified zinc water group 

“serves/ week” refers to the number of averaged sized portions consumed per week 

alternative sets of recommendations selected at subfood group level 
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Table 6: Evaluation of the worst case scenario nutrient levels for the best combined alternative sets of FBR for the children 4-6yrs old consuming zinc fortified water in Kisumu, rural western Kenya, Kenya (diet 

with zinc fortified water) 

Analysis Protein 

% 

Fat 

% 

Calcium   Vit. C  Thiamin  Riboflavin  Niacin  Vit. 

B6  

Folate  Vit. 

B12  

Vit A Fe Zn  Count of 

nutrients 

≥70%RNI4 

No recommendations_best case 318 132 158 274 238 154 132 194 110 211 52 135 101 12 

No recommendations_worst case 144 41 13 7 105 38 39 82 28 15 2 56 66 3 

Module III Phase III worst case scenario nutrient levels for best combined single alternative sets. 

N4+WG14+VC7+VA7+F7 193 78 97 156 136 90 75 130 56 134 15 90 80 11 

N4+WG14+VA7+F7+S7 186 77 83 85 159 75 99 133 50 134 12 78 80 11 

N4+VC7+VA7+F7+S7 191 77 101 182 149 86 96 126 62 134 15 84 74 11 

N4+VC7+M7+F7+S7 201 86 121 135 142 123 88 121 64 168 15 81 76 11 

N4+WG14+VC7+VA7+M7+F7 208 88 125 160 141 128 76 136 59 168 25 91 84 11 

N4+WG14+VC7+VA7+F7+S7 195 78 102 183 168 91 106 147 65 134 15 97 82 11 

N4+WG14+VC7+M7+F7+S7 211 88 121 136 165 130 99 143 68 168 15 95 86 11 

N4+WG14+VA7+M7+F7+S7 205 87 111 90 165 113 100 139 54 168 22 79 85 11 

N4+VC7+VA7+M7+F7+S7 205 86 129 186 149 123 96 131 64 168 25 84 77 11 

N4+WG14+VC7+VA7+M7+F7+S72 217 88 130 188 174 130 108 153 683 169 253 98 87 11 

1Values are expressed as percentage of recommended nutrient intakes (RNI) 

Recommendations include zinc fortified water 

WG=Whole grain products unenriched unfortified 14 serves per week, M= Fluid or powdered milk unfortified 7 serves per week, N= Nuts, seeds and unsweetened products 4 serves per week, S=Other Starchy 

plants 7 serves per week, VC= Vitamin C rich vegetables 10 serves per week, VA=Vitamin A rich vegetables 7 serves per week, F= Small whole fish with bones 7 serves per week 
2best optimized diet worst case scenario 
3remained below 70% in final food based recommendations (FBR) 
4 total number of nutrients >70%RNI 
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Figure 1 :  A comparison between the actual median nutrient intake levels of the Kenyan children aged 4 -6 

years with the final modelled diet   

 

The Optifood approach is a useful tool for analysing nutrient gaps in diet patterns and 

developing FBRs for improving nutrient adequacy in the diet. However, the process is dependent 

on the quality of the dietary recall data, the food composition table used, assumed bioavailability 

of nutrients and proposed RNIs. Although our analysis is based on the best available information 

at this time, the results are sensitive to the decisions made concerning the model parameters 

[71]. Therefore, the decision process for input parameters should be clearly outlined for 

concluding and reproducibility purposes. We used the actual median daily drinking water intake 

derived from a more extensive surveillance of fortified drinking water quantity consumed. This 

ensured that a realistic quantity was modelled into the Optifood analysis. Also, the zinc content 

of the drinking water was regularly determined by own chemical analysis. The simulation of the 

contribution of zinc intake through water is thus close to a realistic setting. The bioavailability of 

zinc from fortified water was assumed to be 65.9%, a result of absorption studies conducted 

using stable isotopic zinc labels with the fortified water [72]. Although caregivers and children 

were strongly advised to consume the water away from meals, it is not known whether this was 

actually done. When consumed with a meal, zinc bioavailability from water is drastically lower 

and will be dependent on the phytic acid level in the diet [7]. Using  the lower bioavailability 

level when modelling the same final FBRs, the percentage RNI coverage of zinc was reduced 

from 87% to 66% in the worst case scenario. Depending on the bioavailability level chosen, our 

zinc adequacy might therefore be overestimated. 

 

We selected for the modelling process foods consumed by 5% or more children as we assumed 

that these were the commonly consumed foods. This resulted in total 45 foods for input into the 

model. When modelling foods consumed by more than 10% of the children the food list 

contained less foods (38 foods) and resulted in the identification of an additional problem 

nutrient (fat) in addition to folate, and vitamin A. Including less foods into the modelling may 

limit the options Optifood analysis has for selection of foods and as a result more problem 

nutrients might be expected. Including foods consumed by <5% of the children might have 
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increased the options, but may decrease the feasibility of implementing recommendations as 

these foods are not commonly consumed. The choice of cut off for frequently consumed foods 

therefore influenced the results and the effect of such decisions on final recommendations 

should be further studied. We used the WHO/FAO RNI for zinc of 9.6mg/d. An option would 

have been to use the IZINCG RDA’s which is set at 5mg/d [34]. Using the latter cut off would 

have made the diet sufficient and zinc would not have been a problem nutrient. However this 

sufficiency was not reflected by the high level of zinc deficiency in the study population. This 

may indicate that in our population zinc requirements are elevated, may be due to frequent 

diarrheal infections. Diarrhea is known to deplete zinc stores in children [6, 73, 74] and is a 

common infection in Western Kenya [24, 25]. Therefore, the use of the WHO/FAO RNI for zinc 

was considered to be more appropriate for our study population.  

 

Data collection took place during the pre- harvest season, and results cannot necessarily be 

extrapolated to other seasons. The households mainly relied on own food production dependent 

on rain fed agriculture and seasonal variations in food availability and intake are expected [75–

77]. In general there are fewer vegetables available in the pre harvest season than post-harvest 

and this, in our study area, is reflected by limited availability of vegetables like pumpkin leaves 

(Cucurbita sp ), cowpeas (Vigna unguiculata) and sunnhemp (Crotalaria brevidens) but high 

availability of sukuma wiki (Brassica sp) , spider plant (Gynandropsis gynandra) , amaranth 

(Amaranthus sp) and nightshade (Solanum nigrum) [78]. Sukuma wiki was the most consumed 

vegetable in our study population and is in the subfood group of vitamin A rich vegetables. 

However, even in the season of abundance, its consumption at the mentioned serving sizes did 

not ensure adequate vitamin A intake. A study conducted in rural Kenya found a deficit in 

vitamin A, riboflavin and thiamin but no difference in energy, fat, protein and niacin intake when 

pre harvest intake was compared to postharvest [79]. Conducting this study during the post-

harvest season would probably have resulted in selecting more vegetables and plant foods with 

higher serving sizes most likely yielding higher %RNI coverage for vitamin A and folate. 

Comparative analysis using dietary intake data from different seasons would be required to 

understand how food-based recommendations might change. In addition, it is important to 

emphasize that the data used to set the model parameters in Optifood originated from a limited 

area in the western part of Kenya and the agro-ecological zone in which the study area is located, 

is not representative for the whole of Kenya. Therefore, the extent to which the developed 

recommendations also apply to other areas in Kenya needs to be further assessed. 

 

Optifood is a useful tool to show objectively the contribution that zinc fortified water can make 

when introduced in food based recommendations to meeting, or come as close as possible to 

meeting, the nutrient needs of rural Kenyan children. Our study also showed that introduction of 

zinc fortified water should be accompanied by FBRs to improve nutrient adequacy of the whole 

diet in order to address multiple micronutrient deficiencies. However, the extent to which the 

developed food-based recommendations are acceptable to implement by the target population 

remains to be determined. As the recommendations are based on local dietary patterns, they 

may be considered as realistic and achievable by some, but may ask for substantial changes for 

others. Consultation with local stakeholders is essential to identify barriers and supporting 

factors that could encourage the adoption of the recommendations, and might lead to adaptation 

of the suggested recommendations to facilitate their adoption.  
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GENERAL DISCUSSION 

 

The overall aim of this thesis was to investigate whether zinc fortified water when provided 

daily through a household based water treatment system (LSF) to households can increase 

dietary zinc intake and improve zinc status and morbidity in children living in areas exposed to 

unsafe water sources. To achieve this aim four related studies were conducted in rural Kisumu, 

Western Kenya. This chapter will summarize the main findings of the research, internal and 

external validity, public health and policy implications of the findings as well as suggestions for 

future research. The main findings are displayed in Table 1 below. 

 

In summary the background investigations found that 3 out of 4 children suffered from zinc 

deficiency (74.4% low plasma zinc status), 34% suffered from vitamin A deficiency and 61% 

from iron deficiency. Half of the children (53%) were affected by inflammation. Correcting PZn 

and RBP for inflammation by all applicable methods reduced prevalence of zinc and vitamin A 

deficiency by 2-10% (excluding published CF approach) and 43-78% respectively. Correcting PF 

for inflammation changed the prevalence of iron deficiency from 0.6-10% depending on the 

method used (Chapter 2). We show that the LSF strategy provided zinc through fortified water 

which was more bioavailable (7 times higher) compared to zinc provided in fortified maize. 

Frequent usage of the LSF filter with high volumes (10 and 20L/d) of water delivered adequately 

fortified water (1.7 and 1.3mg/L respectively) (Chapter 3). Daily consumption of zinc fortified 

water at the study participant consumption rates (≈ 500ml/d) and fortification level (1.15mg/L) 

contributed a significant amount (42% and 36%) to the daily absorbable zinc requirements for 

children 2-3 and 4-6 years old respectively. We showed that daily intake of zinc fortified water 

reduced overall morbidity prevalence and morbidity due to specific conditions (cold runny nose, 

stomach pain and diarrhea), however we did not detect an effect on PZn (Chapter 4). Lastly 

using linear modelling we found that combining the introduction of zinc fortified water with 

local food-based dietary recommendations achieved nutrient adequacy for all nutrients except 

for vitamin A and folate. For the latter nutrients additional interventions are recommended. 
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Table 1: Summary of the main findings of each trial carried out in the framework of the thesis 

Background investigation 

 

Design Objective Main results 

Chapter 2 

Cross sectional  

Population: 2-6 year olds 

from rural Kisumu 

To estimate prevalence of Zn, 

vitamin A and Fe deficiency.  

To compare inflammation 

corrected prevalence 

estimates using various 

approaches from literature. 

 Zinc deficiency prevalence: 74%, Vitamin A 

deficiency: 34% and iron deficiency 61%.  

 Inflammation affected 53% of the children. 

 Prevalence estimates varied for all nutrient 

biomarkers depending on method used to 

correct for inflammation: percent change range 

Zn 2%-10%; Fe 0.6%-10.3% and Vitamin A 

43%-78% 

Chapter 3 

Elution trial 

Laboratory based 

experiment 

 

Absorption trial 

Single blind cross over trial 

Population 18-45y Swiss 

healthy adults 

To assess the effect of 

different usage patterns (2, 10 

and 20L/d) and storage on 

zinc elution 

 

To measure fractional 

absorption of Zn from 

following 3 meals: i) LSF Zn 

fortified water, ii) a Zn 

fortified inhibitory maize 

porridge , and iii) Zn fortified 

water consumed with maize 

porridge 

 Zinc elution was higher in filters used to treat 

2L/day (4.7±1.6mg/L) than 10L/d (1.7±0.9) 

and 20L/d (1.3±0.7mg/L).  

 Storage for 1 week increased zinc elution by 

23.4% (2L/d), 82.4% (10L/d) and 43.1% 

(20L/d). After second week of storage zinc 

elution further increased by 56.9% (2L/d), 

12.9% (10L/d) and 7.5% (20L/d) 

 Fractional absorption from LSF-Zn fortified 

water was 65.9%, 7 times higher than from a 

fortified maize porridge (9.1%) and zinc 

fortified water consumed with maize porridge 

(9.8%) 

Effectiveness of zinc fortified water 

Chapter 4: 

Effectiveness trial 

Home based, Double blind 

RCT 

Population: 2-6 year old  

Rural Kisumu 

To assess effectiveness of zinc 

fortified water on zinc intake, 

status and morbidity 

 Zinc fortified water contributed 42% and 36% 

of daily requirements for absorbable zinc in 

children 2-3 and 4-6 years respectively 

 Treatment effect on overall morbidity and 

morbidity due to cold, stomach pain and 

diarrhea. No treatment effect on plasma zinc 

concentration 

Development of food based dietary recommendations 

Chapter 5 

Linear Modelling (Optifood) 

using cross sectional dietary 

intake data  

Population: 4-6 year old 

children 

Rural Kisumu 

To develop local food based 

dietary recommendations in 

combination with Zn fortified 

water to ensure nutrient 

adequacy 

 Recommendations to accompany daily 

consumption of zinc fortified water were: i) 

whole grain products, unfortified (14 serves 

per week), ii) fluid or powdered milk 

unfortified (7 serves per week), iii) nuts and 

seeds (4 serves per week), iv) vitamin A rich 

vegetables (7 serves per week), v) other starchy 

plants (7 serves per week), vi) vitamin C rich 

vegetables (7 serves per week) and vii) small 

whole fish with bones (7 serves per week). 

 Nutrient adequacy in final recommendations 

was achieved for all nutrients except for 

vitamin A (25% RNI)  and folate (68% RNI)  
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INTERNAL VALIDITY 

 

This section of the chapter discusses the main methodological issues not addressed in chapters 

2-5 that may affect the conclusion of this thesis, related to selection bias, measurement bias and 

confounding. 

 

Selection bias  

 

Selection bias occurs when the selected sample does not represent the population intended to be 

analyzed [1]. For the baseline study which was conducted in 2011 (chapter 2), households with 

under five year old children were identified from a health and demographic surveillance system 

(HDSS) established by United States Army Medical Research Unit-Kenya (USAMRU-K) and the 

Kenya Medical Research Institute (KEMRI) [2].The HDSS established in 2007 collects key 

demographic and health indicators through bi-annual household surveys in rural Kisumu 

County. It covers an area 369km2 wide along the north eastern shores of Lake Victoria [2]. All 

households identified from the HDSS as having an under five year old in the sub-locality of 

Kajulu Koker, a small area compared to the overall HDSS system were invited for information 

sessions and then recruited after consenting. The most recent census of the villages was done 

prior by the HDSS in January 2011 and our baseline study was conducted in September 2011. By 

using the HDSS we may have missed out on new households that arrived in the area between 

January 2011 and the recruitment for our study. Out migration by the 15-35 year old age group 

is considered to be high in rural Kisumu as the youth and young adults search for better 

educational and employment opportunities in neighboring towns. Immigration is mainly in the 

50-55 year age group due to retirements [2]. However we do not expect these new households 

to be many as the HDSS and our study intricately involved all administrative hierarchies in the 

village system consisting of individuals who were knowledgeable of new/old inhabitants. Each 

village was under a village elder who knew if there was a new family that had been offered land 

to build with the chief overseeing all the activities. In this regard care was taken to include all 

new households that were not yet enlisted by the HDSS. This related selection bias can be 

considered to be negligible.  

 

Even though effectiveness trials are known to have less stringent eligibility criteria [3], we had 

to restrict our recruitment to children who were not participating in any other trial in the study 

site carried out by other research groups (chapter 2 and 4). There was a malaria vaccine trial 

and a malaria transmission intensity study implemented during our recruitment phase, and 

children involved in these studies were excluded from our study. There is some evidence that 

individuals of low socio economic status may volunteer more to participate in studies due to 

perceived benefit than individuals of higher socio economic standing [4, 5]. We therefore may 

have recruited children who were from better of households by virtue of recruiting after other 

trials in the study site, possibly introducing a selection bias. However this was not reflected by 

the children’s nutritional status as stunting, zinc, iron and vitamin A deficiency were high and 

comparable to averages known from the area. 

 

A potential source of bias is refusal to participate in a study. Refusals may lead to over 

generalization of results if reasons of refusal are related to the exposure. There were 43 refusals 

between consenting and baseline for the effectiveness trial (chapter 4). Studies conducted to 

determine the difference between responders and non-responders have found differences in 

some variables e.g. demographic or health related [6]. Considering the fact that the non-
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responders constituted 18% of total consented, this may have introduced a non-response bias. 

However with no information about the characteristics of these non-responders available except 

that they ‘changed their minds’, we are unsure how this may have affected the conclusions of the 

study.  

 

If in the trial, participants who do not perceive benefit drop out more frequently due to adverse 

events, their exclusion from analysis can lead investigators to exaggerating the benefits of the 

intervention. The total dropout rate was relatively low (9.2%) with no difference between the 

two treatment arms, just as there was also no difference in compliance between the two 

treatment arms, hence a systematic bias was unlikely. One strategy to eliminate this form of bias 

is by conducting “intention to treat” analysis. This way all participants are included in the 

analysis as part of the groups to which they were randomized to regardless of whether they 

completed the study or not. We conducted both “intention to treat” and “per protocol” analyses 

as a way to take into account this potential bias. 

 

Bioavailability of zinc from fortified water was measured in Swiss adults (chapter 3) whilst the 

intervention was conducted in young African children (chapter 4). The higher bioavailability 

assumed may not have been the case due to age and physiological differences between the 

participants of the isotope study (chapter 3) and participants of the effectiveness study. There is 

evidence that age significantly affects absorptive capacity with younger age being associated 

with lower zinc absorption possibly due to intestinal length [7]. This reduced absorptive 

capacity may be further exacerbated by environmental enteropathy believed to be highly 

prevalent in developing countries [8, 9]. This condition is known to impair zinc absorption and 

or increase zinc losses due to mechanisms such as reduced gut barrier function and increased 

permeability [10, 11]. More studies to determine absorptive capacity of children from such areas 

may be needed to answer these questions. 

 

Subgroup analysis may lead to selection bias especially if randomization of the study population 

is not stratified according to factors defining the subgroup [12]. A proportion of the study 

households (19%) were monitored for water zinc content. Samples for atomic absorption 

spectrophotometry were collected up to midpoint whilst samples for rapid zinc analysis were 

collected throughout the intervention period. Monitoring a proportion of the households for a 

proportion of the time may not reflect the zinc water concentration of all study households 

throughout the study, especially when zinc concentrations in water show a high variation as in 

our study. Even though the households were selected randomly, this subgroup analysis may 

have distorted the balance achieved by randomization. Results should therefore be interpreted 

with caution. 

 

Information bias 

 

Interviewer bias refers to “a systematic difference between interviewers in how interview data 

is collected, recorded or interpreted” [13] and can occur especially when interviewers are aware 

of objectives of the study. Knowledge about the study of zinc intake and health outcomes may 

have increased attention to morbidity. Diarrhea morbidity especially may have been affected, 

possibly increasing prevalence estimates. The health surveillance in chapter 4 assessed other 

health problems in the study child reducing the attention on diarrhea. This may have reduced 

interviewer bias. 
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Allocation concealment is said to protect randomization sequence before and up to the time 

when the intervention is allocated to participants. Treatment allocation was done by a member 

of the research team who was not directly involved with data collection and it was concealed to 

the research team as well as all participants. Biochemical analysis was conducted by researchers 

unaware of treatment allocation. The treatment code was only revealed after primary analysis of 

the data. In this regard information bias was greatly reduced. The RCT was double blind 

meaning neither the subjects nor the researchers knew in which treatment arm the subjects 

were. Blinding helps protect randomization sequence after allocation. Control filters and 

intervention filters were matched weight to weight to avoid households identifying the filters 

that contained the zinc glass plates. Furthermore intervention arms were randomized into 4 

pseudo treatment arms identified by color code to further enhance the blinding. Hence 

information bias due to prior knowledge of treatment by participants, interviewers and analysts 

is considered to be minimal. One possibility of quantifying success of blinding weakness would 

have been to ask participants and the study team to identify the identity of the treatment arms 

prior deblinding. 

 

Respondent bias 

Respondent bias is a form of bias caused by participants not giving accurate or truthful 

responses [14]. This bias is highly prevalent in studies that involve self-reports and interviews. 

Data collection methods that rely on memory may bring about respondent bias. The morbidity 

survey as well as the dietary assessment (24hr recall) relied on the caregivers’ ability to recall 

symptoms present or foods consumed in the past week or 24 hours respectively. The request for 

clinic visit cards could have reduced this form of bias in the morbidity survey. The intervention 

group and control group had a total of only 34 and 47 clinic visits respectively throughout the 

intervention specifically for diarrhea related infections. The proportion of clinic visits was low 

and did not differ statistically between the groups, suggesting that this was a population with 

low treatment seeking behavior and clinic records could not be entirely relied upon. 

 

Social desirability is a type of response bias in which participants answer in a way that may be 

favorable to the experimenter [14]. They may over report perceived good behavior and/ or 

under report perceived bad behavior. This type of bias may also have occurred in the 

effectiveness trial. Knowledge of the hypothesis of the study may have led participants to under 

report morbidity, and over report filtered drinking water consumption. The distortions in 

response could have had an effect on validity of data collected. This phenomenon is closely 

related to the Hawthorne effect which describes a situation where study participants behave in a 

certain way because of the awareness that they are under observation [15, 16]. Filter usage was 

recorded by tally counter. Households were left to move the tally counter one count forward 

after a filtering event. The constant presence of field workers collecting data in the field may 

have ‘motivated’ filter usage artificially. This and the fact that we recorded increased filter usage 

at baseline, midpoint and endpoint assessments may have been caused by higher than usual 

presence of researchers in the field during the crucial time points. We therefore may have 

unintentionally influenced the performance of the participants. In this regard higher compliance 

in future roll out programs should not be assumed. However due to allocation concealment and 

blinding we may have made the bias equal for both intervention groups. 

 

Dietary Assessment 

In chapter 4 we aimed to estimate the habitual dietary intake of the study population. We 

conducted a 24hr recall with duplicate recall on a non-consecutive day. Measuring dietary intake 
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by the 24hr recall method presents many challenges such as recall error, interviewer bias and 

measurement error [17]. These errors could have affected the estimated nutrient intake 

(chapter 4) as well as the quality of data imputed into the modelling process (chapter 5). For this 

reason we took many precautions. Interviewers underwent an extensive training on collecting 

dietary intake data. Research instruments and methods were pretested before actual data 

collection. The multipass method used ensures that forgotten foods are captured by the process 

of using several ‘passes’ [17]. Dietary scales were calibrated before use each day. The recall days 

were randomly assigned to the interviewers and no interviewer visited the same household 

twice. Spot visits during data collection were made on the research assistants and each team had 

a supervisor who screened the questionnaires for inconsistencies and omissions at the end of 

every day, scheduling re-visits to correct the mistakes. Actual weights of duplicate portions were 

weighed, and when these were not available estimates were made based on household units, 

volume, size (small medium large) or as monetary equivalents. Conversion factors were 

determined by the supervisors and these were used to determine the amount consumed by the 

child. The mothers were able to use their own utensils during the interview and this aided the 

recall process. Finally to permit for day to day variation the 24hr recall was repeated on a non-

consecutive day in each house. The use of food composition tables can also be a source of error 

in nutrient intakes due to variation in values estimated from different conversion factors [18]. 

We primarily used the Kenya FCT [19] and this was complemented by data from other FCTs 

compiled using recognized international standards for food database compilation [20]. 

Measurement error was therefore reduced to a minimum. 

 

Measurement bias 

We found no effect of the intervention on plasma zinc status of the children. This could have 

been due to the choice of indicator for zinc status. PZn is the recommended biomarker to 

indicate a populations risk of zinc deficiency due to its ability to respond to zinc 

supplementation [21]. However while plasma zinc is often used, it is not a sensitive and reliable 

marker of zinc status because zinc levels in the blood are known to be re distributed as a result 

of infection /inflammation and fasting status amongst many factors [22, 23]. As such a suitable 

biomarker of zinc status is yet to be found [24]. 

 

To determine proportion at risk of inadequate zinc intake for children 4-6 years old (chapter 5) 

we used EARs derived from RNIs set by FAO/WHO (8mg/d) [25]. These gave a prevalence of 

inadequacy of 85%. Using the EARs set by IZINCG (4mg/d) [21] would have given a prevalence 

of inadequate zinc intake of 10%. However, this did not correspond with the high level of zinc 

deficiency found in our population based on serum zinc concentration (74%). It is possible that 

our children have higher zinc requirements due to high prevalence of diarrheal infections [10, 

26] and therefore the EARs set by IZINCG would have underestimated the prevalence of those at 

risk of inadequate zinc intake. This large discrepancy in estimating prevalence of population at 

risk of deficiency when using EARs set by IZINCG and WHO has also been observed in a recent 

cross sectional study in Benin [27]. Low plasma zinc status was elevated in the 5-8 year olds in 

the Benin study (65.3%) however 0% were below the IZiNCG EAR and hence it could be that the 

cutoffs set by IZINCG do not support the elevated requirements in such populations. 

 

Higher disease incidence has been observed with higher frequency of surveillance, i.e. 

surveillance of twice per week and above [28]. We therefore conducted household visits once 

per week for morbidity surveillance. With diarrhea only, the recall period was 48hrs as it has 

been shown that diarrhea morbidity can be under reported when the recall period exceeds 3 
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days [29–31]. We made use of trained field assistants from the local village area, due to their 

closeness to and trust from the community. In the absence of health workers, another 

alternative would have been to use health diaries however field worker data has been shown to 

be more reliable and complete in a morbidity survey comparing field worker interviews and 

health diaries in recording morbidity data [32]. 

 

We made use of pictorial diaries throughout the intervention period to record amount of water 

consumed (filtered and unfiltered). This method is useful in resource poor settings and has been 

used before to measure food consumption and record health related conditions [33].The use of 

illustrations ensured that also an illiterate caregiver could fill it in. The disadvantage of using 

diaries over a long period of time is the issue of fatigue. As the diary keeping period lengthens 

participants may become less thorough in their record keeping [34, 35]. However the diaries 

were collected once a week and there was opportunity to stress on completeness of the diary at 

every household visit hence the rate of completeness was high and equal in both intervention 

groups. 

 

Confounding 

 

Confounding occurs when the effect of exposure is mixed together with the effect of another 

variable leading to results that do not reflect the actual relationship between exposure and 

outcome [36]. Confounding is best controlled at the design stage by procedures such as 

randomization. In chapter 4 study participants were assigned to 4 pseudo treatment arms using 

a block randomization procedure that guaranteed the same numbers of randomized 

participating households per arm and balance in terms of Hb status, age and sex. Randomization 

was done successfully as a check in data analysis revealed that participants were balanced at 

baseline in terms of demographic characteristics as well as, prevalence of anemia and 

inflammation. In this case, it can be expected that both unknown and known confounders may 

be evenly distributed during randomization. Confounding can also be controlled at the data 

analysis stage. A major confounder in analyzing the effect of intervention on plasma zinc is level 

of inflammation. The effectiveness study was conducted during a season known to have high 

influenza and malaria transmission therefore infection was expected to be high in the study 

population [37]. This was reflected in high prevalence of elevated CRP and AGP in the study 

participants. However even after correcting plasma zinc for inflammation there was no 

significant time by treatment effect. Correcting for inflammation proved to be suboptimal as in 

chapter 2, the change in zinc deficiency prevalence ranged from 2% to 10% by all applicable 

methods of correcting except when using the published CF approach (19.2% change). 

 

EXTERNAL VALIDITY 

 

Under this section the results from this thesis will be discussed in relation to other studies as 

well as how generalizable to different settings the results are: 

 

 

Prevalence of zinc, iron and vitamin A deficiency in preschool children in the presence of 

inflammation 

 

The findings of chapter 2 indicate that there is high prevalence of zinc, iron and vitamin A 

deficiency among preschool children in rural western Kenya. This to a large extent reflects 
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inadequate dietary intake or poor quality diets at household level. This was also reflected in 

chapter 5 when 44 out of 60 children had intakes below the EAR in 4 or more of the 11 nutrients 

studied. The diets of the children were characterized by low variation in foods consumed and 

other studies have confirmed this low variation in foods consumed and presence of multi-

micronutrient deficiencies in Kenyan children [38, 39]. The prevalence of zinc deficiency 

reported in this chapter (74.4%) is higher than values reported among children from western 

Kenya (32%) [40], and 50.8% [41]. The causes of this discrepancy is unclear however, and even 

after correcting for inflammation the level of deficiency was still above the set global threshold 

(20%) indicating that zinc deficiency is a significant public health problem in Western Kenya. 

Our comparison of methods used to correct for inflammation led to varying estimates. The 

magnitude of difference, for iron and zinc deficiency was small and produced a change in 

estimated prevalence of ≈10% for both nutrients. Zinc deficiency prevalence varied from 66.8% 

to 74% (excluding use of published CFs), iron deficiency prevalence from 57%-66% and vitamin 

A deficiency from 8% to 37% depending on the approach used. Limited studies have described 

or compared the effect of different approaches of correcting for inflammation on prevalence 

estimates [42, 43] , in addition the absence of a reference approach is a constraint. Nevertheless 

it is evident from all the studies that a context specific consensus is required on approaches to 

account for inflammation.  

 

Zinc elution and bioavailability 

 

The elution trials showed that the LSF strategy was capable of delivering nutritionally relevant 

zinc concentrations when used regularly. Concentrations of zinc in eluted water increased when 

filters were stored for periods of time (1 week) and when low amounts of water were filtered 

(<10L/d). We could not compare our results due to lack of data from published similar studies 

however it has been shown before that irregular filter usage with low amounts of water can 

affect zinc elution adversely [44]. The absorption trial in chapter 2 showed that when zinc 

fortified water was consumed away from meals, absorption was 65.9% whilst it was 

approximately 7 times lower with no significant difference when zinc fortified maize cereal was 

consumed or zinc fortified water was consumed with an inhibitory maize porridge. The amount 

of zinc absorbed proved to be similar to results obtained from previous absorption studies of 

zinc in aqueous solution; 90% and 62% for a Zn dose of 1.0 and 5.0 mg [45], 69% and 63% of a 

ZnCl2 solution delivering 0.5 and 4.0 mg [46], 73-74% from a water solution delivering 2.6 mg 

Zn as ZnSO4  [47], 73% for a Zn dose of 2.6 mg [48], 73% for an intake of 2.0 mg aqueous Zn as 

ZnSO4 [49], and 61%, 61%, and 50% from a Zn dose of 10 mg as Zn citrate, Zn gluconate and 

ZnO, respectively [50]. This high absorption reflects the absence of inhibitory factors in an 

aqueous medium such as the food matrix or phytic acid [21, 47] . 
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Effectiveness of zinc fortified water 

 

Drinking water fortified with zinc at the level of 1.15mg/L (≈0.6mg/d) made a substantial 

addition to dietary zinc intake (42% and 36% of daily requirements of absorbable zinc intake of 

children 1-3 and 4-6 years respectively). This led to a decrease in overall morbidity rates and 

morbidity due to cold, stomach pain and diarrhea; however we did not find an effect on plasma 

zinc and prevalence of zinc deficiency. To our knowledge no study has reported on the 

effectiveness of zinc fortified water on zinc status and morbidity of children, however similarly 

to our findings on morbidity, daily zinc supplementation (5mg per day Zn in 5ml sterile water) 

reduced incidence of diarrhea and upper respiratory tract infections in Tanzanian infants [51]. 

Plasma zinc is known to respond to supplementation [24, 52] however it is also not a highly 

sensitive and reliable biomarker [24]. This and the fact that the dose was much lower than that 

used in supplementation could be the reason we did not observe an effect on PZn.  

 

A previous study on the effect of zinc fortified formula (3.2mg/L) in infants showed a change in 

functional outcomes (growth and improved immune competence) but no change in plasma zinc 

[53]. Several other zinc intervention studies have also demonstrated a functional effect with no 

effect on plasma or serum zinc [54–57]. These studies mostly conducted in malnourished 

children may indicate that a functional response is higher due to sequestration of zinc by tissues 

or biochemical processes (such as immune response) in need of zinc. ZIP4 is known to increase 

in times zinc deficiency [58], and zinc from plasma is taken up in the tissues by ZIP transporters 

[59]. This is what may have occurred in the current study. Furthermore a review on the effect of 

zinc supplementation on acute and persistent diarrhea did not find plasma zinc to be a 

significant predictor of response to zinc supplementation in acute diarrhea [60]. 

 

In the absence of studies on effectiveness of zinc fortified water, our study can be cautiously 

compared to a recent efficacy trial on the effect of zinc fortified water on zinc status in children 

conducted in rural Benin [61]. In this school based trial, zinc fortified drinking water (overall 

daily intake of 2.8mg/d) was able to uphold higher plasma zinc concentration and reduce 

prevalence of zinc deficiency, but no effect was detected on morbidity levels in the study 

children. Several differences between the two studies deserve mention. The population of the 

current effectiveness trial was much younger (2-6 vs 6-10years old) and possibly more 

vulnerable to infections (prevalence of elevated CRP and AGP at baseline was higher for the 

Kenya study than the Benin study) hence an intervention effect was observed on morbidity. The 

average daily amount of zinc consumed from fortified water (0.6mg/d vs 2.8mg/d), average 

water consumed per day (500ml/d vs 600ml/d) and compliance (40% vs 87%) were all higher 

in the efficacy trial compared to the effectiveness trial. The prevalence of malnutrition as 

indicated by anemia, iron, zinc and vitamin A deficiency was higher in Kenya compared to Benin. 

These contrasts in addition to study design (effectiveness vs efficacy) may have led to 

differences in outcomes between the 2 studies. 
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Dietary recommendations 

 

In chapter 5 in the final modelled diet, the problem nutrients in the subsample of 4-6 year olds 

were identified as folic acid and vitamin A. Vitamin A especially is a nutrient often found to be 

limiting in most diets of individuals from low income countries [62] and this is also 

demonstrated in other modelling studies [63–66]. Surprisingly no children were below the EAR 

for iron intake and iron was not identified as a problem nutrient in the children’s diets in the 

modelling process. This is despite the prevalence of anemia and iron deficiency being high in this 

population (52 and 63% respectively). It has been observed from other studies that iron is often 

inadequate from diets of individuals of poor regions [67, 68]. This discrepancy of high 

prevalence of anemia and iron deficiency with no children at risk of inadequate iron intake may 

indicate the presence of anemia and iron deficiency of non-nutrition origin such as that caused 

by malaria and other parasites eg helminthes. These parasitic infections can lead to iron 

deficiency through mechanisms that include extra corporeal blood loss, haemolysis and 

inflammation [69, 70]. Parasitic infections are highly prevalent in western Kenya as observed in 

some studies [71–74] with co infection known to lead to greater risk of anemia [75] and this 

could also be the situation in western Kenya. 

 

The results of linear modelling indicated that the addition of zinc fortified water can improve 

zinc RNI coverage from an actual 61% to a theoretical 87%. Combining this intervention with 

additional food based recommendations led to nutrient adequacy in all nutrients except for 

vitamin A (25%) and folic acid (68%). The modelled final FBRs clearly suggest that using local 

foods alone cannot provide adequate vitamin A and folic acid. Alternative methods have to be 

explored in order to improve their intake particularly for vitamin A whose coverage was far 

below the cutoff of 70%. Routine vitamin A supplementation conducted in all health centres in 

Kenya can be adequate to fill the nutrient gap provided the coverage is extensive however 

national coverage has been shown to be low as 19% [76]. Biofortification of plant foods with pre 

vitamin A is a novel approach that has been proven to improve vitamin A status in vulnerable 

groups [77, 78]. Examples of biofortified plants that have been tested with positive outcomes 

include yellow maize [79] and orange flesh sweet potato [80]. It remains a challenge however to 

scale up this approach for implementation on a larger scale. In chapter 5 we conclude that a 

single nutrient intervention such as LSF strategy must be accompanied by food based 

recommendations to ensure nutrient adequacy. 

 

Until the recommendations are implemented and tested in practice the results of such modelling 

exercises should be interpreted with caution as they may be under or over estimation of the 

effects of the intervention. The recommendations may be acceptable or may require 

modification in order to make them feasible and acceptable in a real setting. 

 

GENERALIZABILITY 

Effectiveness trials are designed to measure the beneficial effect of an intervention in a real life 

setting [81] and therefore should be conducted on participants who represent the full spectrum 

of the population to which the intervention might be applied. The research reported in this 

thesis was conducted in pre-school children living in areas with unimproved water supply. 

These children had an elevated risk of zinc deficiency due to increased requirements and 

exposure to contaminated water sources which made them susceptible to diarrheal infections 

[82]. Children between the ages of 2-6 years were particularly selected because it was assumed 

that they were non breastfed, spent most of their time at home and could therefore drink from 
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the LSF device an unlimited number of times as compared to school going children. Our results 

of the efficacy trial therefore may not be extrapolated to older children for the following reasons. 

They are expected to spend a greater proportion of the day away from the households and may 

not be able to drink exclusively from the device reducing exposure to intervention unless 

measures are put in place for them such as provision of zinc fortified water in schools. Older 

children have higher zinc requirements [21] and possibly lower disease prevalence. 

 

The most important reason for selecting Kajulu Koker in Western Kenya was because it is 

situated along the shores of Lake Victoria with limited supply of improved water sources. 

Households relied mainly on the lake for domestic water purposes especially during the dry 

season. A preliminary survey of water sources in the area revealed high levels of contamination 

from this large water body (unpublished data). Diarrhea prevalence was expected to be high in 

this area as well as zinc deficiency and this was confirmed in our study. We expected the 

intervention effect to be higher in these zinc deficient children with documented high rates of 

diarrhea [83, 84]. In this regard, our results may be applicable to children living in areas with 

unimproved water sources and not just Western Kenya and may not be extrapolated to 

populations with access to improved water sources and or with normal zinc status. 

 

Generalizability of results is not only influenced by respondent (or subject) characteristics but 

by adherence to protocol [85]. The current study designed as an effectiveness study reflects 

better the true effect of the Lifestraw in a non-study setting compared to the efficacy trial. The 

distinction between effectiveness and efficacy has been described before and includes the 

employment of more stringent controls in efficacy trials for all variables concerned maximizing 

internal validity more than external validity [3, 81]. In this regard participant compliance was 

higher in the school based Benin efficacy trial as the study participants were served with ready 

to drink zinc fortified water than the household based effectiveness study where the 

participants prepared and consumed the zinc fortified water independently from the 

investigators. Compliance to such interventions in real world setting is expected to more closely 

resemble an implemented hypothetical fortification program. 

 

In chapter 5 we made use of intake data from a particular season (pre harvest season) to 

develop the food based recommendations. Seasonal variation in food availability is expected as 

the household food production relied on rain fed agriculture. Other studies conducted in 

developing countries have observed seasonal variations in dietary intake [86–88]. For this 

reason the results obtained cannot be generalized to the whole year. Further studies that take 

into consideration seasonal variation would be necessary. 
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CONCLUSIONS  

 

 Zinc deficiency is a problem of significance in rural African pre-school children living in 

diarrhea endemic areas exposed to unsafe water sources and interventions are 

necessary. 

 With elevated uncorrected prevalence (above the respective threshold), the choice of 

approach may not be important to decide if a problem is of public health significance or 

not. 

 The Lifestraw Family filter with zinc is one such intervention capable of fortifying water 

with highly bioavailable zinc at adequate and safe levels when used regularly in 

sufficient quantities. 

 Zinc fortified water is effective in improving dietary zinc intake, reducing childhood 

morbidity but had no effect on plasma zinc in preschool children from rural Western 

Kenya. 

 Zinc fortified water together with food based recommendations has the potential to 

ensure nutrient adequacy for all nutrients except folic acid and vitamin A in children 4-6 

years old from rural Western Kenya. Additional interventions will be required to ensure 

dietary adequacy for these nutrients. 

 

IMPLICATIONS FOR PUBLIC HEALTH 

 

The concept of water fortification with zinc has great potential and should be considered for 

introduction in communities that subsist on cereal based diets due to numerous advantages of 

water as a vehicle for fortification. Water is devoid of inhibitors and reduces prevalence of water 

borne infections such as diarrheal infections also contributing to improved zinc status. However 

it is the concept of water fortification with LSF device that would require more attention, 

especially concerning technical considerations, compliance and practical challenges.  

 

Technical considerations 

 

Before implementation future studies should focus on reducing the inter and intra filter 

variability in terms of zinc elution. This could entail the development of a homogenously soluble 

zinc phosphate glass plate with a dissolution constant that is unaffected by usage pattern or 

storage. The zinc phosphate glass plates designed for the effectiveness trial were slow dissolving 

plates but gave a range of zinc concentration from as low as 0.04 to as high as 18.7mg/L. Since 

results of the elution trial showed that zinc elution was very much dependent on usage pattern, 

to reduce variability in elution due to different usage patterns, there should be consideration of 

using this concept in bulk water supply systems such as tanks, boreholes and wells. This will 

have an added advantage of making elution rate independent of compliance.  

 

Compliance 

 

Research is required on how compliance can be further increased at household level as 

compliance will affect efficacy or effectiveness of any intervention. This study did not set out to 

investigate causes of compliance however a change in filter design to reduce user burden has 

been suggested before [44]. This should be coupled with behavior change interventions as 

suggested in other literature [89] as a change in filter design alone may not guarantee increased 
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compliance. Compliance may have been affected by factors we experienced in the field explained 

further below: 

 

Field experiences with LSF filter 

 

The filters often suffered some degree of blockage especially during the dry season when 

available ground water was more turbid than usual. A more porous pre-filter supplied with the 

device or technique to reduce turbidity before filtering could reduce episodes of blockage. We 

often advised the households to first remove turbidity using a disused clean cloth however even 

though we did not check, this could have been burdensome for some of the households. 

Households often gave reference to how small the upper bucket was (2.5L). This meant that they 

had to refill it several times each time in between household chores and on farm activities in 

order to fill the 10L jerrican. Failure to refill would create an airlock in the column and the filter 

would have to be backwashed to re-ensure a continuous stream of filtered water flowing into 

the jerrican. Increasing the size of the upper bucket may eliminate this need to constantly re fill 

which may have affected compliance. 

 

Field workers on some occasions spent time unblocking and replacing parts of the filter during 

routine household visits. This may indicate that such an intervention may not be able to run 

independently in the community without adequate support personnel. Until the filter is designed 

to function with minimal attention from support personnel, this type of intervention can only be 

scaled up when there are adequate financial resources to support additional staff required. 

 

FUTURE RESEARCH 

 

 Our study was not powered to investigate effect of zinc fortified water on stunting as an 

indicator of zinc status [90]. We recommend further effectiveness studies with adequate 

sample sizes powered to investigate the effect of zinc fortified water on child growth.  

 Considering the presence of multiple micronutrient deficiencies in areas of low socio 

economic status further studies should investigate the efficacy of this concept with other 

nutrients and/or more than one nutrient on nutrition status of vulnerable groups such as 

pre school children. This could ensure that the RNI for vulnerable groups is covered to 

the greatest extent possible through water fortification.  

 Considering the adverse effects of zinc deficiency on birth outcomes such as pre term 

birth and low birthweight, inconsistent results from zinc supplementation interventions 

[91, 92], and limited results from effect of zinc cereal fortification on pregnancy and 

birth outcomes [93], It is worthwhile to investigate efficacy of zinc fortified water on 

pregnancy and birth outcomes. Efficacy trials are therefore required.  

 We show that combining water fortification with food based recommendations improves 

nutrient adequacy in children 4-6 years old. Further studies should investigate nutrient 

adequacy achieved by linear modelling in older children or other target groups such as 

pregnant and lactating women. The feasibility and acceptability of food based 

recommendations achieved from linear modelling must be investigated in the 

communities intended for their use. 

 Considering that plasma zinc was unresponsive to intervention, future research should 

focus on finding novel zinc biomarkers more sensitive to small changes in dietary zinc 

intake and reflecting long term zinc status. 
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 The role of zinc at higher supplementation rates as an immune-modulator is well 

established. Future studies designed as dose response studies should aim to test our 

hypothesis that the low amount of zinc in the fortified water may have amplified the 

immune response as shown by high prevalence of the acute phase protein AGP in the 

intervention group  

 Future research should aim at achieving a consensus on approaches for correcting 

nutritional biomarkers for the presence of inflammation. 
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Summary 
 

Zinc deficiency is likely highly prevalent in preschool children in rural Africa. These children 

mainly subsist on cereal based diets that are high in inhibitors of zinc absorption and suffer from 

repeated infections such as diarrheal infections that further deplete the body of zinc. It has been 

observed that in areas with high prevalence of diarrheal infections, zinc deficiency also coexists 

as a problem of public health significance. Interventions to reduce both diarrheal infections and 

zinc deficiency can be effective in improving zinc status in vulnerable groups living in these 

areas. Vestergaard Frandsen has developed a point of use household water filter that purifies 

water and concomitantly fortifies it with zinc at a range approximately 1-4mg/l. This household 

water filter is meant for areas of low socioeconomic status with limited access to improved 

water sources. Introduction of zinc fortified drink water through Lifestraw Family filter (LSF) 

strategy offers two benefits: purifying drinking water and secondly improving zinc intake and 

status, however direct evidence on the public health potential of this approach is lacking 

 

The first chapter provides background information on zinc, functions and metabolism in the 

body, zinc deficiency, as well as the research questions and a description of the study area. The 

investigations in this thesis consists of a cross sectional study, an effectiveness study conducted 

in children 2-6 years old from rural Western Kenya, as well as a stable isotope study conducted 

in Swiss adults. The research was conducted in rural Western Kenya, Kisumu west district. The 

study site consisted of 15 villages that lie along Lake Victoria approximately 25km from Kisumu 

town. This rural population lacks access to many basic health care services and poverty is 

prevalent. The research aimed to investigate the contribution that zinc fortified water would 

make to dietary zinc intake and effect of daily consumption on zinc status and morbidity in 

children aged 2-6 years. 

 

In a baseline cross sectional study we first investigated the prevalence of zinc, iron and vitamin 

A deficiency in pre-school children from rural Western Kenya (Chapter 2). In order to quantify 

prevalence of deficiency in this population in the presence of inflammation, we compared effect 

on prevalence estimates of different approaches proposed in literature for correcting nutritional 

biomarker for the presence of inflammation. The results indicated that zinc and iron deficiency 

were severe public health problems among the pre-school children affecting 74% and 61% of 

the children respectively. The prevalence did not change substantially after correcting by all 

applicable approaches (Zn deficiency change range 2-10.2% when excluding published CF 

approach), (iron deficiency change range 0.6-10.3%, definition inclusive of sTfR). Vitamin A 

deficiency affected 34% of the children and different approaches changed the prevalence from 

high to moderate and to a problem of no public health significance. The percent decrease in 

prevalence ranged from 43-78%. Regardless of approach used, iron and zinc deficiency was high 

in this population and of public health importance. 

 

Chapter 3 describes the LSF filter device-with-zinc meant to provide zinc fortified water in 

areas at elevated risk of zinc deficiency exposed to limited improved water sources. We first 

conducted a single blind cross over trial in Swiss adults (18-45yrs) to compare zinc absorption 

from fortified water with zinc absorption from a fortified maize porridge. Absorption was 7 

times higher (65.9%) from zinc fortified water when consumed alone compared to when 
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consumed with maize porridge (9.8%) or from fortified maize porridge consumed with water 

(9.1%). In order to instruct households on how to use the device, we conducted laboratory 

experiments to assess effect of volume filtered and idle time on zinc elution from the device. 

High volumes resulted in lower zinc elution 2L/day (4.7±1.6mg/L), 10L/d (1.7±0.9) and 20L/d 

(1.3±0.7mg/L) whilst increased idle time led to higher zinc elution. The percent increase in zinc 

eluted after 1 week storage was 23.4% (2L/d), 82.4% (10L/d) and 43.1% (20L/d). After a 

second week of storage zinc elution further increased by 56.9% (2L/d), 12.9% (10L/d) and 

7.5% (20L/d), compared to the last week of filtering. This led to the conclusion that zinc fortified 

water should be consumed away from meals for high bioavailability. The filter should be used 

regularly with higher quantities of water for adequate and safe zinc concentrations. The filter is 

more resilient to idle time when used with higher volumes of water. 

 

Chapter 4 describes the effectiveness study conducted with children 2-6 years old from rural 

Western Kenya to investigate whether zinc fortified water when provided daily would 

contribute to dietary zinc intake and if this would translate to improved plasma zinc, growth and 

reduced morbidity. Eligible children (n=184) were randomised to 2 intervention groups; LSF 

with zinc group and LSF without zinc group. We found that daily consumption of zinc fortified 

water at the median rate ≈461ml/d per child contributed 42% and 36% of daily requirements 

for absorbable zinc in children 2-3 and 4-6 years respectively. A treatment effect was obtained 

on overall morbidity (RR=0.91; 95%CI: 0.87, 0.96), morbidity due to colds (RR=0.91; 95%CI: 

0.83, 0.99) and stomach pain (RR =0.70; 95%CI: =0.56, 0.89) and a significant reduction for 

diarrhea in the per protocol analysis, (RR=0.72; 95%CI: =0.53, 0.96). There was no treatment 

effect on plasma zinc concentration or on stunting. 

 

In chapter 5 we designed food based recommendations that would be required to accompany 

introduction of zinc fortified water in children aged 4-6 years old to ensure nutrient adequacy. 

We formulated the following set of FBRs in the modelling exercise :1) whole grain products, 

unfortified (14 serves per week), 2) fluid or powdered milk unfortified (7 serves per week), 3) 

nuts and seeds (4 serves per week), 4) vitamin A rich vegetables (7 serves per week), 5) other 

starchy plants (7 serves per week), 6) vitamin C rich vegetables (7 serves per week) and 7) small 

whole fish with bones (7 serves per week). These FBRs achieved nutrient adequacy for all 

nutrients except for vitamin A (25%RNI) and folate (68%RNI). We concluded that additional 

interventions would be required to close the remaining nutrient gaps for vitamin A and folate. 

 

Finally chapter 6 discusses the main findings and conclusions of this thesis in a broader public 

health context and provides recommendations for further research. Overall, research from this 

thesis has shown that in pre-school children at elevated risk of zinc deficiency living in areas 

with limited access to improved water sources, zinc fortified water is capable of contributing to 

dietary zinc intake and reducing morbidity due to colds, stomach pain and diarrhea. Food based 

recommendations are required to accompany a single nutrient intervention such as this one in 

order to achieve overall nutrient adequacy. This thesis provides evidence on the effectiveness of 

this household based zinc fortified water intervention approach. Future research should focus 

on improving the zinc delivery method. Feasibility and acceptability of FBRs produced by linear 

programming must be tested in a real setting. We also show that with high prevalence of zinc 

and iron deficiency, the approach used to correct biomarker for inflammation does not lead to a 

substantial difference in prevalence.  
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