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Abstract

Background: The etiology of anemia and stunting during early childhood in Cambodia is uncertain. 
Objective: To assess the role of genetic hemoglobin (Hb) disorders, iron and vitamin A deficiency, infection, feeding practices, and other factors on hemoglobin and growth status of infants and preschool children in Cambodia.

Design: Data on socio-demographic status, household wealth assets, WHO feeding indicators, morbidity, and growth were collected from children aged 6 to 59 mo randomly selected from three rural provinces and the Municipality of Phnom Penh (excluding the Central Operating District). Blood samples were also collected from a selected subsample (n=2375) for a complete blood count, Hb type (by DNA analysis), ferritin, transferrin receptor, retinol binding protein (RBP), C-reactive protein (CRP), and α-1-glycoprotein.

Results: In the rural and urban provinces, the prevalence of anemia (ignoring the impact of genetic Hb disorders) was 57 vs. 31%; stunting: 42 vs. 27 %; and vitamin A deficiency 7 vs 3%. Age group, Hb type, setting (rural vs. urban), and CRP were major predictors of both Hb and HAZ-scores. Additional predictors of Hb only were:  ferritin, transferrin receptor, and RBP.  Hb type also influenced serum ferritin and transferrin receptor (p<0.001). Compliance to WHO feeding indicators was not associated with Hb or growth. Significant risk factors for anemia were aged < 2 years, having a genetic Hb disorder, low iron status, vitamin A deficiency, being male, and having a CRP > 5 mg/L. Those for stunting were aged > 2 years,  living in a rural household, having a thalassemia trait, being male, and anemic. 
Conclusion:  Hb disorders are a major contributor to both anemia and stunting, and limit the usefulness of iron biomarkers for assessing iron status. Clearly, new low cost methods for detecting these genetic Hb disorders in South East Asia are urgently required.  Programs to prevent anemia and stunting should focus on rural households and aim to reduce infection, increase coverage of vitamin A supplementation, and enhance both the quality and quality of complementary foods through nutrition education and micronutrient fortification, 


Introduction

Anemia is a major and persistent public health problem in Cambodia, where the rate of anemia amongst children 6-59 mos is still more than 50% (CDHS, 2006), with severe potential adverse health consequences. Nevertheless, there is limited information in Cambodia on the relative contributions of factors known to be associated with childhood anemia. Nutritional iron deficiency is often assumed to be the major etiological factor (HKI, 2001), in part because microcytic, hypochromic anemia predominates.  However, anemia of this type is also associated with both vitamin A deficiency (West et al., 2007) and inherited hemoglobin (Hb) disorders that affect the structure, function and/or production of Hb (Thurlow et al., 2005). The occurrence of both of these conditions is well documented in Cambodian children (Cambodia Micronutrient Survey, 2000; Carnley et al., 2006; Giovannini et al., 2006; Anderson et al., 2008a).

Comprehensive community-based investigations of inherited Hb disorders in Cambodia are limited. Two genetically distinct groups are common: Hb E disease and α- thalassemia (Weatherall and Clegg, 2001; Carnley et al., 2006); their frequency varies with the geographic region. Hemoglobin E disease arises from a genetic alteration in the physical structure of hemoglobin, specifically a single amino acid substitution in one of the β-globin chains. In α-thalassemia, mutations involving deletion of one or more α-globin genes cause impaired globin chain synthesis. Numerous combinations of α -thalassaemia variants with Hb E also occur.  The clinical features of inherited Hb disorders vary with the severity of the genetic defect and its impact on Hb structure and function. Some of the Hb variants present as mild-to severe-anemia, whereas others are associated with multiple clinical complications that may sometimes be severe enough to cause death in utero (Weatherall, 2010). 

Parasitic infections may also be implicated in the etiology of anemia in Cambodia. In the past, malaria, was widespread in Cambodia, but now exists in only a few provinces. In contrast, intestinal helminth infections such as hook worm and Ascaris lumbricoides continue to be common, with infection rates in children over 50% in some rural settings (Lee et al., 2002). In addition to depleting body iron through blood loss, helminth infections may also impair growth and exacerbate the risk for other micronutrient deficiencies, by reducing digestion and absorption, and enhancing nutrient losses (e.g., vitamin A) (Koski and Scott, 2001). 

Rates of undernutrition among children less than 5 years of age are also high in Cambodia. In the most recent 2005 Demographic and Health Survey, stunting was 37.3%, wasting 7.3%, and underweight 35.6% (CDHS, 2006). Further, risk of stunting and wasting is higher among the poorer children in Cambodia (Van dePoel et al., 2008). 
Clearly, a variety of nutritional and non-nutritional factors including inherited Hb disorders, parasitic infections, and socio-economic inequalities in Cambodia could influence the prevalence of anemia and growth. However their relative importance has not been examined. Therefore, the objectives of this cross-sectional survey in Cambodian preschool children aged 6 to 59 months were: (1) to assess and compare the prevalence of anemia in rural and urban settings; and (2) to investigate the factors that might predispose them to anemia and impaired growth, with particular emphasis on the role of inherited Hb disorders, iron and vitamin A deficiency, infections, socio-economic status and household assets.
. 
PARTICIPANTS AND METHODS

Study design and participant selection

A community-based, cross-sectional survey was conducted on 3,416 children aged 6 to 59 months recruited from four provinces in Cambodia: Battambang, Kampong Thom, Preah Vihear, and  the Municipality of Phnom Penh (excluding the Central Operating District).  Children were selected by systematic random sampling using a two-stage cluster sampling technique to ensure a statistically representative sample from each of the four provinces. In the first stage, 30 villages were randomly selected from each province based on probability proportional to size (PPS) sampling using a census listing of the population in each village. In the second stage, children were randomly selected from a list of eligible children generated by the survey team in each village until the required number of children per village was selected (maximum number of 28). Eligibility criteria were apparently healthy children aged 6 to 59 months (inclusive) with no detectable medical reasons for poor health or chronic disease, and whose primary care-givers were willing to allow them to participate Is this correct??. The sample sizes per province were sufficient to estimate an expected prevalence of deficiency of iron and vitamin A, and inherited Hb disorders by province of 50%, 20%, and 35%, respectively, with a precision of 5% with 95% confidence, allowing for 10 % attrition and a design effect of 2.0 (REF needed here?). The number of children invited to participate per province was xxx, of whom 854 children in each province agreed to participate, yielding a total sample size of 3,416 children. Ethical approval for the study was granted by Cambodian National Ethics Committee for Health Research.  Written informed consent was obtained from the parents or care-givers of each child. 

Assessment of sociodemographic status, household characteristics, child morbidity, and health status 

Trained Cambodian field workers administered a pretested structured questionnaire to the parents or care-givers (Where?? In their homes) to collect information on sociodemographic status, maternal education, mortality rates for infants and children under five, household’s assets and other household characteristics. This questionnaire was also used to collect information on the index child. Variables included were age, sex, episodes of illness in the last two weeks (acute respiratory infection, diarrhea, and fever), administration of deworming tablets (i.e., albendazole?), and use of iron and vitamin A supplements. 
A single stool sample was obtained from 1880 children and transported on ice to the National Institute of Public Health (NIPH) Laboratory. The frequency of intestinal parasite infestation was examined microscopically using the formalin-ether sedimentation technique (WHO, 1991). One slide was examined per stool. (Can you check this is the correct method??). 
Assessment of breastfeeding and complementary feeding practices

Information based on self-reports by the mothers or primary caregivers on breastfeeding and complementary feeding practices was collected for infants and children aged 6 to 23 months of age using the pre-tested questionnaire. Additional information on food consumption patterns during the previous 24 hours was also obtained from all the children aged six to 60 months of age. From these questions, selected indicators recommended by WHO (2008) were compiled to assess the extent to which the mothers or primary caregivers were adhering to the WHO guiding principles for complementary feeding of the breastfed child and non-breast fed child (WHO, 2004a; 2005). 

Assessment of anthropometric status

Weight and recumbent length or height (for children aged ≥2 years) was measured on each child by trained anthropometrists with children wearing light clothing and no shoes. Measurements were taken using standardized techniques and calibrated equipment (WHO, 2004b) in duplicate; a third measurement was taken if the difference between the first two was outside the allowable difference for that measure (de Onis et al., 2004). Both recumbent length and height were measured to the nearest 0.1 cm using a portable infant length/stature measuring board (xxx model, manufacturer, city, country needed here), and weight to the nearest 5 g via an electronic scale (xxx model, manufacturer; city country). Z-scores for length- or height-for-age (L/HAZ), weight-for-age (WAZ), weight-for-length or height (WHZ), and body mass index-for-age (BAZ) were calculated for the children aged 6 to 60 months from the WHO 2007 multi-center growth reference data using the computer program WHO Anthro 2007 (Blössner et al., 2007). Children with unacceptable extreme Z-scores were excluded from the dataset. Stunting, underweight, and wasting were defined by Z-scores for LAZ, WAZ, and WLZ < (2 SD, respectively, below the median values of the WHO growth reference data. 

Laboratory assessment  

Anticoagulated whole blood and serum were collected from non-fasting morning?? Is this correct? venipuncture blood samples into evacuated tubes with and without EDTA as an anticoagulant (Becton Dickinson, Franklin Lakes, NJ) and kept cold prior to  separation and processing in the provincial laboratories. Serum samples were frozen in polyethylene vials at  –70°C for later analysis. 

Aliquots of anticoagulated whole blood were analyzed for a complete blood count (including red cell distribution width and eosinophil count) using an automated hematology analyzer (Sysmex KX21) in the NIPH Laboratory, Phloem Penh. Malaria screening was performed on thick and thin blood films stained with 4% Giemsa stain by experienced technicians in the NIPH laboratory.

Hemoglobin genotyping was performed on whole blood in selected blood samples. Please clarify how these samples were selected. Analyses was based on polymerase chain reaction (PCR) and a reverse-hybridization method which covered 21 α-globin and 22 β-globin mutations; details are given elsewhere (REF needed here). In this report we only include data for the participants with a normal Hb type (HbAA) and for the four Hb variants for which the number of children with each of these four Hb variant was at least 100. The Hb variants included were: Hb E trait (Hb AE); Hb E homozygote (Hb EE); α+-thalassemia trait (i.e., one affected α-globin allele); and Hb E trait with α+-thalassemia trait. Data for the Hb variants present in one percent or less of the children were excluded for the purpose of the analyses presented here. 
Ferritin, transferrin receptor, retinol binding protein (RBP), alpha-1 acid glycoprotein (AGP) and C-reactive protein (CRP) were assayed by an enzyme-linked immunosorbent assay technique (Erhardt et al., 2004) in the laboratory of SEAMEO, Regional Center for Community Nutrition, University of Indonesia, Jakarta, Indonesia. For CRP and AGP, serum concentrations > 5 mg/L and > 1 g/L were taken to indicate acute and chronic inflammation and infection, respectively (Thurnham et al., 2003). 

The WHO (2001) definition of anemia (Hb <110g/L) was used. Both serum ferritin and transferrin receptor were influenced by the genetic Hb disorders, which affected 53.5% of the participants for whom Hb genotyping was performed. As a consequence, the prevalence of iron deficiency anemia (IDA) and storage  iron depletion were not calculated for all the children in the survey, but only for those  children with a normal Hb type (i.e., Hb AA). For the Hb AA children, a low serum ferritin (i.e., < 12 μg/L) in the absence of acute inflammation or infection with or without anemia was considered to reflect IDA and storage iron depletion, respectively, as recommended by WHO/CDC (2005).  Tissue iron deficiency was defined by a serum transferrin concentration > 8.3 mg/L (Erhardt et al., 2004).
Statistical analysis

For this report children were excluded from the multiple linear regression analysis when data were missing for the explanatory variables. Values in the text are means (95th CI) unless otherwise stated. Serum ferritin concentrations were log transformed prior to analysis to better approximate a normal distribution. 

Contingency tables of socio-demographic status, household characteristics and assets, morbidity, heath status variables, and selected feeding practices by rural versus urban settings were tested using the Pearson’s chi-square test for the dichotomous variables. Multiple linear regression analyses were performed to identify the independent predictors of Hb, log serum ferritin, transferrin receptor, RBP, and the anthropometric Z-scores. The explanatory variables included in the regression models were those that were known (Anderson et al., 2008a; Marriott et al., 2010) or suspected (Van dePoel et al., 2008) to be biologically important. Indicator variables were used for infection (CRP > 5mg/L), age group (n=5), genetic Hb variants (Hb AA; Hb E trait (Hb AE); Hb E homozygote (Hb EE); α+-thalassemia trait (i.e., one affected α-globin allele); and Hb E trait with α+-thalassemia trait) and setting (rural vs. urban). There was no evidence in the multiple regression models of multiple co-linearity among the independent variables.

Differences in the prevalence of anemia, IDA, storage iron depletion, tissue iron deficiency, and vitamin A deficiency by setting were assessed in the Hb AA children only using cross-tabulation and Pearson’s chi-square test for these categorical variables, with children with serum CRP > 5.0 mg/L excluded. 

Logistic regression analyses were also used to calculate the odds ratios (OR) and confidence intervals (CI) for anemia and stunting. For these analyses, data for children with a normal hemoglobin type (Hb AA) and the same four genetic Hb variants were used. All P values were two-sided and were not adjusted for multiple testing. Differences were considered significant at P<0.05. All the statistical analyses were performed using STATA version 12 (Stata Corporation, College Station, TX, USA), accounting for the survey design.
RESULTS
Socio-demographic status, household characteristics, child morbidity, and health status 

Of the children, 75% were recruited from households in the three rural provinces—designated as ‘rural” — and 25% from households in Phnom Penh, designated as “urban”. The proportion of males and females by setting and by age group was similar. However, there were some striking differences in socio-economic status variables, household characteristics and assets between the children from the rural and urban settings. Urban mothers had more education than their rural counterparts (p<0.001); nearly 60% had completed at least six years of education compared to only 27% for the rural mothers. More urban mothers had electricity in their home,  owned a cell phone, and used a variety of household fuel sources such as liquid petroleum gas (LPG) (42%), wood (30%), or coal (24%), compared to the rural mothers, whereas for almost all of the latter, wood was the sole source of fuel. Household building materials also differed in the two locations. Two thirds of the urban mothers lived in houses with metal roofs and floors made from materials other than palm and bamboo such as ceramic or cement tiles or vinyl or asphalt strips. In contrast, bamboo or palm was used for almost all of the floors, and a third of the walls of the rural houses (Table 1). 
The reported prevalence of any illnesses was high in both settings (Table 2). In both locations in the past two weeks, over 90% had experienced an episode of acute respiratory infection, although only about 25% had experienced diarrhea or fever.  In contrast, the prevalence of  chronic (but not acute) infection and esosinophilia differed by setting, with rural children having a higher prevalence than urban children (p<0.001). Infection rates of intestinal parasites, however, were comparable in the two settings (i.e., ~ 30%). Of these, infection rates for intestinal helminths by species were low:  < 1% for hookworm (Ankylostoma duodeae), whip worm (Trichuris trichiura) and Hymenolepis nana, and < 2% for Ascaris lumbricoides. Of the children, 43% from the rural households compared to 35.5% from the urban households had received deworming medication in the last xx months?? Please clarify type of medication and over what time frame?). For the intestinal protozoa, however, overall infection rates were higher, especially for Giardia lamblia (25.2%; 474/1880) and Entamoeba histolytica (9.1%; 172/1880), with slightly higher infection rates in the rural versus urban children.  Infection rates were less than 1% for the other intestinal protozoa identified. Reported mortality rates for children less than five years of age were nearly twice as high for the rural compared to the urban mothers (p<0.001), although comparable for infant mortality. More than 50% of the children in both settings had received a vitamin A supplement within the past six months, but very few, especially those in the rural provinces, had received an iron supplement in the past 7 days. 
Infant and young child feeding practices

Almost all the children aged 6 to 23months, irrespective of setting, had been breastfed at some time. Indeed, nearly 66% and 50% f the rural and urban children aged 12 to 23 months, respectively were still breastfeeding (P< 0.001), and almost all had received solids, semi-solid, or soft foods as well on the previous day. Even among the 36 to 60 month age group, a few children in both locations were still breastfeeding. The median (1st,3rd quartile) duration of breastfeeding for the children aged 6 to 35 months was 17.4 months for those from the rural provinces and 14.3 months for the urban children. Of the children 6 to 23 months, more than 80% in both the rural and urban provinces were reported to receive at least four meals per day (i.e., the minimum meal frequency), although fewer of these children in the rural compared to the urban setting had a diet with the minimum dietary diversity (P=0.001) . As a result, a minimum acceptable diet was achieved by only about one third (39%) of the rural children compared to 53% for the urban children (P=0.002). There were no differences in the consumption of iron and vitamin A-rich foods between the two settings, and in both settings consumption was higher among the older children (Table 3). 
Anthropometry

The mean Z-scores for the anthropometric variables for each age group and both settings were negative (Table 4). Age-related differences in mean HAZ and WAZ scores were very significant in both the rural and urban settings (P<0.001 in all cases); values were lowest in the older age groups.  In contrast, differences in WHZ and BAZ-scores were less marked. Mean HAZ and WAZ-scores were also significantly lower for the rural children compared to their urban counterparts (P<0.001 in both cases).  Differences between settings for the mean WHZ and BAZ scores were less consistent
Overall, the prevalence of stunting and underweight among the rural children was higher than for urban children (40.5 vs. 26.2% p<0.001 for stunting; 32.8 vs. 25.3%; P<0.001 for underweight).  Both stunting and underweight were more prevalent among male children (stunting: males, 40.6 vs. females, 35.5%, P=0.009; underweight males, 33.7 vs. females, 30.0%, P=0.046).   The prevalence of wasting was much lower (i.e., 12% overall) and higher in the urban compared to the rural children (16.6 vs. 10.4; P<0.001). Of the children, 25% (603/2455) were both stunted and wasted. 
Inherited hemoglobin disorders 

Of the children for whom Hb genotyping was performed (n=2455), 46.5 % had a normal hemoglobin type (AA), 23.5% had Hb trait (AE), and 13.7% had α-thalassemia trait (AT). A combination of Hb E trait with α-thalassemia trait (ET) was present in 8.4% of the children. Fewer were  homozygous for Hb E (EE) (5%).   The remainder had more unusual Hb variants that occurred in less than one percent of the population. Further details of the genetic Hb disorders on the children will be published elsewhere. 

Hematological, iron, and vitamin A status variables by Hb variant 

Table 5  presents the mean (95th CI) values for the hematological, iron and vitamin A status indexes for the children with a normal Hb type (Hb AA) and the four most common Hb variants.  As expected, children with normal Hb type  had significantly higher mean values for Hb, mean cell volume (MCV) and mean cell hemoglobin (MCH), and  lower  mean values for red cell distribution width (RDW) and red blood cell count (RBC) compared with each of  the four other abnormal Hb variants (P<0.001 for all comparisons). Of the abnormal Hb variants, the homozygous Hb EE group had the lowest mean values for Hb, MCV, and MCH and the highest mean values for RBC and RDW. 

Compared with the Hb AA group, the Hb AE and Hb ET had significantly lower mean serum transferrin receptor concentrations (p<0.001) than the other Hb variants listed in Table 4, whereas the geometric mean serum ferritin concentrations were higher in all the genetic Hb variants, most notably in the Hb EE group.    The mean retinol binding protein concentrations were similar in the Hb AA group and all of the Hb variants listed in Table 5.
Hematological, iron and vitamin A status variables and prevalence of anemia in normal Hb type (Hb AA) children 

In view of the marked effects of the abnormal Hb variants on the hematological and iron biomarkers, Table 6 presents the biomarkers for only the Hb AA children by age group and setting. Rural children had significantly lower mean values for Hb, MCV, RDW, serum ferritin, but higher mean values for RBC and serum transferrin receptor than their urban counterparts for at least some age groups. Notable exceptions were the mean values for the youngest age group for MCV, RBC, serum ferritin, and transferrin receptor, which were not significantly different from their urban counterparts. In contrast, mean values for serum RBP for the rural children were lower than their urban counterparts for all age groups (P<0.005).  Males had significantly lower MCV and higher RDW values for most age groups.  
Marked age-related differences in these laboratory indexes were apparent except for RBC. In general significantly lower mean values for Hb, MCV, and serum ferritin, and higher mean values for RDW and serum transferrin receptor were observed for the two youngest age groups (6 to 11 and 12 to 23 mos) compared to the three older age groups. These differences were observed in both the rural and urban settings. 
Overall, the prevalence of anemia in the Hb AA children was 36.9%, with a higher prevalence among the rural than the urban children (42.9 vs. 24.8%; P<0.001) (Table 7). Further, the anemia prevalence decreased with increasing age (P for trend <0.001) in both settings but was independent of sex (data not shown). These same patterns by setting (and age group; data not shown) were observed for the prevalence of storage iron depletion, tissue iron deficiency, and iron-deficiency anemia (Table 7). The prevalence of vitamin A deficiency as defined by serum retinol binding protein < 0.7 µmol/L (in the absence of infection) was low in both rural and urban children.
Predictors of hemoglobin, serum ferritin, transferrin receptor, retinol binding protein, and anemia 

The multiple regression model (Table 8) shows that the two youngest age groups and the four Hb variants were all very significantly associated with lower Hb concentrations, along with elevated CRP and elevated serum transferrin receptor concentrations. Serum ferritin, retinol binding protein, and living in Phnom Penh rather than in the rural provinces were associated with higher Hb concentrations. Several of these same factors were also significant predictors of log serum ferritin (Table 9). Of the four age groups, the standardized β–coefficients were particularly large and negative for two age groups spanning 12-35.99 months, relative to the oldest group of children. However, in contrast to the results for Hb, all four Hb variants were associated with higher ferritin concentrations, relative to the  Hb AA children (normal hemoglobin type), the effect for the homozygous Hb EE (hemoglobin E disease) being particularly marked. Higher concentrations of Hb, retinol binding protein, elevated C-RP, and living in Phnom Penh were all positively associated with higher ferritin concentrations.   

The multiple regression analysis for serum transferrin receptor (Table 10) again shows that the largest standardized β –coefficient is for the two younger age groups and the Hb variants are associated with lower transferrin receptor concentrations, but in this case the effect is particularly marked for Hb E trait.  As expected, living in Phnom Penh, higher Hb concentrations and being female were significantly associated with lower transferrin receptor concentrations. Elevated CRP concentrations did not impact significantly on transferrin receptor concentrations.
Significant predictors of lower serum retinol binding protein concentrations (Table 11) were an elevated CRP, living in the rural provinces, and not having had a vitamin A supplement in the last 6 months. Consumption in the previous 24 h of meat, poultry, and fish and vitamin A-rich fruits and vegetables was not significant.
Logistic regression analysis showed that homozygous Hb EE children had a nearly twenty-five fold greater risk of being anemic than those with a normal Hb type (Hb AA) (Table 12): the three other Hb variants were associated with smaller but still very significant risks of anemia.  Age group was a significant risk factor for anemia, with the two youngest age groups: 6 to 11.99 months and 12 to 23.99 months having approximately a seven-fold and three-fold risk of anemia compared to the children aged 48 to 59.99 years. Other significant risk factors included a low serum ferritin (OR=3.58; P<0.001), having a retinol binding protein concentration < 0.7 µmol/L (OR=2.90; P<0.001), having an elevated transferrin receptor (OR=2.41; P<0.001), an elevated CRP (OR=2.16 ; P<0.001), living in a rural setting (OR= 2.19; P<0.001) and being male (OR=1.29; P=0.018).
Predictors of growth indicators and stunting
 
The multiple linear regression analysis shown in Table 13 indicates that the age group of the child is a very significant negative factor in relation to the HAZ scores, particularly for the older children.  In addition, both the Hb variants Hb AE and the α+-thalassaemia trait had a significant negative effect on HAZ-scores. Other significant negative predictors for HAZ-scores were living in the rural provinces, lower Hb concentration, being male, and having a CRP >5 mg/L.  

As might be expected, the results for regression analysis on weight-for-age Z-scores (Table 14) are similar to the analysis for HAZ-scores, with the exception of the two Hb variants, which although noticeable, are not significant. In contrast, in regression analysis for WHZ-score (Table 15) and BAZ-score (Table 16) scores,  the only consistent and significant negative predictors were lower Hb and C-reactive protein > 5 mg/L.
The logistic regression analyses for stunting (Table 17) demonstrates that children most at risk for stunting were aged more than 2 years, living in a rural setting, having a thalassemia trait, being male, and anemic. 

DISCUSSION
This large community-based study emphasizes the complex etiology of childhood anemia in Cambodia and the difficulty of identifying iron deficiency in a setting whether both genetic Hb disorders and suboptimal vitamin A status coexist. We also demonstrate that genetic Hb disorders are not only a strong determinant of Hb, but certain disorders are also a risk factor for being stunted.  Here we discuss the multiple predictors of Hb, iron status, and growth, and their complex inter-relationship. Together these predictors account for 55% of the variance in Hb, and 16% for HAZ-score in these Cambodian children. They include:  genetic Hb disorders, iron status, age group, acute inflammation or infection, vitamin A status, and setting, depending on the indicator. 
Determinants of hemoglobin 

Logistic regression analysis shows that four common abnormal genetic Hb disorders occurring in this group of Cambodian children are a major risk factor for anemia (Table 12).  Indeed of the 53% of the study group with any Hb disorder, 62% had anemia compared to only 37% of the remaining children with normal Hb type (Hb AA). The WHO (2001) considers a prevalence of anemia > 40% to be a public health concern. The anemia observed here is predominately microcytic hypochromic anemia.  The relatively uncommon Hb disorder Hb EE was the strongest predictor of lower Hb concentrations, but the regression analysis  shows that the widespread α-thalassemia and HbE traits, are also significant predictors of lower Hb concentrations (Tables 8 and 12).
The two iron biomarkers, transferrin receptor, a measure of tissue iron levels, and ferritin, a measure of iron stores, were both significantly associated with lower Hb concentrations in these Cambodian children (Tables 8 and 12). However, we were unable to show that any of the diet-related indicators, including infant and young child feeding practices and dietary patterns (Table 3), were significant predictors of Hb. The likely reason is that our diet-indicators provided a qualitative rather than quantitative measure of dietary iron intake. For example, animal source foods, although frequently consumed, were probably eaten in very small quantities. Only a few children, mainly those living in Phloem Penh, received iron supplements, making determination of their effect difficult.   Certainly, in an earlier, more detailed study of the dietary intakes of Cambodian toddlers, major shortfalls in iron intakes in relation to the requirement estimates were noted (Anderson et al., 2008).  
Age was a strong independent predictor of Hb, with children under 24 months having significantly lower Hb concentrations (Tables 8 and 12). Physiological requirements for iron are much higher for children aged 6 to 24 months than for older children because of their faster growth rates (Aggett et al., 2002); Agho et al. (2008) and Osorio et al. (2004) have noted similar changes of Hb with age.
In Cambodia, reported rates of helminthic infections have ranged from ~ 26% (Park et al., 2004) to 54% (Lee et al., 2002). Loss of blood and iron through helminth infection can influence Hb concentrations. Here, although more than a third of the children carried intestinal parasites, the rate of infection with hook worm and other helminths was very low (i.e., < 2%), possibly because 41% of the children had been treated with de-worming medication in the last 6 months. Hence, neither helminth infection nor eosinophilia, a marker of parasitosis, were significant predictors of hemoglobin here. Infection with malarial parasites also has the potential to reduce hemoglobin (Prentice et al., 2010), but was not a factor because no malarial parasites were identified in any of the blood films examined.
In contrast an elevated CRP (>5 mg/L) had a significant and negative impact on Hb, not withstanding the relatively small number of children (16%) with elevated levels. Underlying acute infection or inflammation is often accompanied by a low Hb, commonly termed the anemia of chronic disease (ACD). In this condition, Hb synthesis is limited by a block in the release of iron from stores, and a block in iron absorption, changes mediated by interleukin-6 (IL-6) and stimulated by elevated levels of hepcidin (Lynch, 2007).  
Lower serum RBP concentrations in this group of children were significantly associated with lower Hb concentrations, even though more than 50% of these Cambodian children had received a vitamin A supplement in the previous six months. There is no consensus on a cutoff value for RBP (de Pee and Dary, 2002). Here we use <0.7 μmol/L based on the Cambodian validation study of Hix et al. (2006) who compared the  prevalence of vitamin A deficiency based on RBP to serum retinol analyzed by high-performance liquid chromatography (HPLC). Only 7% of these Cambodian children had RBP concentrations below this cut-off. Nevertheless, even marginal vitamin A status has been associated with low Hb concentrations in other SE Asian studies (Ahmed et al., 2001; Thurlow et al., 2005). 
Children living in the three rural provinces (Battambang, Kampong Thom, and Preah Vihear) had significantly lower Hb concentrations relative to the children from the Municipality of Phlom Penh (excluding the Central Operating District),  most likely a reflection of the lower socio-economic status of the rural compared to the urban households based on household assets and characteristics (Table 1). These findings are consistent with some (Sargen et al., 1996; Osorio et al., 2004) but not all (Agho et al., 2008) earlier studies. 
Our findings highlight the large impact of genetic Hb disorders on the prevalence of anemia among preschool children in Cambodia.  Most of these Hb disorders are not amenable to intervention and their contribution is likely to gain increasing importance as conditions improve in Cambodia and anemia control programs become more effective. In the mean time, however, for maximum effectiveness, Cambodia should focus on preventive efforts to improve iron and vitamin A status, and reduce infection, especially among children from poor rural households less than two years of age. 
Biomarkers of iron status
Serum ferritin is the recommended biomarker for detecting iron deficiency in a population, except when inflammation or infection is prevalent. In such circumstances, transferrin receptor is preferred because it is not influenced by inflammation or infection, unlike serum ferritin (WHO, 2005). 
In our multiple regression models, certain Hb disorders were significant predictors of both ferritin and transferrin receptor, notably with Hb E trait, Hb EE and Hb E trait with α+ thalassemia for serum ferritin (Table 10), and with Hb E trait and Hb E trait with α+ thalassemia for transferrin receptor (Table 11). Other investigators have reported elevated concentrations of ferritin and/or transferrin receptor in children with thalassemia (Rees et al., 1998; Ong et al., 2008) and Hb E mutations (Thurlow et al., 2005; Uaprasert et al., 2009), the magnitude of the increase depending on the genetic Hb disorder. Elevated ferritin concentrations in certain Hb disorders arise from an increase in dietary iron absorption because of accelerated erythropoiesis (Rees et al., 1998), whereas the elevated transferrin receptor levels are caused by ineffective erythropoiesis (i.e., destruction of nucleated red cell in the bone marrow) (Worwood, 2002). The degree of ineffective erythropoiesis appears to vary with the Hb variant; for thalassemia, transferrin receptor levels increase with increasing number of α-globin gene mutations (Rees et al., 1998). 
The significant relationships observed here between RBP and both serum ferritin (Table 10) and transferrin receptor (Table 11) are almost certainly because of the interaction of vitamin A with iron metabolism, although the precise mechanisms involved are still uncertain. Certainly, experimental studies indicate that vitamin A has effects on erythropoietin, enhancement of erythropoiesis, mobilization of iron from spleen or liver stores, and its utilization for erythropoiesis  (West et al., 2007).

Very significant age-related differences in both ferritin and transferrin receptor (Table 6) parallel those noted earlier for Hb. However to what degree these differences in iron biomarkers (and Hb) reflect normal physiological changes during infancy and early childhood rather than diet-associated changes in iron status is uncertain. Children less than 24months, irrespective of setting, had the lowest geometric mean values for serum ferritin and the highest for transferrin receptor (Table 6), indicative of low iron status at this age, consistent with other observational (Anderson et al., 2008a) and intervention studies with micronutrient Sprinkles in Cambodia (Giovannini et al., 2006) and elsewhere (Aggett et al., 2002). The older children, (i.e. > 24 months) had markedly better iron status indicators.  Such age-related differences have been associated, at least in part, with failure to supply sufficient readily available iron from non-milk foods in late infancy to augment the fetal iron stores that gradually become depleted.  As the children become older, they gradually eat a larger variety and amount of iron-rich foods so the adequacy of their dietary iron intakes improves. Indeed, Cambodian toddlers at 24 to 36 months, are often fed rice porridge enriched with pork blood (Anderson et al., 2008b).  This practice may have contributed to the better iron status of the older Cambodian children studied here.
Sex had a significant relationship with both serum ferritin and transferrin receptor.  Males had lower ferritin  (Table 10) and higher transferrin receptor (Table 11) values than females, perhaps as a result of genetic differences (Dömellof et al., 2002), or the higher iron requirements in early childhood associated with the more rapid growth rate of males (Wieringa et al., 2007).
As noted for Hb, location of the children within urban Phlom Penh was a significant predictor for transferrin receptor and RBP, but not for serum ferritin, with its effect being positive for Hb and RBP, and negative for transferrin receptor, as expected. This relationship is most likely due to the higher socio-economic status and coverage of iron supplementation, and lower prevalence of acute and chronic inflammation among the children in the Phlom Penh households compared to their rural counterparts; coverage for vitamin A supplements was comparable for the children in the two settings (Table 2).  
In summary, our results indicate that neither ferritin nor transferrin receptor are useful biomarkers for detecting iron deficiency in settings such as Cambodia where genetic Hb disorders and vitamin A deficiency are widespread. Even when the very significant effects of genetic Hb disorders, vitamin A deficiency, and concurrent infection or inflammation are taken into account, marked variations for these two biomarkers indicate that age and possibly sex-specific cut-offs may be required to detect iron deficiency during  infancy and early childhood in this setting.   

Determinants of growth indicators

The strongest determinants of height-for-age Z-scores in the regression model were age group, followed by setting, and having an α+-thalassemia trait. Indeed, children aged more than two years had a 3.4 fold greater at risk to being stunted than those less than two years (Table 17), a recognized age-related pattern (WHO, 1995). Stunting is an indicator of chronic under-nutrition and results from extended periods of inadequate food intake, poor dietary quality, increased morbidity, or a combination of these factors (Gopalan, 1988). In this study, however, none of the breast feeding or diet-related indicators measured here were associated with stunting or with the other growth indices (WAZ, WHZ, BMIZ). This negative finding probably arose because almost all of the children were breastfed up to aged 11 months, and our diet-related indicators only provided data on the frequency of consumption of food groups in the previous 24-hr. However, the process of stunting is slow, making it more relevant to determine quantitative retrospective information on usual dietary intakes when stunting began.  Instead, the height-for-age (P<0.001) and weight-for-age (P=0.027) Z-scores were negatively associated with living in the rural provinces, where households had a lower relative wealth (based on household assets and household characteristics) compared to those in urban Phom Penh (Table 1). Indeed, the Cambodian children living in poorer rural households were 1.8 times more at risk of being stunted than their urban counterparts. These findings are consistent with those of Marriott et al. (2010) who also reported that relative wealth and not feeding practices were associated with a reduced risk of stunting and underweight among Cambodian children.
Stunting was associated (p=0.00) with a high prevalence of low weight-for-age Z-scores, as expected, and many of the factors that predicted height-for-age and weight-for-age Z-scores were the same (Tables 13,14). It is of interest that children with the α+ -thalassemia trait had a 1.5 fold greater risk for stunting, respectively, than those with Hb type AA (Table 17). Growth failure is not uncommon in children with thalassemia, although most of the studies have focused on children with homozygous β-thalassemia (Chatterjee and Bajoria, 2010).  The pathogenesis of growth failure in this condition for the age group of children studied here (i.e., < five years) has been attributed to hypoxia, anemia affecting growth hormone (GH)–IGF axis, and nutritional factors (Chatterjee and Bajoria, 2010). For example, there are some indications that patients with a variety of thalassemia syndromes may have increased requirements for specific nutrients arising from poor absorption, elevated losses, or increased nutrient turnover, as well as inadequate intakes and levels in the blood  Specific nutrients of concern are vitamin D and zinc (Fung, 2010).  However, to our knowledge there have been no prior reports of impaired growth among children with the thalassemia trait,as noted here, perhaps because so few studies have been large enough to examine growth in relation to Hb type in children of this age.

Anemic children had a 1.3 fold greater risk of stunting than their non-anemic counterparts. Reasons for this relationship are unclear. Certainly, both deficiency of iron and vitamin A, two micronutrients with a role in anemia, have the potential to impair linear growth via anorexia and/or increased morbidity (Gibson and Hotz, 2001). Iron may also have a more direct role in growth through transferrin (the primary iron-carrying protein in serum) which binds to insulin-like growth factor binding protein 3 (IGFBP-3), the protein that modulates IGF  (Weinzimer et al., 2001). Zinc deficiency may be an additional contributing factor. Impaired linear growth is a prominent feature of zinc deficiency, and has been observed previously in stunted Cambodian children (Anderson et al., 2008a). Positive relationships between Hb and plasma zinc have been reported in several studies, and attributed to the similarity between the nutritional causes of iron and zinc deficiency (Brown et al., 2004).  Alternatively, zinc may impact on Hb concentrations directly via Hb synthesis (Garnica, 1981) or erythropoiesis, the latter through the action of the zinc-finger transcription factor, GATA-1 (Labbaye et al., 1995).
The significant and independent effect of sex on height-for-age Z-scores and the 1.3 fold greater risk of stunting for the males compared with the females has been noted earlier in Cambodia (Marriott et al., 2010) and elsewhere (Espo et al., 2002), and linked to their faster growth rate during early childhood, and thus higher requirements for energy (Butte et al., 2000) and zinc (Gibson et al., 2006). 

In contrast to stunting, fewer children were wasted (12%) and, unlike stunting, there was no consistent pattern with age: only Hb <110 g/L and an elevated CRP were significant determinants of weight-for-height Z-scores, a pattern also noted for BMI Z-scores.  In fact, acute infection and inflammation had a negative effect on all the anthropometric indicators (Tables 13-16). Such infections have a detrimental impact on growth via decreasing food intake, impairing nutrient absorption, and enhancing both nutrient losses and metabolic requirements. Such adverse effects may in turn induce micronutrient malnutrition. In addition, acute or chronic infection may modulate long bone growth via induction of IL-6 production (Stephensen, 1999).
Strategies for combating anemia, iron deficiency, and stunting
The prevention and control of childhood anemia and stunting during early childhood must be a high priority in Cambodia in view of the long-lasting and adverse functional consequences of these two conditions on neuro-cognitive and behavioral development (Mendez and Adair, 1999), work capacity (Spurr, 1988) and, in women, adverse reproductive outcomes (Adair and Guilkey, 1997).  The prevalence estimates calculated here for these two conditions are a serious public health concern (WHO, 1995; 2001).  Our findings indicate that several strategies should be implemented, preferably during the critical period of 6-23 months of age to combat these complex, multi-factorial problems. They include increasing the coverage of the existing vitamin A supplementation programme (Grover et al., 2008) and reducing infection, combined with interventions to encourage mothers to adhere to the WHO guiding principles for complementary feeding of the breast fed child (WHO, 2004a). Special attention should be given to overcome deficits in the amount as well as the dietary quality of home-prepared complementary foods; only slightly more than a third of the children from the rural provinces and about 50% of the urban children received complementary diets that met the WHO criteria for a minimal acceptable diet (Table 3) (WHO, 2004b). Emphasis must be given to enhancing the density of those micronutrients with critical roles in both growth and anemia. Details of these strategies have been discussed elsewhere (Gibson and Hotz, 2001; Anderson et al., 2008b). The feasibility of introducing affordable complementary foods fortified with micronutrients at the national or the household level should also be explored. Unfortunately, at this stage, genetic Hb disorders, although a major determinant of anemia and stunting in these young Cambodian children, are rarely amenable to intervention. However in the future, new low cost methods for detecting these genetic Hb disorders may become available, with the development of international partnerships committed to preventing and managing genetic Hb disorders in countries such as Cambodia (Weatherall, 2010).

Strengths and weaknesses of the study 

To our knowledge, this is the first study to characterize four common genetic Hb disorders in such a large group of children in Cambodia using appropriate DNA analysis and to examine their association with growth.  Further, our data on serum ferritin and transferrin receptor has highlighted the uncertainties of using these biomarkers to assess iron status in settings in South East Asia where a high prevalence of genetic Hb disorders exists.
Our findings are based on a cross-sectional survey so that causal inferences cannot be made from the associations reported here. Further, limitations in the selection of the children and  the blood samples for the assay of the genetic Hb disorders precludes the extrapolation of the results to all children aged 6 to 59 months in the four provinces investigated, or at the national level in  Cambodia.  Nevertheless, several of the nutritional variables for the children were comparable to those reported for children less than five years of age in the 2005 Cambodian Demographic and Health Survey (CDHS, 2006). For example,  the prevalence of anemia, stunting, and underweight for Cambodian children less than 5 years based on the 2005 Cambodian National survey (CDHS, 2006) was comparable to that reported here (50 vs. 50%; 37.3 vs. 38%; 35.6 vs. 32%), respectively. 
We used a single cutoff for hemoglobin to define anemia in these children as recommended by WHO (2005), notwithstanding their wide age range (i.e., 6 to 59 months).  However, results of several studies indicate that the use of this single cut-off (110 g/L ) is inappropriate. Indeed, for infants, and possibly children aged 12 and 18 months, much lower cutoffs of 100 g/L (Sherriff et al., 1999) or 105 g/L (Michaelsen et al., 1995) have been proposed. 

Comparable problems limited our ability to utilize cut-offs for serum ferritin and  transferrin receptor. Both biomarkers were confounded by the effect of the genetic Hb disorders and suboptimal vitamin A status. Clearly, before valid prevalence estimates of IDA, storage iron depletion, and tissue iron deficiency can be determined in this Cambodian setting, adjustments for the influence of Hb type and vitamin A deficiency on ferritin and transferrin receptor concentrations are essential, as noted earlier for school children in NE Thailand (Thurlow et al., 2005).

Finally, because of the difficulties in defining anemia, and the uncertainties associated with the interpretation of ferritin and transferrin receptor, we restricted our estimates of IDA, storage iron depletion, and tissue iron deficiency in this study to those children with normal Hb type (Hb AA).  However, the validity of even these estimates may be limited by the confounding effect of vitamin A deficiency. 

Conclusions
In conclusion, our results emphasize the high prevalence of anemia and stunting among these Cambodian children aged 6 to 59 mos, with only some of the anemia related to low iron status. Additional important risk factors for anemia were being less than two years of age, having a genetic Hb disorder, vitamin A deficiency, and an acute infection or inflammation, and living in a rural setting. Risk factors for stunting were being aged more than two years, having a Hb disorder, specifically thalaassemia trait, being male, anemic, and living in a rural setting. Clearly, in Cambodia as well as other countries in South East Asia, low cost methods for detecting genetic Hb disorders are urgently required. Programs to prevent anemia and stunting should focus on rural households and aim to reduce infection, increase vitamin A supplementation coverage, and enhance both the quality and quality of complementary foods through nutrition education and micronutrient fortification. 
REFERENCES
Adair LS, Guilkey DK (1997). Age-specific determinants of stunting in Filipino children. J Nutr 127: 314−320.

Aggett PJ, Agostoni C, Axelsson I, Bresson J−L, Goulet O, Hernell O, Koletzko B, Lafeber HL, Michaelsen KF, Micheli J−L, Rigo et al.(2002). Iron metabolism and requirements in early childhood: do we know enough?: a commentary by the ESPGHAN Committee on Nutrition. J Paediatr Gastroenterol Nutr 34: 337−345.

Agho KE, Dibley MJ, D’Este C, Gibberd R (2008). Factors associated with haemoglobin concentrations among Timor-Leste children aged 6−59 months. J Health Popul Nutr 26: 200−209.

Ahmed F, Khan M, Karim R , et al. (1996). Serum retinol and biochemical measures of iron status in adolescent school girls in urban Bangladesh. Eur J Clin Nutr 50: 346−351. 

Anderson VP, Jack S, Monchy D, Hem N, Hok P, Bailey KB, Gibson RS. (2008a). Co-existing micronutrient deficiencies among stunted Cambodian infants and toddlers. Asia Pac J Clin Nutr;17 (1):72−79
Anderson VP, Cornwall J, Jack S, Gibson RS. (2008b). Intakes from non-breastmilk foods for stunted toddlers living in poor urban villages of Phnom Penh, Cambodia. Mat Child Nutr 4:146−159. 
Blössner M, Siyam A, Borghi E, de Onis M, Onyango A, Yang H (2007). WHO Anthro for Personal Computers: Software for assessing growth and development of the world’s children.  Department of Nutrition for Health and Development, World Health Organization, Geneva.

Brown KH, Rivera J, Bhutta ZA, et al. (2004).  Assessment of the risk of zinc deficiency in populations and options for its control. Food Nutr Bull 25:S99–S203.

Butte NF, Wong WW, Hopkinson JM, Heinz CJ, Mehta NR, Smith EOB (2000). Energy requirements derived from total energy expenditure and energy deposition during the first two years of life. Am J Clin Nutr 72: 1558−1569. 

CDHS (Cambodia Demographic and Health Survey) (2006). Cambodia Demographic and Health Survey 2005. National Institute of Statistics, Directorate General for Health, and ORC Macro: Phnom Penh, Cambodia, and Calverton, MD. 
Cambodia Micronutrient Survey (2000). Helen Keller International and National Institute of Public Health, Phnom Penh, Cambodia. 

Carnley BP, Prior JF, Gilbert A, Lim E, Devenish R, Sing H, Sarin E, Guhadasan R, Sullivan S, Wise CA, Bittles A, et al. (2006). The prevalence and molecular basis of hemoglobinopathies in Cambodia. Hemoglobin 30 (4):463−470. 

Cogswell ME, Looker AC, Pfeiffer CM, Cook JD, Vacher DA, Beard JL, Lynch SR, Grummer-Strawn LM (2009). Assessment of iron deficiency in US preschool children and nonpregnant females of child bearing age: National Health and Nutrition Examination Survey 2003−2006. Am J Clin Nutr 89: 1334−1342.

de Onis M, Onyango AW, Van den Broeck J, Chumlea WC, Martorell R (2004). Measurement and standardization protocols for anthropometry used in the construction of a new international growth reference. Food Nutr Bull 25(1Suppl):S27−36.  

de Pee S, Dary O (2002). Biochemical indicators of vitamin A deficiency: serum retinol and serum retinol binding protein. J Nutr. 132:2895S–28901S.

Domellöf M, Lönnerdal B, Dewy KG, Cohen RJ, Rivera LL, Hernell O (2002). Sex differences in iron status during infancy. Pediatrics 110: 545−552.
Erhardt JG, Estes JE, Pfeiffer CM, Biesaiski HK, Craft NE (2004). Combined measurement of ferritin, soluble transferrin receptor, retinol binding protein, and C-reactive protein by an inexpensive, sensitive, and simple sandwich enzyme-linked immunosorbent assay technique. J Nutr 134: 3127−3132. 
Espo M, Kulmala T, Maleta K, Cullinan T, Salin ML, Ashorn P (2002). Determinants of linear growth and predictors of severe stunting during infancy in rural Malawi. Acta Paediatrica 91: 1364−1370.

Fikry SI, Saleh SA, Sarkis NN, Mangoud H (2003). Serum zinc in relation to nutritional status among thalassemic patients in Damanhour Medical National Institute. J Egypt Public Health Assoc 78(1−2): 73−93. 
Fung EB (2010). Nutritional deficiencies in patients with thalassemia. Ann N.Y. Acad Sci 1202: 188−196.
Garnica AD. (1981). Trace metals and hemoglobin metabolism. Ann Clin Lab Sci 11: 220−228.

Gibson RS, Hotz C (2001). Nutritional causes of linear growth faltering during complementary feeding. In: Nutrition and Growth. Martorell R, Haschke F (eds). Nestle Nutrition Workshop Series Pediatric Program Vol 47. Lippincott Williams and Wilkins, pp 159−196.

Gibson RS, Skar Manger M, Krittaphol W, Pongcharoen T, Gowachirapant S, Bailey KB, Winichagoon P. (2006). Does zinc deficiency play a role in stunting among primary school children in NE Thailand? Brit J Nutr 97(1): 167−175.
Giovannini M, Sala D, Usuelli M, Livio L, Francescato G, Braga M, Radaelli G, Riva E (2006). Double-blind, placebo-controlled trial comparing effects of supplementation with two different combinations of micronutrients delivered as sprinkles on growth, anemia, and iron deficiency in Cambodian infants. J Paediat Gastroenterol Nutr 42:306–312.

Gopalan C (1988). Stunting: significance and implications for public health policy. In: Linear growth Retardatin in Less Developed Countries, pp. 265−284 [JC Waterlow , editor]. Nestle Nutrition Workshop Series, vol. 14, Nestec Ltd. New York: Vevey/Raven Press, Ltd. 

Grover DS, Pee S, Sun K, Raju VK, Bloem MW, Semba RD (2008). Vitamin A supplementation in Cambodia: program coverage and association with greater maternal formal education. Asia Pac J Clin Nutr 17: 446−450.
Hix J, Rasca  P, Morgan J, Denna S, Panagides D, Tam M, Shankar AH (2006). Validation of a rapid enzyme immunoassay for the quantitation of retinol-binding protein to assess vitamin A status within populations. Eur J Clin Nutr 60(11): 1299−1303
HKI (Helen Keller International). Iron deficiency in Cambodia (2001). The need for iron supplementation among preschool-aged children. Cambodian Nutr Bull 2(6):1−4.

Koski KG, Scott ME ( 2001). Gastrointestinal nematodes, nutrition and immunity: breaking the negative spiral. Annu Rev Nutr 2001: 21: 297−321.

Labbaye C, Valtiere M, Barberi T, Meccia E, Pelosi B, Condorelli GL (1995). Differential expression and functional role of GATA-2, NF-E2, and GATA-1 in normal adult hematopoiesis. J Clin Invest 95: 2346−2358.

Lee K-J, Bae Y-T, Deung Y-K, Ryang Y-S, Kim H-J, IM K-I, Young T-S (2002). Status of intestnail parasites infection among primary school children in Kampongcham, Cambodia. Korean J Parasitol 40: 153−155.

Lynch S (2007). Influence of infection/inflammation, thalassemia and nutritional status on iron absorption. Int J Vitam Nutr Res 77: 217−223.

Marriot BP, White AJ, Hadden L, Davies JC, Wallingford JC (2010). How well are infant and young child World Health Organization (WHO) feeding indictors associated with growth outcomes? An example from Cambodia. Mat Child Nutr 6: 358−373.
Mendez MA, Adair LS (1999). Severity and timing of stunting in the first two years of life affect performance on cognitive tests in late childhood. J Nutr 129: 1555−1562.

Michaelsen KF, Milmann N, Samuelson G (1995). A longitudinal study of iron status in healthy Danish infants: effects of early iron status, growth velocity and dietary factors. Acta Paediatr 84: 1035−1044. 

Ong KH, Tan HL, Tam LP, Hawkins CW, Kuperan P (2008). Accuracy of serum transferrin receptor levels in the diagnosis of iron deficiency among hospital patients in a population with a high prevalence of thalassaemia trait. Int J Lab Hematol 30_ 487−493.

Osorio MM, Lira PIC, Ashworth A (2004). Factors associated with Hb concentration in children aged 6−59 months in the State of Pernambuco, Brazil. Brit J Nutr 91: 307−314. 

Park SK, Kim D-H, Deung Y-K, Kim H-J, Yang E-J, Lim S-J, Ryang Y-S, Jin D, Lee K-J (2004). Status of intestinal parasite infections among children in Bat Dambang, Cambodia. Korean J Parasitol 42: 201−203. 

Prentice AM, Cox SE, Nweneka CV (2010). Asymptomatic malaria in the etiology of iron deficiency anemia: a nutritionist’s viewpoint. Am J Clin Nutr 92: 1283−1284.

Rees DC, Williams TN, Maitland K, Clegg JB, Weatherall DJ (1998). Alpha thalassaemia is associated with increased soluble transferrin receptor levels. Brit J Haemtol 103: 365−369. 

Sargent JD, Stukel TA, Dalton MA, Freeman JL, Brown MJ (1996). Iron deficiency in Massachusetts communities: socioeconomic and demographic risk factors among children. Am J Pub Hlth 86: 544—550. 

Sherriff A, Emond A, Hawkins N, Golding J the ALSPA Children in Focus Study team. (1999). Haemoglobin and ferritin concentrations in children aged 12 and 18 months. Arch Dis Child 80: 153−157. 

Spurr G (1988). Body size, physical work capacity and productivity in hard work: is bigger better? In Linear Growth Retardation in Less Developed Countries. pp. 215−243 [J Waterlow, editor]. New York: Vevey/Raven Press

Stephensen CB. (1999). Burden of infection on growth failure. J Nutr 129: 534S−538S.
Thurlow RA, Winichagoon P, Green T, Wasantwisut E, Pongcharoen T, Bailey KB et al. (2005). Only a small proportion of anemia in North East Thai school children is associated with iron deficiency. Am J Clin Nutr 82: 380−387.

Thurnham DI, McCabe GP, Northrop-Clewes C, Nestle P (2003). Effects of subclinical infection on plasma retinol concentrations and assessment of prevalence of vitamin A deficiency: meta-analysis. Lancet 362: 2052−2058. 

Thurnham DI, Mburu ASW, Mwaniki DL, De Wagt A (2005). Micronutrients in childhood and the influence of subclinical inflammation. Proc Nutr Soc 64:502–509. 
Uaprasert N, Rojnuckarin P, Bhokaisawan N, Settapiboon R, Wacharaprechanont T, Amornsiriwat S, Sutcharitchan P (2009). Elevated serum transferrin receptor levels in common types of thalassemia heterozygotes in Southeast Asia: A correlation with genotypes and red cell indices. Clin Chim Acta 402: 110-113. 
Van dePoel E, Hosseinpoor AR, Speybroeck N, Van Ourti I, Vega J (2008). Socioeconomic inequality in malnutrition in developing countries. Bull World Hlth Org 86: 282−291.
Weatherall DJ (2010). Thalassemia as a global health problem: recent progress toward its control in the developing countries. Ann N.Y. Acad Sci 2002:17−23.
Weatherall DJ, Clegg JB (2001). Inherited haemoglobin disorders: an increasing global health problem. Bull World Hlth Org 79: 704−712.
Weinzimer S, Gibson T, Collett-Solberg P, Khare A, Liu B, Cohen P (2001). Transferrin is an insulin-like growth factor-binding protein-3 binding protein. J Clin Endocrin Metabol 86: 1806−1813. 
West KP, Gernand AD, Sommer A (2007). Vitamin A in nutritional anemia. In: Nutritional Anemia. K Kraemer and MB Zimmermann (editors) Sight and Life Press, Basel, Switzerland.  pp. 133−153.

Wieringa FT, Berger J, Dijkhuizen MA, Hidayat A, Ninh NX, Utomo B, Wasantwisut E, Winichagoon P. (2007). Sex differences in prevalence of anemia and iron deficiency in infancy in a large multi-centre trail in South-East Asia. Br J Nutr 5: 1070−1076.

WHO (World Health Organization) (1991). Basic laboratory methods in medical parasite methodology. Geneva: World Health Organization
WHO (World Health Organization) (1995). Physical status: the use and interpretation of anthropometry: report of a WHO Expert Committee. Geneva: World Health Organization
WHO (2001). Iron Deficiency Anaemia: Assessment, Prevention, and Control. A guide for programme managers. UNICEF/UNU/WHO.
WHO (World Health Organization) (2004a). Anthropometry training video: the WHO multicentre growth reference study (DVD version). The WHO Multicentre Growth Reference Study. Geneva:World Health Organization.
WHO (World Health Organization) (2004b). Guiding principles for complementary feeding of the breastfed child. Geneva: World Health Organization.

WHO (World Health Organization) (2005). Guiding principles for the non-breast-fed infant.. Geneva: World Health Organization.

WHO/CDC (World Health Organization/Centers for Disease Control and Prevention) (2005). Assessing the iron status of populations., Department of Nutrition for Health and Development, Geneva: World Health Organization.

WHO (World Health Organization) (2008). Indicators for assessing infant and young child feeding practices: conclusions of a consensus meeting held 6−8 November 2007 in Washington D.D., USA. Part 1 Definitions. Geneva: World Health Organization.

Worwood M (2002). Serum transferrin receptor assays and their application. Annals Clin Biochem 39: 221−230.

Table 1: Selected socio-demographic, household assets and characteristics of the rural and urban children aged 6 to 59 months
	
	Rural
	
	Urban

	
	n         
	%
	
	n
	%

	Sex*
	
	
	
	
	

	Male
	905  
	49.8
	
	325
	51.0

	Female
	913   
	50.2
	
	312  
	49.0

	Maternal education**
	
	
	
	
	

	None
	458
	24.1
	
	       75
	11.6

	Up to level 5
	925
	48.7
	
	186
	28.8

	Level 6 & above
	515
	27.1
	
	384
	59.5

	Mother had child that died 
at birth*
	250
	13.8
	
	93
	14.4

	when <5 y**
	356
	18.8
	
	63
	9.8

	Household assets**
	
	
	
	
	

	Both electricity & cell phone
	310
	16.3
	
	475
	73.6

	Either electricity OR cell phone
	492
	25.9
	
	156
	24.2

	Neither electricity or cell phone
	1095
	57.7
	
	14
	2.2

	Household characteristics
	
	
	
	
	

	     Household fuel**
	
	
	
	
	

	Liquid Petroleum Gas
	15
	0.8
	
	272
	42.2

	Coal
	114
	6.0
	
	153
	23.8

	Wood
	1740
	91.7
	
	190
	29.5

	Other
	28
	1.5
	
	29
	4.5

	     Flooring**
	
	
	
	
	

	Earth/Clay
	48 
	2.8
	
	19
	3.1

	Palm/Bamboo
	1575
	92.7
	
	202
	32.6

	Other
	84
	4.9
	
	398
	64.3

	    Roof type**
	
	
	
	
	

	Palm/Bamboo
	610
	32.3
	
	12
	1.9

	Metal
	839
	44.5
	
	418
	66.4

	Tile
	334
	17.7
	
	90
	14.3

	Other
	104
	5.5
	
	110
	17.5


*No significant difference urban vs rural (Pearson chi2 >0.05)

**Significant differences urban vs. rural (Pearson chi2 <0.001)

Table 2: Morbidity and health characteristics of rural and urban children aged 6 to 59 
	
	         Rural

    n                  %
	         Urban

    n              %
	P*

	Any illness in last 2 weeks  
	1235/1898    65.1
	498/645      77.2
	<0.001

	Acute resp. infection in last 2 weeks   
	1161/1233    94.2 
	453/499      90.8
	0.015

	Diarrhea  in  last 2 weeks  
	  264/1212    21.8 
	131/496      26.4
	0.070

	Fever in last 2 weeks  
	  330/1230    26.8
	120/379       24.0 
	0.350

	Serum CRP  >5 mg/L
	  338/1898    17.8
	  71/645       11.0
	<0.001

	Serum AGP >1 g/L
	  794/1898    41.8
	173/645       26.8   
	<0.001

	Parasitic infection
	  468/1249    37.5
	134/416       32.2
	0.027

	Eosinophilia > 450/μL 
	  562/1898    29.6 
	127/645       19.7
	<0.001

	Child given deworming medication 
	788/1816  43.4
	226/637       35.5
	<0.001

	Child given  iron supp. within 7d
	 143/1884      7.6
	123/640       19.2
	<0.001

	Child given vit A supp within 6 mos
	1096/1877    58.4 a
	321/605       53.1b
	0.026


       *Probability of differences urban vs. rural (Pearson chi2)
**Over what time period is the questiona addressed on deworming? Please clarify
Table 3: Breastfeeding and young child feeding practices for rural and urban children aged 6 to 59 months
	
	Age group
	Rural

n      %
	Urban

n     %
	P

	Currently breast feeding
	  6−11 mos

12−23 mos

24−35 mos

36−47 mos
48−60mos
	215/235   91.5

308/468   65.8

58/400    14.5

16/405      4.0
11/311     3.5
	62/76   81.6

92/182 50.6

18/150 12.0

10/120  8.3
2/109   1.8
	0.016
<0.001

0.437

0.052
0.377

	Children ever breastfed
	  6−24 mos
	702/703   99.9
	257/258 99.6
	0.461

	Continued breast feeding at 1 year
	12−15 mos  
	113/127   89.0
	31/47   66.0
	<0.001

	Continued breast feeding at 2 years
	20−23 mos
	41/108    38.0
	14/43   32.6
	0.533

	Duration of breastfeeding in mos*
	  6−35 mos
	498  17.4 (6.2)
	209  14.3 (7.0)
	<0.001

	Introduction of solid, semi-solid
         or soft foods at 6−8 mos
	  6−8 mos  


	106/117   90.6
	26/27   96.3
	0.687

	Minimum meal frequency**
	  6−23 mos 
	434/ 523  83.0
	136/154   88.3
	0.111

	Minimum dietary diversity***
	  6−23 mos 
	223/523  42.6
	88/154   57.1
	0.001

	Minimum acceptable diet†
	  6−23 mos
	204/523   39.0
	82 /154  53.2
	0.002

	Consumption of Fe-rich 
         foods in last 24 h‡
	  6−11 mos
12−23 mos
	125/215   58.1

284/308   92.2
	48/62    77.4

80/92    87.0
	0.006
0.125

	Consumption of vit.A-rich fruits & 

         vegetables in last 24 h
	  6−11 mos

12−23 mos
	80/215     37.2

193/308   62.7
	24/62    38.7

55/92    59.8
	0.830
0.633


*Mean(SD)

** Children fed solids, semi-solid, or soft foods minimum number of times during previous day (6−8 mos ≥2 times/d; 9−23 mos ≥3 times/d; 6−23 mos ≥4 times/d) 

***Children fed foods from 4 or more food groups during previous day, 
†  Children fed at least the minimum meal frequency and the minimum dietary diversity during the previous day

‡ Includes meat, fish, poultry and liver/organ meats, and eggs but not iron-fortified foods

 ⁮  Includes orange/yellow fruits & vegetables and dark-green leafy vegetables

Table 4: Mean (95th CI) anthropometric Z-scores for rural and urban children aged 6 to 59 months
	
	
	
	
	Rural
	
	
	
	Urban
	

	
	
	n
	Mean
	95th 
	CI
	n
	Mean
	95th
	CI

	Height-for-age Z-score

	 6−11.99 m
	
	229
	−0.74
	−0.96
	−0.53
	74
	−0.50
	−0.78
	−0.22

	12−23.99 m
	
	465
	−1.35
	−1.46
	−1.23
	182
	−0.96
	−1.18
	−0.74

	24−35.99 m
	
	394
	−2.02
	−2.15
	−1.89
	150
	−1.49
	−1.68
	−1.30

	36−47.99 m
	
	405
	−2.13
	−2.24
	−2.01
	119
	−1.43
	−1.63
	−1.24

	48−59.99 m
	
	310
	−2.16
	−2.31
	−2.02
	108
	−1.60
	−1.81
	−1.38

	
	
	
	
	
	
	
	
	
	

	Weight-for-age Z-score

	 6−11.99 m
	
	235
	−0.92
	−1.09
	−0.74
	76
	−0.96
	−1.25
	−0.67

	12−23.99 m
	
	467
	−1.38
	−1.47
	−1.29
	182
	−1.16
	−1.34
	−0.99

	24−35.99 m
	
	398
	−1.72
	−1.82
	−1.62
	149
	−1.25
	−1.42
	−1.08

	36−47.99 m
	
	406
	−1.83
	−1.92
	−1.74
	120
	−1.54
	−1.77
	−1.32

	48−59.99 m
	
	311
	−1.89
	−1.99
	−1.78
	109
	−1.51
	−1.71
	−1.31

	
	
	
	
	
	
	
	
	
	

	Weight-for-height Z-score

	 6−11.99 m
	
	233
	−0.70
	−0.85
	−0.55
	76
	−1.04
	−1.33
	−0.76

	12−23.99 m
	
	465
	−1.00
	−1.08
	−0.91
	182
	−0.96
	−1.14
	−0.79

	24−35.99 m
	
	395
	−0.84
	−0.93
	−0.75
	149
	−0.63
	−0.82
	−0.43

	36−47.99 m
	
	404
	−0.86
	−0.94
	−0.78
	119
	−1.03
	−1.27
	−0.78

	48−59.99 m
	
	309
	−0.84
	−0.94
	−0.74
	108
	−0.83
	−1.06
	−0.60

	
	
	
	
	
	
	
	
	
	

	BMI-for-age Z-score

	 6−11.99 m
	
	229
	−0.76
	−0.91
	−0.60
	74
	−1.07
	−1.37
	−0.76

	12−23.99 m
	
	465
	−0.78
	−0.87
	−0.70
	182
	−0.82
	−1.00
	−0.64

	24−35.99 m
	
	394
	−0.59
	−0.68
	−0.50
	149
	−0.46
	−0.67
	−0.25

	36−47.99 m
	
	404
	−0.62
	−0.70
	−0.53
	119
	−0.89
	−1.13
	−0.64

	48−59.99 m
	
	310
	−0.67
	−0.77
	−0.57
	108
	−0.72
	−0.94
	−0.49


m: months
Table 5: Mean (95% CI) for hematology, biomarkers of iron status, and retinol binding protein for normal Hb type (Hb AA) and the four major abnormal Hb variants for children aged 6 to 59 months
	
	Hb AA
	Hb E trait (Hb AE)
	α+-thalassemia trait
	Hb E trait with α +-thalassemia trait
	Hb E homozygote (Hb EE )

	Hb 
(g/L)
	n=1146  
111.1
(110.6, 111.7)
	n=559
 106.4
(105.6, 107.2)
	n=338
 107.7
(106.7, 108.7)
	n=207
 106.1
(104.8, 107.4)
	n=125
 96.4
(94.7, 98.0)


	MCV
(fL)
	n=1146
72.9
(72.7, 73.2)
	n=559
 66.9
(66.5, 67.2)
	n=338
 69.2
(68.8, 69.6)
	n=207
 67.9
(67.4, 68.5)
	n=125
 59.7
(58.9, 60.4)

	RDW
(%)
	n=1099
 14.0
(13.9, 14.1)
	n=537
 14.5
(14.3, 14.6)
	n=325
 14.3
(14.1, 14.5)
	n=206
14.8
(14.6, 15.1)
	n=123 

19.2
(18.9, 19.5)

	MCH

(pg)
	n=1146
 24.5

(24.3, 24.6)
	n=559
 21.7

(21.5, 21.8)
	n=338
 22.2

(22.0, 22.5)
	n=207
 21.9 

(21.6, 22.2)
	n=125
 18.0

(17.6, 18.4)

	RBC
(1012/L)
	n=1146
 4.54
(4.51, 4.57)
	n=559
 4.96
(4.93, 4.99)
	n=338 
4.88
(4.84, 4.92)
	n=207
 4.89
(4.84, 4.94)
	n=125
 5.56
(5.50, 5.63)

	STfR
(mg/L)
	n=1146
 8.76
(8.61, 8.92)
	n=559
 8.2
(7.98, 8.42)
	n=338
 8.59
(8.31, 8.87)
	n=207
 8.22
(7.86, 8.58)
	n=125
8.41
(7.93, 8.89)

	Ferritin*
(µg/L)
	n=991
 24.4
(23.2, 25.6)
	n=445
 29.8
(27.8, 32.0)
	n=286 
27.8
(25.5, 30.3)
	n=170
 29.6
(26.4, 33.2)
	n=106
 49.5
(42.7, 57.5)

	RBP
(µmol/L)
	n=991
 1.17
(1.15, 1.19)
	n=445
 1.21
(1.18, 1.24)
	n=286 
1.21
(1.17, 1.25)
	n=170
 1.2
(1.15, 1.24)
	n=106
 1.25
(1.19, 1.31)


n=number of participants

*Geometric mean

Means are adjusted for age, sex, urban/rural, and Hb.  Results for ferritin and serum retinol binding protein (RBP) are for children with CRP < 5.0 mg/L. 
Abbreviations: Hb: Hemoglobin; MCV:Mean Cell Volume;  RDW: Red Cell Distribution Width; MCH: Mean Cell Hemoglobin;  RBC: Red Blood Cell Count; STfR: serum Transferrin Receptor; RBP: Retinol Binding Protein
Table 6:  Mean (95th CI) values for hematological and biomarkers of iron status by age group and setting for the children with normal Hb type (Hb AA)
	
	
	Rural
	
	
	Urban
	
	P
	P

	Hb (g/L)
	n
	Mean
	95% CI
	n
	Mean
	95% CI
	R vs. U
	Sex

	6−11.99m
	99
	99.9
	(97.3, 102.5)
	44
	105.5
	(102.1, 108.9)
	0.008
	0.025

	12−23.99m
	199
	104.3
	(102.7, 105.9)
	120
	112.6
	(110.7, 114.6)
	<0.001
	0.923

	24−35.99m
	183
	112.2
	(111.0, 113.5)
	81
	117.8
	(116.2, 119.4)
	<0.001
	0.047

	36−47.99m
	167
	115.0
	(113.8, 116.3)
	73
	118.8
	(116.8, 120.8)
	0.001
	0.395

	48−59.99m
	113
	114.7
	(113.1, 116.3)
	65
	119.0
	(117.0, 120.9)
	<0.001
	0.090

	
	
	
	
	
	
	
	
	

	MCV (fL) 
	
	
	
	
	
	
	
	

	6−11.99m
	99
	69.2
	(68.0, 70.4)
	44
	69.5
	(67.8, 71.3)
	0.562
	0.003

	12−23.99m
	199
	69.9
	(69.1, 70.8)
	120
	72.1
	(71.3, 72.9)
	<0.001
	0.010

	24−35.99m
	183
	74.4
	(73.7, 75.1)
	81
	75.5
	(74.8, 76.1)
	0.098
	0.003

	36−47.99m
	167
	76.9
	(76.3, 77.5)
	73
	76.2
	(75.4, 76.9)
	0.108
	0.007

	48−59.99m
	113
	77.2
	(76.3, 78.0)
	65
	77.0
	(76.2, 77.9)
	0.853
	<0.001

	
	
	
	
	
	
	
	
	

	RBC(1012/L)
	
	
	
	
	
	
	
	

	6−11.99m
	99
	4.59
	(4.51, 4.68)
	44
	4.52
	(4.41, 4.64)
	0.302
	0.421

	12−23.99m
	199
	4.75
	(4.70, 4.81)
	120
	4.59
	(4.52, 4.66)
	<0.001
	0.005

	24−35.99m
	183
	4.62
	(4.57, 4.68)
	81
	4.50
	(4.43, 4.57)
	0.016
	0.326

	36−47.99m
	167
	4.50
	(4.45, 4.55)
	73
	4.48
	(4.39, 4.56)
	0.648
	0.562

	48−59.99m
	113
	4.47
	(4.41, 4.53)
	65
	4.43
	(4.35, 4.51)
	0.387
	0.356

	
	
	
	
	
	
	
	
	

	RDW (%)
	
	
	
	
	
	
	
	

	6−11.99m
	99
	14.2
	(13.7, 14.7)
	38
	15.4
	(14.9, 16.0)
	0.007
	0.020

	12−23.99m
	199
	14.7
	(14.3, 15.0)
	103
	14.8
	(14.5, 15.1)
	0.535
	0.015

	24−35.99m
	183
	13.5
	(13.3, 13.7)
	74
	13.6
	(13.4, 13.9)
	0.404
	0.014

	36−47.99m
	167
	12.9
	(12.8, 13.1)
	65
	13.2
	(13.0, 13.4)
	0.010
	0.028

	48−59.99m
	113
	12.8
	(12.6, 12.9)
	56
	13.4
	(13.1, 13.6)
	0.001
	0.348

	
	
	
	
	
	
	
	
	

	Ferritin (µg/L)                       CRP≤ 5 mg/L
	
	
	
	
	

	6−11.99m
	79
	18.4
	(14.8, 22.9)
	40
	21.7
	(15.4, 30.7)
	0.334
	0.249

	12−23.99m
	157
	13.4
	(11.8, 15.3)
	107
	19.9
	(16.9, 23.4)
	<0.001
	0.132

	24−35.99m
	163
	28.2
	(25.1, 31.6)
	75
	36.5
	(30.9, 43.1)
	0.012
	0.023

	36−47.99m
	145
	34.9
	(31.2, 39.0)
	69
	55.0
	(47.2, 64.2)
	<0.001
	0.728

	48−59.99m
	96
	40.1
	(35.0, 46.0)
	59
	53.4
	(43.9, 65.0)
	0.015
	0.363

	
	
	
	
	
	
	
	
	

	Transferrin (mg/L)
	
	
	
	
	
	
	

	6−11.99m
	99
	10.34
	(9.56, 11.12)
	44
	9.27
	(8.26, 10.29)
	0.058
	0.001

	12−23.99m
	199
	10.43
	(9.84, 11.01)
	120
	7.99
	(7.67, 8.30)
	<0.001
	0.109

	24−35.99m
	184
	7.91
	(7.55, 8.28)
	81
	6.59
	(6.30, 6.88)
	<0.001
	0.006

	36−47.99m
	167
	7.14
	(6.90, 7.39)
	73
	6.51
	(6.22, 6.80)
	0.004
	0.072

	48−59.99m
	114
	7.18
	(6.62, 7.74)
	65
	6.83
	(6.20, 7.45)
	0.351
	0.243

	
	
	
	
	
	
	
	
	

	RBP(µmol/L)                                      CRP ≤ 5 mg/L
	
	
	
	
	

	6−11.99m
	79
	1.11
	(1.05, 1.18)
	40
	1.34
	(1.21, 1.47)
	0.001
	0.846

	12−23.99m
	157
	1.10
	(1.06, 1.15)
	107
	1.33
	(1.25, 1.40)
	<0.001
	0.552

	24−35.99m
	163
	1.10
	(1.06, 1.15)
	75
	1.29
	(1.22, 1.36)
	<0.001
	0.047

	36−47.99m
	145
	1.19
	(1.14, 1.23)
	69
	1.35
	(1.27, 1.42)
	<0.001
	0.553

	48−59.99m
	96
	1.16
	(1.10, 1.21)
	59
	1.41
	(1.26, 1.56)
	<0.001
	0.914


Abbreviations: Hb: Hemoglobin; MCV: Mean Cell Volume;  RDW: Red Cell Distribution Width;  RBC: Red Blood Cell Count; STfR: serum Transferrin Receptor; RBP: Retinol Binding Protein
Table 7: Prevalence (mean, 95th CI) of storage iron depletion, tissue iron deficiency, iron deficiency anemia, anemia, and vitamin A deficiency for rural and urban children aged 6 to 59 months with a normal Hb type (Hb AA) only  

	
	Rural
	
	Urban

	Hb AA children
	n
	%
	95 % CI
	
	n
	%
	95% CI

	Storage iron depletion
	129/643
	20.1
	(17.0, 23.2)
	
	47/350
	13.4
	(10.0, 17.0)

	Tissue iron deficiency
	288/763
	37.8
	(34.3, 41.4)
	
	70/383
	18.3
	(14.4, 22.2)

	Iron-deficiency anemia
	105/643
	16.3
	(13.5, 19.2)
	
	27/350
	7.7
	(5.0, 10.5)

	Anemia
	327/763
	42.9
	(39.3, 46.4)
	
	95/383
	24.8 
	(20.5, 29.1)     

	Vitamin A deficiency
	25/643
	3.9
	(2.4,5.4)
	
	8/350
	2.3
	(0.7, 3.9)


Storage iron depletion defined as serum ferritin < 12 μg/L and CRP < 5 mg/L
Tissue iron deficiency defined as serum transferrin receptor > 8.5 mg/L

Iron deficiency anemia defined as Hb < 110 g/L, serum ferritin < 12 μg/L, and CRP ≤ 5 mg/L
Anemia defined as Hb < 110 g/L

Vitamin A deficiency defined as serum retinol binding protein < 0.7 µmol/L, and CRP ≤ 5 mg/L
Table 8 Multiple linear regression analysis with hemoglobin as the dependent variable

	
	β coefficient
	    95% CI
	(P>|t|)
	Standard-ized β

	n= 2352, r2 = 0.548
	
	
	
	
	

	Age Group - Reference = 48.00−59.99 months 
	
	
	
	
	

	6.0−11.99 months
	−7.34
	−8.65
	−6.04
	<0.001
	−0.642

	12−23.99 months
	−2.62
	−3.74
	−1.50
	<0.001
	−0.229

	24−35.99 months
	0.20
	−0.72
	1.12
	0.666
	0.018

	36−47.99 months
	0.43
	−0.63
	1.48
	0.424
	0.037

	
	
	
	
	
	

	Genetic Hb variants- Reference = Hb type AA
	
	
	
	
	

	Hb E trait
	−4.22
	−4.99
	−3.44
	<0.001
	−0.369

	α + -thalassemia trait
	−2.86
	−3.87
	−1.85
	<0.001
	−0.250

	Hb E homozygous
	−12.47
	−13.72
	−11.23
	<0.001
	−1.091

	Hb E trait with a + −thalassemia
	−4.70
	−5.85
	−3.55
	<0.001
	−0.411

	
	
	
	
	
	

	Transferrin receptor
	−1.32
	−1.45
	−1.18
	<0.001
	−0.115

	Sex=female
	0.29
	−0.37
	0.96
	0.384
	0.026

	Log ferritin
	2.28
	1.77
	2.79
	<0.001
	0.200

	Retinol binding protein
	3.43
	1.90
	4.96
	<0.001
	0.300

	Setting =Urban
	2.22
	1.00
	3.45
	<0.001
	0.195

	CRP > 5.0 mg/L
	−3.18
	−4.20
	−2.16
	<0.001
	−0.278


 n=number of participants
Table 9: Multiple linear regression analysis with log ferritin as the dependent variable

	
	β coefficient
	         95% CI
	(P>|t|)
	Standard-ized β

	n=2352, r2=0.438
	
	
	
	
	

	Age Group - Reference = 48.00−59.99 months 
	
	
	
	
	

	6.0−11.99 months
	−0.16
	−0.29
	−0.04
	0.011
	−0.182

	12−23.99 months
	−0.54
	−0.63
	−0.45
	<0.001
	−0.598

	24−35.99 months
	−0.27
	−0.36
	−0.19
	<0.001
	−0.304

	36−47.99 months
	−0.05
	−0.13
	 0.04
	0.254
	−0.055

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	0.12
	0.05
	 0.18
	0.001
	0.130

	a + -thalassemia trait
	0.08
	0.00
	 0.16
	0.053
	0.088

	Hb E homozygous
	0.61
	0.49
	 0.74
	<0.001
	0.682

	Hb E trait with a + -thalassemia
	0.14
	0.03
	 0.24
	0.009
	0.154

	
	
	
	
	
	

	Hemoglobin
	0.02
	0.01
	 0.02
	<0.001
	0.020

	Transferrin receptor
	−0.10
	−0.11
	−0.08
	<0.001
	−0.108

	Sex=female
	0.05
	−0.01
	 0.11
	0.118
	0.052

	Retinol binding protein
	0.39
	0.27
	 0.51
	<0.001
	0.436

	Setting = urban
	0.04
	−0.03
	 0.10
	0.250
	0.042

	CRP> 5.0 mg/L
	0.65
	0.58
	 0.72
	<0.001
	0.727

	_cons
	1.82
	1.32
	 2.32
	<0.001
	


n=number of participants
Table 10: Multiple linear regression analysis with transferrin receptor as the dependent variable
	
	β coefficient
	           95% CI
	(P>|t|)
	Standard-ized β

	N=2352, r2=0.413
	
	
	
	
	

	Age Group - Reference = 48.00−59.99 months
	
	
	
	
	

	6.0−11.99 months
	0.67
	0.18
	1.15
	0.007
	0.208

	12−23.99 months
	1.36
	0.97
	1.75
	<0.001
	0.424

	24−35.99 months
	0.56
	0.26
	0.86
	<0.001
	0.173

	36−47.99 months
	0.16
	−0.14
	0.47
	0.290
	0.051

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	−0.49
	−0.75
	−0.23
	<0.001
	−0.2087

	a + -thalassemia trait
	−0.12
	−0.46
	0.22
	0.484
	−0.0423

	Hb E homozygous
	−0.20
	−0.85
	0.46
	0.548
	−0.0445

	Hb E trait with a + -thalassemia
	−0.52
	−0.89
	−0.14
	0.007
	−0.1455

	
	
	
	
	
	

	Hemoglobin
	−0.16
	−0.18
	−0.14
	<0.001
	−0.049

	Sex=female
	−0.57
	−0.76
	−0.38
	<0.001
	−0.178

	Retinol binding protein
	0.42
	0.00
	0.84
	0.049
	0.131

	Setting = Urban
	−0.58
	−0.89
	−0.26
	<0.001
	−0.180

	CRP> 5.0 mg/L
	−0.08
	−0.38
	0.21
	0.573
	−0.026

	_cons
	25.69
	23.07
	28.31
	<0.001
	


n=number of participants
Table 11: Multiple linear regression analysis with retinol binding protein as the dependent variable
	
	β coefficient
	          95% CI
	(P>|t|)
	Standard-ized β

	N=2374, r2=0.154
	
	
	
	
	

	Vitamin A supplementation  within last 6 months
	−0.03
	−0.06
	0.00
	0.049
	−0.094

	Consumption of meat, poultry, fish & vit A-rich fruits + vegetables in last 24 hours
	0.04
	−0.01
	0.09
	0.130
	0.116

	Setting = urban
	0.18
	0.13
	0.23
	<0.001
	0.539

	CRP > 5.0 mg/L
	−0.27
	−0.30
	−0.23
	<0.001
	−0.795

	_cons
	1.15
	1.08
	1.23
	<0.001
	


n=number of participants
Table 12: Multivariate logistic regression models of risk factors for hemoglobin < 110 g/L in  children aged 6 to 59 months
	
	Odds Ratio
	      95% CI
	P>|t|

	Age Group - Reference = 48.00−59.99 months
	
	
	
	

	6.0−11.99 months
	 6.80
	4.36
	10.60
	<0.001

	12−23.99 months
	 2.96
	2.03
	  4.33
	<0.001

	24−35.99 months
	1.33
	0.96
	  1.83
	0.083

	36−47.99 months
	 0.88
	0.62
	  1.24
	0.457

	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	

	Hb E trait
	 2.93
	2.28
	  3.75
	<0.001

	a + -thalassemia trait
	 1.82
	1.36
	  2.45
	<0.001

	Hb E homozygous
	24.74
	11.19
	54.69
	<0.001

	Hb E trait with a + -thalassemia
	3.42
	2.28
	  5.15
	<0.001

	
	
	
	
	

	Ferritin < 12 μg/L
	3.58
	2.46
	  5.20
	<0.001

	CRP> 5.0 mg/L
	2.16
	1.60
	  2.93
	<0.001

	Sex=male
	1.28
	1.04
	  1.57
	0.018

	Setting = rural
	2.19
	1.63
	  2.95
	<0.001

	Retinol binding protein < 0.7 μmol/L
	2.90
	1.80
	  4.67
	<0.001

	Transferrin receptor > 8.5 mg/L
	2.41
	1.89
	  3.06
	<0.001


n=number of participants
Table 13: Multiple linear regression analysis with height-for-age Z-score as the dependent variable in children aged 6 to 59 months
	
	β coefficient
	              95% CI
	(P>|t|)
	Standard-ized β

	n=2332; r2 = 0.158 
	
	
	
	
	

	Age Group - Reference = 6.0−11.99 months
	
	
	
	
	

	12−23.99 months
	−0.59
	−0.83
	−0.36
	0.000
	−0.429

	24−35.99 months
	−1.32
	−1.55
	−1.08
	0.000
	−0.953

	36−47.99 months
	−1.40
	−1.65
	−1.14
	0.000
	−1.011

	48−59.99 months
	−1.45
	−1.71
	−1.19
	0.000
	−1.051

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	−0.16
	−0.29
	−0.03
	0.018
	−0.114

	a + -thalassemia trait
	−0.31
	−0.44
	−0.18
	0.000
	−0.224

	Hb E homozygous
	−0.11
	−0.36
	0.15
	0.407
	−0.078

	Hb E trait with a + -thalassemia
	−0.21
	−0.45
	0.03
	0.093
	−0.149

	
	
	
	
	
	

	Setting = rural
	−0.38
	−0.56
	−0.20
	0.000
	−0.273

	Sex = male
	−0.16
	−0.26
	−0.06
	0.002
	−0.116

	Hb < 110 g/L
	−0.25
	−0.38
	−0.12
	0.000
	−0.184

	CRP > 5.0 mg/L
	−0.16
	−0.30
	−0.03
	0.020
	−0.117

	_cons
	0.03
	−0.23
	0.29
	0.816
	



n=number of participants
Table 14: Multiple linear regression analysis with weight-for-age Z-score as the dependent variable in children aged 6 to 59 months
	
	β coefficient
	95% CI
	(P>|t|)
	Standard-ized β

	n=2349, r2=0.102
	
	
	
	
	

	Age Group - Reference = 6.0−11.99 months
	
	
	
	
	

	12−23.99 months
	−0.41
	−0.60
	−0.22
	0.000
	−0.370

	24−35.99 months
	−0.78
	−0.98
	−0.57
	0.000
	−0.703

	36−47.99 months
	−0.96
	−1.18
	−0.74
	0.000
	−0.869

	48−59.99 months
	−0.98
	−1.20
	−0.77
	0.000
	−0.890

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	−0.09
	−0.19
	0.02
	0.097
	−0.077

	a + -thalassemia trait
	−0.10
	−0.22
	0.02
	0.093
	−0.093

	Hb E homozygous
	0.07
	−0.18
	0.31
	0.583
	0.061

	Hb E trait with a + -thalassemia
	−0.11
	−0.30
	0.09
	0.273
	−0.097

	
	
	
	
	
	

	Setting = rural
	−0.18
	−0.34
	−0.02
	0.027
	−0.162

	Sex= male
	−0.08
	−0.17
	0.01
	0.093
	−0.071

	Hb < 110 g/L
	−0.30
	−0.41
	−0.19
	0.000
	−0.269

	CRP > 5.0 mg/L
	−0.20
	−0.31
	−0.10
	0.000
	−0.184

	_cons
	−0.45
	−0.69
	−0.21
	0.000
	


n=number of participants
Table 15: Multiple linear regression analysis with weight-for-height Z-score as the dependent variable in children aged 6 to 59 months
	
	β coefficient
	95% CI
	(P>|t|)
	Standard-ized β 

	n=2336, r2=0.019
	
	
	
	
	

	Age Group - Reference = 6.0−11.99 months
	
	
	
	
	

	12−23.99 months
	−0.19
	−0.36
	−0.01
	0.037
	−0.183

	24−35.99 months
	−0.05
	−0.23
	0.13
	0.606
	−0.047

	36−47.99 months
	−0.18
	−0.37
	0.01
	0.063
	−0.178

	48−59.99 months
	−0.12
	−0.31
	0.08
	0.231
	−0.117

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	0.00
	−0.11
	0.10
	0.958
	−0.003

	a + -thalassemia trait
	0.10
	−0.02
	0.23
	0.113
	0.099

	Hb E homozygous
	0.08
	−0.11
	0.26
	0.424
	0.074

	Hb E trait with a + −thalassemia
	0.03
	−0.14
	0.19
	0.755
	0.026

	
	
	
	
	
	

	Setting = rural
	0.07
	−0.14
	0.27
	0.509
	0.068

	Sex = male
	−0.04
	−0.12
	0.04
	0.335
	−0.038

	Hb < 110 g/L
	−0.20
	−0.30
	−0.09
	0.000
	−0.193

	CRP > 5.0 mg/L
	−0.16
	−0.27
	−0.05
	0.004
	−0.160

	_cons
	−0.68
	−0.91
	−0.45
	0.000
	


n=number of participants
Table 16: Multiple linear regression analysis with body-mass index Z-score as the dependent variable in children aged 6 to 59 months
	
	β coefficient
	         95% CI
	(P>|t|)
	Standard-ized β 

	n=2330, r2=0.020
	
	
	
	
	

	Age Group - Reference = 6.0−11.99 months
	
	
	
	
	

	12−23.99 months
	0.05
	−0.13
	0.23
	0.565
	0.050

	24−35.99 months
	0.24
	0.05
	0.43
	0.013
	0.231

	36−47.99 months
	0.10
	−0.10
	0.29
	0.328
	0.093

	48−59.99 months
	0.10
	−0.10
	0.30
	0.343
	0.092

	
	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	
	

	Hb E trait
	0.02
	−0.09
	0.12
	0.770
	0.015

	a + -thalassemia trait
	0.15
	0.02
	0.28
	0.025
	0.141

	Hb E homozygous
	0.09
	−0.10
	0.28
	0.369
	0.083

	Hb E trait with a + -thalassemia
	0.05
	−0.12
	0.21
	0.576
	0.045

	
	
	
	
	
	

	Setting = rural
	0.12
	−0.10
	0.34
	0.282
	0.114

	Sex= male
	0.04
	−0.04
	0.12
	0.351
	0.036

	Hb < 110 g/L
	−0.16
	−0.27
	−0.05
	0.004
	−0.155

	CRP > 5.0 mg/L
	−0.13
	−0.25
	−0.02
	0.026
	−0.129

	_cons
	−0.85
	−1.09
	−0.60
	0.000
	


n=number of participants 

Table 17: Multivariate logistic regression models of risk factors for stunting in children aged 6 to 59 months
	n=2352
	Odds ratio
	95% CI
	(P>|t|)

	Age Group - Reference = 6.0−11.99 months
	
	
	
	

	12−23.99 months
	2.05
	1.38
	3.04
	<0.001

	24−35.99 months
	5.01
	3.41
	7.37
	<0.001

	36−47.99 months
	6.34
	4.17
	9.65
	<0.001

	48−59.99 months
	6.01
	3.89
	9.29
	<0.001

	
	
	
	
	

	Genetic Hb variants - Reference = Hb AA
	
	
	
	

	Hb E trait
	1.26
	0.98
	1.63
	0.074

	a + -thalassemia trait
	1.51
	1.15
	1.98
	0.004

	Hb E homozygous
	1.16
	0.75
	1.79
	0.490

	Hb E trait with a + -thalassemia
	1.44
	0.99
	2.09
	0.055

	
	
	
	
	

	Hb < 110 g/L
	1.26
	1.02
	1.56
	0.033

	Sex = male
	1.28
	1.07
	1.52
	0.006

	Setting = rural
	1.82
	1.40
	2.37
	<0.001


 n=number of participants
