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Abstract

Background—In the absence of a feasible, noninvasive gold standard, iron deficiency (ID) is 

best measured by the use of multiple indicators. However, the choice of an appropriate single iron 

biomarker to replace the multiple-criteria model for screening for ID at the population level 

continues to be debated.

Objective—We compared ID defined as ≥2 of 3 abnormal ferritin (<12 μg/L), soluble transferrin 

receptor (TfR; >8.3 mg/L), or zinc protoporphyrin (ZP; >80 μmol/mol) concentrations (ie, 

multiple-criteria model) with ID defined by abnormal concentrations of any of the independent 

candidate iron biomarkers (ferritin alone, TfR alone, or ZP alone) and TfR/ferritin index (ID, 

>500). Values either were adjusted for inflammation [as measured by C-reactive protein (>5 

mg/L) and α1-acid glycoprotein (>1 g/L) before applying cutoffs for ID] or were unadjusted.

Design—In this community-based cluster survey, capillary blood was obtained from 680 

children (aged 6–35 mo) for measurement of iron status by using ferritin, TfR, and ZP.

Results—On the basis of the multiple-criteria model, the mean (±SE) prevalence of ID was 61.9 

± 2.2%, whereas the prevalences based on abnormal ferritin, TfR, or ZP concentrations or an 

abnormal TfR/ferritin index were 26.9 ± 1.7%, 60.9 ± 2.2%, 82.8 ± 1.6%, and 43.1 ± 2.3%, 
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respectively, for unadjusted values. The prevalences of ID were higher for adjusted values only for 

low ferritin and an elevated TfR/ferritin index compared with the unadjusted values. The κ 

statistics for agreement between the multiple-criteria model and the other iron indicators ranged 

from 0.35 to 0.88; TfR had the best agreement (κ = 0.88) with the multiple-criteria model. Positive 

predictive values of ID based on the other iron indicators in predicting ID based on the multiple-

criteria model were highest for ferritin and TfR. Receiver operating characteristic curve analysis 

indicated that TfR (AUC = 0.94) was superior to the other indicators in diagnosing ID based on 

the multiple-criteria model (P < 0.001). The inflammation effect did not appear to alter these 

observations appreciably.

Conclusion—TfR better estimates the prevalence of ID in preschoolers than do ferritin, ZP, and 

the TfR/ferritin index on the basis of multiple indexes in a high inflammation, resource-poor 

setting. This trial was registered at clinicaltrials.gov as NCT101088958.

INTRODUCTION

Anemia, mainly caused by ID7 (iron deficiency), globally affects up to 60% of children aged 

<48 mo, with the highest prevalence found in developing countries (1, 2). Several adverse 

effects on health and development have been attributed to ID without anemia, including 

reduced cognitive, mental, and physical functions in children and increased perinatal and 

maternal mortality (3–7). In children, ID can be prevented and treated with an increased 

intake of iron. This may include consumption of high-iron-content foods, fortification of 

common staple and complementary foods, or provision of therapeutic doses of iron in 

supplements. As a consequence of the WHO iron-supplementation guidelines, a noninvasive 

assessment tool for ID is urgently needed, especially in settings with inadequate malaria 

control (8–10). The use of feasible approaches for assessing ID at the population level in 

high-inflammation, resource-poor, and remote field settings continues to be a critical need 

(11, 12).

Three stages are normally used to characterize ID anemia: depletion of iron stores reflected 

by a fall in serum ferritin concentration, iron-deficient erythropoiesis reflected through 

increased TfR (soluble transferrin receptor) and ZP (zinc protoporphyrin), and anemia 

reflected by a reduction in hemoglobin due to a restricted supply of iron to the bone marrow 

for erythropoiesis (13). In the absence of a noninvasive or feasible gold standard, these 

stages are best characterized by the use of multiple-criteria indicators and the TfR/ferritin 

index (14–16). Iron-status estimates are potentially improved through the use of a 

combination of several (≥3) tests of iron status rather than a single indicator. The presence 

of ≥2 abnormal values indicates impaired iron status (13, 14). In developing country field 

settings, however, multiple-criteria models may be problematic because of the need for 

venous blood collection and the cost of analyzing multiple indicators (12). Some workers 

have thus investigated the feasibility of capillary blood for assessing iron status in field 

studies for many biomarkers, such as ferritin (17), ZP (18), and TfR (12). Measures of 

inflammation from capillary blood are also required to assess their effect on these iron 

7Abbreviations used: AGP, α1-acid glycoprotein; CRP, C-reactive protein; ID, iron deficiency; KEMRI, Kenyan Medical Research 
Institute; NICHE, Nyando Integrated Child Health and Education project; TfR, soluble transferrin receptor; ZP, zinc protoporphyrin.
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biomarkers. The use of a combination of 3 biomarkers (ferritin, transferrin saturation, and 

red blood cell protoporphyrin/ZP) has long been suggested for estimating population ID 

prevalence (16). However, transferrin saturation has some important limitations, including 

diurnal variations in values, results being affected by inflammation, and the method is not 

suitable for field trials (15). In our multiple-criteria model, we therefore replaced transferrin 

saturation with TfR, which is less affected by inflammation and is suitable for field assays 

(15).

The goal of this study was to identify a better biomarker to determine ID as compared with 

the multiple-criteria model (ferritin, TfR, and ZP). This single biomarker must approximate 

the multiple-criteria model in its ability to detect modifications in iron status of preschool 

children in areas of high infection burden if it is to replace the multiple-criteria model. A 

further desirable characteristic is that the biomarker be the least affected by inflammation.

SUBJECTS AND METHODS

Study area and study population

The data for the current study are from the NICHE (Nyando Integrated Child Health and 

Education) project (19, 20). The data were obtained by a cross-sectional survey of children 

6–35 mo of age in 60 randomly selected villages from Nyando Division (population 80,000) 

in the Nyanza Province of western Kenya from March to May 2009. After developing 

community maps, a complete household census was carried out in 60 selected villages. 

Children were selected by simple random sampling from each village, after the census. 

Children were selected if they were 6–35 mo of age at the time of enrollment and lived 

within the catchment area of the study. Children with hemoglobin <70 g/L (n = 14) were 

referred to the nearest clinic for treatment of severe anemia but were still approached for 

enrollment.

Children were excluded if they were unavailable for enrollment at 3 separate household 

visits or if their parents refused to give informed consent. Data were recorded in the field by 

using Dell Axim PDA (DDH Software) and downloaded into an Access 2007 (Microsoft 

Corp) database on a daily basis. Reports of fever 24 h before the interview were obtained 

through caregiver recall. The apparent health of children at the time of enrollment was 

determined by questionnaires to participants’ mothers asking about their children’s 

morbidity status (eg, diarrhea, fever, and cough) during the previous 24 h. Recent illness 

was not a criterion for exclusion. All children who provided consent were enrolled. Referral 

criteria included severe anemia and clinical malaria (fever with positive malaria smear, n = 

42).

Written informed consent was obtained from all participating households. The Ethics 

Committee of KEMRI (Kenyan Medical Research Institute) in Nairobi, Kenya (protocol 

1176), and the Institutional Review Board of the CDC in Atlanta, GA (protocol 5039), 

approved the study.
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Laboratory analysis

Capillary blood was obtained from children aged 6–35 mo by trained laboratory technicians 

using single-use sterile microlancets (Becton Dickinson) into a purple-top microtainer 

capillary blood collector with EDTA (Becton Dickinson) to prevent clotting. Hemoglobin 

was measured within 3 min of blood collection by using the HemoCue B-Hemoglobin 

machine (Ängelholm). A single drop of blood was placed on a microscope slide (Thermo 

Fisher Scientific Inc) for thick and thin malaria smears for detection of malaria parasitemia. 

An additional 400–500 μL capillary blood was collected into a microtainer with EDTA 

(Becton Dickinson). The blood was transported on ice to the KEMRI/CDC laboratory in 

Kisian, Kenya, where a drop of whole blood was transferred from the microcontainers to a 

disposable glass cover slip (Aviv Biomedical) to assess ZP in duplicate. The remaining 

blood was centrifuged at 1500 × g for 5 min at 27°C, and the plasma was removed and 

stored in cryovials (Thermo Fisher Scientific Inc) at −20°C within 12 h of blood collection. 

The plasma samples were transported to Germany for subsequent laboratory analysis of 

ferritin, TfR, AGP (α1-acid glycoprotein), and CRP (C-reactive protein) by using a simple 

sandwich ELISA technique (21). The acute phase proteins AGP and CRP were used to 

identify children with infection and inflammation, which could confound measures of iron 

status, especially ferritin and ZP (12, 22, 23). All indicators were measured twice, and the 

average of the duplicate measures was used; the intra- and interassay CVs were <10%.

Anemia was defined according to the WHO threshold as hemoglobin <110 g/ L for children 

aged 0.5–4.99 y (1). The HemoCue machines were calibrated and checked for accuracy 

twice daily (morning before fieldwork and evening after field-work) by using Hemocontrols 

and control cuvettes, respectively, the records of which were kept in a secure place. ZP was 

measured at the laboratory of the KEMRI/CDC in Kisian, Kenya, with the Aviv ZP 

Hematofluorometer (Aviv Biomedical). The hematofluorometer was standardized daily with 

control solutions provided by Aviv Biomedical. We applied a correction factor to the results 

of the ZP on the advice of the manufacturers and the CDC quality-assurance laboratory. A 

cutoff value of 80 μmol heme/mol was used to indicate elevated ZP concentrations and 

hence iron deficiency (24).

The thresholds for defining abnormal values for the above biochemical indicators were as 

follows (25): ferritin, <12 μg/L; TfR, > 8.3 mg/L (Ramco Laboratories Inc); CRP, >5 mg/L; 

and AGP, >1.0 g/L. For the multiple-criteria model, ID was considered present if individuals 

had ≥2 abnormal values from among ferritin, TfR, and ZP (13, 14). The ratio of TfR to 

ferritin (TfR/ferritin index) is being advocated as the indicator of choice by the international 

community for estimating ID prevalence (15). The TfR/ferritin index was calculated by 

dividing TfR (μg/L) by ferritin (μg/L), with elevated TfR/ ferritin index defined as >500 (26, 

27).

Statistical analysis

We used SAS 9.2 (SAS Institute Inc) for all statistical analyses. Statistical significance was 

defined as P < 0.05. Plasma ferritin, TfR, and ZP were found to have non-Gaussian 

distributions when they were assessed for normality by using plots and Kolmogorov-

Smirnov tests and were therefore log-transformed and reported as geometric means and SDs 
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or as medians and IQRs (28). The analyses for this study were carried out for 680 children 

who had all biochemical data available. No statistically significant differences in 

demographic characteristics were found between excluded (n = 32) and included children (P 

< 0.05) for these analyses.

To identify the best single estimate of ID, the proportion of children who were iron deficient 

based on the multiple-criteria model (defined as ≥2 of 3 abnormal values in ferritin, TfR, or 

ZP), the standard, was compared by using chi-square and Fisher tests to the proportion of 

children with abnormal values for each of the 3 independent tests (ie, ferritin alone, TfR 

alone, or ZP alone) and the TfR/ferritin index.

The κ statistic was computed to assess the extent of agreement between estimates of ID 

prevalence on the basis of the multiple-criteria model and each of the 3 independent tests 

and the TfR/ferritin index by using PROC FREQ with the AGREE option in SAS 9.2 (SAS 

Institute Inc). We characterized κ > 0.75 as indicating excellent agreement, 0.40–0.75 as fair 

to good agreement, and <0.40 as poor agreement (29).

The relative accuracy of the 3 individual tests and the TfR/ ferritin index at predicting ID 

based on the multiple-criteria model was assessed by examining the sensitivity, specificity, 

and positive and negative predictive values of the various indicators. Also, we applied 

receiver operating characteristic curves for the diagnosis of ID based on the multiple-criteria 

model by using the 3 different independent tests and the TfR/ferritin index by using SAS 9.2 

(SAS Institute Inc).

RESULTS

Approximately equal proportions of boys and girls, with a mean (±SD) age of 21.1 ± 9.2 

mo, were enrolled in this study (Table 1). The prevalence of malaria parasitemia was lower 

than expected, whereas the prevalence of reported fever within 24 h was high. Mean 

concentrations of ferritin and the TfR/ferritin index were within normal ranges; the mean 

hemoglobin concentration was lower and concentrations of ZP and TfR were higher than 

normal values. The prevalence of ID as assessed by the multiple-criteria model was 

significantly different from that estimated separately by ferritin, TfR, ZP, and the TfR/

ferritin index (P < 0.001). Elevated CRP and AGP were present in 23% and 46% of the 

participants, respectively. The concentrations of ferritin and ZP and the TfR/ferritin index 

were different between the unadjusted and adjusted values for the effect of inflammation; 

unadjusted ferritin and ZP concentrations were higher than the adjusted values, whereas the 

adjusted TfR/ferritn index was higher than the unadjusted value. However, differences in the 

prevalence of ID were observed only for ferritin and the TfR/ ferritin index (Table 1), with 

adjusted values showing a higher proportion of both low ferritin and elevated TfR/ferritin 

index compared with the unadjusted values.

The κ statistics for agreement between the multiple-criteria model and the other iron 

indicators in the estimation of ID prevalence among the preschool children ranged from 0.35 

to 0.88, ie, fair to excellent agreement with the multiple-criteria model (Table 2).
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The sensitivity for identifying ID (proportion ± SE), as defined by the multiple-criteria 

model, was greater for ZP (0.99 ± 0.01) and TfR (0.95 ± 0.01), but lower for ferritin (0.43 ± 

0.02) and the TfR/ferritin index (0.63 ± 0.02) (Table 3). However, the specificity for 

identifying ID was higher for TfR and ferritin and the TfR/ferritin index and lowest for ZP. 

Consequently, TfR least misclassified children as iron deficient on the basis of the multiple-

criteria model compared with the other iron indicators. This observation was independent of 

the effect of inflammation.

The receiver operating characteristic curves for the various iron indicators were used to 

diagnose ID as defined by the multiple-criteria model (Figure 1). The AUC values (and 95% 

CIs) indicated that the diagnostic accuracy of TfR (0.942; 95% CI: 0.923, 0.960) in 

predicting iron deficiency was superior to that of the other iron-status indicators (P < 0.001).

DISCUSSION

Multiple criteria indicators that use a combination of ≥3 tests of iron status have been used 

to estimate the prevalence of nutritional iron deficiency in populations (13, 14, 16). Recent 

assay techniques allow for the measurement of these indicators by using small quantities of 

blood from capillary finger-stick samples (12, 17, 18, 21). The costs of laboratory 

assessments are similar for ferritin, TfR, and to some extent ZP and are therefore largely a 

function of the number of individuals and indicators measured. Costs per test are ~US$8–26 

for ferritin, US$8–30 for TfR, US$1–6 for ZP, US$6–22 for CRP, and US$2–10 for AGP. 

Venous compared with capillary blood testing cost differences are minimal. Thus, it is more 

expensive to measure all 3 indicators required for the multiple-criteria model (US$24–90) 

compared with just one indicator (US$1–30) (21). Therefore, the identification of a single 

iron indicator that provides similar information as the multiple-criteria model will be cost-

effective and, hence, is of importance. The sandwich ELISA technique that was used in this 

study was, however, considerably cheaper (US$12 for 5 combined analytes) than other 

techniques (21).

The prevalence of ID in this preschool population ranged from 27% to 83% based on the 

different iron indicators used. The prevalence of ID was highest for ZP and least for ferritin 

and the TfR/ferritin index. The high prevalence of ID by ZP may have been due to 

interfering substances in the plasma produced by hemolysis and inflammation, which can 

increase ZP concentrations 3–4-fold in the absence of ID (31). Furthermore, the specificity 

of ZP in identifying ID may be limited by increased blood lead concentrations, hemolytic 

anemias, malaria, or hemoglobinopathies (24, 31).

The prevalence of anemia was 46% compared with 69% reported in the same setting among 

2–36-mo-old children by Verhoef et al (22). Although similar methods for obtaining blood 

as well as similar cutoffs for hemoglobin were applied in both studies, the children were 

younger and the prevalence of malaria was greater than in our study (18% compared with 

12%). The lower prevalence of malaria, and consequently of anemia, in our study was 

probably due to the existence of an active malaria-control program (22).
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The κ statistics for agreement between the multiple-criteria model and the other iron 

indicators for ID was fair to excellent; TfR had the best agreement with the multiple-criteria 

model, whereas ferritin had the least agreement with the multiple-criteria model. This 

confirms results from earlier studies that indicated TfR to be a more sensitive index of ID 

than ZP or ferritin (12, 22, 23, 32, 33), because it is less influenced by malaria or 

inflammation (12, 22, 23).

The trans-membrane glycoprotein TfR is expressed on cell surfaces and regulated by 

posttranscriptional regulation of the iron-mediated iron-reactive element. It is important for 

iron uptake of the cell; expression of TfR concentrations increases during iron deficiency 

and decreases when there is iron overload. Early measure of suboptimal iron supply can thus 

be reflected by an increased TfR cellular uptake of iron (15, 34, 35). Transferrin receptor as 

an indicator has many strengths; it appears to be a specific indicator of iron deficiency 

erythropoeisis not significantly confounded by inflammation, although it may be influenced 

by malaria, age, and ethnicity (31). Additionally, it has been shown to be more sensitive than 

ZP in detecting functional ID (34), with greater changes being observed earlier in TfR 

concentrations than in other iron indicators (36), and more reliable in reflecting early-stage 

tissue ID (37). However, lack of international cutoffs and its assessment by different assays 

inhibits direct comparison of TfR values between studies (31), although a recent report 

identifies a radiolabeled assay for assessing TfR for diagnostic purposes (38).

Plasma ferritin, an indicator of iron stores in healthy individuals, is an acute phase reactant 

and is affected by inflammation. The low prevalence of ID based on ferritin in this study 

may have been found in children with depleted iron stores who were yet to progress to iron-

deficient erythropoiesis (39).

The results of the current study support the finding that TfR, compared with ZP, ferritin, and 

the TfR/ferritin index, is more strongly associated with the multiple-criteria model as an 

indicator of ID. Fewer children were misdiagnosed as iron deficient when TfR was used 

than when ZP, ferritin, and the TfR/ferritin index were used.

The results presented were obtained by using iron-status indicators that were unadjusted for 

the influence of inflammation. An approach has been proposed to improve the estimation of 

iron deficiency in populations exposed to frequent infections (30, 40). However, there is no 

consensus on this approach, and most previous studies used unadjusted values. We repeated 

the analyses using cutoff values adjusted for the influence of inflammation based on CRP 

(<5 mg/L) and AGP (<1 g/L) concentrations (30) to compare the results; the results and 

conclusions of our study did not change appreciably with respect to the best indicator for 

assessing iron deficiency based on the multiple-criteria model, which was still TfR. 

However, iron-status levels and the prevalence of ID were different between the unadjusted 

and adjusted iron indicators (Table 1). The TfR/ferritin index and concentrations of ferritin 

and ZP and were higher when not adjusted for inflammation. This difference was not 

obvious for TfR, an indication that this indicator is less influenced by inflammation.

A limitation of our study was that blood lead and hemoglobinopathies (eg, sickle cell 

anemia, thalassemias) were not measured, which may have confounded the ZP 
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concentrations. Additionally, we tested the performance of an indicator against other 

indicators, which were partly based on it and hence not statistically independent. This lack 

of independence may have affected the interpretation of the κ and the AUC statistics. Last, 

our 3-factor outcome model may not necessarily be the gold standard for estimating ID. The 

main strength of the study was the use of field-friendly capillary blood methods to minimize 

discomfort among the children and to measure multiple iron-status indicators in capillary 

blood by using the sandwich ELISA technique, which requires only a small volume of 

plasma.

Our study showed that plasma TfR, obtained from capillary blood, can accurately estimate 

ID based on the multiple-criteria model when assessing ID in preschool children at the 

population level in high-inflammation settings.

In conclusion, in this high-inflammation setting, our study indicated excellent agreement 

between TfR and the multiple-criteria model for identifying the prevalence of ID in pre-

schoolers. Furthermore, compared with the other indicators (ferritin, ZP, and the TfR/ferritin 

index), TfR misdiagnosed the least percentage of children as iron deficient based on the 

multiple-criteria model. However, our reference ID model (the 3-factor multiple-criteria 

model) may not be the gold standard for estimating ID, and further studies are needed to 

compare the diagnostic ability of the candidate iron-status indicators with the known gold 

standard—stainable bone marrow iron—to confirm our findings.
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FIGURE 1. 
ROC curve analysis for the diagnosis of ID (based on the multiple-criteria model) by using 

the TfR/ferritin index and 3 different independent tests in a sample of Kenyan children aged 

6–35 mo. ID was defined per the multiple-criteria model as ≥2 abnormal values from among 

ferritin (<12 μg/L), TfR (>8.3 mg/L), and ZP (>80 μmol/mol) (13, 14). AUC values (and 

95% CIs) for low ferritin (<12 μg/L), elevated TfR (>8.3 mg/L), elevated ZP (>80 μmol/

mol), and an elevated TfR/ferritin index (>500) were as follows: 0.704 (0.679, 0.729), 0.942 

(0.923, 0.960), 0.717 (0.686, 0.747), and 0.757 (0.727, 0.787), respectively. TfR was the 

most accurate estimator of ID (P < 0.0001; n = 679). ID, iron deficiency; ROC, receiver 

operating characteristic; TfR, plasma soluble transferrin receptor; TfR/SF index, ratio of 

plasma soluble transferrin receptor to plasma ferritin index; ZP, whole-blood zinc 

protoporphyrin.
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TABLE 1

Demographic, infection, and biochemical characteristics in a sample of Kenyan children aged 6–35 mo (n = 

680)1

Characteristic Unadjusted value Adjusted value2

Sex (% male) 51.4 —

Age (mo)3 21.1 ± 9.2 —

Recent fever (%) 28.0 —

Malaria parasitemia (%) 12.4 —

CRP >5 mg/L (%) 23.0 —

AGP >1 g/L (%) 46.0 —

Hemoglobin (g/L)3 108.6 ± 15.4 113.0 ± 17.5

Ferritin (μg/L)4 21.9 ± 2.6 14.9 ± 2.3

TfR (mg/L)4 9.6 ± 1.5 9.3 ± 1.5

ZP (μmol/mol heme)4 135.0 ± 1.7 122.7 ± 1.7

TfR/ferritin index4 437.1 ± 3.0 635.3 ± 2.8

Prevalence of anemia and ID (%)5

 Anemia6 45.9 ± 2.2 42.8 ± 2.3

 Multiple-criteria model7 61.9 ± 2.2 62.1 ± 1.9

 Low ferritin, <12 μg/L 26.9 ± 1.7 40.7 ± 1.9

 Elevated TfR, >8.3 mg/L 60.9 ± 2.2 56.6 ± 1.9

 Elevated ZP, >80 μmol/mol 82.8 ± 1.6 79.9 ± 1.6

 TfR/ferritin index, >500 43.1 ± 2.3 55.9 ± 1.7

1
AGP, plasma α1-acid glycoprotein; CRP, plasma C-reactive protein; ID, iron deficiency; TfR, plasma soluble transferrin receptor; TfR/ferritin 

index, ratio of plasma soluble transferrin receptor to plasma ferritin index; ZP, whole-blood zinc protoporphyrin.

2
Values adjusted for inflammation by using group-specific correction factors estimated from the ratios of geometric means for the various iron 

indicators (30).

3
Values are arithmetic means ± SDs.

4
Values are geometric means ± SDs.

5
Values are prevalence ± SE. Significant differences were observed between the combined model and each of the other indicators in assessing the 

proportions of children with ID (chi-square tests, P < 0.001).

6
Anemia defined as hemoglobin <110 g/L (1).

7
ID was considered present if individuals had ≥2 abnormal values from among ferritin (<12 μg/L), TfR (>8.3 mg/L), and ZP (>80 μmol/mol) (13, 

14, 16).
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TABLE 2

Agreement between the multiple-criteria model and other indicators used to define iron deficiency in a sample 

of Kenyan children aged 6–35 mo1

Iron deficiency

Iron deficiency by multiple-criteria model2

κ Statistic (95% CI)Yes No

% %

By low ferritin, <12 μg/L

 Yes 26.3 ± 1.7 (179) 0.6 ± 0.3 (4) 0.35 (0.30, 0.40)

 No 35.6 ± 2.0 (242) 37.5 ± 2.1 (255) —

By elevated TfR, >8.3 mg/L

 Yes 58.5 ± 2.2 (398) 2.4 ± 0.6 (16) 0.88 (0.84, 0.92)

 No 3.4 ± 0.7 (23) 35.7 ± 2.1 (243) —

By elevated ZP, >80 μmol/mol

 Yes 61.5 ± 2.2 (418) 21.3 ± 1.6 (145) 0.48 (0.42, 0.55)

 No 0.4 ± 0.3 (3) 16.8 ± 1.6 (114) —

By TfR/ferritin index, >500

 Yes 38.8 ± 2.2 (264) 4.3 ± 0.8 (29) 0.81 (0.76, 0.85)

 No 23.1 ± 1.9 (157) 33.8 ± 2.1 (230) —

1
Iron deficiency was considered present if individuals had ≥2 abnormal values from among ferritin (<12 μg/L), TfR (>8.3 mg/L), and ZP (>80 

μmol/mol) (13, 14, 16). TfR, plasma soluble transferrin receptor; TfR/ferritin index, ratio of plasma soluble transferrin receptor to plasma ferritin 
index; ZP, whole-blood zinc protoporphyrin.

2
Values are means ± SEs; n in parentheses.
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