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Abstract

Background: The low cost and small specimen volume of the VitMin Lab ELISA assays for 

serum ferritin (Fer), soluble transferrin receptor (sTfR), C-reactive protein (CRP), and α−1-acid 

glycoprotein (AGP) have allowed their application to micronutrient surveys conducted in low-

resource countries for ~2 decades.

Objectives: We conducted a comparison between the ELISA and reference-type assays used in 

the US NHANES.

Methods: Using the Roche clinical analyzer as a reference, we measured random subsets of the 

2016 Nepal National Micronutrient Status Survey (200 serum samples from children aged 6–59 

mo; 100 serum samples from nonpregnant women) for Fer, sTfR, CRP, and AGP. We compared 

the combined data sets with the ELISA survey results using descriptive analyses.
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Results: The Lin’s concordance coefficients between the 2 assays were ≥0.89 except for sTfR 

(Lin’s ρ = 0.58). The median relative difference to the reference was as follows: Fer, −8.5%; 

sTfR, 71.2%; CRP, −19.5%; and AGP, −8.2%. The percentage of VitMin samples agreeing within 

±30% of the reference was as follows: Fer, 88.5%; sTfR, 1.70%; CRP, 74.9%; and AGP, 92.9%. 

The prevalence of abnormal results was comparable between the 2 assays for Fer, CRP, and AGP, 

and for sTfR after adjusting to the Roche assay. Continued biannual performance (2007–2019) 

of the VitMin assays in CDC’s external quality assessment program (6 samples/y) demonstrated 

generally acceptable performance.

Conclusions: Using samples from the Nepal survey, the VitMin ELISA assays produced mostly 

comparable results to the Roche reference-type assays for Fer, CRP, and AGP. The lack of sTfR 

assay standardization to a common reference material explains the large systematic difference 

observed for sTfR, which could be corrected by an adjustment equation pending further validation. 

This snapshot comparison together with the long-term external quality assessment links the survey 

data generated by the VitMin Lab to the Roche assays used in NHANES.
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Introduction

According to the Global Burden of Disease Study 2016, iron deficiency anemia is 1 of the 

5 leading causes of years lived with disability burden (1). Lower cognitive performance in 

children, altered physical capacity in adults, and a negative effect on immune status at all 

ages are the most common consequences of iron deficiency (2). According to a 2020 WHO 

guideline, measurement of serum ferritin (Fer) is an important and commonly used test to 

assess the iron status in otherwise apparently healthy individuals and in populations (3). In 

populations, Fer testing is usually performed along with measures of inflammation [e.g., 

C-reactive protein (CRP) and/or α−1-acid glycoprotein (AGP)] and additional iron indexes, 

such as soluble transferrin receptor (sTfR) (3).

In the early 2000s, the VitMin Lab, managed by Dr. Juergen Erhardt and based out 

of Willstaett, Germany, developed low-cost sandwich ELISA assays that only require 

small specimen volumes to measure the aforementioned biomarkers for iron status and 

inflammation (4). The availability of these assays has transformed biomarker assessments as 

part of micronutrient surveys and allowed for the generation of many comprehensive data 

sets in low- and middle-income countries in South and Southeast Asia, the Middle East, 

Africa, and Latin America (5–13). At their introduction, the VitMin ELISA assays were 

shown to have good agreement with the Fer RIA from Bio-Rad Laboratories (n = 44), the 

sTfR ELISA assay from Ramco Laboratories (n = 119), and the CRP ELISA assay from 

Immuno-Biological Laboratories Inc. (n = 17) (4). An AGP ELISA assay was added later. 

To allow for a systematic evaluation of the VitMin assays compared to the Roche Cobas 

clinical analyzer reference-type methods utilized to measure selected biomarkers in the US 

NHANES, we applied the Roche assays to analyze specimens from the 2016 Nepal National 

Micronutrient Status Survey (NNMSS; 200 serum samples from children aged 6–59 mo 
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and 100 serum samples from nonpregnant women). We compared the results with those 

generated by the VitMin assays as part of these surveys (11). To provide context regarding 

the VitMin assay performance beyond this snapshot assessment, we also included data from 

>10 y of VitMin assay participation in CDC’s external quality assessment program for 

serum micronutrients.

Methods

Biological specimens

The VitMin Lab analyzed Fer, sTfR, CRP, and AGP for the 2016 NNMSS postintervention 

during 2016 and 2017. Extra vials were stored frozen for samples with sufficient specimen 

volume to allow for potential future analyses. Simple random sample subsets of these 

samples were shipped frozen to the CDC laboratory in the fall of 2017 and kept at −70°C 

until the Roche assays were performed in the spring of 2018: 200 serum samples from 

children aged 6–59 mo and 100 serum samples from nonpregnant women aged 15–49 y 

from the NNMSS. Based on in-house tracking of serum quality control (QC) materials 

stored at −70°C, we know that these analytes are stable for at least a few years. The 

involvement of the CDC laboratory to analyze these human serum samples was determined 

not to constitute human subjects research, because CDC employees had no interaction with 

the study participants, specimens were not collected for this method comparison study, no 

extra specimens were collected, and CDC employees did not have access to the link between 

the data or specimens and the identity of the study participants.

VitMin ELISA assays

The sandwich ELISA assays for Fer, sTfR, and CRP were described previously and achieved 

assay variability between 5% and 14% (4). The ELISA assays were calibrated using a 

commercially available 3-level serum control material (Bio-Rad Liquichek Immunology 

Control) by using the mean concentrations listed in the manufacturer product insert and 

diluting the materials when needed further to generate calibration curves. Two calibration 

curves were used for each analyte to cover a wider range (Supplemental Figure 1). Owing 

to slight lot-to-lot concentration variations over time, the dilutions of the materials were 

modified to generate similar reportable ranges. Typical reportable ranges for each analyte 

were as follows: Fer, 0–350 μg/L; sTfR, 0–35 mg/L; CRP, 0–45 mg/L; and AGP, 0–2.5 

g/L. Because the Liquichek material does not provide data for sTfR, the VitMin Lab 

determined the initial sTfR concentrations using a commercial ELISA kit from Ramco 

Laboratories. An in-house prepared serum QC sample with analyte concentrations in the 

mid-range was included with each plate (8 positions) and analyte to monitor assay stability. 

To minimize daily variations, the absorption of this known sample was used to calculate an 

adjuster factor for the daily calibration curves; different approximations (linear, quadratic, 

logarithmic) were used depending on the protein and for the lower and upper calibration 

curves. Retinol-binding protein, although part of the VitMin ELISA assays, was not included 

in this investigation because it is not measured on the clinical analyzer.

The VitMin Lab has continuously participated in CDC’s Vitamin A Laboratory External 

Quality Assurance (VITAL-EQA) program since 2005. The program sends out 3 samples 
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twice a year and provides assessments for Fer, sTfR, and CRP (not for AGP) using objective 

quality goals for method performance based on biological variation (Supplemental Table 

1). The participant’s assay results are considered acceptable if they fall at least within the 

minimum allowable relative difference as compared to the CDC target values, which are 

±7.7% for Fer and ±32.7% for CRP. Although the minimum allowable relative difference 

based on biological variation is ±7.7% for sTfR, the VITAL-EQA program does not rate 

the participant’s difference because there are large differences among sTfR assays due to 

these assays not yet being standardized to a common reference material (14). After the 

initial sTfR value assignment of the Liquichek materials based on analysis with the Ramco 

kit, the VitMin Lab used the results from the VITAL-EQA program for subsequent assay 

calibration and a factor of 1.6 to account for the Roche to VitMin (i.e., Ramco) assay 

difference determined at the onset of program participation. The factor of 1.6 is similar to 

the known Roche to Ramco assay difference [Roche = 0.631 × Ramco + 0.299; Roche ~30% 

lower than Ramco, leading to a factor of 1.43 (15)]. Thus, the recent discontinuation of 

the Ramco kit had no impact on the continued calibration of the VitMin sTfR assay. The 

VitMin Lab also utilized the VITAL-EQA results to occasionally correct assay shifts through 

recalibration. The minimum allowable relative difference based on biological variation is 

±10.3% for AGP.

Reference-type Roche assays

We used the Cobas 6000 system (Roche Diagnostics) to measure Fer (Elecsys Ferritin 

electrochemiluminescence immunoassay) on the e601 immunology analyzer and sTfR 

(Tina-quant particle enhanced immunoturbidimetric assay), CRP (Gen.3 particle enhanced 

immunoturbidimetric assay), and AGP (Tina-quant Gen.2 immunoturbidimetric assay) on 

the c501 chemistry analyzer (16). The reportable range for each analyte was as follows: 

Fer, 0.5–2000 μg/L; sTfR, 0.5–40 mg/L; CRP, 0.3–350 mg/L; and AGP, 0.1–4.0 g/L. 

We monitored the long-term performance of these assays by including 3 levels of in-

house serum QC samples measured in duplicate for each analytical run. The interday 

variability for the study period was 1.2%–1.9% for Fer (10.6–101 μg/L), 1.7%–2.4% for 

sTfR (2.17–14.8 mg/L), 1.3%–2.6% for CRP (1.24–23.0 mg/L), and 2.8%–6.0% for AGP 

(0.53–2.08 g/L). We successfully participated in the College of American Pathologists 

Ligand (Fer, 3 times/y), Immunology (CRP, 3 times/y), and Soluble Transferrin Receptor 

(sTfR, 2 times/y) proficiency testing challenges as well as the corresponding Linearity and 

Calibration Verification challenges. Lastly, we regularly (≥2 times/y) analyzed international 

reference materials from the WHO and the European Institute for Reference Material and 

Measurements (IRMM) to monitor potential shifts in the assays. Supplemental Text 1 

describes the performance of the Roche assays with available reference materials and the 

standardization of the Roche assays.

Statistical analysis

We excluded incomplete pairs (5 for Fer, 5 for sTfR, 1 for CRP, and 5 for AGP). After 

initial data inspection we removed sTfR results for 1 highly influential outlying data pair 

(Roche: 72 mg/L; VitMin: 59.8 mg/L). All other outlying values were considered to be valid 

measurements. Our analysis included the following numbers of paired results: Fer, n = 295; 

sTfR, n = 294; CRP, n = 299; and AGP, n = 295. We present descriptive statistics such 
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as median, IQR, and range (minimum to maximum concentration) for each sample set and 

overall.

We based our agreement analysis on paired sample results with numeric values and thus 

excluded 116 samples for CRP because the Roche results were less than the limit of 

detection (instrument output of <0.3); for 108 of these samples the VitMin results were <0.5 

mg/L and the remaining VitMin results were <2 mg/L. A visual inspection of Bland–Altman 

plots using both the original and ln-transformed data suggested that combining the data 

from the 2 sample sets was reasonable because the relation between the 2 assays across the 

sample sets appeared similar (Supplemental Figure 2).

After reviewing the Bland–Altman plots, all analytes on the original scale appeared to 

violate ≥1 of the assumptions for the Bland–Altman limits of agreement (LoA) approach, 

such as nonconstant difference and/or nonconstant variance. The log transformation 

addressed these violations for some analytes, but the remaining analytes required a further 

modification of the standard Bland–Altman approach (17). Using the parameter estimates 

of a linear regression of the log difference between the assays on the average of the 

log-transformed pair, we derived prediction equations and 95% prediction intervals (18). 

These prediction equations (and 95% prediction intervals) were then back-transformed from 

the log scale. We used these prediction equations to calculate predicted values and 95% 

prediction intervals at selected measured values (minimum, 25th, 50th, 75th percentiles, 

and maximum as measured by the reference assay). Log-transformed data were also 

used to calculate the Pearson correlation and Lin’s concordance coefficients. The Pearson 

correlation was used because the association between the methods was approximately linear 

after log transformation.

To supplement the information provided by the prediction equations, we used a 

nonparametric approach to describe the agreement between the 2 assays (17). We present the 

median, IQR, and the nonparametric LoA (2.5th and 97.5th percentiles) relative difference 

along with the proportion of samples where the relative differences fall within selected 

limits (e.g., within ±10% of the reference assay). We also calculated the latter for CRP with 

all 299 sample pairs included, using an imputed value of 0.3 for Roche. We assessed the 

acceptability of the median relative difference by comparing it with the minimum allowable 

difference based on biological variation: difference = 0.375 × (within-individual CV2 + 

between-individual CV2)1/2 (19) (Supplemental Table 1).

Given that population-level nutrition status assessment often relies on dichotomization to 

derive estimates of deficiency/inflammation prevalence, we calculated the prevalence of 

abnormal analyte concentrations using all sample pairs (including CRP results less than the 

limit of detection for Roche) using the following common cutoff values: Fer <15 μg/L for 

women and <12 μg/L for children (4), CRP >5 mg/L (20), and AGP >1 g/L (20). For sTfR, 

we used a cutoff value of >8.3 mg/L for the original VitMin data because the VitMin sTfR 

assay was calibrated to the Ramco assay (4); however, when assessing the predicted results, 

we used the sTfR cutoff values applicable to the Roche assay (>5.33 mg/L for women and 

>6.00 mg/L for children) (21). We also generated folded empirical cumulative distribution 

function graphs to provide visual interpretation of the overlap between the Roche, original 
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VitMin, and predicted VitMin concentration distributions. To provide additional individual-

level assessment, we evaluated the diagnostic characteristics of the VitMin assays by 

calculating sensitivity, specificity, positive predictive value, and negative predictive value for 

the original and predicted results. P values ≤ 0.05 were considered statistically significant.

Lastly, we summarized the performance of the VitMin Fer, sTfR, and CRP assays in the 

VITAL-EQA program starting with round 8 (2007) and continuing to round 33 (2019). We 

plotted the relative difference to the CDC target value for the 3 samples in each round (level 

1, low concentration; level 2, medium concentration; level 3, high concentration). Different 

rounds measured different samples with low, medium, and high concentrations. For sTfR, 

the VitMin Lab reported adjusted results (measured result/1.6) to account for the VitMin 

to Roche assay difference. We readjusted the VitMin results (reported result × 1.6) to their 

originally measured concentration to appropriately reflect the relative difference to the CDC 

target values.

Results

Descriptive data for the VitMin and Roche assays

Whereas the 2 Nepal sample subsets covered somewhat different concentration ranges, 

combining the 2 sets covered a wide range of normal and abnormal values (Table 1). In 

addition, the relation between the Roche and VitMin assays was similar for each analyte 

regardless of the sample set (Supplemental Figure 2).

Agreement between the VitMin and Roche assays

Using the original data, the Bland–Altman plot between each VitMin and Roche assay 

showed the existence of nonconstant variance for all 4 analytes and nonconstant difference 

for Fer, sTfR, and AGP (Supplemental Figure 1A–D), also supported by the significant 

P values for nonconstant difference and nonconstant variance (Table 2). After we log-

transformed the data (Supplemental Figure 2E–H, Table 2), these violations appeared to 

resolve for Fer (constant difference and constant variance), partially resolve for AGP 

(constant variance but still nonconstant difference), and noticeably improve for CRP and 

sTfR (nonconstant difference and nonconstant variance).

Based on the log models, we observed high Pearson correlation coefficients (r ≥0.92) 

between the VitMin and Roche assay results for each analyte (Table 2). We also observed 

high concordance for Fer, CRP, and AGP (Lin’s ρ ≥0.89), but not for sTfR (Lin’s ρ = 0.58), 

indicating that the 2 assays have a strong linear relation but poor agreement, pointing to 

the existence of a systematic bias. The mean relative difference was −11.5% for Fer, but it 

varied over the concentration range for sTfR, CRP, and AGP (Table 2, Figure 1A–D).

Based on a nonparametric approach, the median relative difference between the 2 assays 

was relatively small for AGP (−8.2%) and Fer (−8.5%). It was somewhat larger for CRP 

(−19.5%) and large for sTfR (71.2%) (Table 2, Figure 1E–H). We estimated that for Fer and 

AGP nearly 50% of the VitMin Nepal results agreed within ±10% of the Roche results and 

~ 90% agreed within ±30% (Table 3). For CRP, nearly 25% of the VitMin results agreed 

with ±10% of the Roche results and nearly 75% agreed within ±30%. When assessing all 
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299 CRP sample pairs, 8.4%, 16.7%, 23.7%, 33.1%, 44.1%, and 52.5% agreed within ±5%,

±10%,±15%,±20%,±25%, and ±30%, respectively. Among the CRP sample pairs where the 

Roche results were less than the limit of detection (n = 116), 17.2% and 8.6% of the VitMin 

results agreed within ± 30% and ±10% of the Roche results, respectively. For sTfR, only 

1.70% of the VitMin results agreed within ±30% of the Roche results.

Predicting reference-equivalent VitMin assay results

We established prediction equations for each analyte using the log-transformed Nepal data 

to convert VitMin assay results to reference-equivalent data (Table 4). Fer had a slope of 

1 and a nonzero intercept, reflecting the constant difference. The linear prediction line for 

Fer was reasonably close to the line of identity (Figure 2A). sTfR, CRP, and AGP all had a 

slope slightly different from 1 and a nonzero intercept, reflecting the nonconstant difference. 

The nonlinear prediction line for CRP was reasonably close to the line of identity, whereas 

for sTfR and AGP it moved further away as the concentration increased (Figure 2B–D). 

We applied the prediction equations to 5 selected VitMin assay results for each analyte to 

calculate reference-equivalent predicted values with 95% prediction limits (Table 5). For 

example, we have 95% confidence that a future reference measurement of Fer will fall 

between 13.8 μg/L and 43.3 μg/L when using a value of 21.7 μg/L measured by the VitMin 

assay. For Fer, the analyte with constant difference across the log-transformed concentration 

range, we observed a constant relative difference of ~13% for the 5 selected values (Table 

5). However, for sTfR, CRP, and AGP, the 3 analytes with nonconstant difference, we noted 

a slight concentration-dependent relative difference for sTfR (from −36.7% to −44.4%) and 

strong concentration-dependent relative difference for CRP (from 35.8% to −4%) and AGP 

(from 12.1% to −5.0%) across the concentration range (Table 5).

Population-level assessment by comparing prevalence of abnormal VitMin and Roche 
concentrations and distribution curves

The prevalence of abnormal results was comparable (overlapping 95% CI) between the 

2 assays for Fer, CRP, and AGP, for both the original and the predicted VitMin results 

(Table 6). The prevalence of abnormal sTfR results was also comparable between the VitMin 

(original and predicted) and Roche assays for nonpregnant women; however, for children the 

prevalence was only comparable after adjusting the VitMin assay to the Roche assay. The 

folded empirical cumulative distribution function graphs showed good overlap between the 

Roche, original VitMin, and predicted VitMin results for Fer, CRP, and AGP, but for sTfR 

only between the Roche and predicted VitMin results (Supplemental Figure 3).

Individual-level assessment through diagnostic performance of VitMin assays

Between 15% and 22% of the Nepal samples had abnormal analyte results based on the 

Roche assays (Supplemental Table 2). We observed sensitivity and specificity of >80% for 

each VitMin assay using the original results as well as the predicted results. However, we 

observed an improvement in the positive predictive value for sTfR (from 66.3% to 88.1%) 

when using predicted results.
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Performance of VitMin assays in CDC’s VITAL-EQA program

Over a period of 12 y [2007 (round 8) to 2019 (round 33)], the VitMin Fer assay achieved 52 

out of 78 (66.7%) acceptable results (within ±7.7% of the CDC target) and showed a mean 

difference of −0.1% (Figure 3A). Unacceptable Fer results were either high or low with no 

apparent time trend. The majority of VitMin sTfR results were within a range of 40%–90% 

higher than the CDC target value, with a mean difference of 66.2% and no apparent time 

trend (Figure 3B). The VitMin CRP assay achieved 70 out of 78 (89.7%) acceptable results 

(within ±33% of the CDC target) and showed a mean difference of −7.9% (Figure 3C). 

There appeared to be a trend toward lower CRP results over time, with a few unacceptable 

low results in more recent rounds. The Nepal survey samples were analyzed around rounds 

26–28.

Discussion

To our knowledge, this is the first systematic study to compare the VitMin ELISA assays 

with the well-established reference-type Roche clinical analyzer assays used for NHANES. 

Our results showed high correlations for all 4 VitMin assays with the Roche assays, good 

concordance for 3 of the 4 assays (Fer, CRP, and AGP), and a potentially correctable 

systematic bias for the sTfR assay. Furthermore, the VitMin assays displayed mainly 

overlapping distribution curves with the Roche assays, comparable prevalence estimates 

for abnormal concentrations, and generally acceptable long-term performance for Fer, sTfR, 

and CRP in CDC’s VITAL-EQA program.

One commonly used approach to assess the acceptability of assay differences is to use 

objective quality goals for method performance based on biological variation (19). For 

Fer, the acceptability limits are fairly tight at ±7.7% (minimum allowable difference). 

The VitMin Fer assay slightly exceeded this limit (−8.5% median relative difference from 

nonparametric model; −11.5% mean relative difference from log model). VitMin Fer results 

in the VITAL-EQA program showed a minimal difference (−0.1%) to the Roche assay and 

no apparent time trend from 2007 to 2019.

For CRP, on the other hand, the minimum allowable difference is much wider (±32.7%) 

owing to the large biological variation. Thus, even though the median relative difference 

for CRP was more than double that of Fer (−19.5% compared with −8.5%) for the Nepal 

samples, the difference was well within the minimum criterion and even met the desirable 

criterion (±21.8%). VitMin CRP results in the VITAL-EQA program confirmed the modest 

difference to the Roche assay (−7.9%). The noticeable downward trend of CRP results in 

more recent years, although mostly within acceptability limits, could alter the interpretation 

of epidemiologic data where determining the prevalence of abnormal results is often an 

objective and CRP data are used in models to adjust Fer or other nutritional biomarkers for 

inflammation (22).

The VitMin AGP assay showed the smallest median relative difference of the 4 assays 

(−8.21%) and met the minimum criterion (±10.3%). Because of the lack of published 

validation data for the VitMin AGP assay, these findings are important to linking the AGP 

assay performance to a reference-type assay. However, owing to the lack of AGP data in 
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the VITAL-EQA program, we do not know whether the snapshot assessment with the Nepal 

samples is representative of other time periods.

A practical approach to assess the closeness of 2 assays is to determine the percentage 

of results by the test assay that agree with the reference assay within certain limits. The 

majority of Fer, CRP, and AGP VitMin results (~75%–90%) agreed within ±30% of Roche 

results. Considering that FDA Bioanalytical Method Validation acceptability criteria for 

Incurred Sample Reanalysis conducted with the same bioanalytical method procedures 

specify that for ligand binding assays 67% of results should be within ±30% of the mean 

(23); and considering that the Roche and VitMin assays use different assay principles, 

antibodies, and calibrators; and that the VitMin assays are carried out manually, whereas the 

Roche assays are automated, the agreement found in our study seems acceptable.

Using the Nepal samples, the VitMin sTfR assay showed a large difference of ~70% to 

the Roche assay. Because the VitMin assay was originally calibrated to the Ramco assay 

and the 2 assays showed good agreement [n = 119; VitMin = 0.727 × Ramco + 2.891; r = 

0.92; mean Bland–Altman difference close to 0, but evidence of nonconstant difference (4)], 

we expected the VitMin sTfR results to be ~45% higher than the Roche results based on 

earlier findings showing that the Roche assay performed ~30% lower than the Ramco assay 

(21). We regularly analyze the WHO sTfR reference material with the Roche assay and 

know that the assay remained largely stable over the last decade, still producing the same 

value as during the material characterization in 2008 (Supplemental Text 1). Based on the 

VITAL-EQA data, the VitMin sTfR assay also appears to have been stable over the period 

2007–2019 and the mean relative difference (66.2%) was nearly identical to the difference 

found with the Nepal samples. This speaks to the value of an independent external quality 

assessment program that uses unaltered samples to monitor assay performance over time. 

Even when the standardization of assays is still outstanding, as is the case for sTfR, and we 

are unable to assess the acceptability of results with regards to their “trueness,” it is helpful 

to determine whether the performance over time is stable.

The reference-type assays used in this study, those of the Roche clinical analyzer, have 

been in use at the CDC laboratory for many years to analyze biomarkers in NHANES 

and other epidemiologic studies and their performance is well-documented. We applied a 

thorough process to characterize the relation between the VitMin and Roche assays and to 

ensure that statistical assumptions were not violated when generating prediction equations. 

Furthermore, we utilized available data on the long-term performance of the VitMin assays 

from the VITAL-EQA program to gain insight on whether the prediction equations are 

valid beyond the time point when the VitMin Lab analyzed the Nepal survey samples. 

Because of the acceptable long-term performance of the VitMin assays, we have confidence 

that the presented prediction equations could be used to generate reference-equivalent 

VitMin results. This facilitates the comparison of population iron status data from various 

micronutrient surveys analyzed by the VitMin Lab with data from NHANES, although 

caution should be used if the range of biomarker concentrations is different in other studies. 

Furthermore, before these equations can be universally applied, they should be validated 

in ≥1 independent sample set that includes samples from other demographic groups than 

children and nonpregnant women. The relatively wide 95% prediction intervals calculated 
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for selected example results demonstrate, however, that data adjustments come with a cost 

and should be avoided when possible. Of the 4 analytes studied, sTfR would benefit most 

from a data alignment to the reference assay to address the systematic assay difference. 

CRP may also benefit from a data adjustment because of the strong concentration-dependent 

bias which alters results at the low end by ~30%, but hardly at all at the high end of 

measurement. It is worth noting, however, that the CRP prediction equation does not apply 

to concentrations <0.3 mg/L, the detection limit for the Roche assay. The other 2 analytes, 

Fer and AGP, appear to have a small enough difference to the Roche assays that data 

adjustments may not be necessary.

Our study has several strengths and limitations. We used a large, combined sample set 

that covered a wide range of concentrations for all analytes to allow for a thorough 

assessment of the relation between the assays and the generation of prediction equations. 

The combined sample set contained a large enough portion of samples with abnormal 

biomarker concentrations to evaluate the prevalence of the VitMin assays in comparison to 

the Roche assays. The combined sample set included samples from different age groups 

(children and women), further demonstrating the robustness of the assay relations. Lastly, 

we carefully conducted the statistical analysis to assess the agreement between the test 

and the reference assays, ensuring that we appropriately addressed assumption violations 

such as nonconstant difference and nonconstant variance. Nonetheless, even after a log 

transformation, both CRP and sTfR continued to show a violation of nonconstant variance. 

Although some ad hoc methods have been proposed such as a regression approach modeling 

the variability in the SD across the range of measurement (16), this approach has limitations, 

such as needing a fair amount of data at the higher concentration end to be confident that 

any trend detected is not a consequence of a few outliers or data points that are poorly 

captured by a linear model. We elected to accept this model violation in reporting our final 

results. Therefore, the LoA for CRP and sTfR should be interpreted with caution because 

they may be over- or underestimated. A further limitation of our study is that we were not 

able to confirm whether the VitMin AGP assay performance holds up across time. A broader 

limitation that applies to any method comparison study is related to how one assesses the 

acceptability of the test assay results. We chose to use the approach based on biological 

variation. However, as we have shown, it comes with limitations when the acceptability 

limits are either wide or tight because of high or low biological variation.

The VitMin assays have been used widely throughout the years to analyze samples from 

micronutrient surveys in low- and middle-income countries. Our study provides data from a 

snapshot comparison using Nepal samples and a long-term comparison using VITAL-EQA 

samples, and thus links the data generated by the VitMin Lab to assays used for NHANES. 

The prediction equations could be used to convert survey results to the reference-type 

assay results, thus allowing a better comparison and interpretation of iron status data across 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Method comparison plots for VitMin ELISA against Roche reference assays. (A–D) 

Percentage difference from the reference on the y axis against the geometric mean on the x 
axis. The heavy solid line is derived through a back-transformation from the selected model 

of the log-transformed differences on the average of the log-transformed values of each pair. 

The dashed lines are the corresponding LoA from the same linear regression model. (E–H) 

Percentage difference from the reference on the y axis against the mean on the x axis and 

showing the median with the 2.5th and 97.5th percentiles as the nonparametric LoA. The 

solid horizontal line represents the 0 line on all plots. AGP, α−1-acid glycoprotein; CRP, 

C-reactive protein; Fer, ferritin; LoA, limits of agreement; sTfR, soluble transferrin receptor.
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FIGURE 2. 
Prediction plots for VitMin ELISA compared with Roche reference assays showing the 

prediction line and 95% prediction intervals for Fer (A), sTfR (B), CRP (C), and AGP (D). 

The dashed line represents the line of identity. AGP, α−1-acid glycoprotein; CRP, C-reactive 

protein; Fer, ferritin; sTfR, soluble transferrin receptor.
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FIGURE 3. 
Performance of VitMin ELISA assays over time in the CDC VITAL-EQA program with 

the relative difference compared to the CDC reference assay shown on the y axis, for Fer 

(A), sTfR (B), and CRP (C). The solid horizontal line represents the 0 line, whereas the 

dashed lines represent the acceptability limits (±7.7% for Fer and ±33% for CRP). No 

acceptability limits are shown for sTfR because of large assay differences due to the lack of 

standardization to a common reference material. Data are shown for 3 samples/round: level 1 

(low concentration), solid square; level 2 (medium concentration), open diamond; and level 

3 (high concentration), solid triangle. Different samples are used in each round. The Nepal 

survey samples were analyzed around rounds 26–28. CRP, C-reactive protein; Fer, ferritin; 

sTfR, soluble transferrin receptor; VITAL-EQA, Vitamin A Laboratory External Quality 

Assurance.
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