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ABSTRACT
Background: Biomarkers of micronutrient status vary with in-
flammation, and can be corrected by a regression-based approach
[Biomarkers Reflecting Inflammation and Nutritional Determi-
nants of Anemia (BRINDA)] using measured concentrations of
inflammation biomarkers, e.g., C-reactive protein (CRP) and/or
α1-acid-glycoprotein (AGP). However, this is confounded when
inflammation is measured with multiple assays with variable limits
of detection (LOD) and lower limits of quantification (LLOQ).
Objectives: We aimed to develop a probability approach for the
estimation of prevalence of micronutrient deficiency using the
distribution of true serum/plasma micronutrient concentrations in the
population.
Methods: Left-censoring of an inflammation biomarker due to
varying values of LOD or LLOQ was addressed by estimating
the distribution of the inflammation biomarker at concentrations
lower than the LOD and using this for the probability estimation of
prevalence of nutrient deficiency. This method was evaluated using
2 publicly available data sets for children <5 y old: BRINDA and
the Indian Comprehensive National Nutrition Survey. Each data set
included measures of serum ferritin (SF), vitamin A, zinc, and CRP
measured using different assays with variable LLOQs.
Results: The empirical distribution of SF after correction for CRP
and AGP by the BRINDA method was comparable with the estimated
probability distribution of SF, yielding similar estimates of iron
deficiency prevalence when evaluated in the BRINDA data (17.4%;
95% CI: 15.2%, 19.7% compared with 16.8%; 95% CI: 13.9%,
20.0%; BRINDA compared with the probability method). The
BRINDA method–adjusted iron deficiency prevalence was linearly
associated with the proportion of left-censored CRP data, whereas
these were not associated in the probability method. In the Indian
survey data, estimates of prevalence of iron and zinc deficiency were
comparable but vitamin A deficiency was lower by the probability
method (17.6%; 95% CI: 16.7%, 20.2% compared with 15.7%;
95% CI: 15.2%, 16.3%; BRINDA compared with the probability
method).
Conclusions: The proposed probability method is a robust alternate
approach to the estimation of the prevalence of nutrient deficiency
with left-censored inflammation biomarker data. Am J Clin Nutr
2021;113:47–54.
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Introduction
Serum ferritin, serum retinol, and serum or plasma zinc

have been identified as biomarkers of nutritional deficiency (1).
However, the plasma or serum concentration of biomarkers can
get altered by the acute-phase response in response to microbial
invasion, tissue injury, immunologic reactions, and inflammatory
processes (2–4). Whereas the concentration of serum ferritin (SF)
is elevated in the presence of inflammation, those of serum retinol
and zinc are depressed. This can result in an underestimate of
the prevalence of iron deficiency and an overestimate of the
prevalence of vitamin A and zinc deficiencies (2–4).

To identify and quantify the extent and different stages
of the acute-phase response, the concurrent measurement of
acute-phase proteins like C-reactive protein (CRP) and α1-acid-
glycoprotein (AGP), along with the nutrition biomarker, has been
recommended by the WHO (5). Different methods have been
proposed for the use of these acute-phase protein concentrations
to adjust the estimation of the prevalence of iron, vitamin A, and
zinc deficiencies, ranging from exclusion of nutrition biomarker
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values when these are elevated, to the more recent Biomarkers
Reflecting Inflammation and Nutritional Determinants of Anemia
(BRINDA) method of correction (2–4), which does not require
the exclusion or discarding of data, but salvages and uses all the
valuable survey measurements collected.

However, a recent editorial by O’Callaghan and Roth (6)
brings attention to a specific problem that could confound the
use of the BRINDA method of adjusting for inflammation.
They point out that the limits of detection (LODs) and the
lower limits of quantification (LLOQs) for these assays may be
unknown or even variable. This issue is particularly important
in large surveys, where multiple laboratories may be used for
sample analyses, with different standard operating procedures
and different precision levels across different analytical methods,
which are often poorly described. Excluding samples with values
below the LLOQ, or imputing these values, or implementing
single value substitution, can generate biased interpretations of
micronutrient deficiencies when using the BRINDA approach.
We offer a solution to the problem of multiple laboratories
and assays/test kits in large-scale population surveys, through
a probability approach for the estimation of micronutrient
deficiency, where the parameters of distribution of the true
serum/plasma micronutrient concentrations in the population are
used in a direct estimation of the prevalence of deficiency.

Methods
The BRINDA method corrects the elevation or depression of

the micronutrient biomarker that can be attributed to measured
variations in the concentrations of either CRP or AGP, or
both. The linear regression technique used by the approach
either predicts an average outcome at any concentration of the
predictors or estimates the rates of change in outcome for a
change in the predictors. We also consider an intercept, in general,
in a regression model that represents the population mean when
influence of predictors on the outcome is absent. Similarly,
the error variance is the population variance of the outcome
which is assumed to be invariant over the concentration of
predictors. Hence, per the aforementioned regression technique,
the outcome, which is free from the influence of predictors,
is assumed to be normally distributed with mean and variance
as the intercept and error variance, respectively. The target for
the BRINDA approach is this same distribution, which can
be described through the regression technique. However, the
remaining part of the BRINDA algorithm is not required, but can
be termed as an alternative (nonparametric approach) to avoid
the complicated probabilistic concept in a regression technique,
although the desirable outcome of interest is stochastic in nature.
We therefore propose a concept of inflammation correction
that is aligned with the theoretical concept of regression in a
stochastic phenomenon which may have a broader applicability
in addressing some practical challenges, such as left-censoring
measurements due to variation in the LODs and LLOQs.

Probability method of inflammation correction

We disaggregate the response biomarker or the micronutrient
biomarker into 2 components: the first is the systematic
component that is accounted for by inflammation; the second

is a stochastic component which is accounted for by natural
interindividual variability of the marker in a given population.

If “Y” is the measured biomarker of a nutrient intake and “X”
is the measured biomarker of inflammation in a population, “Y”
can be expressed as:

Y = α + g (x) + ε

where g(x), the function of x, explains the deterministic part
which is explained by x, and ε is a random component that
explains the natural interindividual variability of the nutrient
biomarker over population mean α. In a linear regression
technique, ε is assumed to follow a normal distribution with mean
0 and variance σ 2.

A regression technique with valid parametric assumptions
can directly estimate the true interindividual variability in a
population after eliminating the systematic component. Thus, the
inflammation-corrected prevalence of micronutrient deficiency
can directly be estimated from this true probability distribution of
the nutrient biomarker, that is, from the estimated distribution of
the biomarker in a healthy population. Here, the manual elimina-
tion of the systematic part, as suggested by the BRINDA method,
is not required, because the same correction automatically occurs
in the intercept estimate, but at the population level.

In a simple linear regression with parametric assumption of
normality we consider “Y” to be normally distributed with:

mean (Y ) = α + βx and variance (Y ) = σ 2

By estimating the regression slope (β̂), we can easily segregate
the probability distribution of Y that accounts for natural
interindividual variability as N(α̂, σ̂ 2):

α̂ = ȳ − β̂ x̄ & σ̂ 2 = 1

n − 2

n∑
i = 1

(
yi − α̂ − β̂xi

)2

Assuming “k” to be the cutoff for nutrient deficiency,
the proposed probability method estimates the prevalence as
follows:

prevalence = probability {ε < k} = �

(
k − α̂

σ̂

)
(1)

where �(.) is the cumulative distribution function of a standard
normal distribution in linear regression.

Probability method of inflammation correction with
censored inflammation markers

For simplicity, let us assume that the inflammation marker
measurements are left-censored owing to LODs or LLOQs
at a fixed point. Let Y be the measured biomarker for any
micronutrient intake and X be the measured inflammation marker
such as CRP and/or AGP. We also assume that there are n0

true X measurements and n1 measurements that are left-censored
at ξ (n = n0 + n1). A dummy variable is defined for the ith

measurement as:

di =
{

0, i f measured
1, i f censored
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FIGURE 1 Comparison of inflammation-corrected SF by the BRINDA method and estimated probability distribution by the present probability method.
Histogram: frequency density of SF (μg/L) with BRINDA method of inflammation correction using C-reactive protein and α1-acid-glycoprotein; smooth line:
probability distribution of SF (μg/L) with the present probability method of inflammation correction; dotted line: cutoff value of iron deficiency (SF < 12 μg/L);
proportion iron deficient after BRINDA correction is 0.174, proportion iron deficient after the probability method of correction is 0.168; y axis represents
frequency for the histogram and probability density for the probability plot; BRINDA data were accessed and downloaded on March 1, 2020 from https:
//brinda-nutrition.org/the-brinda-approach/. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia; SF, serum ferritin.

We also define a new variable for “X” at the ith measurement
as follows:

Zi = (1 − di) Xi + diUi (2)

where Ui is an unobserved random component with a suitable
probability distribution. Then the regression model can be written
as:

Yi = α + βZi + εi = α + β {(1 − di) Xi + diUi} + εi (3)

where εi ∼ N(0, σ 2
ε ) and log(Ui) ∼ N(δi, σ 2

u ), because CRP or
AGP have a positively skewed distribution.

Further, the parameters of the probability distribution of “U”
can be estimated from the set of measured X below ξ , the censored
point by maximum likelihood estimation considering δi = δ.
However, for a better guess of those parameters, one can evaluate
additional physical characteristics such as height, weight, or age
that can further explain the variability of X, provided those are
measured in both sets with Xbelow ξ (true measurements and
censored). If so, one can modify the estimate by regressing X on
those physical characteristics as follows:

δ̂i = log {E (Ui)} = γ̂0 + γ̂1hi + γ̂2wi + γ̂3ai (4)

and σ 2
u can be estimated:

σ̂ 2
u = 1

m − 4

m∑
j=1

{log(Xj ) − γ̂0 − γ̂1h j − γ̂2w j − γ̂3a j}2 (5)

where {Xj}m
1 are the uncensored Xi’s below ξ and {h j, w j, a j}

are height, weight, and age, respectively.
The regression parameters of Equation 3 {α, β, σε} can be

estimated by the Monte-Carlo simulation method.
The steps to be followed for the probability approach for a

censored inflammation marker are as follows:

1) Generate a random number for each of {U (k)
i }n

n0+1 from a
lognormal distribution with mean and variance at log scale
as in Equations 4 and 5, respectively. The inflammation
biomarkers are assumed to have a lognormal distribution
based on earlier reports (2–4) as well as observed data in
the data set considered.

2) Derive Zi’s per Equation 2 as Z(k)
i .

3) Regress Yi on Z(k)
i and estimate the regression parameters

{α(k), β (k), σ (k)
ε }.

4) Repeat all the above steps a sufficiently large number of
times (say r = 10,000) and estimate the parameters as
follows:

α̂ = 1

r

r∑
k = 1

α(k); β̂ = 1

r

r∑
k = 1

β (k); σ̂ε = 1

r

r∑
k = 1

σ (k)
ε (6)

The SE for the parameters can be estimated by:

SE (α̂) =
√√√√1

r

r∑
k=1

(α(k) − α̂)2 ; SE
(
β̂
) =

√√√√1

r

r∑
k=1

(β (k) − β̂ )
2
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FIGURE 2 Comparison of estimates of the prevalence (proportion) of iron deficiency by the BRINDA method and the present probability method after
inflammation correction with varying sample sizes. Dashed horizontal line indicates the true prevalence of iron deficiency (SF < 12 μg/L); BRINDA data
were accessed and downloaded on March 1, 2020 from https://brinda-nutrition.org/the-brinda-approach/. BRINDA, Biomarkers Reflecting Inflammation and
Nutritional Determinants of Anemia; SF, serum ferritin.

SE (σ̂ ) =
√√√√1

r

r∑
k=1

(σ (k) − σ̂ )2

Alternatively, one can estimate the SE of the parameters at
each of the kth steps and then obtain the estimate with a similar
approach as in Equation 6.

In the case of a symmetric biomarker for micronutrient
intake, the prevalence of nutrient deficiency can be derived from
Equation 1. However, for an asymmetric distribution of the
biomarker, a lognormal distribution can be assumed for positively
skewed distributions, followed by a modification of Equation 1
according to the cumulative distribution function of a lognormal
distribution. Alternatively, this method can also be extended for
a generalized linear model for a nonnormal distribution of the
biomarker.

Validation based on a BRINDA SF data set

A sample data set that included SF, CRP, and AGP of
1102 school-going children was downloaded from the BRINDA
website (https://brinda-nutrition.org/the-brinda-approach/). As
the first step for the validation, we compared the probability
method of inflammation correction with the defined BRINDA
method. In this process, we validated the inflammation-corrected
probability distribution of SF against the empirical distribution of

SF after BRINDA correction. The prevalence of iron deficiency,
estimated by both the methods with an arbitrary SF deficiency
cutoff of 12 μg/L, was compared. Further, simulated data were
generated through resampling of the sample data set to arrive
at varying sample sizes. This was done to compare prevalence
estimates by both the methods and their relative association
with sample size. A set of censored data was generated by
deliberately censoring CRP data at a value of 3 mg/L, with a
varying censored percentage of data with CRP ≤3 mg/L. The
association of the prevalence of iron deficiency with different
proportions of censoring was explored by scatterplot and linear
regression. Further, probability distributions of inflammation-
corrected SF after substantial left-censoring such as 30%, 50%,
and 80% of CRP were compared against the whole data set,
without any censoring.

Application of the method to a recent Indian survey of
serum retinol in children

The Comprehensive National Nutrition Survey (CNNS),
2016–2018 was conducted by the Ministry of Health and Family
Welfare, Government of India, funded by UNICEF, across 30
states of India for nutritional deficiency assessment among
preschool, school-going, and adolescent children. A detailed
description of the survey has been published in the CNNS report
(7). In this report, the CRP measurement was censored at 3,
3.1, and 3.2 mg/L, presumably owing to analysis by different
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FIGURE 3 Scatter plot of iron deficiency prevalence after BRINDA correction at varying proportions of left-censored C-reactive protein measurements
by a simulation study. The straight line is the regression line (95% CI) of prevalence on left-censoring proportion; simulated from BRINDA data accessed
and downloaded on March 1, 2020 from https://brinda-nutrition.org/the-brinda-approach/. BRINDA, Biomarkers Reflecting Inflammation and Nutritional
Determinants of Anemia.

assays, with varying LLOQs in ∼80% of the sample. However,
we assumed a single value of 3 mg/L as the censoring point.
We applied the probability method of inflammation correction
(for the participant flowchart see Supplemental Figure 1)
and estimated the prevalence of iron deficiency and vitamin
A deficiency among preschool children (1–4 y old). We then
compared the prevalence estimates against the BRINDA method
and the WHO-supported CRP >5 mg/L exclusion method (8).
All statistical analyses and simulations were performed using R
version 4.0.2 (R Foundation for Statistical Computing) (9).

Results
The empirical distribution of SF after inflammation correction

for CRP and AGP by the BRINDA method compared well with
the estimated probability distribution of SF by our probability
method. Using an arbitrary SF cutoff of 12 μg/L, the prevalence
of iron deficiency by the BRINDA method was 17.4% (95% CI:
15.2%, 19.7%) compared with 16.8% (95% CI: 13.9%, 20.0%)
estimated by the probability method (Figure 1). In the simulation
(Figure 2), we observed that both the bias and precision in
the prevalence estimation were less than via the BRINDA
method at smaller sample sizes. However, both estimates
converged toward each other as the sample size increased. The
simulated sample data set with varying levels of left-censoring
for the CRP measurement showed that the over-estimation of
the prevalence of iron deficiency by the BRINDA method
was directly proportional to the percentage of data censored

(Figure 3). However, almost no impact on the percentage of data
censored was observed with the probability distribution method
(Figure 4).

CRP was measured in the CNNS survey using 2 different
analytical kits with distinctly different sensitivities. One kit could
measure CRP at an LLOQ close to 0 (∼0.2 mg/L), whereas
for the other the LLOQ varied from 3 to 3.2 mg/L. Most CRP
measurements were performed by the lower-resolution kit and
therefore a large number (∼80% <3.3 mg/L) of measurements
were left-censored at 3, 3.1, or 3.2 mg/L (Figure 5). The estimates
of the prevalence of iron, vitamin A, and zinc deficiencies
were consistently more precise (based on the width of the 95%
CIs) than via the BRINDA method, as well as the CRP-based
exclusion method (Figure 6); prevalence of iron deficiency was
33.4% (95% CI: 31.0%, 35.9%) compared with 32.3% (95%
CI: 31.5%, 33.1%), vitamin A deficiency was 17.6% (95%
CI: 16.7%, 20.2%) compared with 15.7% (95% CI: 15.2%,
16.3%), and zinc deficiency was 19.0% (95% CI: 17.0%, 21.2%)
compared with 17.4% (95% CI: 16.7%, 18.0%) by the BRINDA
method compared with the probability method.

Discussion
The BRINDA consortium identified the weakness in excluding

nutritional biomarker values from a survey that could potentially
be elevated or depressed owing to inflammation, and developed
a statistical method to utilize all available data. The BRINDA
method is robust when nutritional and inflammation biomarkers
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FIGURE 4 Estimated probability distribution of inflammation-corrected SF by the BRINDA method with 0% (whole data set), 30%, 50%, and 80% left-
censored C-reactive protein measurements by simulation. Vertical dotted line: cutoff value of iron deficiency (SF = 12 μg/L); y axis represents probability
density; overlapping curves: estimated distributions of SF over varying levels of censoring; simulated from BRINDA data accessed and downloaded on March
1, 2020 from https://brinda-nutrition.org/the-brinda-approach/. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia; SF,
serum ferritin.

are measured using the same techniques and assays which have
the same and low LODs and LLOQs within a single study (6).
However, this is often not the case, and multiple assays with
varying limits are used for operational reasons in many surveys.
Then, the BRINDA approach is not sufficient to accurately
estimate the inflammation-adjusted population prevalence of
nutritional deficiencies, such as those of iron, vitamin A, and zinc.

Thus, there is a requirement for greater rigor in reporting the
details of assay precision, LLOQs, and protocols for specimen
collection, handling, and laboratory procedures in surveys, but
in the event of multiple assays of the inflammation biomarkers,
with higher or varying LODs or LLOQs, there has been no
alternative method available for estimating the prevalence of
micronutrient deficiency. In this report, we have described

FIGURE 5 Distribution of CRP with left-censored values. Data used are Comprehensive National Nutrition Survey India data (n = 35,997). CRP, C-reactive
protein.
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FIGURE 6 Prevalence estimates (95% CIs) after inflammation correction by the BRINDA method, exclusion method, and probability method. BRINDA
method adapted from references 2–4. Exclusion method: nutrient biomarkers corresponding to C-reactive protein >5 mg/L excluded. Data used are
Comprehensive National Nutrition Survey India data (n = 35,997). Iron deficiency: serum ferritin ≤12 μg/L; vitamin A deficiency: serum retinol <20 μg/g;
zinc deficiency: serum zinc <65 μg/dL. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia.

an extension of the method for estimation of micronutrient
deficiency after inflammation correction, when left-censored
inflammatory markers due to varying LLOQs are present, through
a probability method by directly estimating the population
distribution of inflammation-free nutritional biomarkers, which
is unlike the nonprobabilistic and indirect approach adopted by
the BRINDA method (2–4).

The BRINDA method of regression correction for all CRP
values did give more precise estimates of micronutrient defi-
ciency prevalence than the prior data exclusion method, and
even demonstrated the correlation of CRP and AGP with the
micronutrient biomarkers at concentrations that were below the
inflammation cutoff of CRP and AGP (2–4). However, there is
a possibility of overestimation of prevalence of deficiency by
the BRINDA method with increasing levels of left-censoring in
the inflammation biomarker (Figure 3). This is addressed by the
probability approach, and the distribution of the inflammation-
adjusted biomarker remains the same at multiple levels of
censoring. The probability approach has been previously used in
nutrition science for the estimation of dietary nutrient inadequacy
where distributions of the requirement are skewed (10).

The method proposed in this article uses Monte-Carlo simula-
tions to estimate the regression coefficient of the inflammation
biomarker with greater precision when left-censoring renders
varying amounts of data unusable. This is similar to the
simulation techniques used in the estimation of iron deficiency
anemia where Monte-Carlo simulations were used to separate
uncertainty due to lack of data and variability due to biological
variability in iron intake distributions (11). The recent Indian
CNNS survey (7) posed a similar challenge, because multiple
assays were used for the measurement of CRP. Here, the
deficiency prevalence estimates of iron, vitamin A, and zinc were
consistently more precise by the present method and relatively
lower than those coming from the BRINDA approach. This
difference was a little higher for vitamin A deficiency than
for the other nutrients. The relative impact of the correction in
the present method depends on the magnitude of the estimated
regression slope of the inflammatory marker, the scale, and
the shape of the distribution of the nutrient biomarker. The
probability approach using censored inflammatory biomarker

data will always improve the correlation between the nutrient and
inflammatory biomarkers. Hence, a low scale and a regression
slope relatively larger than the scale could be one reason for
the lower prevalence estimate of vitamin A deficiency with the
present method. In addition, the proportion of children within the
neighborhood of the cutoff of the nutrient biomarker could also
determine the magnitude of the impact of the correction. When
data are clustered around the cutoff, as with serum vitamin A
concentrations, even a small change in the slope of CRP may
bring a substantial proportion of children on one side of the cutoff
to the other, thus changing the prevalence estimate nontrivially.
The present method could also be extended to the adjustment for
AGP and malaria infection.

One of the limitations of our approach is that it is limited to
population-level estimates of prevalence and is not applicable
for the classification of individuals as nutritionally deficient or
nondeficient. Therefore, the present probability method cannot
be utilized directly for extended computations, for example, the
calculation of body iron stores of an individual, with adjusted
concentrations of SF and serum transferrin receptor. Our method
of estimation of the prevalence of nutrient deficiency can be
imprecise when the nutritional biomarker is itself censored; in
this situation, further modifications in the proposed method will
be required.

In summary, the proposed probability method of inflammation
correction provides an alternative to the BRINDA method of
inflammation correction, which is challenged in surveys with
varying LLOQs for measurements of inflammation biomarkers
and by left-censored data due to high LOD/LLOQs.

The CNNS study was conducted by the Ministry of Health and Family
Welfare (MoHFW), Government of India, and UNICEF, with support from
the Mittal Foundation. HSS designed the draft protocol of the CNNS with
consultancy support from UNICEF, India. The data were provided to Indian
researchers after a data user workshop conducted by UNICEF, India. AVK
and HSS were members of the Technical Advisory Committee constituted
by the MoHFW of the Government of India to oversee the conduct and
analysis of the CNNS. We acknowledge the critical statistical review of the
manuscript by T Bandyopadhyay of the Indian Institute of Management,
Ahmedabad.
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