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Abstract

Background: Women of reproductive age (WRA\) are at increased risk for anemia and iron
deficiency. However, there is limited population-level data in India, which could help inform
evidence-based recommendations and policy.

Aims: To conduct a population-based biomarker survey of anemia, iron deficiency, and
inflammation in WRA in Southern India.

Methods: Participants were WRA (15-40 y) who were not pregnant or lactating. Blood samples
(n =979) were collected and analyzed for hemoglobin (Hb), serum ferritin (SF), soluble
transferrin receptor (sTfR), C-reactive protein (CRP), and alpha-1 acid glycoprotein (AGP).
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Anemia and severe anemia were defined as Hb < 12.0 and < 8.0 g/dL. Serum ferritin was adjusted
for inflammation using BRINDA methods. Iron deficiency was defined as SF <15.0 ug/L, iron
insufficiency was defined as SF < 20.0 and < 25.0 pg/L, and iron deficiency anemia was defined
as Hb < 12.0 g/dL and SF < 15.0 pg/L. Inflammation was defined as CRP > 5.0 mg/L or AGP >
1.0 g/L. Restricted cubic spline regression models were also used to determine if alternative SF
thresholds should be used t to classify iron deficiency.

Results: A total of 41.5% of WRA had anemia, and 3.0% had severe anemia. Findings from
spline analyses suggested a SF cut-off of < 15.0 pg/L, consistent with conventional cut-offs for
iron deficiency. 46.3% of WRA had SF < 15.0 pg/L (BRINDA-adjusted: 61.5%), 55.0% had SF
<20.0 ug/L (72.7%), 61.8% had SF < 25.0 ug/L (81.0%), and 30.0% had IDA (34.5%). 17.3% of
WRA had CRP > 5.0 pg/L and 22.2% had AGP > 1.0 g/L. The prevalence of ID (rural vs. urban:
49.1% vs. 34.9%; p = 0.0004), iron insufficiency (57.8% vs. 43.8%; p = 0.0005), and IDA (31.8%
vs. 22.4%; p = 0.01) were significantly higher in rural areas, although CRP levels were lower and
there were no differences in elevated CRP or AGP.

Conclusions: The burden of anemia and iron deficiency in this population was substantial, and
increased after adjusting for inflammation, suggesting potential to benefit from screening and
interventions.

Registration number: NCT04048330.
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Introduction

Anemia is a major public health problem globally, affecting over 1.9 billion people [1,2].
The prevalence of anemia is highest in low- and middle-income settings, particularly among
women of reproductive age (WRA) and young children [1-4]. Iron deficiency is the most
common micronutrient deficiency globally [5-9] and is the leading cause of anemia [3,9-12],
accounting for an estimated 25—50% of anemia cases [3,9,11]. Even mild iron deficiency
can impair cognitive function [13-18] and physical work capacity [13,19,20].

Women of reproductive age are at high risk for anemia and iron deficiency, due in part to
blood losses during menstruation and increased iron requirements during pregnancy [21-23].
Low iron status in pregnancy has been associated with an increased risk of adverse outcomes
for the mother and infant [24-35], including maternal and infant mortality [25], preterm
delivery [25,26,33], low birth weight [25-27,33,35], and impaired neurodevelopment in
offspring [28,34].

World Health Organization (WHO) recommendations for biomarkers for iron assessment
of populations include hemoglobin (Hb), serum ferritin (SF), soluble transferrin receptor
(sTfR), and at least one acute phase protein, such as C-reactive protein (CRP) or alpha-1
acid glycoprotein (AGP) [36]. However, hemoglobin is often monitored as the only proxy
indicator for iron deficiency [21,37]. For example, in India, in the National Family Health
Survey (NFHS), iron status assessment is limited to hemoglobin concentrations (capillary
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blood samples); NFHS does not include additional biomarkers of iron status. The WHO
recently updated hemoglobin thresholds for assessment of anemia [38-42], serum/plasma
ferritin cut-offs to define iron status in different population groups [36,43,44], and thresholds
for iron status in the context of infection and inflammation [36,45]; and harmonization of
different laboratory methods for iron assessment [36,46] and methods for adjusting iron
biomarkers for inflammation [36,47]. Differences in methods for hemoglobin assessment
(e.g., capillary vs. venous blood samples, portable hemoglobinometer vs. automated
hematology analyzers) constrain direct comparison of estimates [48,49].

There is limited representative population-based data on iron status — particularly in
resource-limited settings with the highest anticipated burden of iron deficiency. The World
Health Organization recommends evaluation of inflammatory biomarkers — i.e., C-reactive
protein and/or alpha-1 acid glycoprotein — in iron status assessment at the population

level [83]. However, few national or population-representative surveys monitor data on

iron biomarkers beyond hemoglobin [21,37]. Accurate assessment of iron status, including
inflammatory biomarkers, is critical to characterize the burden of iron deficiency at the
population level and inform evidence-based recommendations and policy, particularly in
settings such as India where the burden of anemia and iron deficiency is estimated to be
among the highest in the world [50].

The objective of this study was to conduct a biomarker survey of iron status in non-
pregnant, non-lactating WRA living in Chittoor district, Andhra Pradesh, in India. A recent
analysis of NHANES described methods for physiological determination of serum ferritin
cut-offs to classify iron deficiency in the U.S. population for non-pregnant women, and
suggested findings needed to be replicated in other populations in international settings
with a high burden of iron deficiency [51]. To our knowledge, this is the first study

to use this approach to evaluate physiologically based serum ferritin thresholds for iron
deficiency in a population representative sample internationally. Findings will provide
population-representative iron biomarker data in WRA and inform a randomized trial of
quadruple-fortified salt in this population.

2. Subjects and methods

2.1. Study design

A population-based biomarker survey was conducted as part of a periconceptional
surveillance program in Chittoor district, Andhra Pradesh, in India. The study design
(NCT04048330) [52] and findings for primary outcomes (i.e., vitamin By, and folate status,
hemoglobin and anemia) have been previously described [52,53]. Briefly, a census of all
households within the 50-km? catchment area of Arogyavaram Medical Centre (AMC) was
conducted (n = 6552; rural: 3124; urban: 3428). Rural and urban areas were defined based
on the Government of India classifications for Census tract (i.e., constituents of urban areas
are Statutory towns, Census towns, and Outgrowths). All rural households and a simple
random sample of urban households (n = 1000) were revisited to confirm household member
rosters and evaluate the eligibility of individuals in the households for the biomarker survey.
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2.2. Study population

WRA were eligible for participation in the biomarker survey if they were 15—40 years

of age and were not pregnant or lactating; there were no other exclusion criteria. An

a priori algorithm was used to identify one eligible woman per household; however,
programmatically, all WRA were invited to participate and research staff were blinded to
the identity of the selected woman. Women who reported that they were currently pregnant
or lactating, or who had severe anemia (Hb < 8.0 g/dL) [54] were referred to a local clinic
for follow up.

2.3. Informed consent

2.4. Ethics

Informed consent (= 18 y) or assent (15 to < 18 y) was obtained from all study participants
prior to the start of data collection, with audio-visual recording as per guidelines of the
government of India. If an individual was not able to read, the form was read to her in the
presence of a literate witness who signed the form, and the woman affixed her thumbprint on
the form.

The study protocol was reviewed and approved by the Institutional Review Board (IRB)

at Cornell University and the Institutional Ethics Committees (IEC) at AMC and St.

John's Research Institute. The protocol was reviewed in accordance with the Centers for
Disease Control and Prevention (CDC) human research protection procedures and was
determined to be a non-research, routine surveillance activity. A non-disclosure agreement
for personally identifiable information and a data sharing agreement for de-identified

data were established. This study received clearance from the Indian Council of Medical
Research (ICMR) Health Ministry Screening Committee (HMSC). The study protocol was
registered at ClincialTrials.gov (NCT04048330). Findings from this biomarker survey are
directly informing a randomized trial of quadruple-fortified salt (NCT03853304) in WRA in
Southern India.

2.5. Data collection

Data was collected electronically on tablets at AMC; data collection procedures have

been previously described [52,55]. After verification of eligibility, socio-demographic,
dietary (interviewer-administered 24-h recall and additional questions on consumption of
micronutrient supplementation, animal-source foods (including type and frequency), and
fortified food products), anthropometric, and clinical data, and biological specimens (blood,
saliva, urine) were collected.

2.6. Laboratory analyses

Biological samples were collected, processed, and stored using standardized laboratory
protocols [52]. Venous blood samples (12mL) were collected in 3 vacutainers (i.e., red-top,
purple-top dipotassium ethylenediaminetetraacetic acid (K2EDTA), and blue-top metal-free
K2EDTA,; BD Biosciences) and stored in a portable freezer unit that was set to 4—=6 °C (i.e.,
optimal refrigeration temperature) until processing < 4 h after collection. Complete blood
count was analyzed v7a automated Coulter counter (Coulter HMX). Iron and inflammatory
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biomarkers were analyzed in batch at St. John's Research Institute in Bangalore, India, after
completion of data collection. SF was measured by electrochemiluminescence (E411, Roche
Diagnostics Mannheim, USA). sTfR, CRP, and AGP concentrations were analyzed viathe
Roche COBAS Integra 400 plus analyzer (Roche Diagnostics, Germany).

2.7. Definitions of outcomes

Anemia was defined as Hb < 12.0 g/dL, and severe anemia was defined as Hb < 8.0 g/dL
[54]. Iron deficiency was defined as SF < 15.0 pg/L and iron insufficiency was defined as
SF < 20.0 pg/L and SF <25.0 pg/L [36,51]. Iron deficiency anemia (IDA) was defined as Hb
<12.0 g/dL and SF < 15.0 ug/L [36,54]. Elevated inflammatory biomarkers were defined

as CRP >5.0 mg/L or AGP >1.0 g/L [36]. Total body iron (TBI) was estimated using the
method proposed by Cook [56]:

TBI(mg/kg) = — [log,,(sTfR(mg / L)X 1000 / SF(pg / L)) — 2.8229] /
0.1207

Iron deficiency was defined as SF < 15.0 pg/L in primary analyses and as TBI < 0.0 mg/kg
and sTfR > 8.3 mg/L in additional analyses [36,56-59]. Women's dietary patterns were
defined as vegan (i.e., no consumption of animal source foods, including dairy, eggs, fish,
poultry, or meats), ovo-vegetarian (egg consumption), lacto-vegetarian (dairy consumption),
lacto-ovo-vegetarian (dairy and egg consumption), pesco-vegetarian (fish consumption),
pollo-vegetarian (poultry consumption) or non-vegetarian (meat consumption), and data was
recorded on type and frequency of animal source food consumption.

2.8. Statistical analyses

Hemoglobin was adjusted for self-reported smoking status in accordance with WHO
guidelines [54]. Serum ferritin concentrations were adjusted for inflammation using the
Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA)
methods [45,60] with distributions in this population as reference. Adjustment using the
Thurnham method [61,62] was also included for comparison. Continuous biomarker and
household income variables were natural logarithmically transformed for analyses. For
biomarker analyses, values that were outside of the assay limits of detection (LOD) were
set to half the LOD (if below the lower LOD), or 2-times the LOQ (if above the upper
LOQ). Geometric means (GM) and 95% confidence intervals (95% CI) were calculated to
facilitate statistical inference. TBI was presented as arithmetic mean (95% CIl). Restricted
cubic splines were used to examine distributions of hemoglobin and sTfR with serum ferritin
to determine physiological and population-based serum ferritin thresholds for iron-deficient
erythropoiesis. For this analysis, observations were excluded for missing Hb assessments,
serum ferritin > 150.0 pg/L, CRP > 5.0 mg/L, or white blood count > 10,000/uL [51].

All rural households and a random sample of urban households were included in unweighted
totals. Population weights were constructed to account for differences in the study sample
compared to the overall surveillance population and were used to calculate overall

weighted population characteristics. Weighted and unweighted results for sociodemographic
characteristics and iron status of the population are provided in Table 1 and Table 2,
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respectively. For interpretation purposes, results were stratified by rural/urban strata and
unweighted results are reported in the text. Chi-square tests and one-way ANOVA were used
to evaluate differences in categorial and continuous variables, respectively, and p-values

less than 0.05 were considered significant. Statistical analyses were conducted using SAS
9.4 (SAS Institute, Inc., Cary, NC, USA). The analyses were reproduced by the Cornell
Results Reproduction (R-squared) at the Cornell Institute for Social and Economic Research
(CISER).

3. Results

Characteristics of participants in this study are presented in Table 1, and a flow chart of
households and participants is presented in Fig. 1. On average, participants were 28.8 years
old; most (83.8%) WRA had some formal education and were currently married (79.4%).
Among married participants, 99.2% reported having children and 83.3% reported having 2
or more children. Most sociodemographic characteristics were similar between WRA living
in rural and urban households (e.g., age, household size, marital status, education, parity).
Among adult women (= 18'y), 23.4% were overweight (BMI = 25.0 to < 30.0 kg/m?2), and
9.6% were obese (BMI = 30.0 kg/m?). The majority of WRA (93.1%) reported following a
non-vegetarian diet (e.g., consumption of meat, poultry, or fish), although consumption of
animal source foods was low. Although 67.2% of women consumed dairy (curd, milk, ghee,
or cheese) at least once per week, less than 25% of women reported consuming eggs or other
animal source foods (e.g., poultry, meat, fish) more than once a week. Women living in rural
households were less likely to be non-vegetarian (p =0.0001), and reported less frequent
consumption of animal source foods, compared to WRA living in urban households (Table
1).

Iron status of WRA is presented in Table 2. A total of 41.5% of WRA were anemic (Hb <
12.0 g/dL) and 3.0% had severe anemia (Hb < 8.0 g/dL). Mean serum ferritin concentrations
were 16.8 pg/L (95% ClI: 15.8,17.9); 40.6% had SF < 12.0 pg/L, 46.3% of WRA were iron
deficient (SF < 15.0 pg/L), and 55.0% had iron insufficiency (SF < 20.0 ug/L: 55.0%; SF

< 25.0 pg/L: 61.8%). Findings from the spline-based methods resulted in a suggested a SF
threshold of < 15.0 pg/L (Supplemental Figure I and Figure 1), consistent with conventional
cut-offs for iron deficiency A total of 30.0% of WRA had IDA (SF < 15.0 pg/L and Hb <
12.0 g/dL). The prevalence of elevated sTfR (> 8.3 mg/L) was 15.4%, and 29.4% of women
had TBI < 0.0 mg/kg. After weighting results for study design, SF concentrations increased
(GM: 18.4 [95% ClI: 17.1, 19.8] ug/L); however, other continuous iron biomarkers (sTfR,
TBI) and the prevalence of iron deficiency, iron insufficiency, and IDA were unchanged. The
prevalence of elevated inflammatory biomarkers, CRP and AGP, are presented in Table 2.

A total of 17.3% of WRA had CRP > 5.0 mg/L, 29.9% had CRP > 3.0 mg/L, and 56.5%
had CRP > 1.0 mg/L (GM: 1.2 [95% CI: 1.1, 1.4] mg/L); 22.2% of women had AGP

> 1.0 g/L (GM: 0.8 [95% CI: 0.8, 0.8] g/L), and 27.9% had either elevated CRP (> 5.0
mg/L) or AGP (> 1.0 g/L). In terms of Thurnham's stages of inflammation, 5.6% of WRA
had elevated CRP only (incubation: CRP > 5.0 mg/L and AGP < 1.0 g/L), 11.7% were in
early convalescence (CRP >5.0 mg/L and AGP >1.0 g/L), 10.6% were in late convalescence
(CRP <5.0 mg/L and AGP >1.0 g/L), and 72.1% had both CRP and AGP levels within the
reference ranges (CRP <5.0 mg/L and AGP <1.0 g/L).
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Serum ferritin concentrations adjusted for inflammation using BRINDA and Thurnham
methods are presented in Table 2. After adjusting SF for inflammation using BRINDA
methods, the prevalence of iron deficiency was 61.5% (SF < 15.0 pg/L), and 72.7% of
women had iron insufficiency (SF < 20.0 pg/L); 54.2% had SF < 12.0 pg/L, 34.5% had
IDA, and 38.8% had TBI <0.0 mg/kg. After adjusting SF for inflammation using Thurnham
methods, 49.6% of women had iron deficiency, 58.8% had iron insufficiency, 43.6% had SF
<12.0 ug/L, 31.0% had IDA, and 31.7% had TBI <0.0 mg/kg. After weighting results for
study design, SF levels increased (BRINDA GM: 11.3 [95% CI: 10.5,12.1] ug/L; Thurnham
GM: 16.3[95% CI: 15.2, 17.5] pg/L), while other iron biomarkers (sTfR, TBI) and the
prevalence of iron deficiency, iron insufficiency, and IDA remained similar to unweighted
results.

Anemia and iron status stratified by rural or urban residence are also presented in Table 2.
Hemoglobin concentrations (rural: GM 11.8 [95% ClI: 11.7, 11.9] vs. urban: GM 12.1 [95%
Cl: 11.8, 12.4] g/dL; p =0.07) and the prevalence of anemia (Hb < 12.0 g/dL; rural: 42.2%
vs. urban: 38.5%; p = 0.36) or severe anemia (Hb < 8.0 g/dL; rural: 3.4% vs. urban: 1.0%;

p = 0.08) were not significantly different between rural and urban areas. However, WRA
residing in rural households had significantly lower iron status for all other biomarkers,
including SF (rural: GM 15.7 [95% CI: 14.7, 16.9] vs. urban: GM 22.2 [95% CI: 19.3, 25.5]
Hg/L; p < 0.0001), sTFR (rural: GM 5.0 [95% ClI: 4.8, 5.2] vs. urban: 4.5 [95% ClI: 4.2, 4.8]
mg/L; p = 0.008), and TBI (rural: mean 2.6 [95% CI: 2.3, 3.0) vs. urban: mean 4.3 [95% CI:
3.6, 5.0] mg/kg; p < 0.0001), compared to WRA in urban households. The prevalence of iron
deficiency (SF <15.0 pg/L; rural: 49.1% vs. urban: 34.9%; p = 0.0004), iron insufficiency
(SF < 20.0 pg/L; rural: 57.8% vs. urban: 43.8%; p = 0.0005), and IDA (SF < 15.0 and

Hb < 12.0 g/dL; rural: 31.8% vs. urban: 22.4%; p = 0.01) were significantly higher in

WRA residing in rural households compared to urban areas. Similarly, the prevalence of
iron deficiency, defined as elevated sTfR (STfR > 8.3 mg/L; rural: 16.7% vs. urban: 9.9%;

p =0.02) or low TBI (TBI < 0.0 mg/kg; rural: 31.7% vs. urban: 19.9%; p = 0.001), was
significantly higher in WRA in rural areas, compared to urban households.

The prevalence of inflammation, defined as CRP > 5.0 mg/L (rural: 16.2% vs. urban: 21.9%;
p = 0.06) or AGP > 1.0 g/L (rural: 22.0% vs. urban: 23.0%; p = 0.77) was not significantly
different between rural and urban strata. However, women residing in rural households had
significantly lower CRP concentrations compared to WRA in the urban area (rural: GM 1.1
[95% CI: 1.0, 1.3] vs. urban: GM 1.7 [95% CI: 1.4, 2.1] mg/L; p = 0.0002). The prevalence
of CRP > 3.0 mg/L (rural: 27.0% vs. urban: 41.7%; p = 0.0001) or CRP >1.0 mg/L (rural:
54.1% vs. 66.7%; p = 0.002) was also significantly lower in WRA in rural households,
compared to the urban area.

After adjusting SF for inflammation using BRINDA methods, SF concentrations remained
significantly lower in rural areas compared to urban settings (rural GM: 10.0 [95% CI:

9.4, 10.7]; urban GM: 12.9 [95% CI: 11.3, 14.8] ug/L; p = 0.0008), and the prevalence

of iron deficiency (rural: 64.2% vs. urban: 50.3%; p = 0.0004) was significantly higher

in WRA living in rural households. The prevalence of iron insufficiency (rural: 74.0%

vs. urban: 67.5%; p = 0.07) and IDA (rural: 35.9% vs. urban: 28.8%; p =0.06) were no
longer significantly different between urban and rural strata after adjusting for inflammation.
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After adjusting for inflammation using Thurnham methods, SF concentrations remained
significantly lower in WRA in rural areas compared to urban areas, and the prevalence of
iron deficiency, iron insufficiency, and IDA were significantly higher in WRA living in rural
households.

Associations between sociodemographic characteristics and anemia in WRA, stratified by
rural and urban residence, are presented in Table 3. The majority of sociodemographic
characteristics were not significantly different between anemic and non-anemic women, in
rural or urban areas (Table 3).

Sociodemographic characteristics by iron deficiency (i.e., SF < 15.0 pug/L, BRINDA-
adjusted) in WRA living in rural and urban households are presented in Table 4. In the

rural area, women with iron deficiency were older (p = 0.008), more likely to be married
(81.8% vs. 73.2%; p = 0.01) and were more likely to be multiparous (70.7% vs. 62.1%; p =
0.02), compared to WRA who were not iron deficient, after adjusting SF for inflammation
using BRINDA methods. In urban households, WRA with iron deficiency were younger (p =
0.04), compared to WRA who were not iron deficient (Table 4). Findings were similar after
adjusting SF for inflammation via Thurnham methods.

Associations between sociodemographic characteristics and elevated CRP (CRP > 5.0 mg/L)
in WRA, stratified by rural and urban residence, are presented in Table 5. In rural areas,
WRA with elevated CRP were older (p = 0.0001) compared to WRA without elevated

CRP. In urban areas, WRA with elevated CRP were older (p = 0.002), more likely to be
married (95.2% vs. 78.5%; p = 0.01), reported increased number of previous pregnancies (p
=0.0004), and were less likely to be nulliparous (4.8% vs. 28.2%; p =0.003), compared to
WRA without elevated CRP (Table 5).

Sociodemographic characteristics by other iron biomarkers, including sTfR > 8.3 mg/L

and TBI < 0.0 mg/kg, are presented in Supplemental tables (Tables S2 and S3).

Most sociodemographic characteristics, self-reported dietary patterns (vegetarian vs. non-
vegetarian) and reported consumption of animal-source foods (i.e., egg, dairy, poultry, meat)
were not significantly different between WRA with elevated sTfR and WRA with lower
STfR levels, in the rural or urban areas (p = 0.003) (Table S2).

Similarly, among rural WRA, sociodemographic characteristics were not significantly
different between WRA with TBI < 0.0 mg/kg and TBI= 0.0 mg/kg (Table S3). In urban
households, WRA with TBI < 0.0 mg/kg were younger (p = 0.01), had more formal
educational level (p = 0.02), were less likely to be married (60.5% vs. 88.2%; p = 0.002),
reported fewer previous pregnancies (p = 0.008), and were more likely to be nulliparous
(39.5% vs. 18.4%; p = 0.02) compared to WRA with TBI = 0.0 mg/kg (Table S3).

Sociodemographic characteristics by elevated AGP levels (AGP > 1.0 g/L), stratified

by rural and urban areas are reported in supplemental Table S4. In rural areas,
sociodemographic characteristics were not significantly different between WRA with AGP
> 1.0 g/L compared to WRA with AGP < 1.0 g/L. In urban areas, WRA with elevated AGP
were older (p = 0.04), more likely to be married (95.5% vs. 78.8%; p = 0.01), reported more

Clin Nutr ESPEN. Author manuscript; available in PMC 2024 February 20.
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previous pregnancies (p = 0.02), and were less likely to be nulliparous (6.8% vs. 27.4%; p =
0.01), compared to WRA with AGP <1.0 g/L (Table S4).

4. Discussion

In this biomarker survey in WRA, there was a high prevalence of anemia and iron
deficiency. A total of 41.5% of women had anemia, 46.3% had iron deficiency, and

55.0% had iron insufficiency. The prevalence of inflammation was also high: 27.9% had
elevated CRP (> 5.0 mg/L) or AGP (> 1.0 g/L) levels, and 56.5% had CRP > 1.0 mg/L.
After adjusting SF for inflammation, the prevalence of iron deficiency (61.5%) and iron
insufficiency (72.7%) increased. The burden of iron deficiency, iron insufficiency, and IDA
were significantly higher in WRA in rural areas compared to urban, although there were no
differences in elevated CRP or AGP. The substantial burden of anemia and iron deficiency
suggests an opportunity for anemia prevention.

4.1. Anemia

The prevalence of anemia (41.5%) and severe anemia (3.0%) in this study are consistent
with recent WHO estimates on the burden of anemia in non-pregnant WRA (15-49 y),
national data from India (57.2%; NFHS-5, 2019-2020) [63], and studies in WRA in other
parts of India, where the prevalence of anemia ranged from 28% to 64% [64-67] and severe
anemia ranged from 2.9% to 4.0% [65-67]. The prevalence of anemia in this study (41.5%)
was slightly lower than the reported prevalence at the district (Chittoor: 51.8%) or state
(Andhra Pradesh: 59.0%; urban: 57.8%, rural: 59.5%) level in the most recent NFHS-5
[68,69].. However, the use of capillary blood, inclusion of lactating women, and different
time periods limit the comparability of findings [68,69].

4.2. Iron deficiency

This is the first study to date to replicate the recently described spline-based method

for determining serum ferritin cutoffs for classifying iron deficiency in an international
population-representative sample. Findings from these analyses were consistent with
conventional cutoffs used in this setting. The high prevalence of iron deficiency (SF < 15.0
Mg/L: 46.3%; SF < 12.0 ug/L: 40.6%) and iron insufficiency (SF < 20.0 pg/L: 55.0%) in this
study is consistent with other studies among WRA in India (~25—64%): in a community
based study in rural Telangana (SF < 12.0 pg/L: 55.7%; n = 979; not pregnant or lactating
women, 15-35y) [64], and among adolescent females with anemia in New Delhi slums (SF
< 15.0 ug/L; 41.1%; n = 794; 11-18 y) [70]. The prevalence of iron deficiency in this study
was higher than in women in Hyderabad (SF < 15.0 pg/L: 36%; n = 156; not pregnant or
lactating, >21 y) [71], female tea pickers in Darjeeling (SF < 12.0 ug/L: 25%; n = 212;

not pregnant, 18-55 y) [72], and female adolescents in Himachal Pradesh (SF < 12.0 pg/L:
17.4%; n = 200, 11-19 y) [73] and Maharashtra (SF < 12.0 pg/L: 28%; n = 173; married,
not pregnant or lactating, 15-19 y) [74]. In contrast, the prevalence of iron deficiency in this
study was lower than in women in Bangalore (SF < 15.0 pg/L; 62%; n = 100; not pregnant
or lactating, 18-35 y) [75] or in Haryana (SF < 15.0 pg/L; 63.8%; married, not pregnant; =18

y) [76].
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In this study, the prevalence of iron deficiency defined by other biomarkers of iron status
was high, including sTfR (> 8.3 mg/L:15.4%) and low total body iron (TBI < 0.0 mg/kg:
29.4%). Findings are similar to female tea pickers in Darjeeling (n = 212; not pregnant,
18-55y; sTfR > 8.6 pg/L (Roche): 22%; TBI < 0.0 mg/kg: 21%) [72]. Reported sTTR levels
were higher than observed in women in Bangalore (STfR: GM: 2.01 mg/dL [95% CI: 1.7,
2.3]; n = 52; not pregnant or lactating, 18-35 y), although categorical sTfR indicators were
not reported [77]. However, few studies to date have evaluated indicators of iron status in
India apart from Hb or SF, and differences in laboratory methods (e.g., Ramco vs. Roche)
and reported cut-offs constrain comparability of findings [78].

4.3. Inflammation

The prevalence of elevated inflammatory biomarkers was high in this study: 17.3% of WRA
had CRP > 5.0 ug/L, 22.2% had AGP > 1.0 g/L, and 27.9% had either elevated CRP or AGP.
Considering lower cut-offs for CRP which have been associated with cardiovascular risk,
29.9% of WRA had CRP > 3.0 ug/L and 56.5% had CRP > 1.0 ug/L. The reported CRP
levels in this study (GM: 1.2 ug/L [95% CI: 1.1, 1.4]) were higher than previously observed
in women in Bangalore (n = 52; not pregnant or lactating, 18-35 y; GM: 0.05 mg/dL [95%
Cl: 0.0, 0.86]) [77]. The prevalence of elevated CRP levels in this study was higher than

in female tea pickers in Darjeeling (CRP > 5.0 ug/L: 5%; n = 212; not pregnant 18-55 y)
[72] and in female students in New Delhi (CRP > 3.0 pug/L: 12.8%; n = 47; 14-25y) [79].
Observed CRP levels were similar to those in female adolescents in Maharashtra (n = 401,
10-19 y; median; 1.26 pug/L; CRP =1 ug/L: 58.4%) [80], and lower than in women in urban
slums in Mumbai (n = 200; 21—45 y; CRP = 3 pg/L, 57%) [81], although cut-offs varied
between studies. The prevalence of elevated AGP in this study was similar to female tea
pickers in Darjeeling (AGP >1.0 g/L, 23%; n = 212; 18-55y) [72]; however, there is limited
population-based data on AGP in India.

In this study, after adjusting for inflammation, reported SF concentrations decreased as
expected, and the prevalence of iron deficiency (unadjusted SF < 15.0 pg/L: 46.3 vs.
BRINDA: 61.5% vs. Thurnham: 49.6%), iron insufficiency (unadjusted SF < 20.0 ug/L: 55.0
vs. BRINDA: 72.7% vs. Thurnham: 58.8%), and TBI < 0.0 mg/kg (unadjusted TBI < 0.0
mg/kg: 29.4% vs. BRINDA: 38.8% vs. Thurnham: 31.7%) all increased. In other studies
that reported iron status in WRA in India, three collected CRP or AGP [71,72,75]; however,
these studies did not adjust SF for inflammation [71,75], or did not report adjusted SF [72],
which constrains comparability of findings.

4.4. Rural vs. urban

In this study, WRA in rural households had significantly higher prevalence of iron
deficiency and iron insufficiency, compared to urban households, though the prevalence

of anemia was similar. There were no differences in the prevalence of inflammation (CRP
>5.0 ug/L or AGP > 1.0 g/L), although CRP concentrations were significantly lower in
rural areas. Findings were similar after adjusting SF concentrations for inflammation using
BRINDA or Thurnham methods. Available data at the national level in India suggests the
prevalence of anemia in WRA (15—49 y; rural: 58.58.65% vs. urban: 53.8%; NFHS-5,
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2019-2020) [63] is similarly high in rural and urban settings. However, there is limited data
on other iron biomarkers in India to which results can be compared.

4.5. Low consumption of animal source foods and iron status

In this study, the prevalence of iron deficiency and iron insufficiency were high, in
combination with a low prevalence of self-reported vegan (0.3%) or vegetarian dietary
patterns, as defined as lacto-vegetarian (3.6%, dairy), ovo-vegetarian (0.1%, eggs), lactoovo
vegetarian (2.9%, eggs and dairy), pesco-vegetarian (0.3%, fish), or pollo-vegetarian (15.3%,
poultry). However, of note is the low frequency of animal source foods (ASF) intake among
nonvegetarian individuals (<5% reported meat or fish consumption >1/week). Dietary iron
absorption varies by form: heme iron (exclusively in ASF) is readily absorbed, while
absorption of nonheme iron (nuts, seeds, legumes) varies and its bioavailability is influenced
by other food components (e.g., phytates, tannins). The low frequency of ASF intake, even
in non-vegetarian individuals in this population is consistent with previous studies in India.
For example, a study among pregnant women in Uttar Pradesh [82] found that daily iron
intake did not meet the recommended dietary allowance or differ by self-reported diet
preference (i.e., lacto-vegetarian vs. non-vegetarian).

The World Health Organization recommendations for iron assessment of populations
include Hb, SF, sTfR, and at least one acute phase protein, such as CRP or AGP [83].
However, few national or population-representative surveys collect data on iron biomarkers
beyond Hb, and many surveys evaluate Hb as a proxy for iron deficiency [21,37]. This
study is population-based, among the largest of its kind to date in India, and included a
comprehensive assessment of iron status, including Hb, SF, sTfR, CRP, and AGP, per WHO
recommendations. STfR is a carrier protein required for iron endocytosis that is regulated in
response to intracellular iron levels and is less sensitive to inflammation or the acute phase
response in infection. Measurement of both SF and sTfR, and use of different methods to
adjust for inflammation, allows for differentiation of the effects of inflammation on host iron
status and changes in iron status.

This study has several limitations. Due to the cross-sectional study design, it is not possible
to evaluate changes in biomarkers over time or to establish temporal or causal relationships.
Additionally, this study was not designed to evaluate risk factors (e.g., socioeconomic,
dietary) for iron deficiency. Although this study included WRA who were not pregnant

or lactating, it was not designed to evaluate the micronutrient status of WRA who were
intending to become pregnant or the pre-conception period. The age range for WRA in

this study (15—40 y), constrains comparability to some studies in the literature with
different definitions of WRA and inclusion of lactating women. The response rate was
~54%; although participants in the biomarker study were similar to the periconceptional
surveillance program, they may differ on other unmeasured factors. Inflammation is
associated with a variety of human disorders and is common in the context of obesity,
undernutrition, and infectious diseases. The lack of assessment of hepcidin or inflammatory
cytokines that influence iron status is a limitation that might be addressed in future studies.
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5. Conclusion

In this population-based biomarker survey, there was a substantial burden of anemia, iron
deficiency, and inflammation. The estimated prevalence of iron deficiency and insufficiency
increased further after adjusting for inflammation in this population, suggesting a potential
to benefit from comprehensive screening for biomarkers of inflammation as part of
interventions to improve iron status. Further research may help elucidate the complex
etiology of anemia and iron deficiency in WRA and links to health outcomes and inform
decisions on screening and interventions to improve the health of women and young
children. The substantial burden of anemia and iron deficiency in WRA indicates an
opportunity for prevention. Findings provide pre-intervention iron biomarker data for a
randomized trial for anemia prevention in this population.
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ID Iron Deficiency

IEC Institutional Ethics Committee
INR Indian rupees

IRB Institutional Review Board
K2EDTA dipotassium ethylenediaminetetraacetic acid
LOD limit of detection

SF serum ferritin

STIR soluble transferrin receptor
TBI total body iron

usb United States Dollar

WRA women of reproductive age
95% ClI 95% confidence interval
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