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ABSTRACT
Background: Anemia is a worldwide concern. Nutritional deficiencies and inflammation are considered main

contributors, but zinc deficiency has only recently been associated with anemia.

Objectives: In this study we assessed associations between zinc status and hemoglobin (Hb) concentrations and

anemia in preschool children 6–59 mo old (PSC) and nonpregnant women of reproductive age 15–49 y old (WRA) in

population-based nutrition surveys.

Methods: Cross-sectional data from 13 (PSC) and 12 (WRA) countries within the Biomarkers Reflecting Inflammation

and Nutritional Determinants of Anemia (BRINDA) project were used. Multivariable linear models were constructed

that included zinc status (plasma/serum zinc concentrations), Hb concentrations and anemia, iron status, age, sex, and

inflammation (C-reactive protein and α-1-acid glycoprotein). Zinc was adjusted for inflammation in PSC according to the

BRINDA algorithm.

Results: Data were available for 18,658 PSC and 22,633 WRA. Prevalence of anemia ranged from 7.5% to 73.7% and

from 11.5% to 94.7% in PSC and WRA, respectively. Prevalence of zinc deficiency ranged from 9.2% to 78.4% in PSC

and from 9.8% to 84.7% in WRA, with prevalence of zinc deficiency >20% in all countries except Azerbaijan (PSC),

Ecuador (PSC), and the United Kingdom (WRA). Multivariable linear regression models showed that zinc concentrations

were independently and positively associated with Hb concentrations in 7 of 13 countries for PSC and 5 of 12 countries

for WRA. In the same models, ferritin concentration was also significantly associated with Hb among PSC and WRA in

9 and 10 countries, respectively. Zinc deficiency was significantly associated with anemia in PSC and WRA in 5 and 4

countries respectively.

Conclusions: Zinc deficiency was prevalent in most countries and associations between zinc and Hb in roughly half

of the countries examined suggesting that strategies to combat zinc deficiency may help reduce anemia prevalence.

More research on mechanisms by which zinc deficiency is associated with anemia and the reasons for the heterogeneity

among countries is warranted. J Nutr 2021;151:1277–1285.
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Introduction

Anemia is a major public health concern worldwide. Kassebaum
and colleagues estimated that in 2010, one-third of the world
population was anemic (1), with almost 90% of the global bur-
den of anemia residing in developing countries (2). Moreover,
it was estimated that iron deficiency anemia was 1 of the 5
leading causes of years lived with disability in 2016, with 1.24
billion cases globally (3). Anemia is associated with a variety of
health conditions, including maternal death, reduced physical
capacity, and impaired cognitive development in children (4).
The etiology of anemia is multifactorial, with both nutritional
and nonnutritional causes contributing to overall anemia
prevalence. Iron deficiency is regarded as the most important
cause of anemia, with the WHO estimating that approximately
half of all anemia is due to iron deficiency (5). However,
using data from 23 national micronutrient surveys, Petry and
colleagues came to a much lower estimate, with 25% of the
anemia in children and 37% of the anemia in nonpregnant
women being associated with iron deficiency (6). Other analyses
conducted by the Biomarkers Reflecting Inflammation and
Nutritional Determinants of Anemia (BRINDA) project found
that the proportion of anemia associated with iron deficiency
ranged from 30% to 58% in preschool children (PSC) (7)
and 35% and 71% in nonpregnant women of reproductive
age (WRA) (8), with the contribution of iron deficiency to
overall anemia being dependent on the infection burden in the
population (7, 8).

In addition to iron deficiency, there are many other
factors associated with anemia, including other micronutrient
deficiencies, inflammation, malaria, hemoglobinopathies, and
hookworm infection, with some of these factors acting
synergistically. To guide policies on programs aimed at reducing
anemia prevalence, it is important to identify the underlying
factors causing the anemia in a specific setting. Programs trying
to improve iron status to reduce anemia prevalence will fail to
achieve their targets if iron deficiency is not a key determinant
of the anemia in the target population. In a recent national
micronutrient survey in Cambodia, the prevalence of iron
deficiency was very low, and was not a significant correlate of
anemia, while at the same time, the prevalence of anemia was
above 40% in both PSC and WRA. In contrast, zinc deficiency
was associated with anemia in the Cambodian setting (9). Zinc
deficiency has not been recognized as a primary cause of anemia,
but zinc deficiency was also associated with anemia in a recent
study in New Zealand (10). Indirect mechanisms by which
zinc deficiency could affect hemoglobin (Hb) concentrations,
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and hence anemia prevalence, include increased prevalence of
infection in zinc deficiency, as systemic inflammation depresses
erythropoiesis (11). Given the high prevalence of zinc deficiency
in developing countries (12), and the high proportion of anemia
that cannot be attributed to iron deficiency or other known
risk factors for anemia, more information is needed on how
zinc deficiency may be implicated in the etiology of anemia.
Therefore, we explored associations between zinc status, Hb
concentrations, and anemia among PSC and nonpregnant
WRA, using the BRINDA dataset.

Methods
As described in more detail previously, data for the BRINDA project
were requested from representative surveys that included at least Hb or
a micronutrient biomarker and ≥1 biomarker for acute inflammation,
either C-reactive protein (CRP) or α-1-acid glycoprotein (AGP) (13).
The BRINDA project primarily aims to improve the interpretation
of nutrient biomarkers in the context of inflammation by accounting
for the effects of inflammation on the concentrations of nutrient
biomarkers (www.BRINDA-nutrition.org). Since 2014, the BRINDA
project has been collecting national representative databases on anemia,
micronutrient status, and biomarkers for inflammation. While all
countries provided data on Hb concentrations, the provided data varied
on other biomarkers of micronutrient status and inflammation, such as
serum or plasma concentrations of ferritin, soluble transferrin receptor
(sTfR), retinol or retinol-binding protein, and zinc concentrations.
The selection criteria for inclusion in the BRINDA project have been
described in detail by Namaste et al (13). For the present study, datasets
were included that measured at least zinc status (plasma or serum zinc
concentrations), Hb concentrations, iron status (ferritin and/or sTfR
concentrations) and ≥1 marker for inflammation (CRP or AGP). This
resulted in an overall dataset representing PSC in 13 countries and WRA
in 12 countries. All countries except the United Kingdom (WRA) were
classified as low- and middle-income countries.

Laboratory analysis
The laboratory analyses of the different surveys, including zinc status,
have been described in detail elsewhere (14). In brief, venous blood
was obtained in all surveys, except in Mongolia, which collected a
combination of capillary and venous blood (based on cluster location).
Plasma zinc concentrations (PZCs) were measured in plasma (4 surveys)
or serum (8 surveys). Children and women were mostly in a nonfasting
state during blood drawing, or no data on fasting state were available.
Subjects were in a fasting state only in Mexico and the United Kingdom,
and some but not all in a fasting state in Cameroon and Ecuador.
Hb concentrations were measured by Hemocue (different models). Hb
concentrations were corrected for altitude and smoking, according
to WHO guidelines (15) where data were available. Altitude data
were available in Afghanistan, Azerbaijan, Colombia, Ecuador, the
United Kingdom, Malawi, and Mexico; smoking data were available
in Colombia, Ecuador, and Mexico. Laboratory analysis of zinc
concentrations was performed in 8 different laboratories. CRP and
AGP were measured using a variety of methods, including sandwich
ELISAs, immunoassays, turbidimetry, or nephelometry. Details on
sample collection, time of collection of the blood sample, and laboratory
methods are described elsewhere (14).

Definitions
Anemia was defined by Hb concentrations of <110 g/L for children
and <120 g/L for women, adjusted for altitude and/or smoking (13).
Inflammation was defined as a CRP concentration >5 mg/L or an AGP
concentration >1 g/L, or both. According to Thurnham et al. (16,
17), the inflammatory status was defined as being apparently healthy
(CRP ≤5 mg/L, AGP ≤1 g/L), in the incubation phase of inflammation
(CRP >5 mg/L, AGP ≤1 g/L), in early convalescence (CRP >5 mg/L,
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AGP >1 g/L), or in late convalescence (CRP ≤5 mg/L, AGP >1 g/L).
Ferritin concentrations were adjusted for inflammation according to the
formula developed by the BRINDA project:

logn (Concentrationadjusted ) = logn (Concentrationunadjusted )

− β1[logn(CRP) − logn(CRPre f )]

− β2[logn(AGP) − logn(AGPre f ), (1)

where logn(CRPref) and logn(AGPref) were, respectively, equal to −2.26
and −0.52 for children and to −1.83 and −0.63 for women; β1 is the
CRP regression coefficient and β2 is the AGP regression coefficient from
survey-specific datasets (18). Deficient iron stores were defined as an
adjusted ferritin concentration <12 μg/L for children and <15 μg/L
for women (5). Transferrin concentrations were adjusted according to
the same formula but only for AGP (19). Body iron stores (BIS; mg/kg)
were calculated according to the formula developed by Cook et al.
(with adjusted concentrations of sTfR and ferritin in mg/L and μg/L,
respectively) (20):

−
(

log10

(
Adjusted sT fR × 1000

Adjusted ferritin

)
− 2.8229

)

0.1207
(2)

This indicator can also yield negative values, indicating that a subject is
in negative iron balance.

For each country, when a consistent negative association between
zinc concentration and CRP or AGP was observed, zinc concentration
was adjusted for AGP and CRP according to the formula developed
by the BRINDA project (14). These associations were assessed using
Spearman correlations and decile analyses. Zinc concentrations were
significantly associated with biomarkers of inflammation in PSC but
not in WRA; hence, zinc concentrations were only adjusted for
inflammation in PSC, as described earlier (14). Zinc deficiency was
defined according to International Zinc Nutrition Consultative Group
recommendations (21). More specifically, in PSC, cutoffs of <65 μg/dL
and <57 μg/dL were used to define zinc deficiency depending on
whether the blood sample was obtained during the morning or
afternoon, respectively. In PSC, a nonfasting state was always presumed.
In WRA, 3 cutoffs of <70 μg/dL, <66 μg/dL, and <59 μg/dL were used
depending on whether the blood sample was drawn 1) in the morning
when women were known to be in an overnight fasting state, 2) in the
morning, with no information on the fasting or nonfasting state, and 3)
in the afternoon when a nonfasting state was presumed, respectively.
In addition, we defined severe zinc deficiency as a plasma or serum
zinc concentration <50 μg/dL among all subjects. The latter cutoff was
found to have the highest sensitivity and specificity in predicting clinical
signs of zinc deficiency (22).

Statistical analyses
Data analysis was performed using R software version 3.4.0 (The R
Foundation for Statistical Computing). All analyses were disaggregated
by country. Dichotomous variables were expressed as percentages and
continuous variables were expressed as arithmetic means, except for
adjusted ferritin, which was expressed as geometric means due to its
lognormal distribution. CIs (95% CI) for these percentages and means
were also computed.

The hypothesized relations between Hb concentration (or anemia)
and zinc concentration (or deficiency) were tested using linear and
logistic regression models with Hb and anemia as response variables,
respectively. Models also included zinc concentration or zinc deficiency
as the predictor and inflammation (CRP and/or AGP concentrations),
age, and child’s sex as potential covariates. Zinc concentrations in
PSC were adjusted to inflammation as described below, whereas no
adjustment for inflammation was made in WRA.

To further explore associations between zinc and Hb concentrations,
iron status was also added to the models. First, iron status was defined as
inflammation-adjusted ferritin, then as BIS (BIS <0 mg/kg body weight).

Finally, inflammation might have impacted Hb and zinc con-
centrations independently, thereby creating a superficial association.
To explore this possibility that infection and/or inflammation might
have affected the association between zinc and Hb concentrations,

we disaggregated analyses by inflammatory status, as described by
Thurnham et al, using the cutoffs for AGP and CRP (17), and reran
the analyses for only “apparently healthy” subjects in a subanalysis.

Hb concentrations were adjusted to altitude and smoking, whereas
ferritin and zinc concentrations in PSC were adjusted for inflammation
according to the BRINDA methodology. As reported elsewhere, in
models including both markers of inflammation, zinc concentrations
in PSC were significantly associated with either CRP and/or AGP
in 8 of the 13 countries, whereas in WRA, the association between
zinc concentration and CRP and/or AGP was weak (14). Therefore,
zinc concentrations were adjusted for inflammation using the formula
developed by BRINDA only in the PSC in the countries where the
association was significant, as recently recommended (14). BIS was
calculated with inflammation-corrected ferritin concentrations. To help
with the interpretation of results, concentrations of Hb, zinc, and
ferritin, as well as BIS and age, were transformed to z-scores, centered
around a mean of zero for each country separately. Associations were
assessed through ANCOVA and using coefficients associated with
the z-scores and ORs associated with qualitative variables. Adjusted
prevalence ratios (aPRs) were computed using Poisson models including
anemia as outcome and zinc deficiency, ferritin deficiency, or negative
BIS, sex, country, and inflammation (CRP and/or AGP concentrations)
and age as covariates. The type 1 error rate was set at 0.05. All
analyses took the survey design into account (stratification, clustering,
and sampling), using the R package survey version 3.34.

Results
Description of the population

Data on Hb and zinc concentrations were available for
18,658 PSC from 13 country surveys (Supplemental Table 1)
and for 22,633 nonpregnant WRA from 12 country surveys
(Supplemental Table 2). Additional data on iron status (either
ferritin or sTfR concentrations) were available for 18,331 PSC
and 22,263 WRA (Figure 1).

The median Hb concentration in PSC was 115 g/L (range
99.2–128.2 g/L, data not shown) across surveys, while the
prevalence of anemia ranged from 7.5% (Vietnam) to 73.7%
(Burkina Faso, Supplemental Table 1). Among WRA, the
median Hb concentration was 127 g/L (range 99.5–131.5 g/L,
data not shown) across surveys, with anemia prevalence ranging
from 11.5% (Vietnam and United Kingdom) to 94.7% (India,
Supplemental Table 2). The prevalence of zinc deficiency was
high in some cases, with the prevalence of zinc deficiency
ranging from 9.2% in Azerbaijan to 78.4% in Mongolia in
PSC (zinc concentrations were adjusted for inflammation in
most countries). In WRA, the prevalence of zinc deficiency
ranged from 9.8% (United Kingdom) to 84.7% (Cameroon,
Supplemental Table 2). Adjustment for inflammation in the
8 surveys for PSC where the association between zinc status and
biomarkers for inflammation significantly affected the estimates
of zinc deficiency, with prevalence of deficiency being lower
from 3.5 to 24.9 percentage points (Supplemental Table 1).
Zinc concentrations were positively associated with age but not
with gender in the children and with age in WRA (data not
shown).

Prevalence of inflammation, as indicated by elevated con-
centrations of CRP or AGP, varied and was high in some
cases for PSC (Supplemental Table 3), ranging from 9.3%
in Mexico (based on CRP only) to 93% in Burkina Faso
(based on elevated CRP or AGP). Prevalence of inflammation
was lower in WRA than PSC (Supplemental Table 4), ranging
from 6.6% (CRP only) in Vietnam to 78.2% in Burkina Faso
(both CRP and AGP). In PSC, as expected, the prevalence
of elevated AGP was higher than the prevalence of elevated
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FIGURE 1 Venn diagrams representing the overlapping prevalence of anemia, zinc deficiency, and low ferritin among 18,331 PSC (A) and
22,263 nonpregnant women of childbearing age (B) from a pooled analysis of representative surveys, the BRINDA project. Low ferritin was
defined as inflammation-adjusted ferritin concentration <12 μg/L for children and <15 μg/L for women [using BRINDA, Namaste et al. (23)]. Zinc
deficiency was defined as inflammation-adjusted serum zinc <65 μg/dL (morning collection) of <57 μg/dL (afternoon collection) for PSC [using
BRINDA, McDonald et al. (14)]. and in nonpregnant women, zinc deficiency was not inflammation adjusted and the cutoffs were <70 μg/dL,
<66 μg/dL, or <50 μg/dL for morning collection in a fasting state, morning collection in a nonfasting state, or afternoon collection in a nonfasting
state, respectively. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia; PSC, preschool children.

CRP, as AGP concentrations remain elevated for a much longer
period after the initial start of the acute phase response than
CRP concentrations (23). However, this was not always the
case in the WRA, where the prevalence of elevated CRP was
higher than that of elevated AGP in Afghanistan and Cameroon
(13.6% compared with 12.1% and 18.3% compared with
7.3%, respectively).

The prevalence of iron deficiency indicated by inflammation-
adjusted low ferritin ranged from 5.3% to 51.1% in PSC
(Supplemental Table 5). In the 6 countries with data available on
both ferritin and transferrin receptor concentrations, negative
BIS (adjusted for inflammation) prevalence ranged from 8.2%
to 37.0%. In WRA, prevalence of inflammation-adjusted low
ferritin ranged from 3.4% to 57.0% (Supplemental Table 6).
For the 8 countries with available data on BIS, the prevalence of
negative body iron values (adjusting for inflammation) ranged
from 1.6% to 43.3%.

Considering countries for which data were available on zinc,
Hb, and ferritin concentrations (n = 18,331 PSC, n = 22,263
WRA), the proportion of children with zinc deficiency and
anemia (16.6%) was higher than that for children with deficient
iron stores and anemia (9.6%) (Figure 1). Four percent of
the children had anemia, low ferritin concentrations, and zinc
deficiency simultaneously. A similar pattern was observed for
WRA, with 18.1% being zinc deficient and anemic and 7.6%
being anemic with low ferritin concentrations. Almost 6% of
the WRA had anemia, ferritin deficiency, and zinc deficiency
simultaneously.

Association of Hb concentration and anemia with zinc
status

In children, zinc concentrations (adjusted for inflammation,
sex, and age) were significantly and positively associated with
Hb concentrations in 7 of the 13 countries, with standardized
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TABLE 1 Associations between zinc and Hb concentrations in PSC and nonpregnant WRA, BRINDA project1

PSC WRA

Country n βzinc (95% CI) P value n βzinc (95% CI) P value

Afghanistan 600 − 0.03 (−0.26, 0.20) 0.79 953 0.02 (−0.09, 0.13) 0.66
Azerbaijan 1015 0.03 (−0.05, 0.11) 0.41
Bangladesh 298 0.23 (−0.01, 0.47) 0.06 719 0.14 (0.06, 0.23) <0.001
Burkina Faso 118 0.23 (0.04, 0.43) 0.02 125 0.20 (−0.05, 0.45) 0.12
Cambodia 327 0.09 (−0.05, 0.23) 0.22 427 − 0.02 (−0.14, 0.10) 0.75
Cameroon 729 0.25 (0.09, 0.42 0.003 736 0.14 (−0.01, 0.28) 0.06
Colombia 3569 0.02 (−0.01, 0.05) 0.18
Ecuador 2017 0.14 (0.08, 0.20) <0.001 7267 0.24 (0.19, 0.30) <0.001
India 323 0.06 (−0.07, 0.18) 0.37
Malawi 1063 0.11 (0.04, 0.18) 0.001 751 0.21 (0.12, 0.31) <0.001
Mexico 1163 0.04 (0.00, 0.09) 0.035 1679 − 0.05 (−0.13, 0.03) 0.26
Mongolia 227 0.47 (0.47, 0.47) <0.001
Pakistan 7158 − 0.01 (−0.04, 0.02) 0.56 7129 0.01 (−0.02, 0.04) 0.44
United Kingdom 838 0.10 (0.03, 0.16) 0.003
Vietnam 374 0.14 (0.04, 0.24) 0.01 1478 0.10 (0.05, 0.16) <0.001

1Zinc concentrations in preschool children were adjusted for inflammation in the following countries: Afghanistan, Azerbaijan, Burkina Faso, Cambodia, Cameroon, Ecuador,
India, Malawi, and Vietnam. Zinc concentrations were not adjusted for inflammation in WRA. Hb concentrations were adjusted for altitude and smoking, where those data were
available (altitude data were available in Afghanistan, Azerbaijan, Colombia, Ecuador, United Kingdom, Malawi, and Mexico; smoking data were available in Colombia, Ecuador,
and Mexico). Zinc and Hb concentrations and age were centered around zero and reduced to an SD = 1 for each country separately. BRINDA, Biomarkers Reflecting
Inflammation and Nutritional Determinants of Anemia; Hb, hemoglobin; PSC, preschool children; WRA, women of reproductive age.

β values for these countries ranging from 0.04 (Mexico) to
0.47 (Mongolia, Table 1). In Bangladesh, the association was
borderline significant (β = 0.23, P = 0.058). In the WRA, zinc
concentrations were significantly and positively associated with
Hb concentrations in 5 of the 12 countries, with standardized β

values for these countries ranging from 0.10 (Vietnam and the
United Kingdom) to 0.24 (Ecuador, Table 1). In Cameroon, the
association was borderline significant (β = 0.14, P = 0.06).

To explore associations between zinc and Hb concentrations
further, we added iron status, defined as ferritin concentration,
to the models (Table 2). In the PSC, iron status was significantly
associated with Hb concentrations in 9 of the 13 countries
(β values from 0.10 to 0.22, Table 2). Zinc concentrations
remained associated with Hb concentrations in 6 of the 7
countries described above in Table 1. Only in Mexico was
the association no longer statistically significant (P = 0.09). In

contrast, the association between zinc and Hb concentrations
became statistically significant in Bangladesh ( = 0.049) when
iron was added to the model (P value without iron in
model = 0.06).

In the WRA, ferritin concentrations were significantly
associated with Hb concentrations in all but 2 countries
(β values from 0.17 to 0.62, Table 3). Zinc concentrations
remained significantly associated with Hb concentrations (β
values from 0.09 to 0.19) in the same 5 countries that had
significant associations between zinc and Hb without iron in
the models.

Next, we explored associations between anemia (binary
rather than continuous Hb), zinc deficiency, and iron deficiency,
defined as inflammation-adjusted low ferritin concentrations.
In the PSC, zinc deficiency was significantly associated with
anemia in 5 of the 13 countries, with aPRs ranging from 1.25

TABLE 2 Associations between zinc and Hb concentrations in PSC with ferritin concentrations added to the model, BRINDA project1

Country n
Zinc concentrations,

βzinc (95% CI) P value
Ferritin concentrations,

β fer (95% CI) P value

Afghanistan 600 − 0.04 (−0.24, 0.17) 0.73 0.12 (0.05, 0.19) <0.001
Azerbaijan 1015 0.04 (−0.04, 0.12) 0.31 0.20 (0.13, 0.27) <0.001
Bangladesh 297 0.22 (0.00, 0.45) 0.05 0.21 (0.08, 0.34) 0.002
Burkina Faso 118 0.22 (0.03, 0.42) 0.02 0.16 (−0.05, 0.37) 0.14
Cambodia 327 0.06 (−0,07, 0,19) 0.37 0.20 (0.05, 0.35) 0.008
Cameroon 729 0.24 (0.07, 0.40) 0.005 0.18 (0.09, 0.27) <0.001
Colombia 3569 0.02 (−0.01, 0.05) 0.18 0.02 (−0.04, 0.09) 0.49
Ecuador 2017 0.13 (0.08, 0.18) <0.001 0.20 (0.13, 0.27) <0.001
Malawi 1063 0.10 (0.04, 0.17) 0.002 − 0.06 (−0.16, 0.03) 0.21
Mexico 1162 0.03 (−0.01, 0.08) 0.09 0.10 (0.04, 0.17) 0.002
Mongolia 227 0.38 (0.13, 0.64) 0.003 0.22 (0.12, 0.32) <0.001
Pakistan 6833 − 0.01 (−0.03, 0.02) 0.65 0.19 (0.16, 0.22) <0.001
Vietnam 374 0.14 (0.05, 0.24) 0.004 0.07 (−0.01, 0.14) 0.07

1Ferritin and zinc concentrations were corrected for inflammation according to the method developed by BRINDA. Zinc concentrations in preschool children were adjusted for
inflammation in the following countries: Afghanistan, Azerbaidjan, Burkina Faso, Cambodia, Cameroon, Ecuador, India, Malawi, and Vietnam. Age, sex, and country were
included in the model as covariates. Hb was adjusted for altitude where those data were available (Afghanistan, Azerbaijan, Colombia, Ecuador, United Kingdom, Malawi, and
Mexico). Zinc, ferritin and Hb concentrations were centered around zero and reduced to an SD = 1. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants
of Anemia; Hb, hemoglobin; PSC, preschool children.
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TABLE 3 Associations between zinc and Hb concentrations in nonpregnant WRA with ferritin concentrations added to the model,
BRINDA project1

Country n
Zinc concentrations,

βzinc (95% CI) P value
Ferritin concentrations,

β fer (95% CI) P value

Afghanistan 953 0.02 (−0.09, 0.12) 0.71 0.24 (0.15, 0.32) <0.001
Bangladesh 707 0.14 (0.05, 0.22) 0.001 0.17 (0.05, 0.28) 0.004
Burkina Faso 125 0.20 (−0.05, 0.44) 0.11 − 0.03 (−0.21, 0.15) 0.74
Cambodia 427 − 0.01 (−0.13, 0.10) 0.82 0.19 (−0.10, 0.49) 0.20
Cameroon 736 0.11 (−0.02, 0.24) 0.08 0.62 (0.48, 0.75) <0.001
Ecuador 7266 0.18 (0.14, 0.21) <0.001 0.44 (0.41, 0.48) <0.001
India 321 − 0.05 (−0.15, 0.06) 0.38 0.47 (0.34, 0.60) <0.001
Malawi 751 0.19 (0.10, 0.28) <0.001 0.34 (0.24, 0.44) <0.001
Mexico 1674 − 0.04 (−0.12, 0.04) 0.31 0.34 (0.25, 0.42) <0.001
Pakistan 6980 0.01 (−0.01, 0.04) 0.30 0.29 (0.26, 0.33) <0.001
United Kingdom 836 0.09 (0.03, 0.15) 0.003 0.24 (0.18, 0.30) <0.001
Vietnam 1478 0.09 (0.04, 0.15) <0.001 0.24 (0.19, 0.28) <0.001

1Ferritin and zinc concentrations were corrected for inflammation according to the method developed by BRINDA. Zinc concentrations in preschool children were adjusted for
inflammation in the following countries: Afghanistan, Azerbaidjan, Burkina Faso, Cambodia, Cameroon, Ecuador, India, Malawi, and Vietnam. Hb was adjusted for altitude and
smoking, where those data were available (Altitude data were available in Afghanistan, Azerbaijan, Colombia, Ecuador, United Kingdom, Malawi, and Mexico; smoking data
were available in Colombia, Ecuador, and Mexico). Models controlled for age and country. Zinc, ferritin and Hb concentrations and age were centered around zero and reduced
to an SD = 1. BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia; Hb, hemoglobin; WRA, women of reproductive age.

in Cameroon to 1.75 in Mongolia (Table 4). In the same model,
iron deficiency was associated with anemia in 10 of the 13
countries, with aPRs ranging from 1.36 to 2.47.

Zinc deficient WRA were also more likely to be anemic than
WRA without zinc deficiency in 4 of the 12 countries (aPR
ranging from 1.43 to 1.66, Table 5). Iron deficiency was a
significant risk factor for anemia in WRA in all but 2 countries,
with aPRs ranging from 1.58 to 5.40. The same approaches
were undertaken using body iron stores as the marker of iron
status, which showed similar results (data not shown).

When children were stratified according to inflammatory
status, in children with no evidence of recent inflammation
(“apparently healthy”), that is, no elevated acute-phase protein
concentrations, zinc concentrations remained significantly and
positively associated with Hb concentrations in 6 of 13
countries, and borderline significant in 3 countries (Malawi,
Bangladesh, and Cambodia, P = 0.05, P = 0.06, and P = 0.08
respectively). In WRA with no evidence of recent inflammation,

zinc concentrations were significantly associated with Hb
concentrations in 6 of 12 countries (data not shown).

Discussion

Although the association between zinc status and anemia
was previously examined in studies of Cambodian school
children (9), school children in New Zealand (10), and pregnant
Ethiopian women (24), our study presents the first multicountry
analysis using PSC and WRA data from >13 countries. The
association between zinc and Hb concentrations appears to be
independent of iron status in some countries, as addition of iron
status to the predictive models had little impact on the strength
of association between zinc and Hb concentrations. In roughly
half of countries, zinc and Hb concentrations were associated in
PSC and in WRA, even when controlling for iron status. Zinc
deficiency was associated with a higher prevalence of anemia

TABLE 4 aPRs for anemia in PSC with zinc deficiency or deficient iron stores, BRINDA project1

Country n
Zinc deficiency,

aPR (95%CI) P value
Deficient iron stores,

aPR (95% CI) P value

Afghanistan 600 1.33 (1.01, 1.75) 0.045 1.44 (1.07, 1.95) 0.022
Azerbaidjan 1015 1.09 (0.74, 1.59) 0.66 2.07 (1.56, 2.75) <0.001
Bangladesh 297 0.99 (0.65, 1.53) 0.98 1.77 (1.03, 3.04) 0.042
Burkina Faso 118 1.19 (0.99, 1.42) 0.15 1.19 (0.92, 1.54) 0.28
Cambodia 327 1.44 (1.09, 1.90) 0.012 1.37 (1.08, 1.73) 0.013
Cameroon 729 1.25 (1.10, 1.42) 0.001 1.36 (1.17, 1.58) 0.000
Colombia 3569 0.97 (0.78, 1.20) 0.78 1.24 (0.96, 1.61) 0.10
Ecuador 2017 1.32 (1.07, 1.61) 0.010 1.44 (1.13, 1.84) 0.004
Malawi 1063 1.16 (0.98, 1.38) 0.09 1.19 (0.96, 1.47) 0.11
Mexico 1162 1.09 (0.77, 1.55) 0.62 1.36 (1.01, 1.85) 0.045
Mongolia 227 1.75 (0.80, 4.59) <0.001 2.47 (1.39, 4.57) <0.001
Pakistan 6833 0.99 (0.95, 1.03) 0.70 1.43 (1.36, 1.49) <0.001
Vietnam 374 0.94 (0.44, 2.00) 0.87 2.10 (1.05, 4.20) 0.039

1All models were controlled for age, sex, and country. Zinc deficiency was defined as <65 μg/dL (morning sample) or <57 μg/dL (afternoon sample). Deficient iron stores was
defined as inflammation-adjusted ferritin concentrations <12 μg/L. Ferritin and zinc concentrations were corrected for inflammation according to the method developed by
BRINDA [Namaste et al. (13)]. Zinc concentrations in preschool children were adjusted for inflammation in the following countries: Afghanistan, Azerbaijan, Burkina Faso,
Cambodia, Cameroon, Ecuador, India, Malawi, and Vietnam. aPR, adjusted prevalence ratio; BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of
Anemia; PSC, preschool children.
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TABLE 5 aPR for anemia in nonpregnant WRA with zinc deficiency or deficient iron stores, BRINDA project1

Country n
Zinc deficiency,

aPR (95% CI) P value
Deficient iron stores,

aPR (95% CI) P value

Afghanistan 953 1.10 (0.89, 1.36) 0.39 1.71 (1.37, 2.13) <0.001
Bangladesh 707 1.66 (1.16, 2.36) 0.006 2.45 (1.46, 4.14) 0.001
Burkina Faso 125 1.63 (0.93, 2.84) 0.16 1.57 (0.91, 2.70) 0.18
Cambodia 427 0.82 (0.63, 1.05) 0.12 2.01 (1.63, 2.47) <0.001
Cameroon 736 1.16 (0.82, 1.64) 0.41 2.46 (2.08, 2.92) <0.001
Ecuador 7266 1.58 (1.38, 1.80) <0.001 5.40 (4.33, 6.74) <0.001
India 321 1.03 (0.96, 1.10) 0.44 1.02 (0.95, 1.10) 0.53
Malawi 751 1.54 (1.05, 2.26) 0.029 3.21 (2.33, 4.42) <0.001
Mexico 1674 0.93 (0.62, 1.40) 0.72 3.78 (2.11, 6.78) <0.001
Pakistan 6989 1.01 (0.96, 1.06) 0.77 1.58 (1.49, 1.67) <0.001
United Kingdom 836 1.67 (0.88, 3.17) 0.12 2.46 (1.46, 4.15) <0.001
Vietnam 1478 1.43 (1.03, 1.98) 0.034 4.74 (3.62, 6.20) <0.001

1All models were controlled for age and country. Zinc deficiency was defined according to International Zinc Nutrition Consultative Group recommendations: for women
3 cutoffs (<70 μg/dL, <66 μg/dL, and <59 μg/dL) were used depending on whether the blood sample was drawn 1) in the morning when women were known to be in an
over-night fasting state, 2) in the morning, with no information on the fasting state or stated to be nonfasting, and 3) in the afternoon when a nonfasting state was presumed,
respectively. Deficient iron stores were defined as inflammation-adjusted ferritin concentrations <15 μg/L using BRINDA methodology [Namaste et al. (13)]. aPR, adjusted
prevalence ratio; BRINDA, Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia; WRA, women of reproductive age.

among PSC in 5 countries (of 13) and among WRA in 4 (of 12)
countries, respectively.

The heterogeneity among countries on whether zinc status is
associated with Hb concentrations warrants further reflection.
For the countries where data were available for both PSC and
WRA, there was a strong correlation between the regression
coefficient β values for PSC and WRA (n = 10, Pearson’s
r = 0.67, P = 0.035), suggesting a common etiology for the
association between zinc and Hb concentrations in PSC and
WRA in those countries. However, there were no clear regional
patterns across Africa, Asia, or Latin America, with marked
differences between neighboring countries such as Vietnam and
Cambodia, or between Mexico and Ecuador. The contribution
of iron deficiency to anemia prevalence has been shown to be
lower in countries where the prevalence of anemia is >40% (6).
To assess whether the same pattern holds for zinc deficiency
in our analyses, we plotted the β values for the association
between zinc and Hb concentrations in each country against the
anemia prevalence. In PSC, there was no association, whereas
in WRA, there was a tendency towards a negative association
(n = 11, Pearson’s r = −0.47, P = 0.06), meaning that
the association between zinc and Hb concentrations became
stronger when anemia prevalence in a country was lower.
Perhaps the contribution of zinc deficiency to overall anemia
prevalence becomes more important if nonnutritional causes
of anemia, for example, are less prevalent. However, for the
moment, a possible causality between zinc deficiency and
anemia remains to be proven, as from our data, we can only
access associations.

Chronic inflammation is well known to lead to anemia,
partly through mechanisms involving hepcidin and reduced
iron uptake (25), but also through reduced erythropoiesis (11).
Earlier studies have also shown associations between markers
of acute inflammation (CRP, AGP) and anemia (26). Zinc
concentrations are thought to be influenced by the acute phase
response too, although the extent to which zinc concentrations
are affected remains to be determined, and the impact of
inflammation on zinc concentrations is perhaps less strong than
initially thought (14, 27). We included 2 biomarkers for acute
inflammation, CRP and AGP, to correct for possible effects of
inflammation on zinc concentrations. CRP is thought to be a
fast-rising acute-phase protein, whose concentrations increase

within 48 h of the onset of the inflammation and return to
normal values within 2 wk. In contrast, AGP concentrations
rise more slowly after the onset of inflammation, but can
remain elevated for weeks (23). In our dataset, more than half
of the children had evidence for inflammation, underscoring
again the importance of infection control in childhood in
low- and middle-income countries. Nevertheless, the association
between Hb and zinc concentrations remained significant even
in subjects considered as “apparently healthy” (subanalysis
using Thurnham categorization, data not shown), suggesting
that the association was not mediated by inflammatory
status.

Zinc was shown to play a role in erythropoiesis in animal
models, with zinc supplementation stimulating erythropoiesis in
anemic rats (28, 29). And chronic zinc deficiency in rats led to
a significant decrease in erythropoiesis (30). In humans, while
no direct relation has been found between zinc concentration
and production of red blood cells, zinc is directly involved
in erythroid differentiation and development (31). Also, zinc
is present in erythrocytes where it mainly participates in
metalloenzyme activities or is bound to metallothionein (32).
However, zinc is a cofactor in hundreds of metabolic processes,
making it hard to pinpoint a specific potential role for zinc
deficiency in the etiology of anemia. Other examples where
zinc could play a role are erythrocyte membrane integrity
and fragility, with zinc deficiency associated with increased
cell water content and higher osmotic fragility of erythrocyte
membranes (33, 34). Thus, impaired cell function and/or
red blood cell fragility could be envisaged as factors that
could contribute to the association of zinc status and anemia.
Houghton et al. reported that in New Zealand, zinc deficiency
was the only factor associated with anemia in school-aged
children (10). Interestingly, the effect of selenium deficiency on
risk for anemia was mediated through zinc status, suggesting a
role for multiple micronutrients in the etiology of anemia, in a
high-income country setting.

The prevalence of zinc deficiency was >20% in most
countries, and alarmingly high in some countries, both in the
children and in the WRA, making the overall contribution
of zinc deficiency to anemia burden potentially substantial.
Even though the aPRs that link zinc deficiency with anemia
need to be interpreted with caution given the multifactorial
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etiology of anemia, the relative importance of zinc deficiency
for anemia approached that of iron deficiency, specifically in
PSC. This finding underscores the necessity of considering
approaches to improve zinc status as well as iron status
when combating nutritional anemia. One limitation of the
current study is that an individual patient data meta-analysis
was not performed due to uncertainties around specific study
designs. Another limitation is that all data are cross-sectional,
so causality cannot be determined. Finally, we have only taken
iron deficiency into account in our analyses, and no other
potential nutritional deficiencies associated with anemia, such
as vitamin B12 or folate deficiency, because including these
vitamins would have reduced our sample size considerably
(vitamin B12 and folate were not often measured in these
surveys). However, acknowledging the multiple factors that
can contribute to the occurrence of anemia is essential when
designing programs to reduce anemia prevalence, and zinc
deficiency should be considered as a potential factor. Further
research is warranted to clarify the etiology of zinc deficiency in
anemia.
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