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Background. Parasitic diseases (eg, malaria and helminthiases) exert enormous burdens on public health and
social well-being. Moreover, parasitic infections are important causes of anemia in tropical Africa, exacerbated by
lack of a diversified diet and inflammatory and genetic diseases. There is a paucity of longitudinal studies moni-
toring the dynamics of anemia in relation to the aforementioned parameters.

Methods.

We designed a 14-month prospective longitudinal study in 3 cohorts (ie, infants aged 6-23 months,

children aged 6-8 years, and women aged 15-25 years) in the Taabo health demographic surveillance system
located in south-central Cote d’Ivoire. Parasitological, hematological, and micronutrient data were obtained from
repeated cross-sectional surveys, utilizing standardized, quality-controlled methods.

Results.

We found that young age, Plasmodium and Schistosoma infections, cellular iron deficiency, and stunt-

ing were significantly negatively associated with hemoglobin concentration. Moreover, iron status biomarkers (ie,
ferritin and soluble transferrin receptor) were significantly associated with inflammatory parameters.

Conclusions.

Based on our results, effective prevention and control measures that target parasitic diseases and

iron deficiency are needed. These measures might include the distribution of long-lasting insecticidal nets, inter-
mittent preventive treatment for malaria, regular anthelmintic drug administration, and improved intake of bio-
available iron, coupled with health and nutritional education and improved hygiene, water, and sanitation.
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Parasitic diseases such as malaria and helminthiases
drain the social and economic development of a
country and exert an enormous burden on public
health and social well-being [1-3]. Malaria and hel-
minthiases are important causes of morbidity and
mortality, particularly in rural communities that often
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lack access to clean water, sanitation, hygiene, and
health systems [4]. A common feature shared by
malaria and helminthiases is their association with
anemia. Moreover, the lack of a diversified diet with
an adequate intake of bioavailable iron, inflammatory
diseases, and hemoglobinopathies also significantly
contribute to the high burden of anemia in the tropics [5,
6]. Anemia in newborns may also be the result of poor
iron status of the mother prior to or during pregnan-
cy, although this relation lacks evidence [7].

The etiology of anemia is multifactorial, and hence
there are different preventive and curative measures
for its control. For example, iron fortification or sup-
plementation, sleeping under long-lasting insecticid-
al nets (LLINs), intermittent preventive treatment
(IPT) of malaria, and preventive chemotherapy using
albendazole or mebendazole against soil-transmitted
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helminthiases and praziquantel against schistosomiasis have
been suggested [6, 8, 9].

Previous studies suggest that >40% of the population in
Cote d’Ivoire is anemic, and iron deficiency (ID) was identi-
fied as a moderate cause [10, 11]. However, a recent study con-
ducted in south-central Cote d’Ivoire showed that, among iron
fortification with electrolytic iron, IPT using sulfadoxine-
pyrimethamine, and preventive chemotherapy using albenda-
zole and praziquantel in school-aged children, preventive
chemotherapy was the only intervention that had a significant,
although minimal, effect on improving hemoglobin (Hb) con-
centration [8].

The etiology of anemia has been investigated in various popu-
lation groups throughout Africa using cross-sectional designs,
whereas only a handful of longitudinal studies assessed the
dynamics of Hb over time in relation to specific variables [12-15].
We designed a 14-month prospective longitudinal study, with
repeated cross-sectional surveys conducted every 3-4 months,
to assess the dynamics of Hb in relation to parasitic infections,
micronutrient status, and increasing age in 3 cohorts in south-
central Cote d’Ivoire.

METHODS

Ethical Considerations

The study was approved by the institutional research commis-
sions of the Swiss Tropical and Public Health Institute and
the Eidgenéssische Technische Hochschule (ETH) Zurich.
The ethics committees of Basel and Cote d’Ivoire approved the
study. Investigators were covered by liability insurance. The study
is registered at controlled-trials.com (identifier ISRCTN02181959).
Village authorities, participants, and parents/guardians of
minors were informed about the purpose, procedures, and po-
tential risks and benefits of the study. Written informed
consent (or fingerprints of illiterate people) was obtained from
study participants and parents/guardians of infants and chil-
dren aged 6-8 years. Participation was voluntary; hence one
could withdraw from the study at any time without further
obligations.

Clinical malaria cases (defined by a positive rapid diagnostic
test [RDT] and tympanic temperature >38°C) were treated
with artesunate-amodiaquine (Maphar, Sanofi-Aventis, Casa-
blanca, Morocco). Soil-transmitted helminth and schistosome
infections were treated with albendazole (GlaxoSmithKline)
and praziquantel (Bayer), respectively. Severely anemic partici-
pants (ie, Hb <8 g/dL, according to national guidelines of
Cote d’Ivoire) were referred to healthcare centers.

Study Design and Procedures
The setting, selection of study participants, and field and labo-
ratory procedures have been described elsewhere [16, 17]. In

brief, a 14-month prospective longitudinal study was performed
between April 2010 and June 2011 in 3 settings of the Taabo
health demographic surveillance system (HDSS) in south-
central Cote d’Ivoire. The 3 settings were Taabo Cité, a
small district town where the only hospital is located;
Ahondo, a village in close proximity to the Bandama River;
and Katchénou, a small hamlet with no health facility. We set
up the following 3 cohorts: infants aged 6-23 months; chil-
dren of early school age (6-8 years); and young women aged
15-25 years. A total of 732 individuals were invited to
participate.

At each cross-sectional survey, people were asked to provide
stool and urine samples. Participants’ height (to the nearest
cm), weight (to the nearest 0.5 kg), and tympanic temperature
(to the nearest 0.1°C) were measured. Finger-prick blood was
collected and Hb concentration determined using a HemoCue
301 (HemoCue AB; Angelholm, Sweden). Infection with Plas-
modium falciparum was assessed using an RDT (ICT MLOI
malaria Pf kit; ICT Diagnostics, Cape Town, South Africa).
Additionally, thick and thin blood films were made to deter-
mine parasitemia and species-specific Plasmodium infection.
At the baseline and end-of-study surveys, venous blood
samples (5-10 mL) were drawn from each participant directly
into heparin-coated tubes and put in a cooler containing ice.

Duplicate Kato-Katz thick smears were prepared from each
stool sample using 41.7-mg templates [18]. The slides were
allowed to clear for at least 30 minutes before microscopic ex-
amination by experienced laboratory technicians who record-
ed the number of eggs of soil-transmitted helminths (Ascaris
lumbricoides, hookworm, and Trichuris trichiura) and Schisto-
soma mansoni. Urine samples were subjected to a filtration
method [19]; all Schistosoma haematobium eggs in a filtrate of
10 mL were counted. For quality control, a senior laboratory
technician reexamined 10% of Kato-Katz and urine filtration
slides.

Pregnancies and deliveries known by the participating women
or by the community health workers were recorded during the
study in order to adapt the cut-off used for anemia in women.

Venous Blood Examination

Riboflavin was measured by an erythrocyte glutathione reduc-
tase activity coefficient (EGRAC) assay in whole blood [20].
Ferritin, soluble transferrin receptor (sTfR), retinol binding
protein (RBP), al-acid glycoprotein (AGP), and C-reactive
protein (CRP) were measured with a sandwich enzyme-linked
immunosorbent assay [21]. Serum retinol (SR) was measured
by high-pressure liquid chromatography (Merck-Hitachi;
Tokyo, Japan) [22].

Statistical Analysis
Parasitological and hematological data were entered twice in
Microsoft Access version 10.0 (2007; Microsoft Corporation)
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and cross-checked using Epilnfo version 3.4.1 (Centers for
Disease Control and Prevention; Atlanta, GA). Anemia and
storage iron depletion were defined according to World Health
Organization (WHO) guidelines [23]. Acute and chronic in-
flammation were defined as CRP >5 mg/L and AGP >1 g/L,
respectively. Cellular ID was defined as sTfR >8.5 mg/L [24].
Vitamin A deficiency was defined as RBP <0.825 pmol/L [25].

Household socioeconomic status was calculated using an
asset-based index [26]. Data on household assets, housing
characteristics, and number of people per room were obtained
from the readily available Taabo HDSS database. Using prin-
cipal component analysis to weigh the binary data of these
variables, we subsequently divided the households into socio-
economic groups (wealth tertiles); namely, very poor, poor,
and least poor.

Height-for-age and weight-for-height Z-scores were calcu-
lated with WHO AnthroPlus version 1.0.3 (WHO; Geneva,
Switzerland). Stunting and underweight were defined as hav-
ing a height-for-age or weight-for-age, respectively, of more
than 2 standard deviations below the median of the Na-
tional Center for Health Statistics (NCHS)/WHO growth re-
ference [27].

We employed logistic regressions to identify predictors of
anemia for those individuals who had complete parasitologi-
cal, hematological, and micronutrients data at baseline or at

the end-of-study survey. Crude and adjusted odds ratios were
calculated, including 95% confidence intervals and P value
using a Wald test. Setting was included as random effect in
multivariate models, and covariates were removed until the
best fitting model was identified, based on the results of a like-
lihood ratio test.

We used linear regression analyses with 2 clustering effects
(ie, individual and setting level) to identify independent sig-
nificant predictors of Hb, natural log sTfR, and natural log
AGP. Individuals who had complete parasitological and hema-
tological data for at least 1 of the cross-sectional surveys were
considered. For the models with sTfR and AGP as the
outcome, we included AGP only as a marker of inflammation
to prevent colinearity with CRP and because AGP was better
correlated to the outcome variables. For each outcome, we
report the results of the best predictive model, based on
Akaike’s information criterion. McNemar test and Wilcoxon
signed rank test were used to compare matched prevalence
data and matched mean ranks, respectively.

RESULTS

Attrition, Participation, and Socioeconomic Parameters
Opverall, 732 individuals were invited and, during the baseline
cross-sectional survey, 407 (55.6%) were available and agreed

June 2010: administration of Since May 2011:
albendazole and ivermectin at Postelectoral crisis free access to healthcare and
the population level. (November 2010—April 2011) treatments in all public health
Coverage: ~40% centers
Time April 2010 July 2010 November 2010 February 2011 June 2011 >
n=732 n=678 n =585
Refused n = 28 Refused n = 28 Refused n = 67
Migrated n = 23 Migrated n = 63 Migrated n = 23
Diedn=3 Diedn=2 Died n =1
n=732 n =678 n =585 n =494 n =494
Invited to participate (I =240, C = 216, (=222, C =202, (I=206, C =182, (1=175,C =173, (1=175,C =173,
W = 276) W = 254) W =197) W = 146) W = 146)
£83 £83 £82 £83 £83
n =407 n = 302 n =337 n =322 n =320
Written informed consent | (I = 144, C = 164, (=94, C =130, (=116, C = 142, (I=114,C =138, (I1=113,C =136,
W = 99) W =77) W =79) W =70) W=71)
T T 1T £83 T
. . n =380 n = 260 n =308 n =283 n =311
::;?::;?L%?gﬁ dz’t‘g (=128, C= 158, (1= 68, C =125, (1= 96, C =141, (1=87,C =136, (=105, C = 138,
W = 94) W = 67) W=71) W = 60) W = 68)
£33 £83
n =324 n = 249
Micronutrient data (I=95,C =147, (I=67,C =120,
W = 82) W = 62)

Figure 1.

Participation, adherence, and major events during the 14-month longitudinal study. In April 2010, 732 people were invited to participate, of

whom 407 provided written informed consent for longitudinal monitoring. All 732 people were given the opportunity to participate in the second cross-
sectional survey in July 2010. For the following rounds, only those who did not refuse to participate and did not move were asked to participate.

Abbreviations: |, infants; C, school-aged children; W, women.
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Table 1. Sociodemographic Parameters, Household Assets, and Other Characteristics of Infants, School-Aged Children, and Women
Taabo Cité Ahondo Katchénou Difference

Characteristic n % n % n % x’ P Value
Sex (female)? 38 44.7 40 47.6 60 513 0.87 .647
Education (binary)

Maternal education® 15 28.9 7 18.4 4 13.8 2.06 .358

Attending school® 20 43.5 23 451 17 27.9 4.34 114

Ever attended school® 27 771 18 58.1 8 28.6 14.98 .001
Mean number of people per

room (categorical)

1-1.9 &3 21.7 43 37.1 55) 491

2-2.9 50 32.9 33 28.5 38 33.9

>3 69 45.4 40 34.5 19 17.0 30.50 <.001
Household assets (binary)

Ventilator 69 45.4 23 19.8 0 0.0 ° <.001

Cell phone 136 89.5 88 75.9 82 73.2 13.19 .001

Television 106 69.7 65 56.0 8 7.1 106.74 <.001

Refrigerator 19 12.5 2 1.7 0 0.0 ° <.001

Bicycle 98 64.5 93 80.2 99 88.4 21.79 <.001

Car 3 2.0 0 0.0 0 0.0 ° 116
Source of light (categorical)

Candle 1 0.7 0 0.0 0 0.0

Oil lamp 3 2.0 14 121 111 99.1

Plugged lamp 46 96.1 102 87.9 0 0.0

Other 2 1.3 0 0.0 1 0.9 ° <.001
Source of water (categorical)

Tap water 151 99.3 12 10.3 0 0.0

Pump, well 1 0.7 59 50.9 112 100.0

River 0 0.0 45 38.8 0 0.0 ° <.001
Sanitation (categorical)

Water closet 67 441 1 0.9 0 0.0

Latrine 53 34.9 58 50.0 0 0.0

No sanitation 32 21.1 57 491 112 100.0 e <.001

Participants with complete parasitological data at the baseline cross-sectional survey (April 2010) were included in the analyses, stratified by study setting

(n=380).

@ For infants and school-aged children only (n = 286).

® For mothers of infants who answered the questionnaire (n = 105).
¢ For school-aged children only (n=158).

9 For young women only (n = 94).

¢ Fisher's exact test.

to participate in the longitudinal monitoring (Figure 1). The
participation rate decreased considerably from July 2010
onward. An awareness campaign conducted in October 2010
stabilized the number of participants in the subsequent
surveys despite a presidential postelectoral crisis that lasted
until April 2011. An attrition analysis revealed that there were
no differences in gender composition, median age, and socio-
economic status between participants with and without com-
plete parasitological, hematological, and micronutrient data in
April 2010 and in June 2011, regardless of the age group in-
vestigated. Moreover, median age and sex ratio of the 108 par-
ticipants who had complete data for all 5 surveys did not

significantly differ from the initial cohort of 732 individuals.
The 3 settings were very different in terms of sociodemo-
graphic and economic parameters (Table 1).

Dynamics of Parasitic Infections, Micronutrient Status, and
Anemia

Hb concentration was higher in June 2011 compared with April
2010 in the 3 cohorts (Figure 2A), and the change was signifi-
cant for infants and school-aged children (Table 2). The inten-
sity of Plasmodium parasitemia slightly decreased during the
long dry season (from October until March) in the 3 cohorts
but increased with the start of the rainy season (Figure 2C). The
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Figure 2. Anemia and parasitic infection profiles over the 14-month longitudinal study, stratified by age group. A, Dynamics of hemoglobin concentra-
tion in each age group. B, Prevalence of anemia. C, Dynamics of Plasmodium parasitemia in each age group. D, Prevalence of Plasmodium infection. E,
Dynamics of soil-transmitted helminth infection intensity in each age group. £, Prevalence of soil-transmitted helminth infection. G, Dynamics of Schis-
tosoma haematobium infection intensity in each age group. H, Prevalence of S. haematobium infection. For each survey, all participants with complete
parasitological and hematological data were included. April 2010, n=380; July 2010, n=260; November 2010, n=308; February 2011, n=283; June
2011, n=311. Box plot: The ends of the box represent the 75th and 25th percentiles; the middle line represents the median; the upper whisker
represents the upper quartile +1.5* (interquartile range); the lower whisker represents the lower quartile —1.5* (interquartile range). Abbreviation: log,
naturally log-transformed, RDT, rapid diagnostic test.

geometric mean of soil-transmitted helminth and Schistosorma done in April 2010 (Table 2). The geometric mean of Schistoso-
infections in school-aged children was significantly lower in ma infection at the end of the study was significantly lower
June 2011 compared with the baseline cross-sectional survey =~ among women compared with baseline prevalence data
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Table 2. Comparison of Hematological, Infection, Inflammation, and Micronutrient Parameters at Baseline (April 2010) and at the End-of-Study Survey (June 2011), Stratified by Age

Group
Infants School-Aged Children Women

Variable April 2010 June 2011 P April 2010 June 2011 P April 2010 June 2011 P
Hemoglobin (g/dL)?® 9.82+0.17 10.76 £ 0.17 <.001 11.53+£0.11 12.40 £0.11 <.001 12.17 £0.26 12.60 £ 0.22 .065
Plasmodium falciparum®® 9.67 (3.42-24.27)  16.17 (56.97-41.34) .630 143.09 (78.93-258.74) 42.34 (21.71-81.72) .069  7.33(1.99-22.21) 7.26 (2.48-18.61)  .548
Soil-transmitted helminth®® 0.19 (0.00-0.46) 0 .083 3.21 (1.67-5.64) 0.87 (0.40-1.50) .002 2.66 (0.77-6.60) 0.47 (0.00-1.17) .081
Schistosoma haematobium®®  0.00 (0.00-0.03) 0 317 0.46 (0.19-0.80) 0.04 (0.00-0.08) .006 0.90 (0.24-1.90) 0.02 (0.00-0.05) .003
sTR (mg/L)*® 11.50 (8.47-16.37) 8.95 (7.12-13.10) .001 7.88 (6.50-9.49) 7.50 (5.566-9.55) 100 7.22 (56.54-10.45) 6.54 (4.65-8.70) .233
Ferritin (ug/L)*® 32.80 (15.00-69.20) 60.82 (29.92-96.84) .046  63.50 (45.80-103.80) 77.28 (47.20-105.36)  .220 44.25 (27.35-60.60) 50.21 (24.70-69.61) .900
Serum retinol (ug/dL)*® 19.06 (16.14-26.90) 22.38 (156.35-24.46) .602  21.20 (16.00-27.91)  23.18 (18.96-28.80) .003 34.53(25.41-44.32) 37.31 (28.09-46.83) .635
EGRACY® 1.35 (1.18-1.50) 1.42 (1.32-1.62) .002 1.47 (1.29-1.71) 1.50 (1.39-1.67) 163 1.45(1.28-1.65) 1.54 (1.41-1.66) .952
AGP (g/L)*® 0.99 (0.84-1.33) 1.08 (0.90-1.33) .566 0.92 (0.77-1.06) 0.93 (0.66-1.05) 110 0.80 (0.70-0.94) 0.67 (0.52-0.89) .013
CRP (mg/L)%® 2.18 (0.69-5.80) 1.20 (0.46-4.51) .650 1.57 (0.51-4.55) 1.72 (0.61-4.16) 514 1.04 (0.50-3.54) 1.06 (0.57-1.92) .456

Matched parasitological and hematological data (n = 231), iron status and inflammation data (n = 189), serum retinol concentration (n = 163), and EGRAC (n =211) are compared.
Abbreviations: AGP, a1-acid glycoprotein; CRP, C-reactive protein; EGRAC, erythrocyte glutathione reductase activity coefficients; sTfR, soluble transferrin receptor.

@ Mean + standard error.
® Bilateral paired t test.

¢ Geometric mean of natural log-transformed values (95% Cl).

9 Wilcoxon signed rank test.
¢ Median (95% Cl).



Table 3. Association of Anemia With Sociodemographic, Parasitic, and Micronutrient Status Parameters

Infants School-Aged Children Women
April 2010 June 2011 April 2010 June 2011 April 2010 June 2011
(n=95) (n=67) (n=147) (n=120) (n=82) (n=62)
Adjusted OR Adjusted OR Adjusted OR Adjusted OR Adjusted OR Adjusted OR
Exploratory variable OR (9B%Cl) OR (9B%Cl) OR (95%Cl) OR (95%Cl) OR (95%Cl) OR (95% Cl)
Demographic variables
Age class: middle® 1.3 1.3 1.3 1.4 0.4 0.9
Age class: older® 1.3 0.6 0.8 1.1 N/A N/A
Sex (female) 0.9 0.7 1.1 0.7 N/A N/A
Occupation: student®  N/A N/A N/A N/A 1.2 1.4(0.4-49) 1.1
Occupation: N/A N/A N/A N/A 0.3 .2(.0-.8) 1.4
housekeeper®
Attending school N/A N/A 05 5(2-1.00 0.5 N/A N/A
Socioeconomic status
Poor 0.8 0.8 0.9 0.7 2.3 1.5
Least poor 0.2 0.8 0.5 0.4 0.9 0.6
Parasitic infection
Plasmodium 3.8 3.8(1.0-14.5) 2.8 2.8 1.8 1.2 0.9
falciparum
Soil-transmitted 0.4 N/A 0.7 0.7 1.5 1.1
helminths
Schistosoma N/A N/A 0.9 N/A 1.6 1.9
Micronutrient deficiency
Stunted (HAZ < 2) 1.1 2.0 2.5 5.9 5.8 (2.0-17.0) N/A N/A
Underweight (WAZ < 2) 4.4 2.1 2.1 4.4 N/A N/A
Iron storage depletion 1.5 2.5 2.4 N/A 2.3 0.4
Cellular iron deficiency 0.8 34 3.2(1.0-9.7) 29 2.3(1.1-4.9) 1.7 45 6.1(1.9-19.6) 1.1
Vitamin A deficiency 1.2 3.1 3.3(1.0-10.9) 1.4 1.9 N/A N/A
(RBP)
Riboflavin deficiency 0.7 0.5 0.6 0.8 04 .3(.1-9) 1.9
Other parameters
Chronic inflammation 0.9 4.3 3.6 (1.2-10.9) 4.4 3.8(1.8-8.3) 2.0 1.1 1.7
Acute inflammation 1.4 2.2 3.2 1.6 3.0(1.0-85) 1.9 4.7 5.8 (1.2-28.0)

Logistic regression was used in each age group to identify variables significantly associated with anemia. Potential explanatory variables were: sex (binomial,
where applicable), age (categorical), socioeconomic status (categorical), occupation (for women only, categorical), school attendance (for children, binomial),
Plasmodium falciparum infection (binomial), soil-transmitted helminth infection (binomial), Schistosoma infection (binomial), iron storage depletion (binomial),
cellular iron deficiency (binomial), vitamin A deficiency (RBP, binomial), riboflavin deficiency (binomial), chronic inflammation (binomial), acute inflammation
(binomial). Multivariate regression model was computed with all potential covariates, with setting included as random effect. In a first step, covariates were
removed by stepwise backward procedure, keeping only explanatory variables with P values <.2. In a second step, likelihood ratio test was applied to identify the
best predictive model. We report adjusted ORs of those explanatory variables kept in the final model. Explanatory variables with crude and adjusted P values
<.05 are reported in bold.

Abbreviations: Cl, confidence interval; HAZ, height-for-age Z score; N/A, not applicable; OR, odds ratio; RBP, retinol-binding protein; WAZ, weight-for-age Z score.
@ Reference age class: youngest class. Subclasses: infants: 6-month ranges; children: 1-year ranges; women: 5-year ranges.
® Reference occupation: working out of the family house.

(Table 2). Iron status of infants significantly improved during  survey, the variables significantly associated with anemia

the study, as reported by higher ferritin concentration and  among infants were identical to those identified for young

lower sTfR concentration in June 2011 compared with concen-
trations in April 2010 (Table 2).

Logistic regression revealed that variables significantly asso-
ciated with anemia in June 2011 differed from those identified
in April 2010 in each age group (Table 3). At the end-of-study

school-aged children at the beginning of the study. In June
2011, cellular ID and chronic inflammation were significantly
associated with anemia in infants, while chronic malnutrition,
defined as stunting, and acute inflammation were significant
predictors of anemia in school-aged children. At the end-of-
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Table 4. Association Between Age, Parasitic Infections,
Micronutrient Status, and Hemoglobin Concentration

Exploratory variable Coefficient 95% ClI P Value
Infants
2nd survey —-0.09 —.45, .27 .615
3rd survey 0.61 .24, .98 .001
4th survey 0.59 .16, 1.03 .008
5th survey 0.68 17,119 .009
Age (months) 0.03 .00, .06 .026
Plasmodium -0.15 -.18, -.12 <.001
parasitemia
Stunted -0.23 —-.48, .01 .063
Intercept 9.76 9.26, 10.30 <.001
School-aged children
2nd survey —0.03 -.26, .19 .770
3rd survey 0.16 —-.06, .38 .150
4th survey -0.07 -.29, .15 .527
bth survey 0.75 .53, .97 <.001
Plasmodium —0.03 —-.06, —.01 .014
parasitemia
Schistosoma -0.15 —-.28, -.01 .040
haematobium
egg counts
Stunted -0.48 —-.80, —.16 .003
Intercept 11.81 11.58, 12.00 <.001
Women
2nd survey 0.05 -.32, .42 .798
3rd survey 0.34 -.03, .72 .072
4th survey -0.28 —.68, .12 .166
5th survey 0.59 .22, .96 .002
Pregnancy -0.99 —1.40, —.58 <.001
Plasmodium -0.04 —-.09, .01 112
parasitemia
Intercept 12.12 11.82,12.40 <.001

A mixed-effect linear regression was applied for each age class, with
hemoglobin concentration (g/dL) as outcome and 2 levels of clustering
(individual and setting). Potential explanatory variables were: survey (1-5),
age (longitudinal), sex, Plasmodium parasitemia (natural log-transformed),
Schistosoma haematobium egg counts (natural log-transformed), soil-
transmitted helminth egg counts (natural log-transformed), stunting, and
underweight for infants and school-aged children and pregnancy status and
weight for women. The coefficients from the best predictive model, as
defined by the Akaike's information criterion, are reported with their 95% ClI
and respective P value.

Abbreviation: Cl, confidence interval.

study survey, acute inflammation was the only parameter sig-
nificantly associated with anemia in women.

Mixed-effect linear regression with 2 levels of clustering (in-
dividual and setting) revealed significant relationships between
Hb concentration and age, Plasmodium parasitemia, and time,
and Hb concentration in infants (Table 4). Plasmodium para-
sitemia, S. haematobium egg counts, and chronic malnutrition
(stunting) were significantly associated with Hb concentration
in school-aged children. Among women, pregnancy status was
significantly associated with lower Hb concentration. While

mean Hb steadily increased over time in the infant cohort,
this trend was less obvious in school-aged children and
women (Table 4). The investigation of potential associations
between parasitic infections and micronutrient biomarkers re-
vealed that Plasmodium parasitemia and AGP both signifi-
cantly contributed to higher ferritin concentration in all age
groups (Supplementary Table 5). Furthermore, S. haema-
tobium egg counts and EGRAC were significantly associated
with lower ferritin concentration in the school-aged child
cohort. The inflammatory marker AGP was significantly posi-
tively associated with sTfR concentration in the 3 age groups
investigated (Supplementary Table 5). Natural log sTfR was
significantly correlated with natural log AGP (Spearman p:
0.43; P<.001) and log CRP (Spearman p: 0.22; P<.001;
Figure 3A and 3B). Natural log sTfR was correlated to natural
log AGP (Spearman p: 0.40; P <.001) and CRP concentration
(Spearman p: 0.19; P=.001) in participants free of Plasmodi-
um infection as well (data not shown). At baseline, partici-
pants with chronic or acute inflammation had significantly
higher sTfR concentration than their counterparts without in-
flammation (Figure 3C and 3D). Natural log sTfR was signifi-
cantly lower in June 2011 compared with that in April 2010 in
participants with inflammation at baseline and no inflamma-
tion at the end-of-study survey (Figure 3E and 3F). Our data
indicate that serum retinol concentration was inversely corre-
lated with sTfR in school-aged children and women (Supple-
mentary Table 5). Plasmodium parasitemia was associated
with higher AGP values in the 3 cohorts.

DISCUSSION

To our knowledge, this is the first prospective longitudinal
survey to investigate the dynamics of anemia and putative as-
sociated factors over a 14-month period in 3 cohorts in tropi-
cal West Africa. Our data indicate that infection with
Plasmodium and Schistosoma, cellular 1D, chronic malnutri-
tion, and inflammation are significantly associated with lower
Hb concentration in the current, primarily rural, setting of
south-central Cote d’Ivoire. The observation that sTfR concen-
tration correlated with both AGP and CRP concentration in
the 3 cohorts investigated challenges the robustness of this
marker to assess the prevalence of ID in areas where inflam-
matory diseases are common.

Our longitudinal survey revealed higher Hb concentration
among infants and school-aged children at the end-of-study
survey in June 2011 compared with the concentration at the
baseline cross-sectional survey in April 2010. This difference
can be explained, at least partially, by lower S. haematobium
and P. falciparum infection intensities in school-aged children
and by older age and improved iron status in infants at the
end-of-study survey. However, some survey time points were
significantly associated with hemoglobin concentration (see
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Figure 3. Association between inflammatory markers and soluble transferrin receptor (sTfR). A, Scatter and fitted plot of natural log-transformed
sTfR concentration and natural log-transformed AGP concentration (n=610; 3 outliers with log sTfR <0 not shown). B, Scatter and fitted plot of natural
log-transformed sTfR concentration and natural log-transformed CRP concentration (n=610; 3 outliers with natural log-transformed sTfR <0 not shown).
C, Comparison of natural log-transformed sTfR concentration between individuals with and without chronic inflammation (n=344; April 2010). D,
Comparison of natural log-transformed sTfR concentration between individuals with and without acute inflammation (n = 344; April 2010). £, Comparison
of natural log-transformed sTfR concentration between individuals with and without chronic inflammation (n=38). £, Comparison of natural log-trans-
formed sTfR concentration between individuals with and without acute inflammation (n=233). Acute inflammation is defined as CRP >5 mg/L. Chronic
inflammation is defined as AGP >1 g/L. Asterisks indicate Wilcoxon rank-sum or signed-rank (for paired data) P value <.05. Abbreviations: AGP, o1-acid

glycoprotein; CRP, C-reactive protein; sTfR, soluble transferrin receptor.

Table 4), indicating the influence of other factors not investi-
gated here or that the study itself contributed to a decline in
anemia prevalence. We observed a slight decrease in Hb con-
centration in February 2011, which might be a consequence of
1 or several factors. First, this survey was done during the
primary dry season, a period characterized by restricted food
supply and poor diet diversification. Second, the sociopolitical
unrest and armed conflict that Cote d’Ivoire went through in
connection with the presidential postelection turmoil between
November 2010 and April 2011 had an impact on population
diet as well [28]. Indeed, access to a diversified diet not only
became more difficult due to the cessation of food exchanges

between rural and urban areas, but many residents from the
economic capital Abidjan sought shelter in their home villages
at the height of the conflict, possibly decreasing the relative
amount of food available per person. Moreover, access to
healthcare was compromised during this period. Third,
among women, infections with Plasmodium were more preva-
lent in the February 2011 cross-sectional survey than in the
preceding survey in November 2010 and the end-of-study
survey in June 2011.

The identification of variables significantly associated with
anemia and parameters significantly associated with lower Hb
concentration in each age group confirms the multifactorial
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etiology of anemia in the current setting of rural West Africa.
Importantly, our data indicate that the variables associated
with anemia in infants and school-aged children shifted
during the study. Indeed, we found the same risk factors for
anemia as infants grew older (ie, 20-38 months) as observed
in young school-aged children (6-8 years).

Our data indicate that, for the infant cohort at the baseline
cross-sectional survey, the result of an RDT for malaria is the
single most accurate predictor for the odds of anemia. The re-
lationship between Plasmodium infection and parasitemia, on
the one hand, and Hb and iron status parameters (ie, ferritin
and sTfR), on the other hand, was marked in each of the 3
cohorts and confirms the important burden of malarial
anemia in these age groups in areas where malaria is highly
endemic [29-31]. However, the partial immunity that develops
against Plasmodium in people living in malaria-endemic areas
is reflected in our data by the significant relationship between
Plasmodium infection and anemia in infants only and the
weak association between Plasmodium parasitemia and Hb
concentration in school-aged children and women [32]. Of
note, at the time of our study, coverage rates with LLINs in
Cote d’'Ivoire were very low (ie, <10% of children aged <5
years slept under LLINs) [33].

Our data confirm that ID contributes to the burden of
anemia in sub-Saharan Africa as well. Indeed, cellular ID was
significantly associated with anemia in infants, school-aged
children, and women, although infants showed markedly
higher prevalence of ID in our study. Other studies have re-
ported a low prevalence of ID in school-aged children in this
region of Cote d’Ivoire [8, 10, 11], which could be due to a diet
largely based on cassava and yams and thus with a low
phytate content. Furthermore, among infants, iron status was
the only parameter that significantly improved during the
study, coupled to increased Hb concentration. Considering
that Plasmodium infection decreases iron absorption, and in
view of adverse events that may result from mass iron supple-
mentation in malaria-endemic settings, high LLIN coverage,
improved access to prompt diagnosis, and quality malaria treat-
ment should precede potential iron fortification campaigns in
Cote d’Ivoire. [34-36].

Our prospective longitudinal monitoring highlights the fact
that, in addition to Plasmodium infection and ID, chronic
malnutrition and inflammation are significantly associated
with anemia in infants and young school-aged children in this
area of West Africa [31]. The inflammation induced by Plas-
modium parasites was obvious in all cohorts studied, as re-
flected by the association between Plasmodium parasitemia
and AGP concentration, illustrating one of the mechanisms
implicated in malarial anemia [37]. The overall low prevalence
and intensities of helminth infections in the study area might
explain why we did not find any significant association between
soil-transmitted helminth infection and Hb concentration

in any age group. Indeed, although soil-transmitted helminth
infection prevalence significantly decreased in school-aged
children, most likely explained by the administration of anthel-
mintic drugs at the individual and population levels, this pa-
rameter was not significantly associated with Hb concentration
in this age group. However, our data confirm the negative as-
sociation between S. haematobium egg counts, on the one
hand, and iron stores and Hb, on the other hand, in school-
aged children and women [38, 39].

In addition, we found that Plasmodium parasitemia and in-
flammation were significantly correlated with ferritin and sTfR
concentration, respectively. Ferritin, which is a positive acute-
phase protein, has been associated with Plasmodium infection
in previous studies, confirming the current observation [40].
However, the regulation of sTfR is less well understood, par-
ticularly in the context of inflammation. During the last
decade, soluble transferrin receptor became a popular proxy
for assessing iron status at the population level, particularly in
regions where inflammatory diseases are prevalent [10, 41].
However, 2 studies carried out in Kenya reported higher sTfR
concentration in Plasmodium-infected children [42, 43]. Inter-
estingly, in a study conducted in Benin, Plasmodium-infected
women showed higher concentrations of sTfR after having
received a malarial treatment, most likely reflecting the suppres-
sion of erythropoiesis, which occurs during chronic Plasmodium
infection [36]. Our results indicate that, while the inflammato-
ry marker AGP showed a significant positive correlation with
sTfR concentration in all cohorts, Plasmodium parasitemia
was negatively correlated with sTfR concentration in women,
most likely due to a decreased erythropoiesis rate in this age
group. Moreover, our results show that sTfR concentration
significantly differs between and among people with and
without inflammation. These findings suggest that sT1R is also
influenced by inflammation. Hence, it is likely that, in our
setting, high sTfR may, in part, reflect functional ID that
results from the prevention of intestinal iron absorption and
iron recycling from macrophages by hepcidin [44], rather than
inadequate dietary iron supply. Future studies should include
hepcidin measures, weighed food record, and quantitative
food recalls in order to better understand the regulation of
sTfR expression and the source of cellular ID.

During the April 2010 baseline cross-sectional survey done,
we found that women with riboflavin deficiency had lower
odds of anemia [16]. However, the negative correlation between
ferritin concentration and EGRAC observed in school-aged chil-
dren emphasizes the association of iron handling and ribofla-
vin status. Our findings are in line with previous results from
a study done in the same area that reported a detrimental
effect of riboflavin deficiency on iron status among school-
aged children [45, 46]. Although previous laboratory investiga-
tions and clinical trials showed a positive effect of vitamin A
on Hb concentration, iron mobilization, and iron absorption,
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the effect on ferritin and sTfR concentration was less well
characterized [47-50]. The observation that vitamin A and
sTfR are inversely correlated in children and women reflects
this uncertain interaction and emphasizes the need of further
research in order to gain a better understanding of nutrient-
nutrient interactions and the interplay between micronutrients
and parasitic infections [51].

The current prospective longitudinal study sheds light on
the complex etiology of anemia in rural, tropical West Africa.
Most importantly, our data show that parasitic infections (eg,
malaria and schistosomiasis), inflammatory diseases, cellular
ID, and chronic malnutrition are associated with lower Hb
concentration. These considerations emphasize the urgent
need to implement efficient prevention and control programs
that target these parasitic diseases. Concerted efforts must
include distribution of LLINs, anthelmintic drug adminis-
tration, and collaborative efforts to facilitate more equitable
access to a diversified diet. This diet should include an
adequate intake of bioavailable iron, especially for infants,
coupled with health and nutritional education, which is man-
datory to achieve a sustainable impact on anemia in sub-
Saharan Africa.
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