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INTRODUCTION

Iron and iodine deficiencies are widespread and are globally
identified as 2 of 4 major preventable risk factors for compromised child development (1–3). Iron and iodine deficiencies
often coexist, and iron deficiency anemia (IDA) impairs thyroid
metabolism (4 – 6) and reduces efficacy of iodine prophylaxis (7,
8). Combined intervention strategies are therefore important for
successful reduction of both deficiencies. Salt iodization is an
effective, well-established intervention strategy (9). The use of
salt as a vehicle for iron fortification also may have advantages:
it provides a relatively constant daily intake and is one of few
regularly purchased food items with central production in areas
with iron deficiency (10). However, effective dual fortification
of salt with iodine and iron remains a challenge. When iodine and
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iron are added together, it is difficult to maintain the stability of
both while also avoiding color changes and ensuring adequate
iron bioavailability (11–15).
Ferric pyrophosphate (FePP) is a water-insoluble white iron
compound reported to cause negligible color change when added
to salt (16, 17). Although FePP is poorly water-soluble and has
modest bioavailability, reducing its particle size increases its
absorption (18). Intervention trials in Morocco and Cote d’Ivoire
showed that salt fortified with micronized ground FePP (MGFePP) was effective in reducing iron deficiency in children (19 –
21). An alternative iron compound, ferrous fumarate, has been
suggested as a fortificant for dual-fortified salt (DFS) because of
its high relative bioavailability (RBV)—100% relative to ferrous
sulfate (22–24). A new formulation of encapsulated, agglomerated ferrous fumarate (EFF) has been developed by The Micronutrient Initiative and the University of Toronto (Toronto, Canada). The encapsulation provides a physical barrier between
iodine and the salt, its impurities, and the ferrous fumarate (25–
28). Despite the potential of EFF, its efficacy as a DFS fortificant
has never been studied.
Iron and iodine deficiencies are major public health problems
in India; only 51% of Indian households are using adequately
iodized salt, and the reported prevalence of anemia is 56% in
women of reproductive age, 12– 63% in school-age children, and
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ABSTRACT
Background: Dual fortification of salt with iodine and iron could be
a sustainable approach to combating iodine and iron deficiencies.
Objective: We compared the efficacy of dual-fortified salt (DFS)
made by using 2 proposed contrasting formulas— one fortifying
with iron as micronized ground ferric pyrophosphate (MGFePP) and
the other with iron as encapsulated ferrous fumarate (EFF)—with the
efficacy of iodized salt (IS) in schoolchildren in rural southern India.
Design: After stability and acceptability testing, a double-blind,
household-based intervention was conducted in 5–15-y-old children
(n ҃ 458) randomly assigned into 3 groups to receive IS or DFS with
iron as MGFePP or EFF, both at 2 mg/g salt. We measured hemoglobin, iron status, and urinary iodine at baseline, 5 mo, and 10 mo.
Results: Median serum ferritin and calculated median body iron
improved significantly in the 2 groups receiving iron. After 10 mo,
the prevalence of anemia decreased from 16.8% to 7.7% in the
MGFePP group (P 쏝 0.05) and from 15.1% to 5.0% in the EFF group
(P 쏝 0.01). The median urinary iodine concentration increased significantly in the IS and EFF groups (P 쏝 0.001) but not in the
MGFePP group. Losses of iodine in salt with 1.8% moisture were
high for MGFePP, whereas the EFF segregated in salt with 0.5%
moisture and caused color changes in some local foods.
Conclusions: Both DFSs were efficacious in reducing the prevalence of anemia and iron deficiency in school-age children. Local
salt characteristics should be taken into consideration when choosing an iron fortificant for DFS to achieve optimal iodine stability and
color.
Am J Clin Nutr 2008;88:1378 – 87.
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75% in preschool-age children (29 –31). Therefore, the aim of the
present study was to test the potential of 2 promising alternative
DFS formulations, one containing MGFePP and the other containing EFF as iron fortificants, in India. The results are relevant
to other countries in which deficiencies of both iodine and iron
pose significant public health problems.
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versity of Hohenheim, Stuttgart, Germany). The iron content of
the diet was calculated by using values obtained from the Indian
food-composition table (34) and the US Department of Agriculture food database (35). Salt and iron intakes were calculated on
an individual basis, and averages were calculated for all children
and for girls and boys separately.
Fortification of salt

SUBJECTS AND METHODS

Study site and subjects

Salt consumption and iron intake
Total household salt consumption was monitored to estimate
salt intake at the beginning and at the end of the study. The
household salt container was weighed on 4 consecutive mornings
(the first day to establish the baseline and the other 3 d to establish
consumption) in separate random samples of 80 households at
the beginning of the study and of 85 study households at the end
of the study. The amount of salt consumed per day during the 3 d
was calculated. This amount was divided by the number of people in the household.
Salt and iron intakes for children 5–15 y old were assessed by
3-d weighed-food records [using previously described procedures (33)] in 36 randomly selected families living in 5 of the 18
study villages. Consumption data were entered into a dietary
survey program (NUTRISURVEY software (version 5.0; Uni-

Stability testing
Iodine and color-stability testing was performed on the 2 different types of native salts used in the trial, salt with 0.5% mois-
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The study was conducted in 18 villages in Anekal Taluk,
Bangalore Urban District, Karnataka State, India. The villages
are 앒900 m above sea level and are located 35 km from St John’s
Medical College (SJMC) in Bangalore. SJMC runs a rural health
center located in the area, which provides primary health care to
villages within a 5-km radius. The study area is not a malariaendemic area, and the incidence of disease is estimated to be
쏝2% (32). Local families are mostly subsistence farmers. Their
diet is monotonous and mainly based on either cooked rice or
finger millet (ragi) and a vegetable sauce (sambar) consisting of
lentils, vegetables, and spices. The content of animal products in
the diet is low. Meals are predominantly prepared at home. A
government-funded lunch program provides one rice-based
meal/d to children in primary school. The children’s breakfasts
and dinners are typically prepared at home.
Children for the baseline screening and subsequently the efficacy trial were recruited from 6 schools, 5 primary schools, and
1 high school. The study period was December 2005 through
February 2007.
Oral informed consent to carry out the study was obtained
from Taluk level officials, school board members, and school
headmasters. Written informed consent (or, if the family was
illiterate, oral informed consent) was obtained from the parents
of the children in door-to-door home visits. Children who had
written permission from their parents and who independently
assented to participate were invited to join the trial. The study
protocol was approved by the ethics committees of SJMC (Bangalore, India) and the Swiss Federal Institute of Technology
(Zurich, Switzerland). Permission to carry out the study was
obtained from the Principal Secretaries of the Departments of
Health, Women and Child Welfare and Education, Government
of Karnataka, India.

Salt from Tamil Nadu Salt Corporation [(TNSC) Valinokkam,
Tamil Nadu, India] was used for the study. The salt is produced
in drying ponds from sea water and is washed, dried, and crushed.
The unrefined salt used has a milky-white color and is similar in
appearance to the salt used by the rural communities involved in
the study. The salt has an NaCl content of 98%, a CaSO4 content
of 0.16%, and an MgSO4 content of 0.08%.
Salt was iodized with potassium iodate (KIO3) at a concentration of 30 g I/g salt at the factory. The 2 DFSs were fortified at
a level of 2 mg Fe/g salt with 1) the MGFePP (앒25% Fe, mean
particle size of 앒2.5 m; Paul Lohmann AG, Emmerthal, Germany) or 2) EFF (앒15% Fe; The Micronutrient Initiative, Ottawa, Canada). The EFF mix includes EFF, soy stearine, titanium
dioxide (TiO2), hydroxypropyl methylcellulose (HPMC), and
sodium hexametaphosphate (SHMP) (36).
Homogeneity tests at the factory, measuring iodine and iron
content in samples from 6 defined positions in the barrel after
each mixing, showed a homogenous mixing and desired level of
fortification of iodine and iron in the 3 salts in all batches (data not
shown). The salt was packed into white, color-labeled, highquality 2.5-kg polyethylene plastic bags at the TNSC for household distribution. The salt mixing was done at 3 occasions, 4 mo
apart, before and during the study.
The fortification level of 2 mg Fe/g salt was chosen on the basis
of an estimated mean per capita salt intake of 앒5 g/d in schoolchildren in meals taken at home and an estimated iron bioavailability of 10% from the diet (37– 40). Our goal was to provide
욷0.5 mg absorbed Fe/d to the children in the study. We anticipated the RBV of the MGFePP would be 앒50% compared with
ferrous fumarates (39, 40).
During the first 2 mo of the intervention trial, salt with an
average grain size of 울 2 mm and a moisture content of 0.5% was
used. However, in the current field setting, EFF underwent significant segregation in salt with 0.5% moisture during transport
from the factory to the study site and during use in the households. In an attempt to reduce segregation of the EFF in the salt
with 0.5% moisture, salt with an average grain size of 울1 mm and
a moisture content of 1.8% was introduced. Iron content and iron
segregation were measured in salt samples with 0.5% and 1.8%
moisture content from all 3 study salts (ie, IS, MGFePP, and EFF)
collected after controlled simulation studies, after factory mixing, and in household use. The results showed that adjustment of
moisture content from 0.5% to 1.8% effectively resolved the
problem of iron segregation of the EFF (data not shown; available on request). Salt with a moisture content of 1.8% was used
for the remaining 8 mo of the trial.
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ture and salt with 1.8% moisture. The IS, MGFePP, and EFF salts
of the 2 different qualities were locally stored as 2.5-kg batches
in closed, high-density, transparent polyethylene bags that were
stored indoors under local ambient conditions and out of direct
sunlight. After storage for 0, 1, 2, 3, 4, 5, and 6 mo, 50-g aliquots
of salt (n ҃ 6) were taken and frozen at Ҁ20 °C until iodine
concentration and color were measured. A 6-mo study was done
to approximate the time required for the production, distribution,
and consumption of salt in this region.
Color stability was determined by reflectance colorimetry as
well as panel (Chroma-Meter CR-310; Minolta AG, Dietikon,
Switzerland) visual inspection of unmarked samples side-byside on white backgrounds as described earlier (17). Reflectance
colorimetry was determined by the L value on the Hunter a and
b color scale. The color of the IS and DFS at each time-point was
compared with IS at baseline, and color lightness (L value) and
color difference (⌬Eab) were calculated. For details, see Wegmüller et al (17).

Sensory testing was performed to evaluate potential changes
in the color, odor, and taste of foods when the 3 salts were added
to local dishes. IS, MGFePP and EFF were added to southern
Indian meals prepared by a local cook using traditional recipes at
the SJMC rural health center. Each type of salt was added in equal
amounts in parallel to separate, otherwise identical pots of commonly consumed foods. The recipes tested were cooked plain
rice, chitranna (lemon rice), and rice mixed with vegetable sauce
(sambar). The color, odor, and flavor of these foods were assessed by a panel of 18 local women (x age: 27 y; range: 18 – 60
y) using triangle tests (41). During the triangle test, 3 coded
samples of each of the 3 dishes were given in random order in a
semiprivate setting. The panelists determined which sample differed from the other 2 samples, and they described how the
samples differed. One dish with 1 of the 2 iron fortificants (MGFePP or EFF) was tested per day. Each of 2 levels of iron fortification, 1 and 2 mg Fe/g salt, was tested in different daily sessions.
Acceptability testing
Local acceptability of the 2 DFSs compared with IS was measured before the study start and after 10 mo of salt use. Before the
study, 100-g samples of IS and the 2 DFS (fortified at the level of
2 mg/g salt) were shown, side-by-side in unmarked, identical
clear polyethylene bags placed against a white background, to 50
women (x age: 34 y; range: 17– 60 y) at a local market. The
women answered 4 forced-choice questions on acceptability. At
the end of the study, household interviews were conducted with
the head of each participating household. Forced-choice questions on patterns of salt use, color and taste acceptability, and
overall satisfaction with the salt were asked. Complaints or other
self-reported adverse effects of salt were recorded in households
at each salt distribution occasion.
Efficacy study
All children between 5 and 18 y old attending grades 1–10 at
the 6 schools whose parents gave their informed consent were

Laboratory analysis
Salt samples were stored at Ҁ20 °C until they were analyzed.
Salt color was determined by reflectance colorimetry (Minolta
AG) using the Hunter scale (17). Salt iodine concentration was
measured with a validated modified Sandell-Kolthoff method
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Organoleptic testing

screened. The baseline screening was conducted alongside the
existing annual school health check-up performed by the Department of Community Health Medicine at SJMC (Bangalore) in
December 2005 and January 2006. Children were registered,
their height and weight were measured, and a spot urine sample
was collected for measurement of urinary iodine (UI) concentration. Five milliliters of whole blood was collected by venipuncture into EDTA-containing tubes for measurement of hemoglobin, serum ferritin (SF), zinc protoporphyrin (ZnPP),
serum transferrin receptor (TfR), and C-reactive protein (CRP)
concentrations. In the 6 schools, a blood sample was obtained
from 950 children. With the exclusion of children who provided
an insufficient blood volume, 934 children were screened for
anemia and iron deficiency.
The inclusion criteria for the double-blind intervention trial
were SF 쏝 15 g/L or TfR 쏜 7.6 mg/L and ZnPP 쏜 40 mol/
mole heme (for SF, see Laboratory analysis). TfR was measured
at screening if SF was 욷15 g/L and ZnPP was 쏜40 mol. Four
children with hemoglobin 쏝 8.0 g/dL were excluded and treated
with oral iron supplements. The oldest children (grade 10) were
not included in the efficacy trial for logistic reasons, because they
were to leave school at the end of the academic year. The remaining children from the 6 schools who met the criteria for iron
deficiency (n ҃ 458) were randomly assigned to 1 of 3 groups to
receive IS providing 1) no fortifying iron, 2) 2 mg Fe/g salt as
MGFePP, or 3) 2 mg Fe/g salt as EFF. Children living in the same
household were randomly assigned to the same group. The 3 salts
were randomly assigned 3 different color codes, which were kept
by an investigator who was not involved in the study. Both the
study investigators and the households were blinded to group
assignment.
Salt was distributed to households (n ҃ 364) in house-tohouse visits every second month for 10 mo. Salt for 2 mo of
household consumption was handed over directly to the head of
the household. The aim of the study was carefully explained to
the participating families, and it was emphasized that the new salt
should be used for all cooking and food preparation. Families
were instructed to finish an opened salt bag before starting a new
one. These messages were reinforced at each of the salt distributions. Each family was asked about family size and livestock
in the household. A family with 쏝5 members received two
2.5-kg salt bag; larger families received 욷4 bags according to
family size. Two fieldworkers were based in the villages on a
full-time basis to ensure constant salt supply to the participating
households. The study period was March 2006 through February
2007.
In compliance with current local government recommendations, the routine school health check-up program includes distribution of vitamin A supplements (200 000 IU) and Albendazole (400 mg) (both: Locost, Baroda, India). Vitamin A
supplements and Albendazole were distributed to all children by
the teachers in the 6 schools the month after the start of the study.
At 8 mo, all children were treated with a second dose of Albendazole.
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Statistical analysis
Data processing and statistical analysis were done with the use
of SPSS software (version 16.0; SPSS Inc, Chicago, IL) and R
software (version 2.7.0; R-project; Internet: www.r-project.org).
Height-for-age z scores and BMI-for-age z scores were calculated by using WHO references from 2007 (49). Colorimetry data
were expressed as mean (SD) L and ⌬Eab values (Hunter scale)

for each salt (17). The normality of the data was checked before
analysis with the Kolmogoroff-Smirnoff test and graphically by
evaluating box plots and Q–Q plots. Normally distributed data
were expressed as means 앐 SDs. Parameters not normally distributed (ie, ZnPP, SF, TfR, and UI) were expressed as medians
(ranges) and were log transformed for comparisons. Two-factor
repeated-measures analysis of variance was done to compare the
effects of group ҂ time for hemoglobin, ZnPP, SF, TfR, body
iron, and UI. Post hoc comparisons were done by using unpaired
t tests between groups and paired t tests within groups. For
variables with persisting skewed distribution after log transformation, comparisons were done by using the Mann-Whitney test
between groups and Wilcoxon’s test within groups (ZnPP and
TfR). For variables with significant differences between groups
at baseline (SF and body iron), analysis of variance between 2
groups was done for each time-point (5 mo and 10 mo) by using
baseline values as covariates. All post hoc comparisons were
adjusted for multiple comparisons (Bonferroni correction). A
linear mixed-effect model was used to compare the effects of
group ҂ time for the binary variables of anemia, iron deficiency,
and IDA. Data from children who did not complete the study
were not included in the model. The group effect for the binary
variables of anemia, IDA, and iron deficiency was tested by using
Pearson’s chi-square test, and the time effect was tested by using
McNemar’s test. Significance was set at P 쏝 0.05.
RESULTS

Salt consumption and iron intake
The mean salt intake per person in the household was 11.3 앐
5.1 g/d at the beginning of the study, and there was no change in
salt consumption over the 10-mo study period. The 3-d weighed
food records were completed in 36 families including 67 children
5–15 y old (median age: 10 y). The mean total salt intake for
children was 8.3 앐 3.8 g/d, and the average salt intake in the
breakfast and dinner meals taken at home was 6.1 g/d (breakfast:
3.2 앐 2.2 g/d; dinner: 2.9 앐 1.9 g/d). Median daily iron intake
was 5.7 mg (range: 3.4 –16.7) for all 5–15-y-old children, 6.8 mg
(range: 3.4 –16.7) for boys, and 5.2 mg (range: 2.6 –11.4) for
girls.
Stability testing
Iodine losses in the MGFePP salt were 44% over the first
month of storage and 86% over 6 mo of storage in salt with 1.8%
moisture. There was no difference in iodine stability between the
EFF and the IS: both salts lost 앒20% of their iodine content after
6 mo. Iodine stability in salt with 0.5% moisture is available on
request. Colorimetry showed a difference in color lightness (ie,
the L color value on the Hunter scale) between IS and EFF in salt
with 0.5% moisture, but not between IS and MGFePP. In salt
with 1.8% moisture, there was a difference in color lightness for
both DFSs between IS and MGFePP and between IS and EFF.
The measured mean (SD) color lightness for IS, MGFePP, and
EFF in salt with 0.5% moisture was 89.6 (0.4), 91.6 (0.1), and
81.9 (0.4), respectively, and that in salt with 1.8% moisture was
88.2 (0.3), 83.6 (0.1), and 83.8 (0.6), respectively. The detected
difference in color lightness did not change during storage for 6
mo. In salt with 0.5% moisture, the color difference compared
with IS (⌬Eab) was 앒1.5 for MGFePP and 앒9.5 for EFF, which
indicated a negligible difference in color between the MGFePP
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(42). The level of iron fortification in the salt was verified by the
standard addition method using flame atomic absorption spectroscopy (SpectrAA-400; Varian Techtron Pty Ltd, Mulgrave,
Australia) as reported earlier (17).
Urine samples were aliquoted (2 mL) at the collection site,
transported on ice to the laboratory, and frozen at Ҁ20 °C until
they were analyzed. Whole blood was transported on ice to the
laboratory at SJMC. Hemoglobin was measured in whole blood
on the day of collection by using an automated counter (AcT8
Coulter Counter; Beckman Coulter, Krefeld, Germany). Blood
was centrifuged on the day of collection (3000 rpm, 15 min, room
temperature). Serum and washed red blood cells were separated
into aliquots (0.5 mL) and frozen at Ҁ80 °C until they were
analyzed.
All laboratory methods required for the analysis of hemoglobin, ZnPP, SF, TfR, CRP, and UI were established and validated
against external control materials at SJMC (Bangalore). ZnPP
was measured in washed red blood cells by using a hematofluorometer (Aviv Biomedical, Lakewood, NJ). Lead was measured in a random sample of 67 children to ensure that lead
toxicity would not confound the interpretation of elevated ZnPP
values (43). Blood lead concentration was measured by anodic
stripping voltammetry (ESA Blood Lead Analyzer 3010B; ESA,
Chelmsford, MA). The SF concentration at screening was measured by using enzyme immunoassays (Ramco Laboratories Inc,
Houston, TX). At the end of the study, we re-measured all samples from all study children by using another immunoassay system (Access 2; Beckman Coulter, Brea, CA). External 3-level
control material [World Health Organization (WHO) Standard
80/578; Ramco Laboratories Inc] was used for both methods.
Only values from the Access 2 method were used in data analysis
and reported here. TfR was measured by using enzyme immunoassays (Ramco Laboratories Inc). CRP was measured by using
nephelometry (Turbox; Orion Diagnostica, Espoo, Finland). UI
was measured by using the Sandell-Kolthoff reaction as modified by Pino et al (42).
Anemia was defined as hemoglobin concentrations of 쏝12
g/dL in children aged 욷12 y and 쏝11.5 g/dL in children aged
5–11 y (1). SF values from subjects with elevated CRP (CRP 욷
10 mg/L) were excluded from analysis. Iron deficiency was defined as either an SF concentration of 쏝15 g/L or a TfR concentration of 쏜7.6 mg/L plus a ZnPP concentration of 쏜40
mol/mol heme (44 – 46). IDA was defined as anemia and iron
deficiency by the abovementioned criteria. Body iron status was
calculated from the ratio of TfR to SF by using the method of
Cook et al (47). Only children with normal CRP concentrations
were included in the calculation of body iron status. Iron absorption from the 2 DFSs was calculated by comparing the change in
body iron status in the treatment and control groups and by
estimating the total iron dose given during the study. A blood lead
concentration of 욷10 g/dL was used as to indicate significant
lead exposure in the screened children (48). Iodine deficiency
was defined as a UI concentration of 쏝100 g/L (9).
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TABLE 1
Acceptability of iodized salt (IS) and the 2 dual-fortified salt (DFS) groups after 10 mo of use1

The children ate salt every day 关n (%)兴
The salt was used in the preparation of all foods during cooking and used on the food after preparation 关n (%)兴
The salt changed the color of foods 关n (%)兴
The salt color was acceptable in both damp and dry seasons 关n (%)兴
The taste of the salt was acceptable in all foods 关n (%)兴
The salt was acceptable overall 关n (%)兴

IS
(n ҃ 111)

MGFePP
(n ҃ 121)

EFF
(n ҃ 113)

111 (100)
111 (100)
4 (4)
111 (100)
111 (100)
111 (100)

121 (100)
121 (100)
32 (26)2
121 (100)
120 (99.2)
119 (98.3)

113 (100)
113 (100)
67 (59)2
113 (100)
113 (100)
113 (100)

1

MGFePP, micronized ground ferric pyrophosphate; EFF, encapsulated ferrous fumarate. The numbers and percentages represent the subjects who
responded positively for each issue.
2
Significantly different from IS, P 쏝 0.001.

Organoleptic testing
In the triangle testing comparing IS with MGFePP and EFF,
there was no detectable difference in color, odor, or taste (or all
3) between the fortified salts in any of the traditional foods,
except for EFF in plain rice fortified at 2 mg Fe/g salt (P 쏝 0.05).
When added to the water used in cooking rice, EFF produces
small black spots on the surface of the cooked rice grains. The
specks were visible to the eye and were detected by 72% of the
women.
Acceptability testing
Most of the women interviewed in acceptability testing before
the study (62%) would choose IS as their first choice, but almost
all of the women (98%) would consider buying their second
choice. Women would be willing to pay, on average, 5 rupees/kg
for a salt that was good for their health, which is 2–3 rupees more
per kilogram than the locally available noniodized salt but 2–5
rupees less than the cost of 7–10 rupees/kg for the high-end
refined IS. (As of December 2005, 1 rupee ҃ $0.0218.) All of the
women detected a color difference between the 3 salts. Seventy
percent of the women said the salt containing MGFP was “dim”
or “yellow,” and 76% said the EFF salt was “dirty.”
The results of interviews performed in all households after 10
mo of household salt use are shown in Table 1. All surveyed
households rated the 3 salts as acceptable. However, 26% of the
households using MGFePP and 59% of the households using
EFF noted a slight color change in 욷1 food (mainly vegetable
curry) when the respective salts were added. Similar observable
color changes to cooked foods were self-reported during the
bimonthly salt distribution in 2%, 7%, and 17% of households
using IS, MGFePP, and EFF, respectively.
Efficacy trial
The characteristics of screened children are shown in Table 2.
Of the 934 children who were screened, 458 were enrolled in the

efficacy trial and randomly allocated to the 3 intervention groups
(Figure 1). Age, sex ratio, and anthropometric characteristics of
the children at baseline after random assignment in the IS,
MGFePP, and EFF groups are given in Table 3. Baseline characteristics for hemoglobin and the iron status indicators are
shown in Table 4. There were no significant between-group
differences in any of the baseline characteristics except the SF
concentration and the body iron status (see Table 4). A total of
401 children completed the study; the overall drop-out rate was
5.7% at 5 mo and 12.4% at 10 mo (Figure 1). The dropouts were
due to 1) migration (39%); 2) school dropouts (30%), and 3) final
school examinations (32%). When the children who dropped out
the study were compared by group with those who completed, no
significant differences were observed in baseline hematologic
characteristics or in iron status indicators (data not shown). However, children who dropped out between 5 mo and 10 mo were
generally older than the children who completed the study (P 쏝
0.01).
The changes in hemoglobin concentration and iron status indicators in the 3 groups are shown in Table 4. The hemoglobin
concentration improved significantly in all groups over the
10-mo study, but it was significantly (P 쏝 0.01) higher in the EFF
TABLE 2
Characteristics of the children in 6 schools in the baseline screening used
to select subjects for the efficacy trial1
Value
Age (y)
Weight (kg)
Height (m)
Height-for-age z score
BMI-for-age z score
Hemoblobin (g/dL)
Zinc protoporphyrin (g/mol heme)
Serum ferritin (g/L)
Prevalence of anemia 关n (%)兴
Prevalence of iron deficiency 关n (%)兴
Prevalence of iron deficiency anemia 关n (%)兴
Blood lead (g/dL)8

12.0 앐 2.92
27.7 (11.9–68.6)3,4
1.37 앐 0.165
-1.71 앐 0.965
-1.64 앐 1.106
12.8 (5.6–16.7)
46 (18–537)
12.8 (0.6–199.2)7
115 (12.3)
543 (58.1)7
95 (10.2)7
2.6 (0.2–15.4)

n ҃ 934 关male: n ҃ 483 (51.7%); female: n ҃ 451 (48.3%)兴.
x 앐 SD (all such values).
3
Median; range in parentheses (all such values).
4– 6
Missing values: 4n ҃ 24, 5 n ҃ 26, 6 n ҃ 27.
7
Serum ferritin was measured with enzyme immunoassays (Ramco
Laboratories Inc, Houston, TX).
8
Measured in a subsample of 67 children.
1
2
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(light beige) and the IS (milky white) and a slight difference in
color between the EFF (light gray) and the IS. In salt with 1.8%
moisture, the ⌬Eab was 앒9.5 for MGFePP and 앒5.6 for EFF,
which indicated a more pronounced difference in the yellow
color between the MGFePP (light yellow) and the IS (milky
white) and a less pronounced difference between the gray color
in the EFF and the IS. The EFF had visually detectable small gray
specks that were evenly distributed through the crystals of salt
with 1.8% moisture. Storage for 6 mo did not further enhance any
color differences between MGFePP or EFF and IS.
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Assessed for screening
(n=950)
Not screened (n=16)
(Insufficient blood sample)

Not eligible (n=476)
(4 Hb < 8.0 g/dL; 104 leaving school;
368 did not fulfill iron status criteria)

Screened with Hb, ZnPP, SF
and TfR at baseline
(n=934)

Enrolled in study, randomly
assigned into 3 groups
(n=458)

Allocated to IS group
(n=151)

Allocated to MGFePP group
(n=155)

Lost to follow-up
(n=11)

Completed follow-up; 5 mo
(n=144)

Lost to follow-up
(n=8)

Completed follow-up; 5 mo
(n=144)

Lost to follow-up
(n=13)

Lost to follow-up
(n=17)

Completed follow-up; 10 mo
(n=131)

Completed follow-up; 5 mo
(n=144)

Lost to follow-up
(n=4)

Completed follow-up; 10 mo
(n=130)a

Completed follow-up; 10 mo
(n=140)

FIGURE 1. Efficacy study profile. Hb, hemoglobin; IS, iodized salt; MGFePP, micronized ground ferric pyrophosphate; EFF, encapsulated ferrous
fumarate; ZnPP, zinc protoporphyrin; SF, serum ferritin; TfR, transferrin receptor. aThree children who were absent at midpoint completed follow-up
at 10 mo.

group than in the IS group. Both groups receiving iron significantly improved their SF and body iron status from baseline (P 쏝
0.001) and as compared with the IS group (P 쏝 0.001). TfR
increased in the control group (P 쏝 0.001), but did not change in
the 2 iron groups. There was no difference in the prevalence of
elevated CRP values between the 3 intervention groups at any
TABLE 3
Age, sex, and anthropometric characteristics of the children in the iodized
salt (IS) group and the 2 dual-fortified salt (DFS) groups at baseline1

Age (y)
Male:female (n)
Height (kg)
Height (m)
Height-for-age z score
BMI-for-age z score

IS
(n ҃ 151)

MGFePP
(n ҃ 155)

EFF
(n ҃ 152)

11.2 앐 2.92
78:73
27.4 앐 8.8
1.33 앐 0.16
Ҁ1.73 앐 0.97
Ҁ1.59 앐 1.05

11.7 앐 2.8
82:73
28.7 앐 8.8
1.36 앐 0.16
Ҁ1.76 앐 0.95
Ҁ1.59 앐 1.07

11.6 앐 2.8
81:71
28.6 앐 9.2
1.36 앐 0.16
Ҁ1.77 앐 0.83
Ҁ1.66 앐 1.15

1
MGFePP, micronized ground ferric pyrophosphate; EFF, encapsulated ferrous fumarate. There were no significant differences between the 3
groups.
2
x 앐 SD (all such values).

time point (data not shown). Because of the adverse color
changes that occurred in cooked foods, 17% of households (n ҃
20) in the EFF group stopped using the EFF salt for short periods
at some point during the trial. Salt consumption was resumed,
however, after the beneficial health effects of iron added to the
salt were explained. At 10 mo, noncompliant children (n ҃ 23)
had lower SF concentrations (P 쏝 0.05) and body iron status (P
쏝 0.05) than did compliant children.
The prevalence of anemia and iron deficiency with or without
anemia is shown in Figure 2. Compared with baseline, the prevalence of anemia decreased over 5 and 10 mo from 16.8% to
13.2% and 7.7% (P 쏝 0.05), respectively, in the MGFePP group;
from 15.1% to 9.0% (P 쏝 0.05) and 5.0% (P 쏝 0.01), respectively, in the EFF group; and from 19.2% to 13.2% and 14.5%
(NS), respectively, in the IS group. The prevalence of iron deficiency dropped over 5 and 10 mo from 56.6% to 39.7% (P 쏝
0.05) and 32.8% (P 쏝 0.001), respectively, in the MGFePP
group; from 52.4% to 30.8% (P 쏝 0.001) and 34.6% (P 쏝 0.01),
respectively, in the EFF group; and from 68.2% to 66.4% and
68.0% (NS), respectively, in the IS group. The prevalence of IDA
dropped over 5 and 10 mo from 15.2% to 9.9% and 6.4% (P 쏝
0.05), respectively, in the MGFePP group; from 11.7% to 5.3%
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Lost to follow-up
(n=7)

Allocated to EFF group
(n=152)
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TABLE 4
Changes in hemoglobin and iron status indicators in the iodized salt (IS) group and the 2 dual-fortified salt (DFS) groups over 10 mo1
IS

EFF

12.4 앐 1.22 关151兴
12.7 앐 1.33 关144兴
13.0 앐 1.44,5 关131兴

12.7 앐 1.1 关155兴
13.1 앐 1.24 关144兴
13.3 앐 1.24,6 关130兴

12.6 앐 1.1 关152兴
13.0 앐 1.14 关144兴
13.4 앐 1.14,5,7 关140兴

53 (24–341) 关151兴8
47 (21–352)4 关142兴
45 (22–379)4 关131兴

48 (22–399) 关155兴
42 (21–312)4,9 关140兴
38 (20–207)4,7 关130兴

49 (22–537) 关152兴
40 (18–450)4,7 关136兴
37 (19–340)4,10 关140兴

11.7 (1.7–52.3) 关148兴
11.9 (1.7–115.7) 关141兴
11.6 (1.9–43.2) 关125兴

13.3 (1.9–75.4)9 关144兴
17.1 (2.2–79.0)4,7 关140兴
19.7 (2.6–61.0)4,10 关125兴

14.4 (1.9–30.7)7 关145兴
20.2 (1.8–71.8)4,10,11 关133兴
19.3 (2.5–54.8)4,10,12 关132兴

6.0 (2.9–17.6) 关151兴
6.2 (2.1–21.8)3 关143兴
6.4 (3.6–16.8)4,12 关131兴

5.5 (3.5–17.6) 关154兴
5.7 (3.4–26.2)9 关143兴
5.8 (3.5-30.6)10 关130兴

5.6 (3.0–15.6) 关152兴
5.5 (2.8-16.8)7 关144兴
5.6 (2.9-16.0)10 关140兴

1.1 (Ҁ9.5 to 6.9) 关148兴
1.0 (Ҁ10.1 to 9.8) 关140兴
1.1 (Ҁ9.3 to 6.1) 关125兴

1.7 (Ҁ7.2 to 8.4) 关143兴
2.8 (Ҁ8.7 to 9.2)3,9 关139兴
3.1 (Ҁ8.7 to 8.8)4,10 关125兴

2.0 (Ҁ9.0 to 5.3)9 关145兴
3.3 (Ҁ9.6 to 8.1)4,10 关133兴
3.2 (Ҁ7.5 to 6.8)4,10 关132兴

1
MGFePP, micronized ferric pyrophosphate; EFF, encapsulated ferrous fumarate. Significant time ҂ group interactions were observed for hemoglobin
(P 쏝 0.05), zinc protoporphyrin (P ____), serum ferritin (P 쏝 0.001), transferrin receptor (P 쏝 0.01), and body iron (P 쏝 0.001).
2
x 앐 SD; n in brackets (all such values).
3,4
Significantly different from baseline: 3P 쏝 0.01, 4 P 쏝 0.001.
5,6,12
Significantly different from 5 mo: 5P 쏝 0.001, 6 P 쏝 0.01, 12 P 쏝 0.05.
7,9,10
Significantly different from IS group at the same time-point: 7P 쏝 0.01, 9 P 쏝 0.05, 10 P 쏝 0.001.
8
Median (range) (all such values).
11
Significantly different from MGFePP group at the same time-point, P 쏝 0.05.

(P 쏝 0.05) and 3.8% (P 쏝 0.001), respectively, in the EFF group;
and from 16.9% to 12.8% and 15.2% (NS), respectively, in the IS
group.
The median UI was significantly higher in the IS and the EFF
groups at 10 mo than at baseline (P 쏝 0.001), but it did not change
significantly in the MGFePP group (Table 5). Median UI was
significantly lower in the MGFePP (P 쏝 0.001) and EFF (P 쏝
0.05) groups at 10 mo than in the IS group. The proportion of
children with UI concentrations of 쏝100 g/L was higher in the
MGFePP group at 10 mo than in the IS group (P 쏝 0.01) or the
EFF group (P 쏝 0.05).
DISCUSSION

Inadequate dietary intake of iron and poor iron bioavailability
likely were the main causes of the high prevalence of iron deficiency in children in the study area. The mean additional iron
intake supplied by the DFS in the breakfast and dinner meals
prepared at home was 12 mg/d. Fortification with 2 mg Fe/g salt
was estimated to be sufficient to reduce the prevalence of inadequate iron intake in the study area from 66% to the recommended level of 2–3% (40). By comparing the total dose of 앒3.7
g Fe supplied over the 10-mo trial with the mean change in body
iron status, iron absorption was calculated to 0.9% for MGFePP
and 1.1% for EFF. Iron absorption is dependent on many different factors, including iron content and bioavailability of the diet,
bioavailability of the iron fortificant, and iron status at baseline
(16, 50, 51). The calculated absorption for MGFePP was slightly
lower in the current study than in earlier efficacy studies of
MGFePP, in which absorption was estimated at 2–3% (19 –21,

33). Salt was mainly added to vegetable sauce (sambar) and to
water for rice preparation. It is possible that part of the waterinsoluble MGFePP and poorly water-soluble EFF iron also was
lost in food preparation. The addition of EFF to DFS was tested
for the first time in the present study. Although the bioavailability
of the iron in EFF was expected to be twice that of the iron in
MGFePP, our findings show a similar overall absorption and
response in iron status for the 2 groups. Encapsulation and agglomeration of the ferrous fumarate may have reduced its bioavailability (28, 52). The intake of iron from the DFS was not
under supervision, and the design of the study approaches that of
a community-based effectiveness study (53).
In the present field setting, EFF underwent significant segregation in salt with 0.5% moisture during transport from the factory to the study site and during use in the households. Segregation of added iron was eliminated by matching the salt grain size
to EFF (울1 mm) and by increasing the moisture content to 1.8%.
However, increasing the moisture content to 1.8% increased the
yellow coloration of the MGFePP salt and resulted in visually
detectable gray specks on the EFF salt.
No changes to the color, taste, or appearance of local southern
Indian dishes were detected for MGFePP in sensory testing. We
previously showed that DFS containing MGFePP does not react
with the food matrix, even at high concentrations (17, 19, 21). In
both Morocco and the Cote d’Ivoire, MGFePP had a taste and
appearance in cooked food and local dishes comparable to that of
plain IS. However, in acceptability testing in the present study,
26% of households reported color changes to cooked food. The
EFF developed black flecks on cooked rice grains. The house-
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5 mo
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FIGURE 2. The prevalence of anemia (A), iron deficiency (B), and iron
deficiency anemia (IDA) (C) in children receiving iodized salt (IS) or dualfortified salt (DFS) with micronized ground ferric pyrophosphate (MGFePP)
or encapsulated ferrous fumarate (EFF) for 10 mo. In comparison with those
who received IS, the prevalence of anemia was lower at 10 mo in those who
received EFF (P 쏝 0.05), the prevalence of iron deficiency was lower at both
5 and 10 mo in those who received MGFePP or EFF (P 쏝 0.001), and the
prevalence of iron deficiency anemia was lower at 10 mo in those who
received MGFePP (P 쏝 0.05) and at both 5 and 10 mo in those who received
EFF (P 쏝 0.05 and P 쏝 0.01, respectively). In the IS, MGFePP, and EFF
groups, respectively, n for anemia ҃ 151, 144, and 131; 155, 144, and 130;
and 152, 144, and 140 at baseline, 5 mo, and 10 mo, respectively; n for iron
deficiency ҃ 151, 140, and 125; 155, 140, and 125; and 152, 133, and 132 for
baseline, 5 mo, and 10 mo, respectively; and n for IDA ҃ 148, 140, and 125;
144, 140, and 125; and 145, 133, and 132 at baseline, 5 mo, and 10 mo,
respectively. A significant time ҂ group interaction was observed for anemia
(P 쏝 0.05), iron deficiency (P 쏝 0.01), and IDA (P 쏝 0.001).

holds using EFF also reported color changes to sambar, in the
form of floating black specks. The specks may be due to the
melting of the encapsulation during cooking, which results in the
exposure of the natural color of ferrous fumarate. Despite observable color changes, DFSs containing either MGFePP or EFF
were found to be acceptable for household use. It is possible that
families accepted the observed color and sensory changes because of the explained health benefits of consumption and because the salt was given free of charge.
A major drawback to the use of the MGFePP identified in the
present study is the lack of iodine stability in salt with 1.8%
moisture. Most households in the study area did not use IS before
the study start, and the only source of iodine for children at
baseline was the IS provided at the midday meal served at the
schools. Over the 10-mo study, UI increased significantly in the
IS and EFF groups but not in the MGFePP group. Iodine losses
in IS are accelerated by the presence of salt impurities and high
salt moisture, as well as by reducing agents in the salt, including
ferrous ions (25, 54). We tested iodine stability (KIO3) in the 2
DFSs. In salt with 1.8% moisture, MGFePP lost 86% of its iodine
concentration over 6 mo of storage. Two storage studies of FePP
added to Moroccan (쏝1% moisture content) and Ivorian (1.6%
moisture content) salts show losses of 앒20% in the Moroccan
salt and 앒65% in the Ivorian salt over 6 mo of storage, which
confirms the lower iodine stability in salt with higher moisture
content than in drier salt (17, 19). In the present study, iodine
losses with the EFF were 앒20% in salt with 1.8% moisture and
were comparable to those with IS. Thus, the encapsulation and
agglomeration of the ferrous fumarate together with a stabilizing
agent in the EFF was successful in minimizing iodine losses, as
was also shown under humid conditions in Kenya and Nigeria
(27, 55). Similar acceptable iodine stability has been shown with
encapsulated MGFePP added to triple-fortified salt (20).
Other potential formulas of iron have been developed for DFS
in India. Ferrous sulfate chelated with the stabilizer sodium hexametaphosphate, malic acid, and the absorption promoter sodium dihydrogen phosphate show good color and iodine stability
in salt with low moisture content and low content of impurities
(13, 56 –58). With its high bioavailability, ferrous sulfate may be
another promising option for DFS in high-quality salt.
The 2 iron compounds tested for DFS in the current study,
MGFePP and EFF, equally improve iron status in children and
reduce the prevalence of anemia and iron deficiency. Both fortificants are commercially available at roughly comparable cost
per kilogram. However, neither of these 2 DFS formulations is an
ideal fortificant under all conditions. MGFePP has superior sensory qualities and does not segregate, but it causes unacceptable
iodine losses in salt with higher moisture content. When it is to be
used in moist salt, MGFePP may be encapsulated to prevent
iodine losses. EFF has higher bioavailability, but causes observable sensory changes in moist salt and in foods when used in
cooking. It segregates in dry salt but has excellent iodine stability
in both dry and wet salt. Therefore, salt quality should be considered when an optimal iron fortificant for DFS is being chosen.
DFS has been suggested as a potential iron intervention strategy when salt production is largely centralized and when a
quality-control systems for IS is already in place and could easily
be expanded to include quality control for iron. Using salt as a
condiment for fortification of micronutrients other than iodine
has recently been questioned (59). However, replacing IS with
DFS in existing, well-functioning, supervised feeding programs
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TABLE 5
Changes in urinary iodine concentrations in the in the iodized salt (IS) group and the 2 dual-fortified salt (DFS) groups over 10 mo1

Urinary iodine (g/L)2
Baseline
5 mo
10 mo
Proportion 쏝100 g/L (%)
Baseline
5 mo
10 mo

IS

MGFePP

EFF

182 (8–857)3 关150兴
290 (25–966)4 关142兴
355 (33–1223)4,7 关126兴

143 (7–697) 关154兴
171 (18–788)5 关140兴
166 (17–723)5 关125兴

133 (12–817) 关154兴
242 (30–1114)4,6 关140兴
252 (14–1156)5,6,8 关125兴

29.3 关150兴
12.09 关142兴
11.99 关126兴

35.1 关154兴
17.19 关140兴
26.410 关125兴

37.5 关154兴
15.04 关140兴
15.611 关125兴

1

MGFePP, micronized ground ferric pyrophosphate; EFF, encapsulated ferrous fumarate. n in brackets (all such values).
Significant time ҂ treatment interaction, P 쏝 0.001.
3
Median; range in parentheses (all such values).
4,9
Significantly different from baseline: 4P 쏝 0.001, 9 P 쏝 0.01.
5,8,10
Significantly different from the IS group: 5P 쏝 0.001, 8 P 쏝 0.05, 10 P 쏝 0.01.
6,11
Significantly different from the MGFePP group: 6P 쏝 0.001, 11 P ⬍ 0.05.
7
Significantly different from 5 mo, P 쏝 0.01.
2
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