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Summary To demonstrate that fortified crystal salt enriched with iron, iodine, vitamin
B12, folic acid and zinc can combat multi-micronutrient deficiencies. A randomized con-
trolled study was conducted in 6 villages in Tiruvallur district, in Tamilnadu, South India.
All the women and children aged 5-17 y in households in the experimental villages
(n=117) were provided the fortified salt for 8 mo. Similar demographic group in the control
villages (n=95) used regular non-fortified salts for the same time period. Blood from study
subjects were analysed for hemoglobin, serum ferritin, serum transferrin receptor, AGP,
CRP, and serum zinc, at the beginning and end of the study. Urine was analyzed for iodine
at the same times. The experimental group showed a statistically significant increase in
hemoglobin (>1.05 g/dL), serum zinc (>12.23 ug/dL), ferritin (>6.97 ug/L) and body
iron stores (>0.73 mg/kg body weight), compared to the control group. A significant
decrease in the prevalence of anaemia from 67.5% to 29.1% and zinc deficiency from
32.7% to 12.4% was observed in the experimental group relative to control group, using
Binary logistic regression. There was no change in urinary iodine in the experimental group
while it decreased significantly in the control. The fortified crystal salt was effective in

decreasing multi-micronutrient deficiencies.
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Micronutrient deficiencies causing “hidden” hunger
is a major public health problem in many developing
countries including India. Even in developed countries
like the United States of America, surveys (NHANES)
from 2003 to 2012 estimated that an average of 5.6%
of the population met the criteria for anemia and 1.5%
for moderate-severe anemia during this 10-y period.
The National family health survey done by the Govern-
ment of India in 2015-2016 shows that in Tamilnadu,
55.1% of women and 20.4% of men are anaemic (1).
One reason for anaemia and micronutrient deficiency is
the consumption of plant based cereal diets (2, 3).
Dietary phytate present in both rice and wheat, the two
important cereals consumed by Indians, inhibits the
absorption of many micronutrients, notably iron and
zinc. In India, amongst the poor, there is also very little
consumption of meat and dairy products, which have
bioavailable haeme iron and vitamin B12, due to its
high cost. Among micronutrient deficiencies, iron and
iodine deficiencies affect more than 30% of the global
populations (4). Earlier studies have reported multiple
micronutrient fortification of beverages (5—7), or bis-
cuits (8) to combat multiple micronutrient deficiencies.

In our earlier studies, we have shown that iron and
iodine can be provided through double fortified salt in
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rural villages, demonstrating that salt is an ideal vehicle
for delivery of micronutrients (9). Multiple micronutri-
ents could be used to fortify salt (10-12). We have
shown that the prevalence of serum retinol deficiency
in children in Tamilnadu is 57.1% (11), and prevalence
of angular stomatitis due to B complex deficiencies was
12.8% (11). This reconfirms that multiple micronutri-
ent deficiencies exist in children and adults in India and
needs to be combated. For salt fortification to be suc-
cessful, the micronutrients should not change the color,
odor, or taste of the food, should be stable at cooking
temperatures, and should be bioavailable. All of these
were achieved in our multiple micronutrient fortified
salt (10-12). All our earlier studies were done using
refined or purified powder salt, which has low moisture
and very little impurities. However, the poor consume
only crystal salt, which is unrefined, has a high mois-
ture content and also presence of other compounds of
calcium and magnesium. Therefore, in this study, we
developed methods for fortifying crystal salt with multi-
ple micronutrients and tested its efficacy and bioavail-
ability in a cohort, where micronutrient deficiency was
observed.

Aim. To combat a major public health problem of
hidden hunger caused due to multiple micronutrient
deficiencies in villages in Tiruvallur district, in Tamil-
nadu, South India using a multiple micronutrient forti-
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fied crystal salt enriched with iron, iodine, vitamin B12,
folic acid and zinc.

MATERIALS AND METHODS

Study location. The study was done in 6 villages in
Tiruvallur district in Tamilnadu, South India.

Study design. The study was a randomized con-
trolled trial to study the efficacy of the multiple micro-
nutrient fortified crystal salt in combating multiple
micronutrient deficiencies.

Randomisation. The villages were chosen from a list
of villages in the Tiruvallur district. The villages were
chosen from a computer generated random table and
were assigned to the experimental or control group.
After randomization, we verified whether the families in
the villages had similar socioeconomic status.

Inclusion criteria. This study included children aged
5 to 17y and all the women in the households after
obtaining written informed consent from the head of
the household.

Exclusion criteria. This study excluded subjects
where the head of the household did not provide
informed consent. Subjects who had a hemoglobin level
less than 8 g/dL (defined as severe anemia) were
excluded from the study to enable immediate medical
intervention for them.

Ethical issues. This study was conducted according
to the guidelines laid down in the Declaration of Hel-
sinki and all procedure involving human subjects were
approved by the Ethics committee of Sundar Serendipity
Foundation (number 15012012). Written informed
consent was obtained from all the subjects who partici-
pated in the study.

Deworming. All members of all the households
enrolled in the study in both the experimental and con-
trol groups were given a tablet of albendazole (400 mg)
at baseline and post intervention after 8 mo. Deworm-
ing was done to ensure that there were no worms com-
peting for the micronutrients and that the intestinal
tract was clear for absorption of the micronutrients as
in other studies (13, 14).

Experimental and control groups. The households in
the experimental villages received the multiple micro-
nutrient fortified salt from April 2012 to beginning of
January 2013, a period of 8 mo. The households in the
control villages continued to use the conventional
iodised salt they were using before the study. Blood sam-
ples were collected in all the participants (only the
women and children in the households) before the start
of the study and at the end of the study. Urine samples
were collected in the same subsample of the subjects at
the same times blood was collected. The tests done are
hemoglobin, serum ferritin, soluble transferrin receptor
(sTfR), alpha glycoprotein (AGP), C reactive protein
(CRP), urinary iodine and serum zinc.

To all the heads of the households and the women in
the experimental households, the design of the study
was explained and they were educated on the role of
micronutrients in human health and about the neces-
sity to use only the fortified salt provided for cooking all
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their meals for the next 8 mo till the study concluded.
They were shown an educational film on the role of
micronutrients in human health and the importance of
the fortified salt in combating micronutrient deficien-
cies. All these households were provided with the multi-
ple micronutrient fortified salt every month for a period
of 8 mo. From our earlier studies on the fortified salt we
were aware that the average salt consumption per per-
son per day is about 10 g.

Before the start of the study, we checked for the con-
sumption of salt and found that the consumption of
salt in both the experimental and control groups was
similar. The range was from 7-11 g of salt and the aver-
age was about 10 g per person per day.

From the size of the households we could calculate
the average salt consumption per household and this
quantity rounded off to the nearest kilogram was pro-
vided to the families every month. When the health
workers visited the households every month, they col-
lected the left over packets of the fortified salt of the pre-
vious month. From this we determined the amount of
fortified salts used by the families, provided by us. It was
found that all the families were using the fortified salt
provided by us only.

Sample size.  'We have considered a p-level of 0.05
and power of 80% with a two-tailed test for all sample
size calculations. Our earlier experiences with the use
of fortified salt in children showed a mean increase in
hemoglobin from 0.5 to 0.7 g/dL between the experi-
mental and control groups, with a standard deviation
of about 1 (10-12). With respect to serum retinol, our
earlier studies have seen a mean increase of 4.5 ug/dL,
between the experimental and control groups, with a
standard deviation of 7 (11). Taking into considerations
our earlier studies on multiple micronutrient fortified
salt for changes in serum zinc, ferritin and sTfR, we
arrived at a sample size of 90 in each arm.

Subjects recruited and those who actually completed the
study. There were 117 women and children in the
experimental group and 95 women and children in the
control group who were present for both baseline and
endline analysis after excluding those who were treated
with iron tablets for ethical reasons because their hemo-
globin was less than 8 g/dL. and those who were not
present for both baseline and endline blood tests. Eigh-
teen subjects in the experimental group and 21 subjects
in the control group were present for baseline blood
tests but were absent during endline blood tests and
were therefore not included in the analysis. Urinary
Iodine was done in a subsample of 52 subjects in the
experimental group and 65 subjects in the control
group.

Dosage of micronutrients. The salt was used in all the
meals prepared in the household. It was found out that
the average consumption of salt was 10 g per person
per day. Therefore the fortified salt was prepared such
that 10 g of the fortified salt contained about 1 RDA
(Recommended dietary allowance) of the micronutri-
ents, except iron which given at a dosage of 10 mg per
day (about 50% RDA) as the iron was chelated, instead
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of 22 mg iron which was the RDA. Ten grams of the
fortified salt contained 10 mg of chelated iron, 400 ug
of iodine, 4 pg of vitamin B12 and 100 ug of vitamin
folic acid and 10 mg zinc. The iron used was chelated
ferrous sulphate for enhanced bioavailability and the
rest of the micronutrients were microencapsulated to
prevent interaction amongst them as in our previous
studies (10-12).

Chelated ferrous sulphate was obtained by chelating
ferrous sulphate with sodium hexa meta phosphate and
malic acid. The iodine source was potassium iodate
which was encapsulated in cellulose acetate phthalate.
Zinc source was zinc oxide. The vitamin sources were
cyanocobalamine (vitamin B12) and folic acid. Since
vitamin B12 is magenta in colour, and since folic acid is
turmeric yellow in color, and they would impart these
colours to the fortified salt, which was not acceptable
and hence, they were coated with food grade titanium
dioxide to mask the colors. They were then coated with
cellulose acetate phthalate and after that blended with
the salt.

Blood collection and storage. Venous blood samples
(5 mL) were drawn from the women and children at the
central area in the villages and 500 wL transferred into
vials with ethylenediaminetetraacetate (EDTA) as an
anticoagulant. The hemoglobin measurements were
performed on these samples within a few hours of blood
collection at the central area in the villages. The remain-
ing 4.5 mL of blood was transferred into vials and the
blood was allowed to clot. Serum separation was per-
formed in the laboratory and the samples were frozen at
—20°C for further analyses. It was a random blood sam-
ple as fasting blood sample is not required for the tests.

Laboratory analyses. The biochemical estimations
done were for hemoglobin, serum ferritin, sTfR, CRP,
AGP, serum zinc and urinary iodine. Hemoglobin,
serum zinc, serum ferritin (SF), sTfR, CRP and AGP was
measured in all the subjects in both the groups, before
the start of the study and at the end of the study. Data
from all the subjects were used for statistical analysis
after making corrections for inflammation. Urinary
iodine was done in a random sub sample. Pretest and
post intervention urinary iodine tests were performed
on the same random subsample of subjects.

Hemoglobin was estimated by the cyanmethemoglo-
bin method with a colorimeter (15). Serum ferritin,
sTfR, AGP and CRP was determined by sandwich ELISA
method (16) in our collaborator’s Laboratory in Ger-
many. The serum samples were transported on dry ice
from India to Germany. Urinary iodine was measured
by using the Sandell-Kolthoff reaction as modified by
Pino et al. (17). Serum zinc was measured by induction
coupled plasma optical emission spectrometer (ICP-
OES) at an independent certified laboratory in Chennai.

Validation of biochemical measurements. In hemoglo-
bin, serum zinc and urinary iodine, estimations were
measured in duplicate in 10% of the samples. Serum
ferritin, sTfR, CRP, AGP were measured in duplicate for
all the samples. The coefficient of variation for estima-
tion of ferritin was 2.06%; sTfR was 2.6%; CRP was
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4.98%; and AGP was 4.42%.

Anaemia was defined as a hemoglobin concentration
<13 g/dL in boys aged =15 y, a hemoglobin concentra-
tion <12 g/dL in children aged =12 y and in girls and
women aged =15y and a hemoglobin concentration
<11.5 g/dL in children aged 5-11y (18). Iron defi-
ciency (ID) was defined as serum ferritin <15 ug/L or
sTfR concentration >7.6 mg/L (18). Iron deficiency
anemia (IDA) was defined as simultaneous presence of
ID and anemia (18). Body iron stores were estimated by
the method of Cook et al. (19).

If the urinary iodine is less than 100 ug/L, then the
subjects are said to be iodine deficient, else they are
iodine sufficient (20).

If serum zinc is less than 66 ug/dL, then the subjects
are said to be serum zinc deficient, else they are serum
zinc sufficient (21).

Inflammation adjustments. Inflammation increases
ferritin values. The subjects were grouped at baseline
and endline according to their inflammation status (22,
23) as follows: When there is no increase in the acute
phase proteins (CRP=5 mg/L and AGP=1 g/L) it is
called the reference group and the ferritin, sTfR, and
body iron stores are used as it is. When only the CRP is
increased (CRP>5 mg/L) and AGP is normal (AGP=
1 g/L), it is called the incubation group and all the ferri-
tin values in this group is multiplied by the correction
factor 0.77. When both the CRP and AGP are increased
(CRP>5 mg/L and AGP>1 g/L), this group is called the
early convalescence group and all the ferritin values are
multiplied by 0.53. When CRP is normal (CRP=5 mg/L)
and AGP is raised (AGP>1 g/L), this group is called the
late convalescence group and the ferritin values are
multiplied by 0.75. For sTfR, the subjects are grouped
into the above inflammation groups (reference, incuba-
tion, early convalescence and late convalescence) and
the geometric mean of each group is found out. The
correction factor (CF) for each group is calculated as fol-
lows: CF=Geometric mean of reference group/geomet-
ric mean of the respective inflammation group. The cor-
rection factor is then multiplied to the values of the
respective groups. The inflammation corrected ferritin
and sTfR results are used to calculate body iron stores.

Statistical analysis. Statistical analysis was per-
formed with SPSS 20.0 (SPSS Inc., Chicago, IL, USA)
and Microsoft Excel 2000 (Microsoft Corp., Seattle, WA,
USA). The experimental group was compared with the
control group to compare the efficacy of the interven-
tion. Thus the efficacy of the multiple micronutri-
ent-fortified salt in combating micronutrient deficien-
cies was studied. Repeat measures Analysis of variance
was used to compare the effects of groupXtime for
hemoglobin, sTfR, ferritin, body iron stores, CRP, AGP
and serum zinc. If the interaction effect of groupXtime
was significant (p<0.05), t tests between groups and
paired t tests within groups were done. Proportions
were compared by using Chi-square tests. If data was
not normally distributed, statistical analysis was done
after log transformation. Binary logistic regression was
done to compare the effects of groupXtime for the
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Table 1.
humidity. (Mean of the 2 batches prepared for the study)
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Stability of the micronutrients in the multiple micronutrient fortified salt for 1y at 30°C and 45% relative

Label claim of the

Initial levels on

Levels after 6 mo Levels after 12 mo

Nutrients! micronutrients the date of from the date of from the date of
in 10 g salt manufacture manufacture manufacture
Iron (ppm) 1,000 1,079 1,045 1,050
Iodine (ppm) 30 42 39 37
Vitamin B12 (ug) 4 4.4 4.3 4.1
Folic acid (mg) 100 100.9 100.5 100.2
Zinc (mg) 10 10.5 10.6 10.2

!Tron was determined by potassium thiocyanate method and the red colour developed was measured in a colorimeter.
Iodine was determined by titrating with sodium thiosulphate solution. Zinc was determined by colour developed with dithi-
zone in chloroform which was read in a colorimeter. Folic acid was determined by colour developed with a dye (1-naphthyl
ethylene diamine dihydrochloride) in iso butyl alcohol and read in a colorimeter. Vitamin B12 was measured by microbiol-
ogy with the cup plate method using Escherichia coli NCIM 2068.

binary variables of anaemia, iron deficiency, iron defi-
ciency anaemia and serum zinc deficiency. Significance
was set at p<0.05. To analyze urinary iodine, Mann
Whitney test for analysis between the different groups
and Wilcoxon Signed rank test for analysis of changes
within each group were used.

RESULTS

Microencapsulation and stability of the fortified salt

All the multiple micronutrients except iron and zinc
were microencapsulated as in our previous studies (10—
12). The micronutrients were microencapsulated to
prevent their interaction with each other and their
interaction with the salt. These interactions could lead
to the loss of their potency as in the case of iodine. The
other reason for microencapsulation was to mask their
color as in the case of vitamin B12 and folic acid. Vita-
min B12 is magenta in color and folic acid is yellow in
color and their colors have to be masked so that their
colors are not imparted to the salt which is white in
color. Since crystal salt is not purified or refined, it con-
tains higher amounts of moisture and other impurities
when compared to refined salt. The microencapsulation
of the micronutrients ensures their stability even under
these extreme conditions. The stability of the micronu-
trients in the fortified salt was assessed on the date of
manufacture, after 6 mo and after 1 y from the date of
manufacture. It was seen that all the micronutrients are
stable for more than a year in the crystal salt. These
data are given in Table 1.
Inflammation status

There was no inflammation in 62% of the experi-
mental group and 60% of the control group at baseline.
Post intervention, there was no inflammation in 73% of
the experimental group and 74% of the control group.
Efficacy study

The experimental group showed a statistically signifi-
cant increase in hemoglobin (>1.05 g/dL), serum zinc
(>12.23 pg/dL), ferritin (>6.97 ug/L) and body iron
stores (>0.73 mg/kg body weight), compared to the
control group. A significant decrease in the prevalence
of anaemia from 67.5% to 29.1% and zinc deficiency

from 32.7% to 12.4% was observed in the experimental
group relative to control group, using Binary logistic
regression. There was no change in urinary iodine in
the experimental group while it decreased significantly
in the control (Tables 2, 3).

There was a significant improvement in the experi-
mental group when compared to the control group in
hemoglobin, serum zinc, ferritin and body iron stores by
anova repeat measures showing that iron and zinc were
absorbed from the fortified salt. There were no signifi-
cant changes in soluble transferrin receptor (sTfR), CRP
and AGP in both the groups (Table 2). CRP and AGP are
inflammation markers and generally no significant
changes are expected between the experimental and
control groups in these. We found no differences in sTfR
between both the groups. The reason for this is not
clear.

There was a significant decrease in the prevalence of
zinc deficiency and anaemia, in the experimental group
when compared with the control showing that iron and
zinc were absorbed from the fortified salt. There were no
significant changes in the prevalence of iron deficiency
or iron deficiency anaemia (Table 3) and a period of
more than 8 mo may be required to show significant
changes.

Urinary iodine

At baseline, Mann Whitney test showed that there
was no significant difference in the median urinary
iodine (UI) in both the groups, so both the groups were
homogenous. Over the study period, Wilcoxon signed
ranks test showed that there was no significant change
in median UI in the experimental group whereas there
was a significant decrease in the median UI in the con-
trol group. At the end of the study, Mann Whitney test
showed that there was a significant difference in UI
between the experimental and control groups. These
data are shown in Table 2. This study shows that the
fortified salt was able to maintain the UTI at the same lev-
els in the experimental group whereas the control group
showed significant decrease in UL
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DISCUSSION

We have shown in earlier studies that multiple micro-
nutrient fortification of refined powder salt is feasible
and a practical solution to fight hidden hunger (10—
12). However the poor consume only unrefined crystal
salt which has high moisture content. Nobody has forti-
fied crystal salt with multiple micronutrients before. In
this study we have fortified crystal salt with five micro-
nutrients (iron, iodine, B12, folic acid and zinc) and we
have shown that all the micronutrients in the fortified
salt are stable for a year (Table 1) and that three micro-
nutrients (iron, iodine and zinc) are bioavailable and
their levels have improved significantly in the experi-
mental subjects when compared to the control (Tables
2, 3).

In this study, though the fortified salt caused a signif-
icant decline in the prevalence of anaemia and zinc
deficiency in the experimental group, there was no sig-
nificant change in the prevalence of iron deficiency or
iron deficiency anaemia (Table 3). The reason for this is
not clear and it may be that the study period of 8 mo
might have been insufficient to decrease the prevalence
of iron deficiency and iron deficiency anaemia, and a
longer study period may have proven to be beneficial.

Unlike other fortification programmes, salt fortifica-
tion has enormous benefits because salt is used by every
family, everyday during cooking, and the entire family
gets the daily requirement of these micronutrients. No
other fortification targets the entire family like salt forti-
fication. In India, where 50% of women, 70% of young
children and 25% of men are anaemic (1), salt fortifica-
tion with multiple micronutrients could be one of the
ways to tackle hidden hunger caused due to multiple
micronutrient deficiencies.

We had to fortify iodine at 40 ppm level because the
Government of India mandates that the iodine in forti-
fied salt should be at least 30 ppm at the manufacturing
area. We have added 40 ppm iodine to ensure stability
of iodine in the fortified salt for a period of 1 y, as in our
earlier studies on fortified salt (10-12). We did not test
the iodine content in the salt used by the control group
households. If we had done that we might have known
as to why there was a decrease in urinary iodine in the
control group. This is one of the drawbacks of this
study.

There is a synergy among the multiple micronutri-
ents provided by the fortified salt. It is not just the iron
in the fortified salt that combats anaemia, but vitamin
B12 and folic acid too are necessary for erythropoiesis.
Therefore, it may be possible that the iron, vitamin B12
and folic acid in the fortified salt helped combat anae-
mia in the experimental group. Deworming along with
fortification has been responsible for the reduction of
anaemia in the experimental group. As worms compete
for the nutrients, the presence of worms itself could
cause anaemia. We have eliminated this potential con-
founder by ensuring deworming in both the experimen-
tal and control groups. The iron that was used in the
fortification of salt was chelated ferrous sulphate as in
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our earlier studies (9—12). Chelated iron has a higher
bioavailability than ordinary iron and this might have
been one of the reasons for the improvement of the iron
status in this study (24).

The bioavailability of all the vitamins and minerals
has been studied extensively in the past when they have
been delivered as supplements in the form of tablets or
syrups, but what is different in this study is that these
fortificants have to be stable at the high temperatures of
cooking and during storage in the harsh environment
of salt. We find that all the 5 micronutrients were stable
during storage in the fortified salt.

The cost of the multiple micronutrient-fortified salt
was just 25 paise (0.25 INR or 0.004 USD) per person
per day. We feel this is the most economical way to
deliver multiple micronutrients to populations.

Several reasons contributed to the absorption of the
micronutrients in the experimental group. The salt was
used in cooking in all the meals. The women and chil-
dren consumed three meals and therefore the micronu-
trients were delivered in small doses throughout the
day. The multiple micronutrient fortified salt will be
especially useful because salt is a commodity consumed
universally and in about the same amounts every day.

There are some limitations in this study. Though the
salt is fortified with iron, iodine, vitamin B12, folic acid
and zinc, we did not assess vitamin B12 and folic acid in
women and children due to lack of funds. Hence future
studies assessing these vitamins are necessary. This was
also not a double blind randomized control study, which
is a gold standard. We had to resort to this randomized
control study, where we did no intervention in the con-
trol group. This was once again due to the limited fund-
ing we had to do this study.

Public health implications

Hidden hunger due to micronutrient deficiencies is a
huge public health problem in developing countries.
Anaemia affects nearly 50% of the women and young
children in India. The current methods to tackle this
problem by the government are to give iron tablets to
pregnant women and children. Though entire families
suffer from the problem of hidden hunger, only specific
targets like pregnant women and school children are
targeted, resulting in persistence of the problem for sev-
eral decades. Our solution is unique and it provides
multiple micronutrients through the medium of salt,
which is used by the entire population every day. Thus,
the micronutrients are made available to the entire fam-
ilies, communities and entire populations, and so reduc-
tion in anaemia is seen in few months. Thus, this paper
helps to show a path to resolve the huge public health
problem of overcoming hidden hunger due to multiple
micronutrient deficiencies.

CONCLUSION

The multiple micronutrient fortified crystal salt has
been efficacious reducing the prevalence of anaemia
and zinc deficiency and improving hemoglobin, serum
ferritin, body iron stores and serum zinc and maintain-
ing urinary iodine at the same levels in the population
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which consumed the fortified salt.
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