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Low calcium intake is common worldwide and can result in nutritional rickets in children and osteomalacia in
adults. Calcium-fortified foods could improve calcium intake. However, there is limited calcium fortification expe-
rience, with technical and practical issues that may hamper its adoption. The objective of this landscape review is
to summarize these issues to help policymakers guide the planning and design of calcium fortification as a public
health strategy. One challenge is the low bioavailability of calcium salts (∼20–40%); thus, large amounts need to
be added to food to have a meaningful impact. Solubility is important when fortifying liquids and acidic foods.
Calcium salts could change the flavor, color, and appearance of the food and may account for 70–90% of the total
fortification cost. Safety is key to avoid exceeding the recommended intake; so the amount of added calcium should
be based on the target calcium intake and the gap between inadequate and adequate levels. Monitoring includes the
quality of the fortified food and population calcium intake using dietary assessmentmethods. Calcium fortification
should follow regulations, implemented in an intersectorial way, and be informed by the right to health and equity.
This information may help guide and plan this public health strategy.
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Introduction

Very low calcium intake is common in low-income
settings,1,2 which can result in rickets in children
and osteomalacia in adults and an increased risk
of osteoporosis.3 It is also associated with other
adverse health conditions, including preeclamp-
sia and hypertension.3,4 Calcium supplementation
trials before and during pregnancy have shown
a reduction in the incidence and severity of
preeclampsia.5–7 Based on these trials, the World
Health Organization (WHO) recommends calcium
supplementation in pregnancy, particularly in set-

tings of low calcium intake.8 However, there are
major barriers to scaling-up the adoption of this
WHO recommendation, such as calcium pill bur-
den, high cost, low adherence, complex supply
chains, side effects, and the nonuse of health ser-
vices. Also, fortifying foodswith calcium forwomen
in pregnancy or prepregnancy9 does not benefit
other segments of the population that may also
need to improve calcium intake. Therefore, the dis-
cussion has changed to the option of fortification
of staple foods with calcium as an effective means
to help achieve adequate levels of calcium intake.
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Calcium fortification could reach remote popu-
lations or populations that lack contact with the
health systems.
Calcium intakes below 600 mg/day have been

reported in national surveys from Argentina,
Bangladesh, Brazil, Bolivia, Cambodia, China,
Indonesia, Japan, Kenya, Malaysia, Pakistan, the
Philippines, Thailand, and Turkey.1 It has been
estimated that an additional 400–500 mg/day of
calcium may be needed in these countries,2 an
amount feasible to be included in a food forti-
fication strategy. However, there are only a few
experiences with national food fortification of
calcium worldwide,1 such as the mandatory cal-
cium fortification of wheat flour in the United
Kingdom since 1943.10 Although this program has
been successful in improving calcium intake in the
British population,11,12 it is usually not mentioned
in reviews on food fortification. The limited aware-
ness on the prevalence of low calcium intake, along
with little pressure from the population, thwarts the
efforts toward including calcium-fortified foods in
public health strategies. Also, there are challenges
related to technology, feasibility, acceptability,
and safety of a fortification of foods with calcium
that may hamper its adoption, which may need
additional research.
This landscape review aims to explore and syn-

thesize the practical considerations for the planning
anddesign of fortifying foodswith calciumas a pub-
lic health strategy to improve calcium intake. It is
structured in the following five sections: (1) techni-
cal issues related to the calcium salts available for
food fortification; (2) estimation of the safe, effi-
cacious, and feasible amount of calcium to add to
foods; (3) factors related to the selection of the food
vehicle; (4) monitoring and evaluation of calcium-
fortified foods; and (5) ethical aspects related to
calcium-fortified foods. This review could be used
as a guide when implementing this public health
measure in settings with low calcium intake. A
detailed description of the success of foods fortified
with calcium worldwide can be found elsewhere.1
A literature search was performed for each of

the sections included in this landscape review. The
information was identified through internet search
engines and databases, such as Google, PubMed,
Agricola, and CINAHL, using the following terms
“fortification or fortificant,” “calcium or calcium
salt,” and “foods and/or beverages.” Reports from

theWHO, Food Agriculture Organization, Institute
of Medicine, Global Alliance for Improved Nutri-
tion (GAIN), Micronutrient Initiative, Food Forti-
fication Initiative, European Food Safety Authority,
and CODEX were also reviewed as well as the refer-
ences cited in many of the studies and reports. For
additional information, experts in food fortification
and calciumwere contacted via e-mail, calls, and in-
person meetings.

Physicochemical characteristics and cost
of calcium salts used for the fortification of
staple foods

There are different calcium salts approved to be used
as food fortificants (e.g., calcium carbonate, cal-
cium chloride, and calcium citrate; see Table 1).13–23
Most calcium salts used in food fortification for
human consumption have a bioavailability ranging
from 20% to 40%.24 Their solubility, source, inter-
action with the food and/or with a whole meal, and
bioavailability vary widely.

Calcium content of salts
There is great variability in the proportion of ele-
mental calcium in different salts, ranging from as
low as 7% for calcium glubionate to as high as 71%
for calcium oxide (Table 1).

Bioavailability of salts
One of the most challenging technical issues in
calcium food fortification is the low bioavailabil-
ity of calcium from different sources, including
calcium salts. Bioavailability is the amount of
calcium that the body absorbs. This depends on
several factors. For example, bioavailability is lower
if calcium is consumed with an empty stomach
compared with a light meal.24 When a dose of 250
mg of elemental calcium is given with a meal, the
absorption of calcium is 35% from malate citrate,
27% from calcium carbonate, and 25% from trical-
cium phosphate.24–27 When comparing 11 different
calcium salt combinations (single compound or
combinations of salts), the bioavailability was 20–
40%, which is within 10% of the bioavailability
of calcium from milk (which is about 30%).24 An
exception is calcium citrate malate, which has
been shown to have greater absorption compared
with tricalcium phosphate/calcium lactate when
500 mg was added to orange juice among healthy
premenopausal women.28 This variability is prob-
ably reflecting the interaction with the food or
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Table 1. Chemical properties of calcium salts, sources, and uses13,14,23,15–22

Type of
calciuma Formula∗

Percent
bioavail-
ability

Molecular
weight Solubility Sensory properties Source Uses Feasibility

Approved
by

Calcium
oxide
(quick-
lime)

CaO 71 56 Soluble in water,
forming calcium
hydroxide; soluble
in acids, glycerol,
and sugar
solution;
practically
insoluble in
alcohol.

23.3 mmol/L

Colorless, cubic,
white crystals;
odorless; slightly
bitter taste

From heating
limestone, coral,
seashells, or chalk,
which are mainly
CaCO3, to drive
off carbon
dioxide. Mainly
calcium carbonate

Used as a nutrient
and/or dietary
supplement in
animal drugs,
feeds, clarification
of cane and beet
sugar juices

Readily
absorbs
oxygen and
water from
the air. May
be difficult
to use
directly–
immediately
absorbs
water after
soil
application

U.S. FDA

Calcium
hydroxide
(slaked
lime)

Ca(OH)2 54 74 Soluble in boiling
water, acid,
glycerol, sugar, or
ammonium
chloride solution
and insoluble in
alcohol.

25 mmol/L

Hexagonal crystals
or soft granules or
powder; odorless;
slightly bitter
alkaline taste

Formed when water
is added to
calcium oxide

Used as calcium
salts, causticizing
soda, purification
of sugar juices,
food additive as
buffer and
neutralizing
agent,
shell-forming
agent (poultry)

U.S.
FDA/
EFSA

Calcium
silicate

Ca2O4Si 50 116 Insoluble in water White or creamy
colored,
free-floating
powder

Occurs naturally in
wollastonite as
calcium
metasilicate;
combination of
calcium ions
(from limestone,
dolomite, etc.)
and silicate ions
(from silica)

Used as an indirect
food additive; as
an anticaking
agent in animal
feed; and as solid
diluent

Tolerance 2%
and 5%

U.S. FDA

Calcium
carbonateb

CaCO3 40 100 Insoluble in alcohol,
practically
insoluble in water;
soluble in dilute
acids.

0.153 mmol/L

White hexago-
nal/orthorhombic
crystals or powder
(calcite; argonite;
vaterite); odorless;
colorless; chalky,
soapy, or lemony
taste

Rock-derived
(marble and
limestone) and
from eggshell and
fishbone

Used as a direct food
additive and
nutrient
supplement, as a
dough
strengthener,
firming agent, pH
control agent,
stabilizer, and
thickener

U.S.
FDA/
EFSA

Hydroxya-
patite

Ca5(PO4)3(OH) 40 502 0.08 mmol/L – – – Highly stable –

Calcium
phosphate
tribasic

Ca3(PO4)2 38 310 Insoluble in alcohol
and acetic acid,
and soluble in
dilute
hydrochloric acid
and nitric acid.
Slightly soluble in
water.

0.064 mmol/L

White amorphous,
or crystalline
powder; odorless;
sandy or bland
taste.

Rock-derived, as
oxydapatit,
voelicherite, and
whitlockite.
Manufactured
from phosphate
rock, silica,
wet-process
phosphoric acid,
and soda ash.
Also found in
cow’s milk

Used as a
supplement in
livestock and
poultry feeds; as
food additives to
control the pH in
doughs and lard,
as a yeast nutrient
in flour

U.S. FDA

Calcium
chloride

CaCl2 36 111 Extremely soluble in
water.

6712 mmol/L

White cubic crystals
or powder;
colorless;
odorless; taste
threshold in
potable water is
150–350 ppm.
Salty, bitter taste

Isolated from brine Used for melting ice
and snow, and as
a dust suppressant

U.S.
FDA/
EFSA

Continued
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Table 1. Continued

Type of
calciuma Formula∗

Percent
bioavail-
ability

Molecular
weight Solubility Sensory properties Source Uses Feasibility

Approved
by

Calcium
formate

Ca(HCOO)2 31 130 Soluble in water Orthorhombic
crystals or
crystalline
powder; white or
pale yellow; slight
acetic acid-like
odor

Manufactured from
Ca(OH)2 and CO
at high
temperature and
pressure

Used as a
preservative for
silage, food; for
animal feed

Calcium
phosphate
dibasic

CaHPO4 30 136 Soluble in
hydrochloric acid,
nitric acid, acetic
acid, and
ammonium
citrate solution.
Insoluble in
ethanol.

1.84 mmol/L

White powder or
crystalline solid;
sandy or bland
taste; odorless

Made from calcium
carbonate and
phosphoric acid

Used in powdered
drink mixes
(buffering agent),
effervescent
tablets, antacids,
baking products
(leavening agent),
animal feeds, and
mineral
supplements

Nonhygro-
scopic,
relatively
stable
material.
Should be
stored in a
well-closed
container in
a dry place

U.S.
FDA/
EFSA/
Health
Canada

Calcium
sulfate

CaSO4 29 136 Soluble in water.
15.3 mmol/L

Natural anhydrite
crystals
orthorhombic,
color varies
(white, blue, gray,
or reddish tinge);
odorless; tasteless

Made from calcium
chloride and sol
sulfate

Used in making tofu
and water
treatment

Store in a
well-closed
container

U.S. FDA

Calcium
acetate

C4H6O4Ca 25 158 Soluble in water;
slightly soluble in
alcohol; needles,
granules, or
powder form.

2364 mmol/L

Brown, gray, or
white powder,
amorphous or
crystalline; slight
odor of acetic
acid; bitter taste

Action of
pyroligneous acid
on calcium
hydroxide

Used as a food
stabilizer and
thickener for
gelatins and
puddings; as an
antifoam additive;
as an antimold
agent in bakery
goods; and as a
firming agent for
potatoes

Decomp-
oses on
heating;
very hygro-
scopic;
needs to be
stored
tightly

U.S. FDA

Calcium
malate

C4H4CaO5 23 172 Slightly soluble in
water

White powder – Used as an acidity
regulator and
flavor enhancer

Calcium
glycinate

C4H8CaN2O4 21 188 Soluble in water Used as a dietary
supplement

Tricalcium
citrate

Ca3(C6H5O7)2 21 498 More soluble at low
temperatures
(advantage for
cold and hot food
processing).

2.006 mmol/L

White powder;
odorless; neutral
tasting

A by-product in the
manufacture of
citric acid

In the production of
citric acid and
other citrates;
improvement of
baking properties
of flour; as a
dietary
supplement; as a
sequestrant,
buffer, and
firming agent in
foods

Calcium
citrate

Ca3(C6H5O7)2 21–24 498 Insoluble in alcohol,
soluble in 1050
parts cold water;
somewhat more
soluble in hot
water;
tetrahydrate.

1.49 mmol/L

Colorless or white
powder, odorless;
tart, acidic taste

Rock-derived.
Calcium sourced
from marble or
limestone bound
with citric acid

Used as a
general-purpose
food additive, as a
nutrient and/or
dietary
supplement, and
as a sequestrant

U.S.
FDA/
EFSA

Calcium
citrate
malate

(C6H7O7)x·
(C4H5O5)y·
(Ca2+)z

21–24 671 Soluble in water.
80 mmol/L

Colorless or white;
odorless

Rock-derived.
Calcium sourced
from marble or
limestone bound
with citric acid
and malic acid

Used as a
general-purpose
food additive, as a
nutrient and/or
dietary
supplement, and
as a sequestrant

U.S.
FDA/
EFSA

Continued
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Table 1. Continued

Type of
calciuma Formula∗

Percent
bioavail-
ability

Molecular
weight Solubility Sensory properties Source Uses Feasibility

Approved
by

Calcium
lactate

C6H10CaO6 13–18 218 0.13 mmol/L White, neutral taste,
almost odorless.
Unpleasant taste if
too concentrated

Rock-derived.
Calcium sourced
from marble or
limestone bound
with lactic acid.
Also found in
foods like aged
cheese

Preservative in foods
and beverages;
calcium
replenisher

U.S.
FDA/
EFSA

Calcium
lactate
gluconate

C9H16CaO10 12 324 Highly soluble.
1233 mmol/L

White, crystalline,
odorless, tasteless
powder

Mixture of calcium
gluconate and
calcium lactate

Used for clear
beverages and
concentrated or
instant
preparations
(baby food, infant
formula, dairy,
desserts, jams,
and soy
products), also as
a pH adjuster and
chelating agent

Powder; store in
airtight
plastic
container at
room
temperature
or
refrigerator;
easy to
process;
highly stable
against
phenols,
tartrates, and
CO2

U.S.
FDA/
EFSA

Calcium
ascorbate

CaC12H14O12 10 390 Freely soluble in
water; practically
insoluble in
methanol and
ethanol

A white to slightly
yellow crystalline
powder; odorless

Rock-derived.
Calcium sourced
from marble or
limestone bound
with ascorbic acid

Antioxidant/color
fixative (prepared
meat, dairy, and
baby products)

U.S. FDA

Calcium
glycerol-
phosphate

C3H7CaO6P 10 210 1 g in 50 mL of
water at a lower
temperature;
insoluble in
alcohol.

95.2 mmol/L

Fine, white,
odorless, almost
tasteless powder

Glycerophosphoric
acid

Used as a dietary
supplement; and
in food products
such as gelatins,
puddings, and
fillings

Hygro-
scopic

U.S.
FDA/
EFSA

Calcium
gluconate

C12H22CaO14 9 430 Slowly soluble in
water; insoluble in
organic solvents.

73.6 mmol/L

Crystals, granules,
or powder; white,
bland taste or
tasteless, odorless

Rock-derived.
Calcium sourced
from marble or
limestone bound
with gluconic acid

Used in coffee
powders to
prevent caking, as
a sequestering
agent; food
additive; as buffer;
in vitamin tablets;
a gelling agent in
foods; sequestrant
in foods

Stable in air.
Loses water at
120 °C. Store
below
40 °C. Protect
from freezing

U.S.
FDA/
EFSA

Calcium
glubionate

C18H34CaO20 7 611 Soluble in water,
freely soluble in
boiling water.

95.2 mmol/L

White to
yellow-tinged
white crystalline
powder; almost
tasteless, odorless

Used as a dietary
supplement

Store in a
well-closed
container at a
temperature
not exceeding
25 °C,
protected
from direct
sunlight and
moisture

Calcium
stearate

C36H70CaO4 7 607 Slightly soluble in
hot vegetable and
mineral oils; quite
soluble in hot
pyridine;
insoluble in
alcohol and ether.

0.0007 mmol/L

Fine, crystalline
white to yellowish
white bulky
powder

Made from calcium
chloride and
sodium salts of
mixed fatty acids
(stearic and
palmitic)

Used as a food
additive; as
conditioning
agent; as an
anticaking agent
in dehydrated
vegetable
products, salt, and
onion and garlic
powder; to ensure
tablet
supplements do
not stick in the
machine

Decom-
posed by
many acids
and alkalis;
when heated
to decompo-
sition, it emits
acrid smoke
and irritating
fumes

U.S. FDA

Continued
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Table 1. Continued

Type of
calciuma Formula∗

Percent
bioavail-
ability

Molecular
weight Solubility Sensory properties Source Uses Feasibility

Approved
by

Calcium
propionate

C6H10CaO4 NA 186 Soluble in water;
slightly soluble in
methanol and
ethanol;
practically
insoluble in
acetone and
benzene

Powder or
monoclinic
crystals; white or
colorless

Made from
propionic acid +
calcium
hydroxide

Inhibitor of molds
and other
microorganisms
in bread and
other foods; for
encapsulation in
hydrogenated
vegetable oil; in
chemically
leavened products

When heated
to decom-
position, it
emits acrid
smoke and
irritating
fumes

U.S. FDA

Calcium
peroxide

CaO2 NA 72 Slightly soluble in
water; soluble in
acids with
formation of
hydrogen
peroxide

White or yellowish
powder; white
tetragonal
crystals; odorless;
almost tasteless

Made by the
interaction of
solution of a
calcium salt and
sodium peroxide
with subsequent
crystallization

Used in chewing
gum; as dough
conditioner in the
United States but
not in Europe; for
cultivation of
tomatoes,
cucumbers,
tobacco, and
prawns in Japan;
as a coating on
beet seeds in
Europe

Hygro-
scopic;
decomposes
in moist air;
need to
store in
well-closed
container

U.S. FDA

Calcium
caseinate C81H125N22O39P

NA Stable at a pH > 5.7.
At a neutral or
acidic pH, casein
is relatively
insoluble in water,
and is easily
separated from
other milk
proteins, sugars,
and minerals. It is
influenced by heat
with temperatures
as low as 50 °C
(122 °F)

Appears as a milky
liquid

Produced by
changing the pH
of milk to neutral
or acid to become
insoluble in water
and isolate it from
the other proteins
in milk. It is then
combined with
calcium
hydroxide at high
alkaline levels and
dries the protein

Used in the
formation of
emulsions in
coffee whiteners,
desserts, and
whipped
toppings; to
produce sausage
skins; to coat fruit
and vegetable
products for
freshness

Very stable
substance. It
increases
the shelf life,
improves
nutritional
content, and
enhances
taste and
smell

U.S. FDA

Calcium
iodate

Ca(IO3)2 NA 390 Solubility in water:
0.10 g/100 mL.
More soluble in
aqueous solutions
of iodides and
amino acid
solvent than in
water

Monoclinic-
prismatic crystals;
colorless; odorless

Prepared by passing
chlorine into a hot
solution of lime in
which iodine has
been dissolved

Used to improve
properties of
yeast-leavened
bakery products;
nutritional source
of iodine in foods
and feedstuffs; as
food additive,
dough
conditioner

Sensitive to
reducing
agents;
decomposes
on heating

U.S. FDA

Calcium pan-
tothenate

C18H32CaN2O10 NA 259 Very soluble in
water, benzene,
and ethyl ether

Yellow viscous oil Calcium salt of the
water-soluble
vitamin B5

Skin conditioning
agents

Unstable;
easily
destroyed
by acids,
bases, and
heat. When
heated to
decomposi-
tion, it
emits toxic
vapors of
nitric oxide

U.S. FDA

Continued
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Table 1. Continued

Type of
calciuma Formula∗

Percent
bioavail-
ability

Molecular
weight Solubility Sensory properties Source Uses Feasibility

Approved
by

Calcium
stearoyl-2-
lactylate

C48H86CaO12 NA 895 Slightly soluble in
hot water

White or slightly
yellowish powder
or brittle solid
with a
characteristic
odor

Octadecanoic acid,
2-(1-carboxy-
ethoxy)-1-
methyl-2-
oxoethyl ester,
calcium salt (2:1)

As dough
strengthener or
emulsifier; as
surface active
agent, emulsifier,
or stabilizer in
icings, fillings,
puddings, and
toppings, in liquid
and solid edible
fat-water
emulsion, snack
dips, and cheese
and cheese
products, in
sauces or gravies;
as substitutes for
milk and cream in
coffee; as surface
active agent in
dehydrated
potatoes

U.S. FDA

aElemental calcium absorbed in the body.
bCalcium carbonate can come in various forms for use as dietary supplements, such as dolomite, bone meal, and oyster shell.
In terms of calcium equivalents, which can be calculated by the amount of the calcium salt (mg cation+mg anion, ormL of a specified
concentration) or the amount of elemental calcium (in mg, mEq, or mmol), these salts vary a little.
∗Calcium has a valence of +2, so mEq = 2 × mmol.

beverage vehicle. For example, calcium citrate
malate added to fruit juices has greater absorption
when added to apple juice compared with orange
juice (tested in the same individuals) or when
compared with the pure calcium salt in water.24

One of the difficulties when fortifying with cal-
cium is the large amount required to be added to
a food vehicle to cover the population’s calcium
intake needs. A highly bioavailable calcium salt
could be considered to avoid affecting the sensory
properties of the food, although it does not change
the amounts needed owing to the bulky nature of
calcium.
Phytic29 or oxalic acid30–32 reduces calcium

bioavailability. To counteract this effect, certain
types of enhancers can be added to the pre-
mix. Hydrolyzed proteins and peptides can bind
or chelate calcium and facilitate calcium absorp-
tion by preventing precipitation in the small intes-
tine. One example is casein phosphopeptides. A
study using calcium radioisotope showed that
casein phosphopeptides significantly promoted cal-
cium absorption.33 There are several sources of
hydrolyzed proteins and peptides, such as from

whey (germs and proteins), fish bones, krill, algae,
and barley, among others.34

Solubility of salts
In general, increasing solubility increases calcium
absorption. Except for oxalate, most types of cal-
cium salts have fairly good solubility. Citrate,
malate, or bisglycino calcium have been shown to
have very high solubility.35

Solubility can be important, depending on the
type of vehicle (liquid or solid). For example, for
milk, fruit juices, and other beverages, solubility,
dissolution characteristics, and stability of ingre-
dients in solution are important to consider. In
these beverages, the calcium salts can settle in the
bottom of the container and even vigorous shak-
ing is not enough to suspend the calcium salt.24
In these vehicles, high-soluble calcium salts are
preferred, such as calcium citrate, malate, lactate,
or gluconate. However, the bioavailability of some
of these salts can be low (9–13%). If the beverage is
acidic, such as in orange juice, these salts are often
used because the acidity of the fruit increases the
solubility of the calcium salt and therefore, it may
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increase bioavailability. However, the acidity can
also cause problems of stability with calcium pan-
tothenate. In other nonacidic foods, manufacturers
often decrease the pH to improve solubility. Also,
when using low soluble calcium salts, sequestering
agents with pH adjustment are added to prevent
sedimentation. Also, stabilizers such as carrageenan
and guar gum are added. This is a common practice
when fortifying milk, milk-based beverages, and
products such as yogurt and cheese, to maintain
calcium in suspension and to improve mouthfeel
and appearance. For soy milk, stabilizers such as
sodium hexametaphosphate or potassium citrate
are used when they are fortified with calcium glu-
conate or lactogluconate.36 Other calcium salts have
higher bioavailability, but they may give a bitter or
salty taste. Calcium carbonate has high bioavail-
ability but low solubility. A good combination is
tricalcium citrate, which has a high calcium level
(21%) and moderate solubility (1 g/L). Tribasic
calcium phosphate, calcium carbonate, and calcium
lactate gluconate are used for milk, yogurt, and
cheese, but the cross-linking between calcium with
proteins, phosphates, and pectins may result in
calcium sedimentation; therefore, chelating agents
and stabilizers may be needed.16,37 Alternatively,
calcium salts with high dispersion, such as trical-
cium citrate, could be used to prevent this. Also,
calcium salts could be combined, for example, by
adding calcium citrate or organic acid. Calcium
gluconate is soluble but may interact with other
ingredients in the product and affect flavor.38

Interaction with the food and/or with
a whole meal
In terms of organoleptic changes, it is important
to take into account flavor, the mouthfeel of the
finished product, odor, and color. It is known that
calcium fortification may increase acidity, chalki-
ness, bitterness, and change the flavor of the food
through calcium or associated ions. To avoid these
undesirable effects, manufactures often use chelat-
ing agents (e.g., tripotassium citrate) or stabilizers
(e.g., sodium hexametaphosphate, potassium cit-
rate, and carrageenan).16
Calcium ions may affect flavor depending on the

type of salt used, the foodmatrix, and the industrial
process. Most calcium salts are bland, although cal-
cium citrate has a tart flavor, calcium hydroxide is
slightly bitter, and high concentrations of calcium

chloride and calcium lactate can be unpleasant. A
study testing different calcium citrate malate lev-
els added to orange juice found that the addition
of up to 600 mg in 240 mL did not reduce con-
sumers’ acceptability, although it did make the bev-
erage more astringent.39 Also, calcium carbonate,
dicalcium phosphate, tribasic calcium phosphate,
and calcium sulfate can provide a chalky taste and
have a grittymouthfeel, particularly if added in high
amounts.39
Most salts are either white or colorless, so they do

not change the color of the product.13,14,18,21 How-
ever, some insoluble calcium salts could lighten the
food color. On the other hand, soluble salts may
interact with other food components, such as tan-
nins, to cause darkening. Also, calcium can inter-
act with anthocyanins containing vicinal hydroxyl
groups, causing a red-to-blue color change.40
In terms of appearance, the addition of calcium

to high protein beverages can destabilize the pro-
tein, with sedimentation at the bottom. Therefore,
to avoid sedimentation and improve mouthfeel and
appearance, soy lecithin is often used to coat cal-
cium ions for calcium fortification of plant-based
milk.41
Because of these sensory issues, a few studies

have evaluated the acceptability of calcium added to
foods. For example, a study tested the sensory prop-
erties of wheat-flour tortillas fortified with calcium
lactate, carbonate, or citrate.42 The fortified tortillas
contained 114 mg of calcium per 48 g of tortilla,
which is about nine times higher than the calcium
content of the nonfortified version. The fortifica-
tion did not change the moisture or rollability of
all tortillas. Appearance, texture, flavor, aftertaste,
and overall acceptability were good in all tortillas,
but participants preferred the fortified tortillas
with calcium carbonate over the control tortillas.
Willingness to purchase tortillas was similar among
all types of tortillas. Addition of calcium citrate
malate to orange juice (up to 600 mg in 240 mL)
did not reduce consumers’ acceptability, although
it did influence the astringency of the beverage.39

Other nontraditional, experimental sources
of calcium
Other sources of calcium are being experimen-
tally used by the food industry, such as eggshell.
Eggshell is composed of inorganic salts (92%),
mainly calcium carbonate (98%), magnesium
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carbonate (0.8%), and tricalcium phosphate
(0.8%).43 In addition, the use of eggshells can
contribute to the reduction of food waste. A study
in Lithuania tested eggshell powder as a calcium
fortificant for rye bread at different doses (from 2.5
to 12.5 grams).44 They found a better appearance of
the crust, the color of the crumb, flavor, and overall
acceptability compared with the control bread, with
the best quality shown for the bread containing
5.0 g of eggshell powder. Because the shell of one
egg contains 2.07 ± 0.18 g of calcium, it is a very
rich source. More studies assessing food matrix,
sanitary quality, feasibility, cost-effectiveness, and
bioavailability are required before eggshell powders
can be used. Another study used tuna bone bio-
calcium to fortify whole wheat crackers, reporting a
good quality and sensory properties,45 although the
acceptability of this source of calcium has not been
reported yet. Calcium derived from marine algae
has also been tested in vitro and in animal studies as
a potential calcium source for food fortification.46,47

Potential interactions with other nutrients
The amount of calcium and the food vehicle to for-
tify should be carefully considered so that other
key nutrients are not affected. Based on short-term
studies, calcium supplements inhibit iron absorp-
tion by 28–55%;48 however, long-term studies (6
months–4 years) showed no effect of calcium sup-
plementation (500–1200 mg/day) on iron status
in individuals of different ages and gender.49–57
Calcium supplementation may also decrease zinc
absorption and balance in healthy women58 and
premature infants.59 The long-term effect of these
interactions should be studied further to con-
firm if they pose a detriment. As argued by
Lawrence and Mark,60 the evidence on food for-
tification should not be restricted to individual
foods and how these affect health, as eating is
part of a complex system that includes food, tra-
ditional cuisine, social/environmental/public health
interventions, and nutrient intake patterns, among
others.

Cost
The cost of calcium salts can vary widely. The start-
up cost of food fortification is relatively inexpen-
sive for the food industry. In general, the greatest
recurrent cost in a food fortification program is the
premix,61 accounting for 70–90% of the cost.62,63
This cost will vary if only fortifying with calcium

or if the food is already being fortified with other
micronutrients and the cost involves just adding cal-
cium to the preexisting premix. Among industrial-
ized countries, these costs are generally absorbed
in the price of the fortified food product. However,
among lower-income countries, there is less margin
to absorb fortification costs, even if relatively low,
which is an important deterrent for the food indus-
try to become involved in market-driven fortifica-
tion. Among all calcium salts, calcium carbonate is
themost often used by the industry as it has the low-
est cost, usually less than that of flour.

Estimation of safe, efficacious, and
feasible amounts of calcium to add to
foods

When establishing the calcium fortification dose,
safety is of paramount importance. This is mea-
sured as the percentage of the population exceeding
the upper limit, which is the maximum daily intake
unlikely to cause adverse health effects.

Setting the amount of calcium to fortify in
foods
Before adding calcium to new foods or the fortifi-
cation premix in an existing program, knowledge
about usual calcium intakes in the target population
is one of the first steps (Box 1).64,65 There should
be a compromise between the acceptable preva-
lence of inadequate calcium intakes, the potentially
adverse interactions of calcium with other nutri-
ents (e.g., iron and zinc), the risk of exceeding the
calcium upper limit for certain groups with usual
high calcium intake, the adverse effects in taste,
color, and odor of the calcium salt with the food
vehicle/matrix if added at higher levels, and the cost
of the fortificants. It is important to set a target for
the prevalence of inadequacy, rather than a target
mean intake.65 Therefore, a suggested initial target
is to aim for about 2.5% or 5% of intakes to fall
below the average requirement in each population
group.66

Simulation software for setting the amount of
calcium to fortify in foods
The WHO Intake Modeling, Assessment and Plan-
ning Program software program (IMAPP)67–69 is
a user-friendly software that assists in the estima-
tion of the amount of a fortificant that would have
to be added to a food vehicle to reach the desired

11Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.



Calcium fortification programs Palacios et al.

Box 1. Steps in setting the amount of calcium to be added based on nutritional
needs, calcium compound, and food vehicle64,65

Step Recommendation

Measuring food intakes Data can be obtained from a national nutritional survey representative of different
age groups and gender. It is recommended that data be collected as 24-h recalls
or food records from at least 2 nonconsecutive days in different days of the week
to calculate the individual variability.101,102 The second recall can be done in a
subset sample.

Calculating calcium intakes Using data from the 24-h recalls, nutrient intakes need to be calculated, preferably
from a nationally representative food composition database. If this is not
available, regional food composition databases can be used.

Adjusting the distribution of
calcium intakes

Using data from the two 24-h recalls, statistical adjustment is needed to adjust for
within-individual nutrient intake variation to obtain usual nutrient intakes by
age and gender. This can be done using the IMAPP, even if a second 24-h recall
is not available, as it will estimate the variability using an external
within-individual variability.

Assessing the prevalence of
inadequate calcium intakes

This is done based on an established cut-point for each nutrient to calculate the
prevalence of inadequate intakes based on the proportion of individuals with
usual intakes below this level, for most nutrients.

Assessing the prevalence of
potentially excessive
calcium intakes

This can be calculated based on the proportion of individuals with intakes above
the tolerable upper level.

Selecting the food vehicle to
fortify with calcium

This step requires knowledge of the level of consumption of staple foods by age and
gender. It also requires consideration of other nutrients being fortified in these
staple foods to understand potential interactions and presence of certain
substances that can interfere in calcium absorption, such as phytates and
oxalates, as discussed before. Also, this vehicle must be consumed in enough
quantity by the population at risk of deficiency and preferably not by the
population with high intakes when there are concerns about excessive intakes.

Estimating the desirable
calcium fortification levels

This can also be estimated using IMAPP. For this, a target median intake of
calcium must be set in addition to the nutrient intake gap, which is based on a
selected target prevalence of inadequacy (e.g., 2.5%, 20%, or other). This
software will then calculate the different intake levels using different levels of
fortification. The amount of calcium required to reposition the median to the
target median intake equates to the amount of calcium needed to add to the food
vehicle. The software will simulate the percent of the population that will still
have inadequate intakes with the level chosen, by age and gender. It will also
calculate the percent that would have excessive intakes. An acceptable
percentage for excessive intake is 2–3%; if above this level, the level of calcium to
be added should be reduced and the simulation should be rerun. However, some
scenarios may not allow to achieve the target prevalence of inadequacy while
ensuring an acceptably low prevalence of excessive intake.

Selecting the appropriate
calcium salt

The type of calcium salt to use will depend on the food vehicle, the amount of
calcium that is needed to close the gap, the bioavailability and stability of the
calcium salt, the amount of competing substances (e.g., phytates and oxalates) in
the food vehicle, other fortificants being currently added, and the sensory
properties of the food vehicle.
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Table 2. Simulation study for potential calcium fortification programs in Canada72

Total calcium intake would
increase by (mg)

Proportion of population exceeding
the recommendations (%)

Product
Level of calcium addition

(mg) per serving Men Women Men Wome

Breads, cereals, and rice 55 83 48 2.27 0.10
Breads, cereals, and rice 165 427 289 6.29 0.21
Noncarbonated beverages 300 59 29 3.50 0.10
All types of beverages
(including juices and
carbonated beverages)

300 433 273 7.52 0.62

Note: Calcium recommendation in adults ranges from 1000 mg/day (adults 19–65 years and lactating females), 1200 mg/day (preg-
nancy), and 1300 mg/day (postmenopausal women and men 65+years).

prevalence of nutrient inadequacy. It is used as a
simulator of different fortification scenarios to iden-
tify the best food vehicles to fortify and estimate
howeffective a fortification programwill be. IMAPP
is available to download from the ISU website67 and
has a comprehensive user guide. Currently, IMAPP
is being used to implement the WHO/FAO Guide-
lines on Food Fortification with Micronutrients.16
In Uganda, it was used to identify several appropri-
ate food vehicles and estimate the potential bene-
fits of food fortification.70 It was also used to sim-
ulate the impact of water with added calcium in
Argentina, Bangladesh, Uganda, the Lao People’s
Democratic Republic, and Zambia.71

Simulation studies for the potential
fortification of foods with calcium
In Canada, calcium fortification of some foods
has been under evaluation. Different models were
developed using data from a large national sur-
vey (n = 1543) to determine which scenario would
most effectively reduce the proportion of the pop-
ulation with low intakes of calcium (mean calcium
intakewas 730mg/day inwomen and 959mg/day in
men) while minimizing the proportion of individu-
als who exceeded the tolerable upper intake level.72
Table 2 shows different scenarios for the fortification
of flour products (breads, cereals, and rice) and bev-
erages with calcium. If flour products are fortified at
55 mg per serving, the proportion of men exceed-
ing the upper limit for calcium (based on the usual
intake of these foods) would be 2.3%. If 165 mg of
calcium per serving is added to flour products, 6.3%
in men would exceed the upper limit. If only non-
carbonated beverages are fortified with 300 mg of
calcium per serving, 3.5% of men would exceed the

upper limit, but if all types of beverages were for-
tified with this amount, then more than 7% of men
would exceed the upper limit. Forwomen, these sce-
narios have minimal impact. Therefore, a targeted
fortification for womenmay be more appropriate in
this setting.
In Finland, calcium intake is adequate so there is

a concern of potential excess of calcium intake with
the free circulation of calcium-fortified products as
part of the EuropeanUnion. Therefore, a study sim-
ulated the contribution of calcium intake from forti-
fied foods using population-based data.73 On aver-
age, calcium intake was 1197 mg/day in men and
996 mg/day in women, in which 74% came from
dairy products. Different scenarios were calculated
depending on the food fortified (Table 3), showing
that calcium intake would exceed the upper limit in
most scenarios in men. In women, this would only
occur if all of these foods were replaced by their
fortified version at once. However, among individ-
uals in the lowest decile of calcium intake, only for-
tification of juice and wheat would be beneficial
as these individuals have very low dairy product
intake.
In the United States, about 50% of the popula-

tion was found to consume fortified foods.74 The
prevalence of calcium intakes exceeding the upper
limit was found among 1- to 3-year old’s in the
highest quintile (0.3%). Among adults, an increased
probability of consuming calcium intake above the
upper limit was also found.
The three countries described above are coun-

tries with generally high levels of calcium intake
and low rates of inadequacy. Fortifying foods
with calcium would not be recommended in such
countries.
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Table 3. Simulation study on calcium intake in Finland when ordinary foods are substituted with fortified
products73

Calcium intake
increase (mg/day)

Total calcium intake among
those with the lowest

calcium decilea

Total calcium intake among
those with the highest

calcium decilea

Product
Level of calcium

addition (mg/100 g) Men Women Men Women Men Women

Fruit juice and
fruit drinks

120 158 175 ∼600 ∼550 2473 1987

Low fat and
fat-free milk

180 372 214 Little change
because of
low intake

Little change
because of
low intake

2687 2026

Hot and cold
breakfast
cereals

80 (hot)/450 (cold) 101 91 Little change
because of
low intake

Little change
because of
low intake

2416 1903

Wheat and mixed
gran bread

472 335 307 800 650 2650 2119

Total 966 787 – – 3281 2599
aData are ordered from lowest to highest on a scale of 1 to 10.

Excessive calcium intake (>2500 mg/per day)
is not very common from the consumption of
foods rich in calcium. However, this could result
from the use of calcium supplements among pop-
ulations with already high calcium intake from
foods and this may increase the risk of hypercal-
cemia, renal insufficiency, milk-alkali syndrome,
and even kidney stones.75 Some studies have also
shown a greater risk of cardiovascular events76–80
and prostate cancer,81,82 although more recent large
meta-analyses have questioned this evidence.83,84
These potential risks are inconsistent, inconclusive
as to causality, and insufficient to inform nutritional
requirements.85,86 In addition, the trials using 1.5–
2 g in prepregnant and pregnant women did not
show adverse events.5,6 Considering that adding cal-
cium to foods would not increase calcium intake to
the levels of calcium supplementation, it seems safe
to do this, particularly among populations with low
calcium intake.
A potential risk of the addition of calcium to

a fortification program is if it is combined with
other nutritional programs in an uncoordinated
way. For example, in some countries, there is for-
tification (mandatory or voluntary) of staple foods
with one or more micronutrients, supplementa-
tion programs with some vitamins and minerals,
and use of fortified blended foods or micronu-
trient powders for vulnerable groups. Addition-
ally, the food industry is also voluntarily fortify-

ing a few processed foods and in some countries
of Latin America, Africa, and Asia, biofortification
of staple crops is also in place (more details about
this have been published elsewhere).1 Therefore,
there is a concern that in some countries, particu-
larly in high-income countries, all these events are
occurring simultaneously without proper monitor-
ing, which could lead to excessive calcium intake.
This has been evident in recent reviews,87,88 and
based on these reviews, country-specific recom-
mendations and guidelines were developed to sup-
port the implementation, monitoring, and evalua-
tion of the impact of food fortification programs.
In particular, a National Food Fortification Board
was suggested to be created in countries consider-
ing food fortification programs.87,88

Factors to consider when selecting the
food vehicle for calcium fortification

Selecting the food vehicle to fortify with calcium
should take into account the following:

� Identify all potential foods that can be for-
tified with calcium in a particular setting.
These should be consumed in fairly constant
amounts bymost individuals in the population
with low or no risk of overconsumption, so
that fortification levels can be accurately calcu-
lated. At the same time, it should be a food that
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is affordable to the low-income groups, which
are more vulnerable to low calcium intake.

� Identify foods that are processed centrally in
large enough units to allow the control of the
fortification process.

� Evaluate compatibility between the existing
food production and distribution systems. The
goal is to achieve aminimal loss of the calcium
during processing, storage, and final prepara-
tion of the food.

� Assess sensory properties of the food vehi-
cle; the addition of calcium should not lead to
changes in taste, appearance, or color of the
final product.

� Assess storage stability; although calcium is
very stable, sedimentation could be a problem.

In certain settings, it may be better to add cal-
cium to foods that are targeted specifically to certain
populations. This will depend on the results from
the baseline calcium intake data to identify themost
vulnerable groups concerning calcium intake.89 For
example, if the most vulnerable group for calcium
intake in a particular population are young chil-
dren, then complementary foods, foods developed
for school feeding programs, and special biscuits
for children could be fortified with calcium. If preg-
nant women are the target, then special biscuits
or fortified blended foods could be fortified. Also,
household fortification could be designed through
soluble or crushable tablets, micronutrient-based
powders, spreads, and porridges.89 This approach
may be particularly helpful if other groups in the
population may be at risk of excessive intake if food
is fortified with calcium at the national level.

Monitoring and evaluation of
calcium-fortified foods

As with any food fortification, adding calcium to
foods requires adequate monitoring and evaluation,
and resources should be allocated during the plan-
ning and design phase of the strategy.16 Appropriate
and high-quality data-collection systems and con-
tinuous and comprehensive monitoring and evalu-
ation systems are needed once the food fortification
is initiated.90

Regulations and national strategy
The Food and Agriculture Organization (FAO)91
established that the minimum level of any vita-

min or mineral in a fortified food per daily portion
of consumption should be 15% of the WHO/FAO
nutrient recommendations.92 The FAO also states
that manufacturers should take into account the
established scientific upper safe levels of these nutri-
ents, considering different consumer groups and
contributions from other sources. In the case of cal-
cium, the upper limit (highest level likely to pose no
risk of adverse health effects) is 2500–3000 mg per
day.75,93
Fortifying foods with calcium must follow regu-

lations and should be designed within the country’s
national strategy for the prevention and control
of micronutrient deficiencies.16 Several countries
have established specific regulations for calcium
food fortification.94 Some specify the amount and
type of calcium that can be added depending on
the food vehicle and other technical details. These
regulations are either done proactively, to help
promote general health, or reactively, to protect
the health and safety of the population.60 How-
ever, some countries do not have well-established
regulations for food fortification with calcium. If
well-established regulations are not in place, the
food industry could arbitrarily start fortifying foods
if they can do so or start doing it because of the
demand from the population for such foods. Even
if the country has regulations for calcium forti-
fication, this needs to be coordinated with other
programs being implemented in that setting.

WHO/FAO guidelines for monitoring and
evaluation
The monitoring and evaluation of calcium-fortified
foods could follow the WHO/FAO framework.16
It should include the monitoring of the
manufacturing of the calcium-fortified food to
check for the quality of the food vehicle and that the
amount of calcium added in the premix is adequate.
Also, it should monitor the distribution in retail
stores to make sure it is reaching the most vulner-
able groups. Monitoring should also be done at the
household level to ensure that the target population
has access to the calcium-fortified food, that it is
purchased and consumed in the amount predefined
to have an impact, and that the calcium-fortified
food is of the expected quality. Finally, it should
evaluate if the calcium-fortified food is improving
calcium intake at the population level and evaluate
potential excessive consumption. Because there is

15Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.



Calcium fortification programs Palacios et al.

no available biomarker of calcium intake, dietary
assessment methods are needed.

Role of government in monitoring and
evaluation
Calcium food fortification requires clear legislation
set by the government.62 Typical government actors
include theMinistry of Health or Industry with spe-
cific units in charge of the management of the pro-
gram, of food safety and quality, and of the nutri-
tion information system or surveillance.62 Based on
the WHO/FAO framework,16 GAIN developed a
National Impact Model for Fortification Programs
using a three-stagemodel62 that can be used for this.
Also, GAIN developed the FACT toolkit with stan-
dardized methods for the collection, analysis, and
synthesis of data on quality, coverage, and consump-
tion of fortified foods across countries.89,95 These
tools are available at www.gainhealth.org.

Monitoring intake
Calcium intake should be closely monitored using
direct dietary assessment methods, such as 24-h
food recall and food frequency questionnaires.66
The same method used for the baseline should be
used to evaluate the impact of the intervention. In
this process, it is recommended that a logic model
be used to map the different program components
with its respective logical framework and matrix
indicators.96

Partnerships
Partnerships are key to this process.62 The public
sector (government) needs to formulate the regula-
tions of calcium-fortified foods. The private sector
(industry, suppliers of the premix, food laboratories,
etc.) should provide experience and expertise in
food production and marketing. The social sector
(academia and national consumer organizations)
should advocate the importance of food fortifica-
tion with calcium at the population level. However,
each group has different perceptions and goals. For
the public sector, the food fortification with calcium
could be perceived as a cost-effective solution to
low calcium intake, while for the private sector, it
could be perceived as additional costs and having
technical issues, but also as an opportunity to posi-
tion their product with a new value. Partnerships
will allow the harmonization of these issues.

Ethical and equity aspects of fortifying
foods with calcium

Food fortification with calcium is subject to ethi-
cal challenges, as with any other food fortification
program. The addition of calcium to foods must be
informed by the right to health, based on scientific
evidence, taking into account human-rights instru-
ments for the intervention and implementation. It
should benefit populations, avoid unintended harm,
and promote the principles of equity and social
justice.97

In the literature, the main ethical aspects stated
about food fortification are the accountability of
states and/or other stakeholders and the benefits of
this type of program.98 Some of these aspects con-
cerning calcium fortification are addressed below.

Mandatory versus voluntary fortification
Ethical considerations should also be applied when
determining if calcium food fortification should
be mandatory or voluntary. In this regard, the
WHO recommends to determine which option
would: provide the greatest benefit in the popula-
tion; reduce calcium deficiency the most; be more
feasible within available resources, policy frame-
works, and supply and demand; andwhat is the con-
figuration of the industry within the country.97
In countries with previous mandatory fortifica-

tion experience or with a food industry with previ-
ous experience with food fortification, mandatory
fortification of calcium may be more feasible and
even preferred. The reason is that it would provide
clear guidelines on the foods and the level of cal-
cium to fortify with, which will be standardized,
eliminating the potential competition or disadvan-
tages for those participating or not participating. As
argued by Lawrence and Mark,60 this may conflict
with individual rights and interfere with personal
freedoms. Furthermore, if calcium benefits the pop-
ulation with no potential harm to any group, it may
be unethical not to implement such intervention.
In countries without a formal food industry, it

could be challenging to comply with a mandatory
fortification. In this case, it may be more feasible to
have voluntary fortification of calcium; however, it
may not reach the most vulnerable populations and
may have a commercial objective, accompanied by
health claims that may potentially coerce the pop-
ulation into believing that they need the calcium-
fortified food for their well-being.60 The food
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industrymay also fortify foodswith calcium that are
not very healthy to improve the image of their prod-
uct and to claim that it is a rich source of calcium.

Benefit versus harm
When adding calcium to foods, the safety of groups
not affected by low calcium intake needs to be
assessed. Baseline data of calcium intake among
the different groups are necessary, as discussed pre-
viously. This should be disaggregated by gender,
age, rural versus urban, race and ethnicity, socioe-
conomic status, culture and language, occupation,
religion, and other relevant social determinants
(e.g., disability status, migration status, and political
environment). The WHO developed guidelines on
health equity97 and an assessment toolkit99 to help
in these important issues.

Reach and access
In settings in which the calcium-fortified food is
produced locally and in rural settings, a large-scale
fortification approach may not reach certain house-
holds. Therefore, concurrent measures may be
needed in such settings to prevent and/or mitigate
health inequities due to differential access.16 Cul-
turally appropriate messages should inform about
the rationale and purpose of the calcium-fortified
food, the health benefits, and even natural sources
of calcium as alternative means for improving cal-
cium intake.

Individualism versus collectivism
Policymakers should decide between individual-
ism (autonomy and freedom to choose) versus col-
lectivism (needs of the population as a whole).60
These principles may help reach a decision: neces-
sity and effectiveness of the public health interven-
tion; the extent of the benefits versus the harms; least
infringement of the intervention; and public justifi-
cation of the intervention.

Final considerations

Calcium intake needs are not fulfilled in many
populations. Fortifying foods with calcium could
have a crucial role to improve this situation. This
review has discussed the main considerations for
the planning and design of fortifying foods with
calcium. The type of calcium salt, food/beverage
matrix, amount of calcium to be added, presence
of other nutrients added, presence of enhancers
or inhibitors, sensory properties, and costs are all

important considerations when adding calcium to
foods. The acceptability and affordability of the food
vehicle, as well as a structured and well-controlled
monitoring and evaluating system to measure the
reach and impact of the food fortification, are also
key issues.
Since fortifying foods with calcium should be

based on the actual needs and realities of a popu-
lation group, country, or region, the one-size-fits-
all model is not possible, as this will depend on
all the factors discussed previously. A one-to-one
approach for each setting may be needed.
It is important to take into consideration that

fortifying foods with calcium should not replace
an adequate and diverse diet. Ideally, low calcium
intake could be prevented by ensuring the con-
sumption of healthy, balanced diets with the inclu-
sion of calcium-rich foods, such as dairy products,
which are concentrated sources of calcium with
high bioavailability.14 However, dairy products are
not widely available, accessible, or consumed in cer-
tain regions.100 Therefore, such a strategy should
be part of other global strategies for improving the
quality of the diet in general. This requires a level of
coordination at the national level, with a multisec-
toral approach.

Acknowledgments

We thank the following experts for their valuable
input: Helena Pachon, senior nutrition scientist at
Food Fortification Initiative and associate professor
at the Rollins School of PublicHealth in EmoryUni-
versity; ConnieM.Weaver, Distinguished Professor
Emerita at Purdue University; Julia Reedy, Research
Coordinator of the Global Dietary Database; Ava
V. Simpson from the University of Technology in
Jamaica; and Alicia Carriquiry, Distinguished Pro-
fessor at Iowa State.
This review was funded by the UNDP/UNFPA/

UNICEF/WHO/World Bank Special Programme of
Research, Development and Research Training in
Human Reproduction, Department of Sexual and
Reproductive Health and Research, World Health
Organization, Geneva, Switzerland. The authors
alone are responsible for the views expressed in this
article; they do not necessarily represent the views,
decisions, or policies of the institutions with which
they are affiliated or the decisions, policies, or views
of the World Health Organization.

17Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.



Calcium fortification programs Palacios et al.

Author contributions

C.P., A.P.B., and J.P.P.R. contributed to the con-
ceptualization of this manuscript. C.P. wrote the
manuscript and A.P.B., M.G.C., G.C., and G.J.H.
provided thorough review and editing of the
manuscript.

Competing interests

The authors declare no competing interests.

References
1. Palacios, C., G.J. Hofmeyr, G. Cormick, et al. 2020. Current

calcium fortification experiences: a review.Ann. N.Y. Acad.
Sci. 1484: 55–73.

2. Cormick, G., A. Betrán, I. Romero, et al. 2019. Global
inequities in dietary calcium intake during pregnancy: a
systematic review and meta-analysis. BJOG 126: 444–456.

3. Heaney, R.P. 2000. Calcium, dairy products and osteoporo-
sis. J. Am. Coll. Nutr. 19: 83S–99S.

4. Institute of Medicine (IOM). 2011. Dietary Reference
Intakes for Calcium and Vitamin D. Washington, DC: The
National Academy Press.

5. Villar, J., H. Abdel-Aleem, M. Merialdi, et al. 2006. World
Health Organization randomized trial of calcium supple-
mentation among low calcium intake pregnant women.
Am. J. Obstet. Gynecol. 194: 639–649.

6. Hofmeyr, G.J., A.P. Betrán, M. Singata-Madliki, et al. 2019.
Prepregnancy and early pregnancy calcium supplementa-
tion among women at high risk of pre-eclampsia: a multi-
centre, double-blind, randomised, placebo-controlled trial.
Lancet (London, England) 393: 330–339.

7. Hofmeyr, G.J., S.Manyame,N.Medley, et al. 2019. Calcium
supplementation commencing before or early in preg-
nancy, for preventing hypertensive disorders of pregnancy.
Cochrane Database Syst. Rev. 9: CD011192.

8. World Health Organization (WHO). 2013. Calcium sup-
plementation in pregnant women guideline: calcium sup-
plementation in pregnant women. Geneva, Switzerland.

9. World Health Organization (WHO). 2020. WHO recom-
mendation on calcium supplementation before pregnancy
for the prevention of pre-eclampsia and its complications.
Geneva.

10. Department for Environment Food & Rural Affairs of
the United Kingdom. 1998. Bread and flour regulations.
London.

11. Department of Health. 1998. Report on health and social
subjects. Nutrition and bone health: with particular refer-
ence to calcium and vitamin D.

12. Moynihan, P., A. Adamson, A. Rugg-Gunn, et al. 1996.
Dietary sources of calcium and the contribution of
flour fortification to total calcium intake in the diets
of Northumbrian adolescents. Br. J. Nutr. 75: 495–
505.

13. Trailokya, A., A. Srivastava, M. Bhole, et al. 2017. Cal-
cium and calcium salts. J. Assoc. Physicians India 65: 100–
103.

14. Weaver, C. & R. Heaney. 2006. Food sources, supplements
and bioavailability. In Calcium in Human Health. C.M.
Weaver&R.P.Heaney, Eds.: 129–142. Totowa,NJ:Humana
Press.

15. Sherwood, S. 2000. A difference you can taste? Beverage
World. 66–74.

16. World Health Organization (WHO); Food Agriculture
Organization (FAO). 2006. Guidelines on food fortification
with micronutrients. Geneva, Switzerland.

17. Berry on dairy. Accessed September 2, 2019. http://
berryondairy.blogspot.com/2013/10/fortification-trends-
and-opportunities_31.html.

18. Chemical book. Accessed September 2, 2019. https://www.
chemicalbook.com/CASDetailList_20000_EN.htm.

19. NIH. Accessed September 2, 2019. https://toxnet.nlm.nih.
gov/.

20. US Department of Agriculture and US Department of
Health and Human Services. Accessed September 2, 2019.
https://www.ams.usda.gov/.

21. Cuomo, J. & A. Rabovsky. 2000. Bioavailabil-
ity of silicon from three sources. Clin. Res. Bull.
https://askthescientists.com/wp-content/uploads/2017/
03/CRB_USANA_SiliconBioavailability.pdf.

22. Cashman, K. & A. Flynn. 2018. Vitamin D and calcium. In
Food Fortification in a GlobalizedWorld. M.G.V. Mannar &
R.Hurrell, Eds.: 263–272Cambridge,MA:Academic Press.

23. Algaecal. Accessed September 2, 2019. https://www.
algaecal.com/calcium/types/.

24. Rafferty, K., G. Walters & R.P. Heaney. 2007. Calcium for-
tificants: overview and strategies for improving calcium
nutriture of the U.S. population. J. Food Sci. 72: R152–
R158.

25. Heaney, R.P., K.T. Smith, R.R. Recker, et al. 1989. Meal
effects on calcium absorption. Am. J. Clin. Nutr. 49: 372–
376.

26. Miller, J.Z., D.L. Smith, L. Flora, et al. 1988. Calcium
absorption from calcium carbonate and a new form of cal-
cium (CCM) in healthy male and female adolescents. Am.
J. Clin. Nutr. 48: 1291–1294.

27. Smith, K.T., R.P. Heaney, L. Flora, et al. 1987. Calcium
absorption from a new calcium delivery system (CCM).
Calcif. Tissue Int. 41: 351–352.

28. Heaney, R.P., K. Rafferty, M.S. Dowell, et al. 2005. Calcium
fortification systems differ in bioavailability. J. Am. Diet.
Assoc. 105: 807–809.

29. Heaney, R.P., C.M.Weaver&M.L. Fitzsimmons. 1991. Soy-
bean phytate content: effect on calcium absorption. Am. J.
Clin. Nutr. 53: 745–747.

30. Weaver, C.M., W.R. Proulx & R. Heaney. 1999. Choices for
achieving adequate dietary calcium with a vegetarian diet.
Am. J. Clin. Nutr. 70: 543s–548s.

31. Heaney, R.P., C.M. Weaver & R.R. Recker. 1988. Calcium
absorbability from spinach. Am. J. Clin. Nutr. 47: 707–
709.

32. Weaver, C.M., B.R. Martin, J.S. Ebner, et al. 1987. Oxalic
acid decreases calcium absorption in rats. J. Nutr. 117:
1903–1906.

33. Sun, S., F. Liu, G. Liu, et al. 2018. Effects of casein phospho-
peptides on calcium absorption and metabolism bioactiv-
ity in vitro and in vivo. Food Funct. 9: 5220–5229.

18 Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.

http://berryondairy.blogspot.com/2013/10/fortification-trends-and-opportunities_31.html
http://berryondairy.blogspot.com/2013/10/fortification-trends-and-opportunities_31.html
http://berryondairy.blogspot.com/2013/10/fortification-trends-and-opportunities_31.html
https://www.chemicalbook.com/CASDetailList_20000_EN.htm
https://www.chemicalbook.com/CASDetailList_20000_EN.htm
https://toxnet.nlm.nih.gov/
https://toxnet.nlm.nih.gov/
https://www.ams.usda.gov/
https://askthescientists.com/wp-content/uploads/2017/03/CRB_USANA_SiliconBioavailability.pdf
https://askthescientists.com/wp-content/uploads/2017/03/CRB_USANA_SiliconBioavailability.pdf
https://www.algaecal.com/calcium/types/
https://www.algaecal.com/calcium/types/


Palacios et al. Calcium fortification programs

34. Walters, M.E., R. Esfandi & A. Tsopmo. 2018. Potential of
food hydrolyzed proteins and peptides to chelate iron or
calcium and enhance their absorption. Foods 7: 172.

35. Heaney, R.P., R.R. Recker & C.M. Weaver. 1990. Absorba-
bility of calcium sources: the limited role of solubility. Cal-
cif. Tissue Int. 46: 300–304.

36. Pathomrungsiyounggul, P., M.J. Lewis & A.S. Grandison.
2010. Effects of calcium-chelating agents and pasteurisa-
tion on certain properties of calcium-fortified soy milk.
Food Chem. 118: 808–814.

37. Chandan, R.C., A. Kilara & N.P. Shah. 2015.Dairy Process-
ing and Quality Assurance. 2nd ed. Wiley-Blackwell.

38. Baig, M.D., A. Malik, M.D. Kumar, et al. 2019. Optimiza-
tion of calcium gluconate and Bacopa monniera extract
levels in calciumenrichedherbal ice creamby response sur-
face methodology. J. Food Sci. Technol. 56: 3320–3328.

39. Assmann, S., D.M.Medeiros & E. Chambers IV. 2003. For-
tification with calcium citrate malate may not influence the
sensory properties of an orange flavored beverage. J. Food
Qual. 26: 395–407.

40. Cortez, R., D.A. Luna-Vital, D. Margulis, et al. 2017. Nat-
ural pigments: stabilization methods of anthocyanins for
food applications. Compr. Rev. Food Sci. Food Saf. 16: 180–
198.

41. Hirotsuka, M., H. Taniguchi, H. Narita, et al. 1984. Cal-
cium fortification of soy milk with calcium-lecithin lipo-
some system. J. Food Sci. 49: 1111–1112.

42. Romanchik-Cerpovicz, J.E. & R.J. McKemie. 2007. Forti-
fication of all-purpose wheat-flour tortillas with calcium
lactate, calcium carbonate, or calcium citrate is acceptable.
J. Am. Diet. Assoc. 107: 506–509.

43. Brun, L.R., M. Lupo, D.A. Delorenzi, et al. 2013. Chicken
eggshell as suitable calcium source at home. Int. J. Food Sci.
Nutr. 64: 740–743.

44. Bradauskiene, V., K. Montrimaite & E. Moscenkova. 2017.
Facilities of bread enrichment with calcium by using
eggshell powder. In Conference: 11th Baltic Conference on
Food Science and Technology “Food science and technology
in a changing world".

45. Benjakul, S. & S. Karnjanapratum. 2018. Characteristics
and nutritional value of whole wheat cracker fortified with
tuna bone bio-calcium powder. Food Chem. 259: 181–187.

46. Adluri, R.S., L. Zhan, M. Bagchi, et al. 2010. Comparative
effects of a novel plant-based calcium supplement with two
common calcium salts on proliferation and mineralization
in human osteoblast cells.Mol. Cell. Biochem. 340: 73–80.

47. Wu, Z., J.K. Bernard & S.J. Taylor. 2015. Effect of feed-
ing calcareous marine algae to Holstein cows prepartum
or postpartum on serum metabolites and performance.
J. Dairy Sci. 98: 4629–4639.

48. Cook, J.D., S.A. Dassenko & P. Whittaker. 1991. Calcium
supplementation: effect on iron absorption. Am. J. Clin.
Nutr. 53: 106–111.

49. Abrams, S.A. 2001. Calcium turnover and nutrition
through the life cycle. Proc. Nutr. Soc. 60: 283–289.

50. Gaitán, D., S. Flores, P. Saavedra, et al. 2011. Calcium does
not inhibit the absorption of 5 milligrams of nonheme or
heme iron at doses less than 800milligrams in nonpregnant
women. J. Nutr. 141: 1652–1656.

51. Harris, S.S. 2002. The effect of calcium consumption on
iron absorption and iron status. Nutr. Clin. Care 5: 231–
235.

52. Kalkwarf, H.J. & S.D. Harrast. 1998. Effects of calcium sup-
plementation and lactation on iron status.Am. J. Clin. Nutr.
67: 1244–1249.

53. Yan, L., A. Prentice, B. Dibba, et al. 1996. The effect of long-
term calcium supplementation on indices of iron, zinc and
magnesium status in lactating Gambian women. Br. J. Nutr.
76: 821–831.

54. Mølgaard, C., P. Kæstel & K.F. Michaelsen. 2005. Long-
term calcium supplementation does not affect the iron
status of 12–14-y-old girls. Am. J. Clin. Nutr. 82: 98–
102.

55. Dalton, M.A., J.D. Sargent, G.T. O’Connor, et al. 1997. Cal-
cium and phosphorus supplementation of iron-fortified
infant formula: no effect on iron status of healthy full-term
infants. Am. J. Clin. Nutr. 65: 921–926.

56. Ilich-Ernst, J.Z., A.A. McKenna, N.E. Badenhop, et al.
1998. Iron status, menarche, and calcium supple-
mentation in adolescent girls. Am. J. Clin. Nutr. 68:
880–887.

57. Minihane, A.M. & S.J. Fairweather-Tait. 1998. Effect of
calcium supplementation on daily nonheme-iron absorp-
tion and long-term iron status. Am. J. Clin. Nutr. 68: 96–
102.

58. Wood, R.J. & J.J. Zheng. 1997. High dietary calcium intakes
reduce zinc absorption and balance in humans.Am. J. Clin.
Nutr. 65: 1803–1809.

59. Abrams, S. & J. Stuff. 1994. Calcium metabolism in girls:
current dietary intakes lead to low rates of calcium absorp-
tion and retention during puberty. Am. J. Clin. Nutr. 60:
739–743.

60. Lawrence, M. & A. Mark. 2013. Food Fortification: the
Evidence, Ethics, and Politics of Adding Nutrients to Food.
Oxford University Press.

61. Pan American Health Organization. Family and Commu-
nityHealth Area. NutritionUnit. 2005. Code of practice for
food premix operations. Washington, DC.

62. Garrett, G.S. 2018. National mandated food fortification
programs. In Food Fortification in aGlobalizedWorld.M.G.
Venkatesh Mannar & R. Hurrell, Eds.: 53–62. Academic
Press.

63. Fiedler, J.L. & C. Puett. 2015.Micronutrient program costs:
sources of variations and noncomparabilities. Food Nutr.
Bull. 36: 43–56.

64. Gibson, R.S., A. Carriquiry & M.M. Gibbs. 2015. Selecting
desirable micronutrient fortificants for plant-based com-
plementary foods for infants and young children in low-
income countries. J. Sci. Food Agric. 95: 221–224.

65. Allen, L. 2018. Using dietary reference values to define for-
tification levels for national programs. In Food Fortification
in a Globalized World. M.G.V. Mannar & R. Hurrell, Eds.:
43–50. Cambridge, MA: Academic Press.

66. Coates, J., B. Colaiezzi, J. Fiedler, et al. 2012. Applying
dietary assessmentmethods for food fortification and other
nutrition programs. Geneva, Switzerland.

67. Iowa State University. Accessed September 2, 2019. http://
www.side.stat.iastate.edu/imapp.php.

19Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.

http://www.side.stat.iastate.edu/imapp.php
http://www.side.stat.iastate.edu/imapp.php


Calcium fortification programs Palacios et al.

68. World Health Organization (WHO). 2010. WHO meeting
on estimating appropriate levels of vitamins and minerals
for fortification porgrammes: the WHO intake monitor-
ing, assessment and planning program (IMAPP). Geneva,
Switzerland.

69. World Health Organization (WHO). 2018. WHO Meeting
on Estimating Appropriate Levels of Vitamins and Miner-
als for Food Fortification Programmes. The WHO Intake
Monitoring, Assessment and Planning Program (IMAPP).
Geneva, Switzerland: World Health Organization.

70. King, J.C., K.H. Brown, R.S. Gibson, et al. 2016. Biomark-
ers of nutrition for development (BOND)—zinc review.
J. Nutr. 146: 858S–885S.

71. Cormick, G., L. Gibbons & J.M. Belizán. 2020. Impact of
water fortification with calcium on calcium intake in dif-
ferent countries: a simulation study. Public Health Nutr.
http://doi.org/10.1017/S1368980020002232.

72. Johnson-Down, L., M.R. L’Abbé, N.S. Lee, et al. 2003.
Appropriate calcium fortification of the food supply
presents a challenge. J. Nutr. 133: 2232–2238.

73. Suojanen, A., S. Raulio & M.L. Ovaskainen. 2002. Liberal
fortification of foods: the risks. A study relating to Finland.
J. Epidemiol. Community Health 56: 259–264.

74. Sacco, J.E., K.W. Dodd, S.I. Kirkpatrick, et al. 2013. Vol-
untary food fortification in the United States: potential for
excessive intakes. Eur. J. Clin. Nutr. 67: 592–597.

75. Institute of Medicine (IOM). 2011. Dietary reference
intakes for calcium and vitamin D. Washington, DC.

76. Bolland, M., A. Grey, G. Gamble, et al. 2011. Calcium and
vitamin D supplements and health outcomes: a reanalysis
of theWomen’sHealth Initiative (WHI) limited-access data
set. Am. J. Clin. Nutr. 94: 1144–1149.

77. Bolland, M., A. Avenell, J. Baron, et al. 2010. Effect of cal-
cium supplements on risk ofmyocardial infarction and car-
diovascular events: meta-analysis. BMJ 341: c3691.

78. Pentti, K., M.T. Tuppurainen, R. Honkanen, et al. 2009.
Use of calcium supplements and the risk of coronary
heart disease in 52–62-year-old women: the Kuopio Osteo-
porosis Risk Factor and Prevention Study. Maturitas 63:
73–78.

79. Wang, T.K., M.J. Bolland, N.C. van Pelt, et al. 2010.
Relationships between vascular calcification, calcium
metabolism, bone density, and fractures. J. Bone Miner.
Res. 25: 2777–2785.

80. Li, K., R. Kaaks, J. Linseisen, et al. 2012. Associations
of dietary calcium intake and calcium supplementation
with myocardial infarction and stroke risk and over-
all cardiovascular mortality in the Heidelberg cohort
of the European Prospective Investigation into Can-
cer and Nutrition study (EPIC-Heidelberg). Heart 98:
920–925.

81. Rahmati, S., M. Azami, A. Delpisheh, et al. 2018. Total cal-
cium (dietary and supplementary) intake and prostate can-
cer: a systematic review and meta-analysis. Asian Pac. J.
Cancer Prev. 19: 1449–1456.

82. Aune, D., D.A. Navarro Rosenblatt, D.S. Chan, et al. 2015.
Dairy products, calcium, and prostate cancer risk: a sys-
tematic review and meta-analysis of cohort studies. Am. J.
Clin. Nutr. 101: 87–117.

83. Lewis, J.R., K. Zhu & R.L. Prince. 2012. Adverse events
from calcium supplementation: relationship to errors in
myocardial infarction self-reporting in randomized con-
trolled trials of calcium supplementation. J. Bone Miner.
Res. 27: 719–722.

84. Lewis, J.R., S. Radavelli-Bagatini, L. Rejnmark, et al.
2015. The effects of calcium supplementation on ver-
ified coronary heart disease hospitalization and death
in postmenopausal women: a collaborative meta-analysis
of randomized controlled trials. J. Bone Miner. Res. 30:
165–175.

85. Harvey, N.C., E. Biver, J.-M. Kaufman, et al. 2017. The
role of calcium supplementation in healthy musculoskele-
tal ageing: an expert consensus meeting of the European
Society for Clinical and Economic Aspects of Osteoporo-
sis, Osteoarthritis and Musculoskeletal Diseases (ESCEO)
and the International Foundation for Osteoporosis (IOF).
Osteoporos. Int. 28: 447–462.

86. Cormick, G. & J.M. Belizán. 2019. Calcium intake and
health. Nutrients 11: 1606.

87. Mejia, L.A., W.-Y. Kuo & F. Beltran-Velazquez. 2019. Pro-
vision of micronutrients in coexisting public health pro-
grams and risk of excessive intake: regulatory considera-
tions. Ann. N.Y. Acad. Sci. 1446: 66–80.

88. Berger, J., N. Roos, V. Greffeuille, et al. 2019. Driving policy
change to improvemicronutrient status inwomen of repro-
ductive age and children in Southeast Asia: the SMILING
Project.Matern. Child Health J. 23: 79–85.

89. Mbuya, M. & L. Neufeld. 2018. Developing national strate-
gies to prevent and control micronutrient deficiency: In
Food Fortification in a Globalized World. M. Mannar & R.
Hurrell, Eds.: 29–40. Cambridge, MA: Academic Press.

90. Garcia-Casal,M.N., J.P. Peña-Rosas,M.Mclean, et al. 2016.
Fortification of condiments with micronutrients in public
health: fromproof of concept to scaling up.Ann. N.Y. Acad.
Sci. 1379: 38–47.

91. Codex. 2005. Codex guidelines for vitamin and mineral
food supplements (CAC/GL 55 – 2005).

92. World Health Organization (WHO) and Food Agri-
culture Organization (FAO). 2004. Vitamin and Min-
eral Requirements in Human Nutrition. 2nd ed. Geneva,
Switzerland.

93. European Food Safety Authority (EFSA). 2017. Dietary ref-
erence values for nutrients Summary report.

94. Cormick, G., A.P. Betrán, F. Metz, et al. 2020. Regulatory
and policy-related aspects of calcium fortification of foods.
Implications for implementing national strategies of cal-
cium fortification. Nutrients 12: 1022.

95. Friesen, V.M.,M.N.N.Mbuya & L.M. Neufeld. 2019. GAIN
briefing paper series n°1. The Fortification Assessment
Coverage Toolkit (FACT). Geneva, Switzerland.

96. De-Regil, L.M., J.P. Peña-Rosas, A. Laillou, et al. 2014.
Considerations for rice fortification in public health:
conclusions of a technical consultation.Ann.N.Y. Acad. Sci.
1324: 1–6.

97. World Health Organization (WHO). 2013. Hand-
book on health inequality monitoring: with a special
focus on low- and middle-income countries. Geneva,
Switzerland.

20 Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.

http://doi.org/10.1017/S1368980020002232


Palacios et al. Calcium fortification programs

98. Hurlimann, T., J.P. Peña-Rosas, A. Saxena, et al. 2017.
Ethical issues in the development and implementation of
nutrition-related public health policies and interventions:
a scoping review. PLoS One 12: e0186897.

99. World Health Organization (WHO). 2019. Health Equity
Assessment Toolkit. Geneva, Switzerland: World Health
Organization.

100. Staal, S., V. Ahuja, T. Hemme, et al. 2016. Dairy economics
and policy: focus on Asia.

101. Willett, W.C. 2013. Nutritional Epidemiology. New York,
NY: Oxford University Press.

102. Gibson, R.S. 2005. Principles of Nutritional Assessment.
New York, NY: Oxford University Press.

21Ann. N.Y. Acad. Sci. 1485 (2021) 3–21 © 2020 The Authors. Annals of the New York Academy of Sciences.
The World Health Organization retains copyright and all other rights in the manuscript of this article as submitted for publication.


