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Introduction

Although the umount of iron contained in even the
most inadequate diet is considerably more than
man’s nutntional requirements, iron deficency
femains the most commonly recogmzed of the
nutnhonal deficenaies Whileitreachesats greatest
prevalence and seventyan developing countnes, it
15 also frequently encountered inaffluent soaeties
The explanation for this parados hes in the poor
bio-avalability of much of the ron in present day
dicts Ourdigestive systems e welladapted to the
absorption of the heme iron in meat, poultry and
fish,* 2 1"y 4s the rron in nee, wheat, maize and
other vegetable staples which s so poorly
absorbed, ™ and much of the iron defiaency in the
world can be asenbed to the virtual disappearance
of meat from the diet of a large proportion of the
world’s population The reason why man can
absorb the heme in meat praducts so well and the
nen-heme ;ronan gran products so poorly is not
kaown, bat mav relate, in part at least, to the fact
that 1t s only comparatively recently in
cvolutionary terms that he has abandoned his
hunter gatherer ifestvle in favor of a more settled
agncultural eastena

The prevalence of iron defiaency .n any population
15 a funchion of the bio-availabilite of the iron in the
average diet, but varying reqairements for iron

largely determine which members of the
population are affected. In this regard, infants and
children are at special nsk because of the increased
requirements related to rapiu growth.*? In
addition, women need morerronthan men because
of the supenmposed requirements related to
reproduction—menstruation, pregnancy and
lactation Both the prevalence and seventy of iron
defraency are therefore considerably greater in
women dunng their reproductive years than they
are in men

General guidehnes for the eradication of iron
deficiency were previously laid down by the Inter-
national Nutntional Anemia Consultanve Group
(INACG) in 1977 ' [n a later publication, INACG
concentrated on the speaal problems relating to
wron dehiaency ininfaney and childhood ™ ' The
purpose of the present monograph is to provide an
update on the ron nutntion of women, with
speaal reference to the requirements for pregnancy
and lactation To put these requirements into per-
specthive, a brief summary of current concepts of
external iron exchange vall be given, since this
informanon provides an essential background for
any programs designed for the prevention or
treaiment of ron defiaency.
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II.

Body Iron Compartments

Iron is essential for life. As a constituent of heme, it
1s present in hemoglobin, myoglobin and a vanety
of enzymes. In addition, there are a number of
non ieme iron cen:ymes. These various com-
pounds subserve many vital functions; they are to
be distinguished from storage iron, which isalways
present when there 1s suffiaent :ron within the
body to permt the ynthesis of the necessary quan.
tities of the functional compounds This resenve of
tron s metabohcallvinert, being sequestered inside
the molecules of 4 specalized, roughly sphenical
protein, femhn Fernun iron 1s readily available
when required for incorporation into functional
Compound.s, such as ron-contuming enzymes or
hemoglobin. Most tssues normally contain only
small amounts of stored 1ron, but the hepatocytes
and the elements of the reticuloendothelial system
in the vanious organs contain larger amounts, and

serve as the main repository of the body’s iron
reserve. When the quantity of ferritin within a cell
nses, some of it aggregates and ever:tually forms
insoluble complexes which become visible by light
mictoscopy, and stain blue with potassium fer-
rocyanide. These visible and insoluble aggregates
of stored 1760 are known as hemosidean.

The quantiies of 1ron present in these several
categones of iron compounds in a normal 55kg
woman are shown in Table 1 Itis apparent that the
largest amount by far 15 in hemoglobin, and the
major metabolic iron drcuit within the body is that
involving the red cells. This arcuit is largely a
closed one, with much of the iron released from the
hemoglobin of me-expired red cells being used
again by the erythroid bone marrow for the produc-
ton of new red cells.

TABLE1
IRON-CONTAINING COMPOUNDS IN A S5Kg WOMAN (approximate)

Functional Compounds Hemoglobin 1700 mg

Myoglobin 22 mg

Heme enzymes 50 mg

Non-Heme enzymes 55mg

Transferrin Img

2030 mg

Storage Complexes Ferritin 200 mg
Hemaosiderin 70 mg N

TOTAL 2300 mg




The size of the body’s iron stores is very variable,
reflacting as it does the adequacy of iron balance
over an extended penod of tirne. In iron-replete
men it reaches figures of about 1000mg in young
adulthood, while in women consuming a good
Western-type diet the figure 1s of the order of
300mg."" The lower figure in women is an
indication of the more precanous balance between

the amounts of iron which can be absorbed and
their increased physiologic requirements. This
point underlines the fact that when iron nutrition is
less than optimal. it is the storage reserve that first
becomes depleted. For this reason iron stores are
often totally absent in adult women, espedally in
developing countnies.*



I1I.
External Iron Exchange

Iron Losses

If adequate iron nutntion is to be maintained, the
amounts absorbed from the diet mustat least match
the average daily losses from the body. In normal
women these losses can be divided into the basal
obhgatonv iron excretion and those extra losses in-
curred as a result of menstruation, pregnancy and
lactaton.

Basal Iron Losses Basal dailv losses of iron from the
body are denved from two major sources-—the
desquamation of surface ¢ells with thar small
amounts of functhional and storage ron from the
shin, gastromtestinal and uninary tracts, and the
nimmal gastromtestinal blood loss which oceurs
even healthv indivaduais There arealson erylow
concentrations of extra-celiular iron in swweat, bile
adunne Inrormai me:n the dadv lossas less than
0 Imyp o the unine, 0 2.0 3y from the sian and
0 6mp i feces 7 Only atout 3 ey daily of the
iron lost an the feces i deaved fzom ale and
desquamated epithehal ceils the hemoplbin
content of ervthiocy tes makes intestinal blood loss
much more significan? for iron zutntion than s
cpithehal desquamation, and the remainder repre-
sents about ¢ 5Sml plood s apparent that any
increase 1in the amount of blood loss will have a
profound cffect on rron balance 12 contrast, the
shin does ot representan important source of iron
loss and losses from tus site are ro? increased in
wnts where excessive

hot, humid environ

“Totaliron losses therefore
amounttoabout 0 9-1 Omy dnlv (12- 14 ug kg day)
Because of the smaller body surface areas, the tos-
s>sinwomen would be expected to be correspond-
ingly less, and can be assumed to hean the range of
0.7-0 8mg daly.

sweating s a feature

Menstruation- Menstrual blood losses have been
cstimated in two large groups of women, the one
Swedish'® and the other British** The Swedish
women were randomly selected from the general
population In both studies the indings were
stnhngly similar, with median monthly losses of
30ml and 26 Sml respectively (Fig 1), This o
cquivalent to 12 15myg ron, or expressed as a loss
avesaged over the whole month, 04:0 Smy daly
In both studies the distnbution of menstrual bBloed
loss was shewed to the nght, with 102, of normal
women having losses greater than 80ml This s
cquivalent to more than Imy; aalyv and i< thus
preater than the combined losses from all other
sources Of practicalinterestin this regard was the
observation that personal estimates of monthly
blood losses can be very imsdeading ™ and 40¢, of
the women an one study who were losing more
than 80ml per pened were unaware that their
" While there s 0
considerable indnadual vanationin the amounts of

MeENStruation was eacessive

ron Jost via menstreation, there s surpnsingly
Ittle vanation from ponod to penod in the same
woman ! There s evidense that hered:tary factors
mav be of irpoztance in determinming the menstrual
blood loss ** Positive correlations with panty anid
with body size have alvo been shown s only
when the amounts lost are very large (200m) or
more) that endemetna abnormaliies or fibrozds
are hkelr to be the cause 244 Modern contraceptive
prachices can also sipmihcantly modify menstraal
blood losses For example, the mean menstrual
blood loss 1s reduced to 12 7mlain subjects taking
the combined vanety of oral contraceptive,** '** but
1sancreased to an average of over 50mlan those
using intra-utenne devices 0T (Fig 2)
Unfortunately the ‘pill 1s used more widely in
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Frequency distnbution of menstrual blood 1033 in two groups of women. The upper panel shows the results
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developed countnes. where iron balange 1s much
less precanious, than in those many developing
countnes \\'ht‘ft' intra-utenne devices are more
commonly emploved  These vanous points are
raised becouse they do suggest the need for
obtaining data comparable to those already
collected 1in Sweden and the United Kingdom an
other population groups. and espeaally in those in
which iron balance 1s most cnncally porsed

On the basis of his findings 1in normal Swedish
women, Hallberg and co-woikers constructed a
graph indicating the expected iron requirements of
this population (Fig. 3). In these calculations it was

assumed that the average basal obligatory losses
were 0 8mp daily (14 ug kg in a 55kg woman).

From this graph it can be predicted that 50% of
menstruating women would maintan adequate
won nutntion were they to absorb 1 4mg daly
(08mg « 06mg). but in order for 90% of this
population to remain inaron balance, the amount
required would be 22mg daly (08 mg ¢ 1.4 mg).

Pregnancy. While pregnancy 15 assoaated with a
temporary cessation of menstruation, the overall
cost to the snotherin terms of iron balance is greater
than in the non-pregnant state. Total iron
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FIGURE 2

Mean menstrual blood loas (2SD) in 3 groups of women. The control group were normal women, the pdl”
Foup were normal women taking the combined variety of oral contraceptives, and the 1.U.D. group were
wamen using intrs-uterine devices. (Data from Haliberg and coworkers,'* Nilsson and Solvell, ®* Cole and

"Pill" 19]p)

requirements of a 55kg woman amount to more
than 1000mg,*"’ but the net cost of pregnancy
insofar as long term iron balance is concerned is a
good deal less than this, since large part of the
requirement is for the expansion of the maternal
red cell mass, and most of this iron is returned to
stores after delivery (Table I1). If the demand for
iron were evenly spread throughout the period of
gestation, it could be met more easily by a nse in the
absorption rate, but in fact the need for iron varies
significantly in the three timesters. Dunng the first
tnmester iron requirements are actually reduced,
since there are no menstrual blood losses and the
amount of iron transferred to the fetus is mimmal.
From the beginning of the second trimester there is
& major expansion in the maternal red cell mass
which continues untl well into the third trimester.

When the iron supply is unrestricted this increase
in the red cell mass eventually amounts to about
35%. 1911 Expressed in terms of the need for
iron these changes are equivalent to about an add-
tional 450mg The degree to which the need to
expand the maternal red cell mass can be met is a
function of the iron supply In one study, for exam.
Ple. the meanincreasein total hemoglobin iron was
570mg in a group of women given adequate iron
supplemeniation as compared with 262mg 1n a
group of normal women who were not given extra
iron during pregnancy ™ The fact that the red cell
mass nses ata ime when the oxvgen requirements
of the fetus are still modest suggests that the expan-
sion results, at least in part, from a generalized
increase in maternal oxygen consumption,''*as oc-
curs in hyperthyroidism. Despite the considerable
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ingease in the red cell mass that occurs in iron-
replete women, the hemoglobin concentration
tends to fall dunng the second trimester, the aver-
age drop being of the order of Ig'dl.* This
“physiologic anemia™ can be asaibed to the fact
that the plasnu volume increases toen even greater
degree than does the red cell mass, with the result
that there is a certain degree of hemodilution.

The requirements o the growing fetus, usnbilical
cord and placenta are particularly greatin 'he latter
half of pregnancy, since more than three-quarters of
fetal growth occurs dunng this penod Expressed
in quantitative terms the approxiraate iron
requirements are shown in Table lll. When these
vanous requirements are secn in relation to those
needed for the expansion in red call mass (perhaps
300mg in the second trimester and 150mg in the
third),** it is possible to calculate what average
daily amounts are needed in cach of the three
timesters if iron nutrition is to be optimal:

First trimester
= 1mg daily [Basal losses (0.8mg daily)
+ minimal fetal and red cell needs
(=30-40mg)}
Second trimester
= 5mg daily [Basal losses (0 8mg, daily)
+ red cell needs (300mg) and con-
ceptus needs (115mg))
Third trimester
= 5mg daily [Basal losses (0.8mp daily)
= red cell needs (150mg) and con-
cepius needs (223Img))

An idealized diagram allustrating these needs is
shownin Fig 4. Thedaly amounts of iron required
in the second and third tnmesters are greater than
can be met by absorption from the dict (see later
section). However, if the mother enturs pregnancy
with a reasonable reserve of 1ron stored in the tis-
sues, the first real demand of pregnancy, namely
the increase in maternal red cell mass which begins



TABLE 1l
IRON LOSSES DURING PREGNANCY IN A 55Kz IRON-REPLETE WOMAN.
(These represent average values. Considerable individual
variations have been reported in different studies).

Amount of iron (mg)

Gross Losses
Fetus 280
Umbsilical cord and placenta 90
Maternal bl od loss 150
Obhigatory losses from gut,
ctc. duning gestation 230
Expansion of material red cell mass 450
Gross Total 1200
Net Losses
Contraction of maternal red
cell mass after delivery 450
750
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FIGURE ¢

Dady iron requirements dunng pregnancy. These requirements are needed o meet the normal losses from
the body and to provide iron for the enlarging red cell mass, the fetus and for lactation alter the birth of the
child (Redrawn with permission from iron Metabolism in Man?').




at the end of the first tnmester, can, in part at least,
be satisfied. If the mother does not have a storage
depot todraw on, and her diet1s not supplemented
with extra iron, she wall become progressively de-
pleted of wwon duning the pregnancy, since the
needs of the fetus enjoy precedence over those of
the mother. In this sense the fetus acts asa parasite,
and there s now a good deal of evidence that
the ron endowment of the infant 1s not nor-
mally affected by the sron nutnition of the
mother -7 1% ECIE 0B A phe came ime, there
s evidence that the dehvery of iron to the fetus may
becompronused. probably due to placental insuffy-
acncy, when there is severe maternal iron defi-
Ocnc"._;ll B ]

To the iron requirements of the fetus and placenta,
which can be regarded as true losses, must be
dded the ron lost as blood at delivery and as
lochia later in the puerpenum (vaginal discharge of
blood following childbirth) While the total amount
lost by these routes is usually about 150mg, there 1s
considerable individual vanation, and the loss can
be further modificd by a procedure such as
episiotomy The remainder of the iron used for
cxpanding the red cell mass duning pregnancy 1
returned to the stores after dehivery and therefore
doces notfigurcin overalliron balance The net cost
of pregnancy over and above basal requirements is
thus about 300mg (Table 1) Itshould, however, be
noted that these requirements are based on studies
which have been done in Western countnes In
most developing countnes the body mass 1s about
20 less than the 55k which has been taken as the
average in these studies  The smaller body mass
means that tts iron content 1s less, and it seems
reasonable to suppose that the additional iron
needed for pregnancy 1s also proportionally lower.
However, since the food intake, and hence the iron

intake, is usually also reduced to about tl.e same
extent, the general conclusions concerning the
need for additional iron remain appliczble.

Lactation: Following delivery there is an interval of
2 number of weeks before menstruation
recommences, but this potential aving insofar as
1ron balance 1s concerned is offset to some degree
by lactation. The iron concentration of the breast
milkas low,  falling {rom about 0.5mg 1 dunng the
first month after birth to about 0 3mg 1 between 4
and 6 months of age.**" "™ The average daily
maternal iron loss resulting, from breast fecding e
therefore also low, with esimated figures at 1, 2
and 3 months of 0 Img, 0 28mg and 0 27mg,
respectively ™ While lactation thus does not
normally representa sigmibicant extra drain of iron,
1t can do so in those developing countnes where
breast feeding as continued long after the
recommencement of menstruaton Expressed in
terms of kidocalories, hunan silk contains less
than lmg aron 1000kcal, 1n contrast to the 6mpg
1000kcal 10 tne average mined diet of developed
countnies ¥ However, the low iron content of
breast mulk as compensated for by the fact that it is
highly bio-available to the infant

Pathologic Bleod Losses Basal losses in women can
be affected by a numbder of pathologic conditions,
the most important of which are those involving
increased blood loss from the gastromtestinal tract
In this context, blood loss due to hookworm
infestation s by far the most important, and s
prevalence in some communities may be high
enough for 1t to represent o significant
epidemiologic factor atfecting overall iron bal-
ance.""* 7 Baily blood losses are directly related to
the worm load, being 002:0 10 ml per worm for
Necator americanus, and approuimately 2.4ml

TABLE 111
IRON REQUIREMENTS OF CONCEPTUS BY TRIMESTER

Total 280 mg

Fetus
First trimester 25mg
Second trimester 85 mg
Third trimester 170 mg

Umbilicus and

Placenta Total
7mg 2 mg
30 mg 115 mg
53 mg 23 mg
90 mg 370 mg
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blood are lost per day when the infestation is
sufficiently heavy to produce 100 ovaig of
feces.'™ ™ Infestation with the other vanety of
hookworm, Ancylostoma duodenale, leads to
proportionally greater daily blood losses (0.15-
0.25ml per worm), but the parasite 1s less
prevalent. The deletenous effects of any given
hookworm load oniron balance would be cwpected
to be ore prominentin adult women than in men
because of therr greater physiologic iron losses. At
the same ime it must be stressed that blood loss
from the bowel 1s only one of the factors
responsitle for ron defiaency in areas where
hookworm infestation is nfe The hookworm joad
18 small an the vast majonity of individuals 1n
endemic areas, and other factors, such as a iimited
intake of absorbable ron, contnibute to the
widespread prevalence of anemia In addition to
hookworm, intest-nal infestation with Schistosoma
mansom has been reported to produce significant
fecal blood loss '?

Other causes of gastrontestinal bleeding have
clonical rather than epidemiologic relevance.
Gastromntestinal biceding may anse in any site
along the whole length of the gastromntestinal tract,
and while bleeding hemorrhoids seldom escape the
patient’s notice, proxemal sites may casily doso As
much as 1dl blood must be present in the stool to
produce dark colosed stools or melena,**? whereas
the continual Toss of onlyv a tew ml cach day wiil
cventually deplete the ron reserve  Gase
trointestinal bleeding mav also be internuttent,
and negative tests for occuit blood 1n the stool do
not rule out the possitzhitv of alewion Inone study
of 378 panents, the Bleeding was found to be due to
hemorrhoidsin 1795 ct the subjpects, tosalicylates in
13%, hatus heraain 127, peptic ulceration in
122,
ulcerative cobtisin 3 ‘o and nuscellancous causes in
6% ' Thesite of the blecding was not discovered in

diverticulosis ain 7%, acoplaism in 39,

as many as 274 and this group was followed for
up 1o 21 vears Most of these subjects remared in
pood heaith, although in o number the bleeding
conhinued In some cases the cause of the bieeding
was eventually cluadated. aspinn ingestion being
the most common exvplanaten ' Aspinn regu-
larlv increases the loss of blood from the gastroin.
tstinal tract approumately fourfoid to more than
2wl dady. 7 and large doses AV ancrease it o
moze than Sml dnly =7 Sahevlates increase the ev-
foliaion of the gastne mucosa and may produce
in addition,
they inhibit platelet aggregaton and prolong the
bleeding time While aspinin 1s the must common

~rosive or hemorrhagic gastntis

10

offender, it is by no means the only drug which
may cause gastrointestinal bleeding. Phenyl-
butazone, indomethaain and other non-steroidal
anti-inflammatory agents have simular effects, and
the corticosteroids may induce or aggravate pepuic
ulceration. Anticoagulant therapy will obviously
enhance blood loss from any pre-easting lesion.

Pathologic losses also accur from thegenito-urinary
tract, the most common cause being uterine fib-
rods, whach are present in about 40, of women
losing more than 200ml monthly #* Bleeding from
the unnary tract is rarelv important for iron bal-
ance, since the presence of even small quantities of
blood in the urine s immediately obvious and med-
1cal advice 1s sought A rare cause of significant
urinary tron loss as antravascular hemolysis:
paroxysmal nocturnal hemoglobinura may lead to
a daly loss of as much as 10-15mg 1ron in the form
of hemosidenin.'*

Frequent blood doration soon produces iron defi-
aency in women unless adequate 1ron supple-
mentsare administered In obscure cases ot anemia
the possibility of self-induced bleeding should be
remembered F The subject 1s usually a wonan be-
longing to one of the paramedical professions, and
thorough investigation has usually fatled to e~ tab-
lish the cause of the tron defiaency Confirmation
of the suspected diagnosis may be difficult or even
impossble™ * without the use of whole body
counhing '™ Another possible cause of 1iron dehi
aency s regular iremiedialves the sesult of blood
beng leftin the coil ** ' A raze cause s liopathie
puinionary siderosis a condion in which repeated
bleeding into the lungs leads to the sequestration of
ironthere, sothat eventually there s the paradov of
pulmonary siderosts with iron deficiency
clsewherein the body ¥

Absorption of Iron from the Diet
Three factors determine the amount of 1iron ab-
sorbed from the diet: the behavior of the mtestinal
mucosa, the amount of iron mgested and s bio-
avalability

Mucosal Behavior Not all the available iron within
the lumen of the intestine is necessanly taken up by
the mucosal cells. Their behavior s related to the
1ron ¢ontent of the body, so that the percentage
absorption nises as the bod: ron content
tally Fete feniien= 14 males, this homeostatic
mechanmism sesults in a dechine in the rate of
accumulation of body iron as adulthood 1s reached
and the requirements for growth cease. The
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average American man, with his body iron reserve
of about 1000mg, only has to absorb daily about 6%
of the 15-20mg iron in his diet to maintain a stable
body iron content.’" In contrast, the average
Amencan woman, who has an iron store of about
300mg, must absorb about 12% of the approximate
12mg iron 1n the smaller amount of food she
consumes in order to meet her needs. #™ [tas only
when her 1iron requirements diminish to the male
level after the menopause that the body iron
reserve increases and the absorption rate falls. In
the iron-defident individuai the intestinal mucosa
is “set’” to absorb large amounts of 1ron, but this
only becomes apparent when soluble iron salts are
administered. since the restncted bio-availabibity of
much of the iron in the average United States diet
prevents the attainment of high percentage
absorptions. The uppermost imit of absorption of
food iron by the iron-defiaent individual on an
average “good” diet appears to be about 4 to Smg
per day, but the figures are lower 1n most
developing countnes because the bio-availability of
the non-heme 1ron 1s even less satisfactory.¥'

Iron Content- The 1ron contents of foodstuffs can be
obtained from food tables, but some caution must
be exercised in thatif the iron contents of diets are
measured, figures as much as double the bsted
amounts can be obtained. "> Much of the extraron
15 probably of extainsic ongin, cither in the form of
dirt or from the surface of the contaner or coohing
utensil. The former s usually of very low bio-
availabahity, ™ " butiron denved from pans or skal-
lets can add -agmificant amounts to the absorhable
won antake, espraally when the pH of the food
bemng cooked in them s low ¥ In addition, cans
may increase theron content of preserved food by
several mg » These points are raised in order o
underhine theimportance of direct analvsis of foods
of meaningful figures for iron intake are to be ¢b-
tamed. This 1s espeaally true in developing coun-
tnes. where standards of food production and
preparation vary widely However, wath the care-
ful food handhing that s now practiced in Western
countnes, there s usually good agreement be-
tween chemical analvses and estimates based on
food tables. #2742 Typical Western meals gener-
ally contain about 6mg 1ron per 1000kcal, with sur-
prisingly httle vanation.*-%? The iron is so well
distributed among foods that httle purpose is
served by attempting to increase the iron intake by
food sclection.

Bio-Availability of Iron: It has become increasingly
apparent in recent years that varation in the bio-

availability of food iron is of far greater s.gnificance
for iron nutrition than the iron content of the diet.
The first point to grasp is the notable difference
between the bio-availability of heme iron, which is
easily absorbed whatever the dictary composition,
and non-heme iron, which is usually of low bio-
availability, being markedly affected by other
ingredients in the mecal.**® Information on the
relative bio-availability of iron in different
foodstuffs was initially obtained using foods
intnnsically labelled with radiowron. The stnking
difference that was noted was between the low
bio-availability of iron 1n the three major grain
staples-rice, maize and wheat (1 to 7%
absorption}—and the much better absorption of
fish and meat iron (12 to 20%) (Fig. 5).'"™7" The
much better absorption of heme iron can be
asanbed to the fact that heme is taken up into the
mucosal cells as such, and the wron within it is
therefore not vulnerable to the effects of
gastrointestinal secretions and hgands derived
from other ingredients in the digt 1304 5=

The importance of the heme content of the food is
well illustrated by a study that was done of
Swedish soldiers over a penod of six weeks. ™ The
average datly diet contained 17 4mgiron, 16.4mg of

which was non-heme iron and Img heme 1ron.

Only 5% of the non-heme was absorbed as
compared with 30% of the heme iron. This meant
that although the heme iron compnsed only 6% of
the total, it provided 30% of the amount absorbed.
In another study the meal contained meat, black
beans, maize and nice.'** Its total iron content was
4.5myg. 1.5mg of which was in heme. In normal
subjects the average total absorption was 0.46mg,
0.Hmg being denved from heme and only 0.12mg
from the non-heme fraction. The proportion of
non-heme iron absorbed was, however, signifi-
cantly greater in iron-defiaent subjects, since it was
0.43mg of a total of 0.95mg. If these studies do
nothing else, they underhine the fact that heme
iron, even when it forms only a small proportion of
the total dietary iron content, is of great nutntional
significance.

In contrast to heme iron, the bio-availability of the
non-heme food ironis vanable, but generally much
lower. As was mentioned previously, this is
particularly so in the case of the widely consumed
staples, including nce, maize, wheat, black beans
and soya beans. '™ However, such foodstuffs are
rarely caten alone; they usually form part of a
mixed meal, and the proportion of the iron
contained within them which is ultimately
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absorbed is profoundly influenced by the
composition of the meal To understand why ths
should be so, 1t 15 necessary to have an
understanding of the concept of the “common
pool” of non-hermeironin the meal '™ [t has been
shown that m.st forms of non-heme iron 1n a meal,
whatever their ongin, enter a common pool dunng
the process of digestion, and are thus cqually
susceplible to the effects of a number of enhancers
or inhibitors of ron absoyrption This has made it
possible to assess the totu) absorption of non-heme
iron from mixed meals by simply adding a radio-
ron tracer to the meal and measunng its absorp-
ton

While a number of such studies have confirmed
the vahdity of the “‘common pool” con-
Cept, » 1R RTINS cortain excephions have
been noted. The absorphon of iron 1n the storage
compounds fermtn and hemosidenn s signifi-
cantly lower than that of vegetable iron In adds-
tion, 1nsoluble iron compounds. such as fernc
pyropho.phate, ferncorthophosphate™ i ™and fer-
nc hvdronide™ are porrly abnorbed. while fermnc
exders notaberbed atall These observations have
practical relevance, since such compounds in the
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form of dirt may contaminate foodstuffs such a«
cereals. {tis therefore not surpnsing that there are
occasional reports of the co-existence of nutntional
ron defiaency in arcas where the measured iron
content of the diet has been found to be hagh *31 3%

The role of the enhancers and inhibitors of non-
heme sron absorption in a nuved diet 1s a complex
one. since the amount ultimately absorbed 15 a
funchon of a number of complex interactions '
Importantin this regard are many Aifferent higands
of eunnsic ongin in the form of other dictary
constituents and the intnnsic seachons produced
in the upper gastrointestinal tract Conrad*® has
pointed out that the effects of any single hgand are
determined by a number of vanables. These
include the concentration of the hgand, its affinity
for both ferrous and femic iron, the effectivencss of
complexing 1n the changing physico-chemical
conditions within the intestinal lumen, the nature
and concentration of other higands in the meal and,
fincdly, the efhaency with which the complex can
be absorbed bv the mucosal cells. The major
enhancers of non-heme 1ron absorption are
“scorblc “odn 43 1 Iae 139 0 “nd mea'-?t,l‘).l': 14
Ascorbic aad 1s not only a powerful reductant, but



also binds iron in equimolar concentrations to form
a readily absorbed complex. Its promoting effect on
iron absorphion is dose-dependent (Fig. 6). 22

The effect of ascorbic aad on non-heme 1ron
absorphion has been tested 1in g number of dictary
setings, and in cach case had been shown to be
profound It plavsa particularly ¢ntiee? rolein diets
i which ittle oz no meats present Inconaidenny,
the iron nutnbive value of such diets it s therefore
essential to have a krowledge of therr ascorbic aad
contents Commonly consumed foods contaming,
sigreficant quantities of ascorbic aad are shownan
Table [V The clicats of several of these fruits and
vegetables on non-kemerron absorption have been
directly measured and their promoting effect on
non-hemeiron absorption assessed  These include

orange Juice, " 7 broccoh, caubflower, potatoes

and turnips.’® On the other hand, the iron in
spinach is poorly absorbed when fed alone
(= 1-2%)despiteits ascorbic aad content. ™' This
suggests that it must be locked within an
unabnorbable compound, or else that spinach also
contains some powerful inhibitor(s) of 1ron
absorption  The potential beneficial effects of
ascorbic aad-contaiming vegetables was recently
well demonstrated by Hallbery, '™ who compared
two vegetable diets of sinmlar iron content, which
vaned considerabivan their ascorbic aad contents
(Fig, 7)) The large ascorbic acd content an the
second diet was ascnibable to the presence of
caubflower While ascortic aad s the dietary
constituent in fruit and vegetables that has been
most extensively studied in relation to enhancing
non-hemerronatsorption, itss almost certainly not
the only one For example, orange juice also

50
Additions to Diet (mg)

FIGURE 6

Effects of increasing quantities of ascorbic aad on the absorption of non-heme iron in food.
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TABLE IV
APPROXIMATE ASCORBIC ACID CONTENTS OF A NUMBER OF FRUITAND VEGETABLES
(Data from Documenta Geigy ' and Paul and Southgate®™)

Average Ascorbic Acid
Content (mg/100g)

Fruit Guavas - fresh

- canned
Lemons
Oranges
Pineapples

Broccoli - boiled
Cabbage - raw
- boiled
Cauliflower - raw
- boiled

Vegetables

Peas - raw
- boiled

Polatoes - new boiled
Sweet Potatoes - raw

Spinach - bailed
Tomatoes - raw
Tuinips - raw

- boiled

- boiled

200
180

88

SR8gagy
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contains citric add, while sauerkraut, which is a
potent enhancer of iron absorption,' contains
lactic acid, a known enhancer of iron absorption,*
in addition to ascorbic aad, and also has a low pH;
the solubility of ferric ions in particular is pH-
dependent.

Inan earlier section it was mer.honed that the heme
iron in meat, poultry and fish1s well absorbed, but
meat fulfills another important role in iron
nutntion; it potentiates the absorption of non-
heme iron in other foodstuffs (Fig. 8) How this
effectis mediated is not known, but it may relate to
the release dunng digestion of amino aads and
polypeptides in the upper small bowel, and the
formation of soluble, absorbable complexes with
the non-heme 1ron. ™ 142 1%.1m

A number of inhibitors of iron absorption have
been recognized in the past. These include
carbonates, oxalates, phosphates and
phytates ®113:1%34¢ Many diets contain large
quantities of one or more of these substances and it
has been suggested, on the basis of in vitro studies,
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that they form large complexes with iron which are
very poorly absorbed. However, the degree to
which such complexes inhibit iron absorption 1s
variable. Monoferric phytate, for example, which 1s
the main form of iron in wheat, 15 as available for
absorption in a mixed meal as 1s ferrous sulfate, ==
while dephytinized wheat bran sull has the capac-
ity to inhibit non-heme iron absorption i Fur.
thermore, beetroot has a very high content of oxahe
acid, which has been claimed to inhibit iron
absorphion, and vet non-hemeiron is well absorbed
when fed with beetroot ™ ' Atthe same e there
is firm evidence that certain dictary components do
have a profound inbibiting effect on iron
absorption. The absorption of 1ron in bread drops
progressively asats bran content nses (Fig 9) * In
another recent study a negative correlation was
found between iron absorption and fecal bulk, and
it was suggested that some factor or factors in
vegetable fiber mav have an inhibiing effect on
non-heme 1ron absorphion ¥ When Indian tea 1s
fed with a variety of meals there is a marked
reduction in iron absorption, which has been
shown to be due to the formation of insoluble iron
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FIGURE ?

A comparison of the absorption of non-heme iron from two vegetable meals containing differing quant:ties of
ascoubic aad. The difference was largely ascnbable to the presence of cauliflower in the one ineal. (Figure

tannates (Fig. 10).''*' This observation may well
have relevance to iron nutntion, since tea s drunk
with meals 1n many parts of the world Another
inhibito: of non-heme 1150 absorption that has
been well studied 1s ¢gg volk It contains a
phosphoprotein which binds 1ron strongly. '
Other inhibitors may have relevance in certain
situahicns. For example, cthylenediamine tetra-
acetic aad (EDTA), which 1s used as a food
preservative, causes a 50% reduction in the
absorption of non-heme tron from a typical
Amencan dinner when the EDTA 1o iron molar
ratiois 2:1.°° There 1s evidence that such ratios do,
in fact, occurin the United States diet since EDTA s
present in some foodstuffs and dnnks, including
marganne and both carbonated and malted bever-
ages. The degree to which enhancing and inaibit-
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ing agents affect iron absorption from a standard
meal was well demonstrated in a recent study in
which a standard continental breakfast was fed to-
gether wath different beverages, two contatming in-
hibitory substances and one an enhanang one (Fig,.
11). A threefold difference 1n the amounts of iron
absorbed was found When a promoting agent and
aninhibiting one are both presentin the same meal.
the effects are antagonishie Orange juice increasss
the absorption of the iron in pomidge or bread™ '™
and in eggs' whileif an egg 1s fed together with
bread, the poor absorption of the bread is further
rt\’ucl".il,lﬂ_lﬂf

Endogenous ligands: During peptic digestion a
proportion of the non-heme iron in food is ren-
dered ionizable,'* while heme is released from its
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Absorption of non-heme iron from a maize meal in the

absence and presence of meat. (Data from Layrisse

globin bonds.* Gastnc hydrochloric acid plays a
key rolein this regard, and there are several studies
showing 'ts importance in the absorphion of fernc
iron salts* 13314 g0 of non-heme food iron ' lts
importance presumably relates to the fact that
polymenc iron complexes are less hikely to form at
low pH While other gastne juices must obviously
have relevance toiron absorption in that they pro-
mote digestion with release of 1ron from the food,
there as hittle evidence that they contain any
component that acts as a speafic carner for iron
There 1s also no evidence that parcreanc, biliary
and intestinal secretions have a dizect effect onaron
absorption.’* At the same tme 1t seem. possible
that the proteolytic pancreatic enzymes mav have
an enhanang effect on iron absorption in cerian
dictary sethings, since they release amino aads or
polypeptides which can act as promotng higands

16

tor iron absorption. Such an effect is, however,
unlikely to be a major one, since iron absorption 1s
not reduced in patients with chronic
p.‘nacatiﬁs.ll_ﬂ,lll.ln

Ouverall Effects of Ligands on Non-Heme lron
Absorption: From the preceding discussion it 1s
clear that there are may ligands that can influence
the absorption of iron from a particular diet Con-
stderable attention has been paid to the possible
inhibitory hgands present in cereals, since they
seem to contabute so much to the nutational iron
defiaency that affects many population groups
While there s no doubt that substances such as
bran and tannates can profoundly inhibit iron
abserption, the inadequate amounts of enhanang
hgands in cereals may be of equal or even greater
significance. Support for this contention has been
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FIGURE 9

The inhibitory effect of an increasing percentage of bran on the absorption of iron from wheat bread. (After
Bjdm-Rasmussen. ™ Redrawn with permission).
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Elfects of different beverages on the absorptic.n of iron i.om a continental breakfast. (Data from Rossander

obtained in several studies 1n which it has been
shown that iron absorption from nce. maize and
wheat meals is markedly increased when ascorbic
acid s present,”t 7 BInEe Gnd gimilar
improvement 1n non-heme 1ron absorption has
been noted when meat has been added 1o a0 maize
porndge meal ' On the basis of these vanous
studies itis now possible to predict with a degres of
confidence how much ron-heme 1ron will be
absorbed from different diets, depending on the
relative contents of the hwo major promoting
agents, ascorbic aod and meat, pouliry or fish (Fig
12). A diet of low ron ro-avalabulity as one in
which the daily ascorbic aad content s less than
25mg or the meat, poultry or fish content s less
than 30g, while one of high tio-avaalabulity 1s one
with more than 75mg ascorbic aad and or more
than 90g meat, poultey or fish Antcpated
percentage absorptions from these different meals
by subjects with no iron stores would be 5% and
20% respectively . ®'?

If these figures are seen in relation to the iron re-
quirements of females, itis possible to make certarn
generalizations concerming the quantities of iron
which must be present in difterent diets f jron
balance 1s 10 be mantamed  In caleulating iron re-
quirements allowance must be made (or the wide
vanationan menstrual losses among normal wom-
en.Since median menstrual losses are cquivalent to
03-0.5mg ron dav, with the basal [osses of 0 8my;
day, half the female population would remain in
iron balaace if 1 Imy could be abmorbed daily For
this to be true of B0°. of the women, the figure
would need to 1 8my and for 95¢, of the women,
2 8mg The amounts of tron that would need to be
present to meet these needs in dicts of diffening
bio-availzbility are shown in Table V' Unforty-
nately 1t 1s not easy to translate the message of the
figures an Table V anto practical intervention
strategies, since itis clear that economic factors are
largely responsble for the imabihity of so many
peoplein the world to maintain adequate iron nu-
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FIGURE 12

The percentage absorption of non-heme iron by individuals with no body iron stores from 3 different types of
dict. A daily dietof low availebility 1s one contaiming less than 30g of meat, poultry or fish (lean, raw weight) o
less than 25mg ascorbic aad  The comparable figures for a dict of medium availability are 30 to 90g meat,
paultry or fish or 2510 75 mg, ascorbic aaid, while a diet of high availability 1s one contairing more than 90g
meat, poultry of fish or more than 75mg ascorbic aad Altematively it 1s one containing 30 to 90g meat,
poultry ot fish plus 25 to 75mg ascorbic aca (Data from Monsen and coworken'?).

TABLE V
DAILY AMOUNTS OF IRON REQUIRED IN DIFFERENT DIETS

Iron in Diet (mg)

Low Medium High
Daily iron Losses Bio-availabiity Bio-availability Bio-availability
1.3 mg (50% of women) 26 13 6.5
1.8 mg (80% of women) 36 18 9

2.8 mg (95% of women) S6 28 14
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tntion: meat is beyond the means of vast segments
of the caith’s population, and even the fresh fruits
and vegetables which contain adeyuate amounts of
ascorbic aad are more expensive than nce, wheat
maize and other staples, the iron of which 1s so
pourly available unless absorption-enhancing in-
gredients are present In developed countnes the
problemis of a different nature, with excessive food
refinement and decreased calone intake having
speaal relevance The quanhity of food eaten per
day has dechined sipnificantly an the recent past
because the amount of energy needed for daly
ving has diminished 7% The sedentary Iifestyle
of many people has reduced the Cnergy require-
mentand, as a direct consequence, the iron intake
has dechned

Pathologic Malabsorption of Iron- The predictions in
Table V. will obviously be inaccurate if
gastrointestinal pathology interferes with the
absorption ofiton In countries such as Indua, Hait,
West Pakistan and Bangladesh, malabsorption
associated  with
n‘()l‘ [ N EY TS

bowel  discase as com-
' However, maabsorption s a
much rarer cause ot 1ron Jdebicieney than s
pathoiogic bleeding Tron absorpronis defective in
dopathic steatorshea ™ “and mav indeed be the
presenting feature, although absorpion of other
nutneats s uscaily also defechve Among these s
folate, <o that the red cells ase frequently dimo: -
phee. and the mean corpuscular volume (INMCV)
may not he within the iron detiaeney range Gas-
¢ surgeny may lead o iradequate ron absorp-
bon. probably due both to the loss of the normal
Thopper™ function of the stomach and to the di-
eished gastn s secrehions ' Vagotomy! " or vag-
otemy plus dramage of the storach™ have less
clfectonuon balance than Billroth 11 (excisior of the
stomach) and Polya (gastrojejunostomy) opera-
ton= [thas been shown that the absorphon of both

non-heme®™ ™ and heme iron'*313-1 i fo0d is
defective after gastrectemy, and in women under
50 the hemoglobin concentration has been found to
fall at a rate of about 0.9g d per annum. In post-
menopausal women the rate s only 0.3g'd].* Bleed-
ing mey contnbute to the iron defidency in such
subjedis.

Since gastric hydrochloric aaid promotes the
absorphion of non-heme iron, 1 ##4351108 10 oy
surpnsing that an assoaation has been noted be-
tween chromie gastntis and iron defidency. This is,
however, not due only to malabsorption of non-
hem« iron, since intermittent bleeding from the
atrophic mucosa may also be a contributory factor.
In addition, there s evidence that Jhe reverse may
be true, namely that iron defiaency may cause
gastric mucosal atrophy repur of the iron
deficiency may lead to <ome improvement in the
mucosa, particularlyin younger patients ** Pyca, or
the cating of non-food material, may lead to iron
defiaency depending on the substance consumed.
The range s wide, including carth, clay. pebules
laundry starch, ice, wall plaster and charcoal.
Pica has been recogmized in many parts of the
world, ainduding the United States, **? ran, "
furkey. " South Amernica, " India, ' and Afnca, ™
and while it has been observed in both seaes, itis
more prevalent among pregnant women, particu-
larlv when the soqo-economic arcurastances are
poor. Notall the st stances consumed affect iron
absorphior, but certain clavs have been shown to
adsorb non-heme foud 1iron and render it unavail-
able for absorption 7* Medianal antaads have a
sinular effect. Tetracvchnes form isoluble com-
plexes wath iron and would be expected tointerfere
with iron absorpuion, but jong-term tetracychine
therapy for acne has not been shown to produce
detectable disturbances of iron balance. '
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IV.

Deleterious Effects of Iron Deficiency

Any intervention program aimed at reduang the
prevalence of iron defiaency ina particular popula-
tion 1s predicated on the assumption that nutri-
tional iron dehiaency does indeed lead to signifi-
cant disabihiy Itas therefore important to review
brieflv the evidence that this s so.

The most obvious end result of sron defiaency is
anerny, and it s theretore aot surpnsing that this
has been taken as the major vardstick in measunng
the possible tl-effects ol won deficieney Thereas,
however, recent esidence that adverse effects may
also result from the iron deficena of other hssues
in the Body, and this evidence wall be reviewed

Effecis of Depletion of Hemogl bo: The bestchnieal
cvidence on the deleterious etfects of severe
nutrihonal aneima has been noted ain pregnant
Malavan women, the maternal mortality was
reported to be 15 5 1080 amony, those with
hemoglobin concentrations less than 6 5 dl as
compared with a higire of 3 5 1002 non-anenuc
proup
Aate of prematunty were also oli sigmificantiy

FPrenalat and pennatai miant loss and the

higher. but uince tolate defiaeney was g
Compllc.\lln); feature in g sumber of the anenue
subjects, the exact role of iron detiaency remains
uncertaun

Several physiologic studies have shown that iron
defiaency anemia canaffect etfort tolezance, with a
reduction 1 manimum work capacity Several

studies i rats and i man® ' SO have shown o
significant correlation between the hemoglobin
concentration and work capaaty, with the results
of some studies indicating that even minor

decrements affect performance (Fig. 13).t70000
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These latter findings are somewhat surpnsing,
since there are several compensatory mechanisms
that safeguard the delivery of oxygen to the tissues,
including adjustinentsin cardiac outputand in the
affimity of hemoglobin for oxvgen " In this regard.,
it should be noted that there are, in fagt, studies in
rats" " and man™an which sigmificant changes in
physical performance weee noted only when the
hemoglobin concentration fell Below 10y dl

The translation of these physiologic findings into
citmical terms 1s not easy because of the many
vanablesinvolved, but thereare atleast wo studies
in which evidence has been obtaned sugpesting
that

dehaency anemia are less efhaent workers than

manual! laborers suffeany from aron

are subpects with cormal hemoglobin conceantra:
tons T The evidence was obtained in male
workers on g rubber plantation in Indonesia'’ and
in female workers ona tea plantation in Sni Lanka
(Fiy 14)
the
lhcr.\py was piven, the greatest improvement

“In both studies the performance of
iron-dencent subpects improved when aron

being in those swath the lowest imtal hemoglobin
concentrations However, 12 as not cear whether
this improvement was due to the repletion of
hemoglobin only or whether correction of
defiaencey affecting some other iron-dependent
metabolic process was also a factor (see later

sechon)

Depletion of Otiter Tron-Contaminy Componnds A
number of ron-contoiming and iron-dependent
compounds are depleted inron defiaency anemia
(Table VI) *7 1= 2 When depletion of one or
more of these compounds occurs, it does not do so
umformly in all issues. Some, such as the intesti-
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FIGURE 13

The Harvard Step Test score at different hemoglobin concentrations in agricultural laborers liding in the
lowlands of Guaterrala. (Figure from Viten and Torin.™ Redrawn with petrrussion).
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nal mucosa, are particularly susceptible, while
others, such as the myocardium, are much less so.
In addition, the rate at which these compounds are
repletedin different tissues after the admirustration
of 1ron 1s very vanable. In cell populations with a
repid turnover, such as intestinal mucosa, restora-
non of cytochromes takes place rapidly. whereas in
sheletal muscle it is very slow * ™

Pathologic and Chimical Significance of Non-
Hematologic Sequelae of Iron Dehicrency: The
translation of findings reported in the previous
sechon into pathologic and chinical terms has not
been casy Thereas, however, already a persuasive

body of evidence indicating that iror. deficency
produces a number of deleteriou effects in
addition to anemia. This evidence relates to muscle
metabolism, cell growth, brain metabolism, resist-
ance to infection and temperature control.

Perhaps the best eluadated of these other adverse
effects of iron defiaency 1s muscle dysfunction
There 1s good evidence that iron defiaent rats are
unable to run properlv and that the defect in
physical performance 1s not related to anemia per
se. but rather to decreased concentrations of the
enzyme a-glycerophosphate oxidase in muscle '’
This enzyme 1s concerned with the shuttling of
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Daily work output for normal workers (hematorit =38%) and for anemic v:orkers (hematocrit <38%). The
mator cause of anermua was iron defiqency. (Figure from Basta and coworkers. '’ Redrawn with permussion).
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clectrons across the mitochondnal membrane, and
when ats activily s decreased there 1s an
impairment in glycolvsis with an accumulaton of
lacticaad in the muscles (Fig 15) Itis thisancrease
in lactate levels that impars muscle acivaty '
While the chimical implicatons of these hndings
have notbeen defined, there are two recert studies
that may have relevance. Fiestiv, the improvement
« work capaaty that occurred 1n sic adult sron-
defigent men and sixteen aduh women after the
giving of aron treatment could not be totally
accounted for by the nise in hemoglobin concentra-
tions ¥ Inasecond study. blood lactate levels were
found to rise considerably higheriniron-defiaent
subjects thanin normalindividuals, despite the fact
that they were unable to cope with the same work
load (Fig. 16).'3? However, interpretation of these
latter findings 1s comphicated by the fact that a de-
crease in oxygen supply secondary to the anemia

may have contnbuted to the lactic aadosis. The
need for human tnals 1in which the hemoglobin
concentrahionis chminated as a vanableis therefore
a pressing, one, since the results have far-reaching
implications in relation to the we''-bemng and pro-
ductvity of large population groups

Abnormalitics in cellulay morpholegy and growth
have been descabed inasoaation with defiaen-
coes of tnsucron compounds Theseinclude strue-
teeas abrormalines in the iver and mvocardium of
eals™ " and i the cevthroblasts and lvmphocvtes
of man T Imparmentin the prohiferation of red cell
precurson™ '™ and Ivmphoavtes'™ has been as-
cnbed toa defect in DNA svathesis, perhaps asa
result of inhibiion of nibonucleonde reductase™
and 1t has been speculated that a simalar
mechanism may be responsible for the depression
in body growth that 1s evident in expenmental



TABLE VI
DEPLETION OF IRON-CONTAINING COMPOUNDS IN IRON DEFICIENCY

Heme Compounds Myoglobin
Cytochromes
Catalase
Peroxidases
Non-Heme Compounds NADH dehydrogenase

Sucanic dehydrogenase
Xanthine oxidase

Aldehyde oudase
Alphaglycerophosphate oxidase
Phenylalanine hydrovylase
Ribonucleonde reductase ?

Iron-Dependent Enxymes Lipid peronidase
Prohine hyvdroxylase
Lysine hydroxylase
Monoamine oudase ?
Tyrosine hydroxylase ?
Tryptophan hydroxylase ?

Pyruvate  Lactate

NADH+H* = — >NADt

Phosphoglycerate

AR T s

Shuttle

28

Cytochromes
FIGURE 18

Anidealized schematic diagram indicating the metabolic block induced by a deficiency of the enzyme
a-glycerophosphate oxidase, which shuttles electrons across the mitochondrial membrane.
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FIGURE 16

Maximum treadmill work time and post exerase blood lactate concentrations in nocmal subjects and subjects
with iron deficency anemia. (Data from Gardner and coworkers'*).

Normal

amimals, ™ and that may possibly also occur in
man.'”* Morphologic abnormalities of epithelial
structures also occur in assoqation with iron defi-
aency anemia. These include angular stomatitis,
webbing of the esophagus at the ¢ncoid plane and
atrophy of the gastne mucous membrane.* While it
15 tempting to relate these changes to the muitple
dehaenaes of cvtochrome enzyvmes, including
cytochrome P 450, that have been noted in iron-
defiaent experimental amimals, ther exact signih-
cance remains debatable The prevalence of these
manifestations vanes so widely that 1t appears
probable that other metal defiaenaies and perhaps
genenic factors may play a role in their genesis

The possibility that iron dehaency might cause ab-
normalities in brain function was imitially based on
clinical observations in children which suggested

that they suffered from apathy, imitability and dif-
ficulty in concentrating !> 3% However, these
studies have been cniticized on a number of
grounds, and their significance remains congec-
tural. "’ Perhaps a better documented behavioral
disturbance assoated with iron dehaency s pica,
a compulsion to eat non-food matenal. Claims that
the symptom may be promptly reheved by the ad-
ministration of tron*™**** 3% lend some support to
the view that iron dehaency can give nse to this
aberration Limited though suggestive expenmen-
tal evidence that iron dehaency may, in fact, affect
brain metabohism has been obtained 1n the recent
past. Biochenucal studies have shown thatiron de-
fiaency in early hife in the rat causes a depletion in
cerebraliron, which persists long after the repletion
of other tissues (Fig. 17).* The finding of raised
levels of serotorin and other 5-hydioxy-indole
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Toul non-heme iron in the brains of normal and iron-deficient rats are piotted against age. At 28 days of age
Iron-deficient rats were given intramuscular iron and changed to the control regimen. Standard errors of the
means are shown (Figure from Dallman and coworken® Redrawn with permussion).

compounds in the brains of iron-defiaent rats has
been ascribed to a reduchion in the concentrations
of alachyde oudase, sn enzyvme concerned in
serotomin degradation 7 Interestingly, no de-
crease i monoamine onvdase, another cnzyvme
concernied with the breandown of serotomin, was
observed, although lower concentrations have
been fourd in plateiets of ron-deficaent human
subjects®
lar defraency mav be present in the brain

“tandathas been supgested that a sim-
* The
chmical relevance, ifany, of these vanious brochem-
cal observations remains ungertan, singe there s

¥

no! even general agreemient on the expenmental
1 1

findings "' Y At the same ime they do raise the
possibility of a biocheaucal ink between behavioral

disturbances and biochemical abnormahities.

-

Dal.nanand co-workers” Jata® would suggest that
if such a hink exists, its impact would be modified
profoundly by the developmental status of the
brain at the ume of the insult.

There s a good deal of expenmental evidence suy;-
posting that there s a decreased resistance 1o mfec.
o anaron webiaencey and that this involves both
Iymphocvte and granulocyte function lron.
defiaent children have been reported to have a
impaired
Iymphocvte transtormation™ 7 * and a lower ingi-

lower percentage o T-varphocvtes.”

Jdence of pn.\lll\'r shI feactions to common anh-

gens ECT Granuloa e abnormalities, which in-
clude a decreased capaaty 1o Ml £ coli'™ and

Staphylococcus durcns,*” have been ascnbed to a
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defidency of the iron-containing enzyme myelo-
peroxidase’’* or to decreased activation of the
hexose monophosphate shunt.** These changes
are rapudly reversed by the giving of iron **. While
there are a number of chnical studies which appear
to confirm the vanous exnenmental indings, firm
evidence thatiron deficiency s of real chinical sig-
nificance in this regard s shll lachang > 70w
Indeed, there 1s some reason to behieve that sron
defiaency may actually have a protective effect
againstinfections A number of orgarisms require
iron for theirgrowth *and thereas i titro evidence
that bactenal growth an plasmaais inhibited when
the 1ron concentration s low = Whale this effect
may be due to the unavailabiity of sron to the
organisms, the presence of unsaturated transfernin
mayv also be important, since this proten has previ-
ously been shown to have ¢ th antiviral* and
anti-fungal properties. ' In suinmary, the present

findings concerning the relationship between iron
defidency and infection are confused and the sub-
ject requires further controlled study.

The role of iron in the ma.ntenance of body tempera-
ture has only recently been recogmized.” In con-
trast to normal rats, iron-defiaent rats exposed toa
temperature of 4°C are unable te maintain their
body temperatures This s associated with a lower
owwgen consumption and a compensatory in-
creased catecholamine drve ™ The lesion respon-
sible for the inability to mamntain body temperature
1s an ampairment an  the conversion of
trnodothyromine to thyroxine,™ which is corrected
within a few days by the administration or 1iron.
While the relevance of these findings to man re-
mains fo be cluadated, they nevertheless point the
way to pote aally fruitful avenues for future clini-
cal research.



V.

Diagnosis of Iron Deficiency

The inimal detection of iron defidency in an indi-
vidual 1s urually made in the laboratory through
the recogmion of anemia. Once the presence of
aneri has been established. tests are then done to
establish that 1t s, an fact, the result of ron
defiaeney However, it must be stressed that the
hemoglobin concentzation vanes considerably in
normal subjects, so that lesser degirees of aron
defhaena will go undetected if it s the only meas.
urement used  The red celi indices help to deade
whether the subject s anerie, but for o complete
assessiment of iron status it s nee essary to carny out
other tests, to define both the adequacy of the
supply of iron 1o the en thrord marrow (transfernn
satuzation and free ervihrocyne protoporphynin)
and the size of the bodsaron stores (serum ferntin
concentration)

The Defimtion of Anermia While it s customary to
set arbitrary lower imits of normality for
hemoglobin concentrations at different ages in the

two sexes, it is appreciated that such figures can
only be used as rough guidelines (Table VII). The
results of population studies indicate that the dis-
trbution of hemoglobin values is Gaussian, with a
standard deviation of 10% among apparently
normal people. and of about 7% when subjects
with tron defiaency are ngorously excluded '+
The distnbution curve 1s skewed to the left in ap-
parently normal populations by the presence of
anemic individuals within such populations (Fig;.
18) ** When frequency distnbution curves of the
normal and ancnne populations within each total
proup are plotted, considerable insight can be
obtained into the overlap that exists between
normtal and aneanc subjects Thisas cxemphfied by
the findings 1n the pregnant group (Fig. 19) Its
apparent that the WHO dividing ine of g dhisan
arbitrary sne An additional source of dificulty in
this group 1s the considerable vanation in the
plasma volume increase that occurs during
pregnancy. It is thus apparent that there is no

TABLE VIl

HEMOGLOBIN CONCENTRATIONS BELOW WHICH ANEMIA IS LIKELY
TO BE PRESENT IN POPULATIONS LIVING AT SEA LEVEL®
(Data from WHO Technical Report Series No. 4059

*Modification for altitude 0 3 4l for cach

Adult males 13
Adult females (non-pregnant) 12
Adult females (pregnant) n

% decreasein oxygen saturation. (Data from Hurtado')
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FIGURE 18

Probability plots of cumulative frequency distnbutions for he.noglobin concentrations in pregnancy. in
non-pregnant females and 1n imale subjects bving in Latin Ameaca It can be seen that the upper portions
followed a hinear pattem typical of a ungle Gaussn distnbutron. Deviation from this plot was minimal in
males but was noted inboth non-pregnantand pregaant femals There was therefere a double population of
hemoglobin values in both female groups Among non-pregnant females 88% werc contained 1n the upper
population (mean hemoglobin 13 1 g dl) ard 12% fell in the lower distnbution (mean hemoglobin 10 6 gdl).
Corresponding hgures 1a the thied tnmester of pregnancy were 78% (mean hemoglobin 11 8 g dl) and 2%
(mcanhemoglob:n 9 8y dl) respectively [After Cook and coworkers “ Redrawn by permussion of the Editor,

Blood (38 591. 1971))

magic figure dividing normality from abnormaility,
and that while a particular cut-off value can be used
to determine the appronimate prevalence of anemia
in a population, the relbility with which it can
identify the anenmic individual 1s 3 matter of
probability, based on the distnbution curve of
hemoglobin values in a representative sample of
healthy female subjects. (How such wamples can be
obtained has been discussed 1in some detal in a
WHO report) ™" Obviously the probability of
ancmia being present increases as the hemoglobin
concentration drops (Fig 20) A non-pregnant
female with a hemoglobin concentration of 11gdl

has a 20% chance of being normal, the apparently
anemic value representing in fact her physiologic
norm.

When attempling to assess the significance of a
particular hemoglohin concentration in the indi-
vidual case. itisimportant to get informat on on the
morphologic charactenstics of the red cells. Since
clectronic counters measure the size of the red cells
and the hemoglobin concentration accurately and
directly, the twoindices that are of most use are the
mean corpuscular volume (MCV) ana the mean
corpuscular hemoglobin (MCH). They represent
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Fitted double population of hemoglobin concentrations in the third tnmester of pregnancy in Latin Arr “ncan
women. The vertical line depicts the hemoglobin value used to define anemmua according to WHO aritena. The
higher curve represents the distnbution of the normal population of pregnant women and the lower curve,
the ancmuc group (see previous hig ) The arons-hatched area above 11 gdl represents subjects found aremic
by distnbution analyws but conuidersd normal by WHO ¢ntena  The shaded area below 11 gdl represents
that portion of the population found normal by distnbution analysis but considered anemic by WHO antena.
[After Cook and coworkers “ Redrawn by permission of the Editor, Blood (38 591, 1971))

rehable diagnostic indicators of 1ron defiaency
anerua, exceptin those situations where there is a
dimorphic popuiation of small and large cells (e g.
cembined aton and folate defiaency). Electromic
counter measurements have made it possuble to
follow the sequence of events as the envthrod mar-
row s propressively depnved of iron Anaincrease
n the percentage of microcytes isthe mostsensiive
index (Fig 21" and the MCH and MCV dechinein
parallel with the hemoglobin concentraton until
eventually the full blown picture of a microcyhe
hypochromic anemia s apparent.

The inding of an anenua together with a low MCV
(~'85M1) and a low MCH (<27pg) usually implies

30

that hemoglobin synthesis has been inhibited by a
curtnlment in the supply of iron to the erythroid
marrow, usually due to true iron defiaency. The
inadequate 1iron supply can, however, also be
caused by an zapairmentan the release of iron into
the plasina from the rebauloendothebial system,
and this may be found in g vanety of chronic
disordees ¥ Imparred hemoglobin synthesis
resulting in similar morphologic changes occurs in
thalassemua manor, and inareas where the disorder
1s common, such as the Mediterranean region and
Southeast Asra, this possibility: must always be
taken into consideration While other meas-
urements, such as the concentrations of fetal
hemoglobin and hemoglobin A:, may be necessary
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The distnbution of hemoglobin values in 3 theoretical populahon of women with a mean value of 13.5 g/l
(SD =1 gidl) and an assumed 10% prevalence of anemu. For cach hemoglobin concentration the ikelihood
thatitis normal tn the individual tested may be read on the vertical aus (Data from Hillman and Finch ™).
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for differentiation of the two conditions, ™ simple
discnminant formulas using blood indices have
been found useful One cvample s as follows: -
Discimunate function  MCV - RBC - (5 x Hb) -
3.4 16 the resul® 1 positive the diagnosis s tron
deficiency, while a negative result suggests
thalassemua trane '3

lron Deficient Erytivrop orcsin Two measurements
are useful for assessing the adeuacy of the iron
supplyv for hemoglobin svnthesis  These are the
percentage saturation of the plasma iron-binding,
protein,  transfernin, and  the red  cell
protoporphyvnn concentration When there 1s not
enough 1ron entenng the plasma, the plasma iron
concentration falls progressively from ats normal
levels (mean 115 ug dlL SD < 40 ug dl) and when it

k)|

is less than 40 ug dlitis probable that the needs of
the erythroid marrow are not being adequately
met. However the adequacy of iron supply to the
marrow correlates better wiath the percentage sat-
urahion of transfernn, whizh decreases in parallel
with the plasmairon concentration. This decrear ¢
is due not only 1o the lowered plasmairon concen-
tration, but alvo to a conconutant ircrease in the
amount of transfernn ¥ The normal mean plasra
won-binding capaaity s about 330 g dl(SD - 25
mg dbanaron deficiency the extra transfernn usu-
ally rarses ot to between 370 and 580 Ly dl 7
Why this should be so s not known, but together
with the lowered plasma iron concentration the
consequence s that the transferne saturation drops
from ats normal value of 309409 to low levels
Onceithas fallen belove 159, the delivery ofiron .
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FIGURE 21

The sensitiv.'y of vanous hematologic measurements in detecting blood donors with low transferrin satura-
tions (<16%). (Data from England and coworkers''").

the erythroid marrow is severely compromused.®
When the supply of iron to the developing red cells
in the marrow 1s suboptim. . #** not all the porphy-
rnn being synthesized van be made into
heme 1931573540 3%00 1 ¢ 3 result, the concentration
of protoporphynn in the arculating 12d cells nses
above normal The normal figure for free ervthrocy -
e protoporphynin 1s about 40 ug dl red cells, or
somewhat less than 1 mole per 20,000 moles of
heme Ifthe figure s greater than 70 ug di red cells,
the iron supply to the ervthroid marrow can be
regarded as suboptimal

Asscssmentof tire Iren Reserie The most convenient
vardstick of the bodv aron reserve is the plasma
ferntin concentration, since 1t can detect the first
stage of :ron defiaency, namely a reduction in the
size of the stores. Tnere is now abundant evidence

32

that the plasma femnitin concentration bears a lincar
relationship to the body iron stores™ '™ and it
therefore provides an invaluable guide to the iton
nutntional status. [t has been emgployed for both
chinical and eprdemiologic purposes. Each ug
fermtin 1 plasma is equivalent to about 10 mg stor-
age iron. while figures lower than 10-12 ug 1 inds-
cate wvirtual exhaustion of the body iron
stores. ™! A I recent eprdemiologic study ¢
sunvey was carned out in normal men and women
in the United States (Fig; 22) ¥ In females, values
stayed low until the menopause, at which ime they
began to nse, presumably as a result of the cessa-
tion of the menstrual ron drain In males, there
was a steady bwild-up i1n fernnhin concentrations
throughout adult life. Since the figures in later Ife
suggest iron stores comewhat greater than those
found in necropsy studies,“ it1s possible that other
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factors may have modified them. In this connec-
tion, it is noteworthy that there are a3 number of
disease states in which falsely high plasma ferritin
concentrations may be found, induding liver dis-
ease, leukemias, lymphomas, cancers and infec-
tion.*' However, there 1s no condition other than
iron defidency in which it is reduced to very low
levels and a plasma fermitin conceniration below 12
ug 1 implies that stores are exhausted or almost
exhausted. [nformation simular to that provided by
the plasma ferntin concentrahon can be obtained
more directly by histologic examination of the bone
marrow for hemosidenn granules in the re-
ticuloendothehal cells ¥ Whale this tradiional and
well-tned method of assessing the size of the body
ron stores 1s sall useful in the chimcal work-up of
individual patients, 1t 1s not suitable for
cpidemiologic studies.

In summary, therefore, the most useful tests for the
evaluation of iron nutsition are the plasma femntin
concentration, the percentage saturation of the
plasma transferrin, the red celi protoporphyrin
concentration and the hemoglodbin concentration.
Current concepts cencerning the relationship of
these various measurements to each other and to
other indices at vanous stages of iron depletion are
shown in Fig. 23 For the mildest degree of iron
deficdency, amountng to a reduchion in the body
iron reserve only, the plasma fernhin concentrahion
provides the only convement yardstick Once the
deficiency of 1ron 1s ot sufficient severity to
compromise the supply of iron to the bone marrow,
this 1s most convermiently assessed by a fall in the
percentage transfernn saturation and a nse in the
red cell protoporphynin concentration. A raised red
cell protoporphyrin concentration indicates that
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Median values for plasma ferritin concentrations in male and female subjects of different ages. (Data from
Couk and coworkers.”™ Redrawn by permission of the Editor, Blood (48:449, 1976).)
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Sequentiol Changes in the Development of iron Deficiency
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The sequence of changes induced by a gradual reduction in the iron content of the body (Reproduced with
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less hemoglobin is being synthesized than normal.
Thatthe inadequate supply of iron for hemoglobin
synthesis is due to true iron dehiaency rather than
defective releasc ofiron to the plasma, as occursina
number of chronie dirorders, can be confirmed by a
low plasma ferntin concentration, or by the
absence of stanable ron in the bone marrow.
Changes in the red cell indices require iron
defiaency of faiely marked degree which has been
present for long enough fora significant proportion
of the red cell population to exhibit the
charactenstic morphologic features.

The differentiation between true 1ron deficiency
and 4 restricted supply due to chronic
inflammation and other chronic disorders® 1s made
on several grounds With infection, the total iron-
binding capaaity is often reduced rather than

raised, the percentage saturation is normally below
15% and mostimportantly, the plasma ferntin con-
centration s usually above 100 gg 1 ietieam
When there s concomitant 1ron defiaiency, the
plasma fereitin is between 20 and 50 ugl Differ.
enhation from defects in porphynin and globin
synthesisas not ditheult, since the plasma ferntin
concentration 1s nornwl or raised. while both the
transfernin saturation and the red cell protoporphy-.
nn are normal

Assessment of Iren Status of a Populstior Since the
sensiivity and speahiaty of the four measurements
of 1ron status vary widely, attempts have been
made 1o use them in an intey ated wavan order to
define more preasely the iron nutrition of
population groups. Thisinfo..nation s particularly
necessary in evaluabine the effectiveness of iron



supplementation and fortification programs.?!*-x*
In the past it has been customary to determine the
percentage of values outside the normal range.
When this was done in one study it was found that
if only onc of the measurements was in the iron
defiaent range, the prevalence of anemia was only
shigintly higher (10 92) than in the population as a
whole (8.3%).77 When two were abnormal, the
prevalence of anemia rose to 28% and when all
three were abnormal it was 63%. 1t s, however,
difficult to relate such figures to other populations,
since they must be influenced by the prevalence of
other causes of anenia

In one recent study an attempt was made to give
weaighting to each of the measurements of iron
status in order to estimate the distribution of iron
stores 1n a parhicular population.” In this model
(Fig. 24) four grades of iron nutnitional status are
recognized.

1 All measurements are normal. The oody iron re-
serve in this group is obtained by assuming that
cach 1 ug ferntin dl plasma is equivalent to 10mg
storage ron. This s, 1n fact, the calculated weigh-
ted mean for this relationship as obtained 1n several

studies '™ [Calculated stores (mg) = plasma
fermitin (ugA) x 10).

2. Storage iron depletion is present when the plasma
femtin concentration is less than 12 ugA. In an
attempt to obtain further predsion it was assumed
that if the hemoglobin concentration was above
12gdl and one of the other two measurements
(transfemin saturation or red cell protoporphyrin)
was abnormal, then no storage iron was present.

3. A latent hemoglokin 1ron deficit 1s present when
the findings are similar to 2, except that the
transfernin  saturation and the red cell
protoporphymin arein the iron deficent range. This
is assumed to 1imply a hemoglolin iron defidt of
150mg.

4. An overt hemoglobin iron deficit is present when
the hemoglobin concentration is less thar. 12g/dI.
Thedefiatcan be calculated on the assumption that
1g-dl hemoglobin 1n a 70kg woinan is equivalent to
150mg wron. If the hemoglobin concentration in a
normal woman is taken to be 14g dl, then one of
11-12¢°dl represents a hemoglobin wron defiat of
300mg. one of 10-11g dl a defiat of 450mg, and so
on.
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Hemoglobin (g/dl) 2

FIGURE 24

Measurements of 1ron status in relationship to body wron stores (mg). Negative iron stores indicate the
amount of iron that must be replaced in arculating red cells before iron reserves an re-accumulate. (Data
from Cook and Finch."' Redrawn with permission).
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Using these various assumptions, a cumulative
frequency Jistribution of iron stores was
constructed un data obtained in an epidemiologic
study that had been camed out on 426 women in
the Northwestern United States (Fig. 25)™ The me-
dian store of iron was calculated to be 220mg with
lower and upper tenth percentiles of 240mg and
T0my; respectively

While itas apparent that the model gives plausible
results atis based on a number of assumptions, the
chiel of which 1s the quantitative nature of the
relationship between the plasma ferntin concentra-
hon and the size of the body iron stores. Results

obtained with the model should therefore be
treated with caution until it has been tested further.
In this regard. it will be of interest in the future to
cvaluate the effect of 1ron supplementation and
fortification strategies not only on each of the
measures of iron status but also on the cumulative
frequency distnbution of iron stores as calculated
from the individual measurements In addition, in
such studies 1t will be important to ¢valuate the
effect of iron fortficaion of the diet on the iron-
replete male population, since the possible risk of
iwon overload has excited spinted debate in de-
veloped countries. ™
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FIGURE 2S

Cumulative frequency distnbution of 1ron stores 1n 426 women In vanous regions of the curve, the points
were denved from serum ferntin, (B) transfernn saturation and or free erythrocyte protoporphynn (A). and
hemoglobin cou.centraton (@) as descnbed in text (After Cook and Finch * Redrawn with permrssion)
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Prevention of Iron Deficiency

Nutniionaliron deficiency can be prevented erther
byadentfying the vulnerable members of the popu-
lation and providing them with iron supplements,
or by forhfving the diet with iron so that the iron
nutrition of the whole population s improved

Iron Suppiementation
Supplemientation 1 wolves the gving of aron an
medianal forme This s often the only feasble ap-
preach whentherersalagereon requirementand a
teiatively short haee spar.as occurs dunng preg;-
naney -

Ve

The prevalence of anemia dunng the
tird semesteras judped by s V5O Ctenon of a
kemoglobin concentration fess than 1 13 dlhas been
Mudied g number of countnies durng the last
several vears TT T s Wy le the samples
tested were mostiv women from the lower soao-
coonomic s traty who weae attendiny hospaitals and

actenatal chimies, and were thus rot necessanly

represeatative ot the whole population, the preva.
lesce of anemia 1 the selected RIOUPS Was Cx-
tremely baghan a number of countnes (Table VIII).

Although other defidencies, and especially folatc
deficency, were probably contributory factors to
the anemia in many arcas, 1t is noteworthy that a
transferrin saturation of less than 15% was present
1n between 40% and 50% of the women studied.
These figures therefore underline the need for iron
supplementation dunng pregnancey, ™ and also in-
dicate that there are many areas of the world where
1t should be given together wath folate supplemen-
tahon Inthis conteat, st must be stressed that while
the need for supplens=ntal iron 1s greatest in de-
veloping areas, at also eusts in affluent soqehies.
The point was undethined by a study carned outin
Sweden by Svanbery; and co-workers (1975) There
was a progressive fallin the hemoglobin concentra-
hon and hematoent 1n a group of women given a
placebo (Fig; 26) This was accompamied by a fallin
the plasmairen concentration and a nse in the total
ron-binding capaaty, with the result that there
wasasteady dropin the transfernn saturation (Fig

27) These changes were significantly less in those
treated with 200mg ferrous iron datly. By mid preg-

Poland 22

latin America

(7 countnes) 25
Venecuela 37
Mexico 27

TABLE VIl
PERCENTAGE OF PREGNANT WOMEN IN THIRD TRIMESTER WITH
HEMOGLOBIN CONCENTRA110ONS LESS THAN 11 g/dl.
(Data from Baker and DeMaeyer'’)

India
-Vellore S6
-Detta 80
lsrael 47
Burma (Rangoon) 84
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FIGURE 26

The mean (=SE) hemoglobin concentration, hematocrit and MCHC in pregnant women treated with a
placebo (open cirdles) or 200 mg fervous iron (black arcles) daily. (After Svanberg and coworkers™).
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The mean (=SE) total iron-binding capaaty. plasma iron concentration and percentage saturation of trans.

ferrin in pregnant women treated with a placebo (open arcles) or 200 mg, ferrous iron (black circles) dady
(After Svanbetg and coworkers™).
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nancy there was a modest drop in the hemoglobin
concentration and hematocrit but they rose again
towards the end of pregnancy. The plasma iron
concentration remained virtually unchanged
throughout pregnancy but there was some dropin
the transfernn saturation This was due to the fact
that the total iron-binding capacity, which reflects
the amount of airculating fransternn, rose steadily
throughout pregnanay The nee was presumably
the result of some hormonai change and was not
duetorron dehiaency Furtherinsight intochanges
accurnng duney; pregnancy was obtaired i g
study an which the plasma femitin concentration
was measured atvarious stages of pregnaney (Fiyg
28) ' In women not recenamyaron supplements
there was a progresaive tall from the twelfth week
onsards toamean hgure of By Tatterm Thas fall
proesumably zetlected the ieobihization of iwon from
stores Incontrast, a group recenang Nmyg ferrous
rron daidy stitl had a mean plasma ferntin value of
Mgl at term

Some gurdehnes as to the dosages of supplemental
rron required have been obtained in studies 1n

which iron absorption has been measured at vani-
ous stages of pregnancy. In one study, the absorp-
tion of a small dose of ferrous 1ron (0.56mg) was
measured at vanous stages of pregnancy. There
was hittle change 1in absorption dunng the first
tnmester, with a dramatic increase occurnng dur-
g, the second and third tnimesters (Frg 29)
Somewhat different results were obtained by
Svanberg and co-workers in g study in which they
measured the atsorption of a 30my dose of ferrous
iron when fed together with a standard meal of
169 cal at vanous stages of prepnancy Absorp-
tonswas actuallvdepressed Juring the hiest tnmester
troma normal mean igure of 7 2510 1 5, In the
second tnmester it was 5 8% and onlyin the third
trrmester did 2 nise to 14 6% Recent data suggest
thatia developed countries there s an increase in
energy antahe duning pregnancy from about
1700kcal per day to 2100xcal per dav Sincetherron
content of Western-type diets 1s surpnsingly con-
stant at emyg 1DRcal,™ ¥ this represents a total
Intake of 12 6mg daily, including 0 73mg hemeiron
of which 332 would be expected to be abscrbed.
Calculanons based on all three data suggest that the

100+

Ferritin (ug/1)

O —l— T T
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coworkers''*).

24 3 40
Weeks
FIGURE 28

Plasma ferritin concentration in two groups of pregnant women. The one group (open aircles) was not given
aniron supplement. while the other (black arcles) was given 90 mg ferrous iron dady. (Data from Fenton and
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FIGURE 29
The changes in iron absorption that occur in pregnancy (Data :rem Heinrich and coworkers'™).

total daily 1ron absorption for the three time.ters
from a diet supplemented with 30mg ferrous 1ron
would amount to 0 9mg, 2.7mg and 6 Smg 1espec:
tively While certain assumptions have been made
1n these calculations, the figures do suggest that the
0mg, daly aron supplement given wath food 1n
Svanberg and co-workers” study 7 was not really
suffiaent to meet the needs of pregnancy, and this
was espeaally so dunng the second tnmester
Were the supplemental iron to be given betieeen
meals rather than with meals, absorption would be
cxpected to be almost twice as great, ' but com.
pliance would be less, since st is easier for subjects
to remember to take the presciibed iron ot meal-
times thanin between meals Poor comphiance s by
far the hkehest explanation for the failure of a
prophylactic regimen or course of treatment with
an ron preparation In one study only 68% of o
group of pregnant women were found to be taking
their iron supplements as ordered. and of those
whose hemoglobin concentrations were lower than
12g dl at term, only 25% were doing so ™

In practical terms the actual daily dosage of sup-
plemental iron required dunng pregnancy is af-
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fected by a number of considerations. In popula-
hons where the prevalence of iron deficiency 1s
high there are many women who enter pregnancy
alr 1dy suffenng from vanous degrees of anemia
In such a sitvation full therapeutic doses of a well
absorbed aron salt are obviously needed On the
other hand, 1n many developed countnes most
women center pregnangy not only with normal
hemoglobin concentrations but also with a resenve
ofiron of 200 to 300my; The supplementation re-
quited in such instances s less, since all that s
really required is a daaly dose of iron suffiaent to
meet the increasad needs of pregnancy, which in
the second and third tnmesters reach figures of
about 5 to 6mg dmly This should preferably be
given once dady with a meal, to ensure maximum
comph.\ncc In Scandinavian countnes most non-
anemic women are given 100mg daly as ferrous
sulfate (slow release) from mid-pregnancy untl
term. The rationale for thas dosage schedule s as
follows 1n the antenatal chimic it s often difficult to
know whether a particular woman s iron-deficient
or aot, since only a hemoglobin estimation 1s usu-
ally carned out. In such arcumstances, 1t seems
reasonable to choose a supplementation dose suffi-
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dent to meet the needs of ; -egnancy and to currect
minor degrees of iron defidency. An alternative
approach is to administer a smaller daily dose of
iron (40 to 60mg) as a simple ferrous salt on the
basis that complance is adversely affected by
side-cffects and that side-effects are dose-related.

While supplementation has a mayor role to play in
developing countries where wron defiaency s
common, there are many areasin which the dosage
schedules recommended 1n Western countnes do
not apply. This can be asenbed to the fact that a
large number of women enter pregnancy not only
without a storage iron reserve, but also with a
hemoglobin defiat Inaddition, they may only pre-
sent themselves in the latter part of pregnancy, so
thata hmited ime s avalable forintervention. This
was well tllustrated by two studies which were
studies. vanving doses of 1ron as ferrous fumarate
were pven under supervision on a once dalv bases
for twelve weeks, with most of the women also
receving supplemental folate and vitanun By; 57
The best results were obtained wath a single dnly
dose of 240mg. but evenin this group the he moglo-
bin concentration did not nse above g dlin X0,
of the women. These results were explaimed on the
basis that the total daily needs duning the penod of
supplementation amounted to 15my. which was
more than would be expected tobe absorbed froma
single daily dose of iron ** ¥ iy a second study, a
daily dose of R0mg iron per dav as ferrous sulfate
(Fersolate. Glaxo Laboratones, India) for 10 to 12
weeks caused a mean nse in the hemoglobin con-
centration of 1 12g dhina group of pregnant Indian
women at 26 = two weeks of gestaton Caleula-
tons based on these data suggested that only
3 24mg of the administered 1ron had been utibzed
daly for hemoglobin production as compared wath
a figure of 5.18mg when repeated injechons of in-
tramuscularairon-deatran ({mferon, Tata Fison, In-
dia, Ltd) were given ¥ While the reason for the
relatve malabsorption of iron 1n these women was
not cluadated, the results do underiine the dan-
gersan extrapolating the indings from one country
to another. If an aron supplement s to be used, s
effecveness must be tested under field conditions
na representative sample of the group to whomat
15 gOINg to be given. It 1s only in this way that a
correct dosage schedule can be ensured

While parenteral iron represents an effective alter-
natvetooralironinthose areas where the required
daly supplemental dose dunng pregnancy is large,
it 1s really not a practical proposition, since such
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preparations are expensive and may cause severe
reactions. The current need is for so*ne stable form
of oral iron that can be given on a once daily basis,
which is well absorbed and vet does not have un-
pleasant side-effects. ' [thas been calculated that if
a 50kg woman presents at 24 weeks of pregnancy
with a hemoglobin of 8g dI. her total iron require-
ment for the rematnder of pregnancy 1s approxi-
mately 125C0mg This means that if she 1s 1o be
treated over a 100-dav penod. she needs to absorb
12 5mg dailv."** While 1215 possible to achieve this
by feeding a single dmlv supploment of about
175my; 1ron in the form of a soluble ferrous salt, a
proportion of individuals can be expected to ex-
penence gastrointestinal side-effects at this dosage
level ** When such side-effects occur. many
women stop taking the tablets and may even stop
attending antenatal chmies Alternative approaches
therefore seem warranted  One alternative cur-
rently being considered is the use of one or other of
the controlled-release preparations, which nught
be expected to have fewer side-effects While the
relative efhiaency of several of the preparatons
currently avalable on the maraet has not been
adequately documented, at least one of them has
been shown to be atmorbed to the same degree as
ferrous sulfate when givenan the fasting state and
30, better when given wath food ™ Inaddibon,
it produces significantly fewer side-ettects ** The
major current challenge s to develop effective
preparanons at costs which are competiive with
thuse of conventional iron compounds

Iron Fortification

The term “fortification™ 1s used to desanbe “the
process whereby nutnicats are added to foods to
maintain or improve the quainty of the diet of a
group, a community or a population.”*'* It s an
approach which can be applied to Large populatica
groupsatlowcost.and ithas the advantage that che
identification and cooperation of actually o voten:
tallv defiaentindividuals is not a prerequisite as it
15 with supplementation  There are, however,
maay prachical and theoretical problems relating to
forfication programs This 1s espeaally true in-
sofar asiron fortficationis concerned. and in recent
veans there have been a number of reportsin which
these problems have been discussed and
guwidehines for the planring and implementation of
such programs have been laid down 111 32
effective dietary forbfication s to be achieved, a
senes of steps must be followed (Table 1X)

The 1miial tron nutrition of the population must be
evaluated before embarking on any program of for-



TABLE IX
STEPS IN THE ACHIEVEMENT OF EFFECTIVE DIETARY IRON FORTIFICATION

- Defive the iron autnition of the population.

- Select a suitabie iron compound.
- Choose an appropnate vehicle

da G P =

typical meals contaiming it

n

~

Establisk the acceptability of the appearance, taste and shelf life of the fortified vehicle and of

Measure the absorption of iron from meals containing the fortified vehicle.
6. Check the effectiveness of the fortification by a field trial.
- Monitor the iron nutntion after introduction.

tfication. In this contextatis particularly important
to dehine the prevalence of iron defiaency in preg-
nant women, since it provides a uselul guide to the
overall state of irton nutntion in the population as a
whole [fthe prevalence is such as to warrant inter-
vention, then more imformatios must be obtained
on the ehiologic factoss involved and on other defi-
aency states Inthis content, aclear distinction can
be made between industaiahized countries on the
one hand, and developing countaes en the other.
[n the former, iron nutntion s closelv correlated
with the total calong intake, since the 1iton content
inmined Western-type dictsis very constant, being
approuamately 6myg 100kcal "> ** However, in de-
veloping countries particalar atterion must be Ji-
rected towards non-physiolegiciron losses, suchas
bookworm infestation, ard towards the nature of
the diet, since nutntional iron Jdehaeney mav be
due to a low iron intake, 1o low bio-avalabihty of
the dietary 1iron, or 1o a combination of both fac-
P2 thearon deficieney s largely the result
of hookwormnfestation, then the cvpected effects

tors

ofazon forhfication mayv be p 1zhaiiv vitated by the
fact that increased 1ron absorption and hence
hemoglobin formation s paralleled by ancreased
hemoglobiniron losses from the gut 1 the preblem
15 one of biocavaillability, o distinction must be
made between the intnssic iron e the diet and
extrancous contaminating iron, such as dirt Some
diets contarn a lot of cortaminating iron which 15
notabsorbed. but the bio-avalabihity of the remain.
g mtnns:Ciron mav be quite good U 1 this s the
casc, then fortificatton of the diet with iron could
prove effective On the other hand, of the intninsic
ironis poorly bio-available (¢ g a maze diet), then
fortification with 1ron s unhikely to0 be effective,
since the added iron will be as poorly absorbed as
theintnnsiciron ¥ In such arcumstances it may be
morcappropniate toattempt toimprove the .)bﬁorp-
tion of the intnnsic diectary 1ron, for example by
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increasing the intake of ascorbic acd. This has been
shown to enhance the absorption of the intansic
dietary sron as long as itis not destroved dunng the
preparation of the food. It will withstand boiling,
but 1s oudized and rendered ineffective by the
higher temperatures of baking “ Ascorbic aad s,
however, relatively expensive and cqurrent efforts
are being directed towards finding effective but
cheaper alternatives.

The choice of a suitable ron componund s of
paramount importance, since there 1s good evi-
dence that many of those used in the past, such as
large particle reduced iron. ferne orthophosphate
and ferne pyrophosphate are all poorly ao.
sorbed 7 U Inassessing the suitability of any pro-
posed compound it s helpful to measure its effec-
bveness agaunst that of ferrous sulfate, which s
highly bio-available The methods by which this s
done have vaned ™ While voung chicks and rats
have been widely used as amimal models in testing
the relabive bio-availabality of different iron com.
pounds, <7
odologic difficulties have bedevilled theinterpreta-
tion of such data_and currenthy atterton 1s being
directed 1o vitro tests aimed at measunng the

ospeaes differences and meth-

relative solubility of a vanety of iron compounds
and of dietany 1ron s hvdeochlone aad. <5 9% 1n
pepsin-hvdrochlorcaad mintures. - "andin gastne
juice 9 However, the ultimate test of any com-
pound 1s the direct measurement of its ho-
avatlability in man when fed in sepresentative diets
consumed by the population concerned The com-
pounds that are currently used are hsted in Table
x, (L84

Current data suggest that the iron from most of
these sources is relanvely well absorbed. Former
problems relating to the absorbability of iron pow-
ders have been largely overcome by reduction in



TABLE X
IRON FORTIFICANTS (INCLUDING RELATIVE COSTS*)!*

COMMONLY USED COMPOUNDS
Ferrous sulfate (1.0)
Iron powders
(a) reduced 1iron (2 3)
{b) electrolyticiron (4 5)
(¢) carbonyliron 4 9)
Fernc orthophosphate (2 5)

LESS COMMONLY USED COMPOUNDS
Ferrous fumarate (3 5)
Ferrous gluconate (5 ()
Sodiumaron pyrophosphate (2.9)
Ferrous aitrate (11 0)
Ferne piveerophosphate (17 6)

EXPERIMENTAL IRON COMPOUND
Sodium ferne EDIA $ )

ASSEISING, COSts

*The relative bio-avalability of the iron compounds has been taken into consideration in

their particle size and surface area For example, of
the particle size of reduced iron s sufhaently small,
it s absorbed as well as theron in ferrous sulfate
when baked into bread rolls ©* B has also been
shown that the relative absorphion of ironan terne
orthophosphate s situlaey affected by particle
size T However, there s evidence that 1t s not the
particle size per s that s the major determinant of
tire amounts of a partculariron compound that are
at~ored Thercactive surlaceazea and th s dissolu-
vonrate v drochloncaad are better predictors
In chooving o parhcular compound thoee are other
important considerations relating to possible reac-
tons with ether the vebicle to wineh s added or
other compounds of the diet Thus high densaty
ron powders may be difficult to distnbute evenly

Hron may beres
moved by magnets emploved to remove metal con-
taminants duning tood provessing " 7% On the

mn p\)\\'dt‘h'd lmx!s, \\'hlh‘ e

other hand, more reachive compounds, such as
terrous sultate, may beassoaated with a number of
undesirable changes in food, including oft-colors,
sodors and ctlavors OF the more recently tested
compounds, sodiuumiron-FDTA holds some prom-
s 1t has the advantages of beiae stable, of e
chang:ng with nos-heme leodizon, and because it
s less susceptible toanhibitory iigands in “poor”
Jdicts, mose aron s actually absorbed 1rom the
non-hemearen pool presentin the meal thanaf it s
forificd with ferrous sulfate, '35-1% Fr-fe i

The choice of a telucle for the iron fortficant de-
pends ona number of factors [t must obviouch e
adictary constituent consumed by large sections of
the population, and should 1deally be manufac-
tured at relatively few production centers, so that
addinon of the fornficant can be momitored. The
most widely forbihic 4 food stemsan Western coun-
tries are cereals, and it has been estimated that
88:ap reduced iron can be added per kg wheat lour
without affecting ats patatability and shelf hfe * In
the United Kingdora average floar consumption is
about 1 5kg pes person per week, butin the United
States the figuee s only about half as much ¥
Manvantant foods and milk powders forinfants are
routinely fortfied vath vanous forms of iron. The
Bro-avalability ot such iron 1s stnkingly improved
wher aseortae aad s present (Fig 30) * ¥ Bey.
crages also represent potential vehicles foriron and
have the advantage that the additive can, to some
degree, be restncted to certain target groups, since
they are generally consumed by idennhable se-
ments of the population ln other countnes speaal
probiems mavanse because of the decentrahization
of food production. and because some of the major
cereal staples do notlend themselves readily toiron
fornficanon For example. neeas often washed be-
fore cooking, and this may remove the added tron.
Other possible vehicles are table salt and sugar. A
I - actical problem with salt 15 1ts vendency to dis-
color wher fortified with iron and or ascorbic aad.,



reference” salt abscrption

Molor ratio of absorption of won fortificant to
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Molar ratio of ascortec aod fortification to iron fortification

FIGURE 3

The improvementin the absorption of iron fortiicants due to increasing the rato of ascorbicaad toiron The
ratio of the amount of iron absorbed from the fortified foodstuff to the amount absorbed from a standard dose
of ferrous ascorbate was used as 2 measure of 1ron absorplion, since the ratio corrects results for individual
vanationsin nutntional status (Key to figure —@ infant milk fo~+la; & infant cereal 8, @ infant cereal C).
(After Derman and coworkers®)

particularly in hot humid chimates 7 %5 Thig 15 deasion 1s made. As tentioned earlier, the final
particularly so with coarse cooking salt. The prob- choice will depend not only on the d- gree to which
lem can, however, be overcome, at least par- the added 1ron 15 absorbed, but also on the con-
tally. ™ and two prehminany tnals using salt sumer acceptability of the fortified vehicle, includ-
fornficd with iron have already been teported ing the appearance and taste of typical meals con-
The fact that sugar mav be added to tea or coffee tumng it and ats shelf ife In additoon to reachons
restnets the choice of iron compounds., since black with tannates and other phenolic compounds, a
or blue colors result from the reaction of iron with black discoloration may result from reactions with
tanmins P Wiath coffee. iron-EDTA 1 not subject to sulfur containing compounds, and vanous ouda-
this drawback In Thadand a fish sauce was suc- tive reactions mav be calalyzed, with the develop-
cessfully fortified with the iron-EDTA. but its use ment of unacceptable odors and flavors as well as
vaned greatly from one region to another #* Local colors, et

dictary customs,including the use of condiments

such as monosodum glutarate and curry pow- If a suitable compound and vehicle have been
ders, mav offer opportunities for fortiication, and selected. it can be expected that the bio-availability
all the posaibiliies should be examined before a of the added iron will be similar to that of the
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noa-heme food iron in the diet, since the added
iron will enter the common pool. This must
nevertheless be formally cstablished, firstly by
isotopic studies and then by a field trial using the
population concerned. **? The field trial will estab-
lish the adequacy of the distnbution system, and
whether the level of fortfication 1s suffident to
counter the 1ron dehaency. After the introduction
of the fortification, 1t 1s essental to carry out a
long-term survaillance of iron nutntion in order to
establish that the program 1s effective

A final considerauon with regard to any fortifica-
hon program is the question of us safetv. Thus
follow-up monitonng programs must subserve a
dual function Not only must they be concerned
with the segment of the population, including in-
fants and women who are bkely to beneht from
iron forticaton of the diet, but cqual attention
must be directed to the more replete adult male
population in order to ensure that thev do not ac-
cumulate excessive quanbties of ron. Two groups
are particularly at rish, namely subjects who have
inhented the mutant gene responsible for the iron
sturage disease, idiopathic hemochromatosis, and
patients with thalassemia ¥ The sour-e of the non
in thalassemuia major depends on .he philosophy of
treatment Inandustnalized countnes itas largely
denved from blood transfusions, since the current
policy 1s to maintain the hemoglobin concentration
above 10g dl ¥ When thisis done, there s a marked
reduction iniron absorption ' On the other hand.,
the gutas the ma,osaf rot the only soeree ¢f ironn
developing areas, since transfusion therapy is not
apphed Under such arcumstances, patents suc-
cumb at an carly age and t s unbikely that 1won
fortification would modify the course of events sig-
mificantly - At more nsk are individuals, such as
those with thalassemia intermedia and other
thalassemic svndromes, who are less severely af-
fected hematologically and vet atworb 1ron exces-
sively " For example, a-thalassenua occurs wath a
frequency of 20 to 30% 1n Thailland, whi'e thalas-
semiais found in 310 9%, hemoglobin Ein 139, and
hemoglobin Coastant Spring in at least 4% of the
population. 2 As & result, at has been estimated
that there are 500,000 individuals in Thaiand wiath
major thalassemic syndromes, the most common
being, hemog.obin H discase and g-thalassemua:
hemoglobin E discase  Subjects with both these
syndromes have been shown to accumulate iron,
with the more severe involvement occunng in 8
thalassemia hemoglobin E disease (a mear plastna
ferntin concentration of 2158 ug 1 in 174 pa-
tients) ' These figures underhine the dificulties

thatmight arise in weighing the pros and cons of an
iron fortification program in a country where iron
deficdency is common but in which a significant
proportion of the population carry iron-loading
ganes. The situation with regard to idiopathic
hemochromatosis has been discussed in detail
clsewhere > In summary, frem what is known of
iron balance, ‘t would be expected that increased
fortification ot the diet with iron in Western coun-
tnes would lead to cinical manifestations occurnng
at an earhier age in subjects homozvgous for the
gene (Fig. 31) Stores in heterozvgotes would also
be greater, but equilibration of the body iron con-
tent would occur at a tirae well before the accumu-
lation of massive stores At the same ime it must be
accepted that this point remains conjectural, and
careful monitonng of the storage 1ron concentra-
tions 1s mandatory when the level of 1ron fortifica-
ton s increased. Fortunately. the avalability of
methods for measunng the plasma ferntin concen-
tration, which reflects the size of the body iron
stores, provides a practical method for doing this.
In additon, the recent demonstranon that the
heterozygous and homozygous relatives of do.g-
nosed hemochromatotic patients can be identified
by HL-A (Human Leukocyte-Locus A) typing pro-
vides 3 wav of estabhishing what the consequences
to cach will be ** #* These points ere ratsed because
a proposal toincrease the ennchment of lourin the
USA to88Bmp kg was eventually rejected on several
grounds, one of which wasits safety The question
of safety 1s based on the et that any fortification
program designed to satisfv the needs of a vulner-
able segment of the population, such as women of
chiidbeanny, age. exposes 1ron-replete males to
romintakes significantly greater than their modest
requirements since their calone intake, and hence
iron antake, s greater than that of females ' Of
interestan this regard s the fact that in Sweden the
iron antake has for the last ten vears been consid-
crably higher than wauld have been achieved by
the inareased fortiicanon proposed 1n the USA,
but there is as vet no suggestion of any increase in
the chnical inaidence of 1diopathic hemo-
chromatosis in western Sweden '™ While several
cascs of iron overloid have been detected in north-
ern Sweden, ¥ the relationship of this finding to
the iron fortification program s o clear. On the
positive side, ithas been possible to show that there
hasbeen a stnking decrease in the inadence of iron
defidency anemua in Sviedish women over the
same penod. However. atis clear thatiron fortifica-
tion has not been the only factor responsible for
this, since the increased taking of iron tablets. the
increased use of contracepuve pills and a nsein the
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FIGURE 1

A schematic andidealized representation of how the body iron conten
hemochromatosis Note that the tate of iron absorption decteases as st

chimcal manifestations would appear cather The same penenal p
heterozy gous foz the abnormal mutant gene, But since ther stores o

Bothwell and com e hers. ™ and Beswoda and coworhers'?)
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tincreases over the yearsinaidiopathic
ores reach massive proportions, while

the rate of iron excretion rises, but 1o a besser extent Eventually equilibration is reached, but by this time the
body roacontentis very large Were the dictanv inuahe to be fortified withiron, initwl absorption rates would
be expected to be higherand henee the hieal squilibrat.on point would be reached atan earlicr age Asaresult,

nnaples probably hold for subects
re 3t best modestly raised on current

Western:thype diels, iron forhification would be expacted to has e a very hauted effect, with some increase in
won stores, bul not 1o levels anvwhere near those encourtered 1n homozygous individuals (Data from

consumption of ascorbic aad tablets have also con-
tnbuted sigmficantly (Tig 32) These results under-
ane the importance of recogmzing the many var, -
ables wineh nuy affect the consequences of the
introduction of an iron forufication program.
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Prevalence of cnemia 30% ' Causes of reduction
(1965)

10 % [®Increased intake of iron toblets

7-8% | eincreased iron fortification in food

3-4%| eincreased use of 'the pi¥'
Prevalence of onemio 7 % [==b,3.2_| ®Increased intake of ascorbic acid

(1975) 7// tablets

FIGURE 32

Causes of reduction in prevalence of anemia in Swedish women of fertile age. (Alter Hallberg and cowor-
kers'®).




VII.
Treatment of Iron Deficiency

The previous section was concerned with
cpidemiologic aspects of iron defidency, both in
terrs of presentation and therapy. In this final
section, attention will be directed to the prindples
of therapy in theindividual patient. At the outset, it
is essential to emphasize that the physidan mu-t
establish why the patient has developed iron defi-
aency anemia, and if it is due to pathologic bleed-
ing. the source of the blood loss must be identified
and appropriate treatment instituted. In pre-
mencpausal women iron defiaency is usually nu-
tnttonal in ongin, althougt 1t must not be forgotten
that pathologic hemorrhage can occur in this e
group also As was mentioned 1n a previous sec-
tion, women are often unaware of the extent of
their menstrual losses, and if there 1s any doubt, a
method has been descrnibed for quartitating
them."** lron nutnition improves after the
menopause, because of the removal of the
menstrual drain. As a result, iron stores tend to nise
N post-menopausal women. ™ even 1n com-
mumities where iron defiaency 1s common (Fig.
33).7'° 1t must therefore not be assumed that iron
defiaency anemia ina post-menopausal woman is
nutntional in ongin. Insteaa, every attempt must
be made to exclude a source of pathologic blood
loss.

The Choice of Therapy. Having established the
cause of the iron defidency, and instituted appro-
pnate treatment of the cause of any pathologic
bleeding, the treatment of the iron defidency can
be undertaken. This has established itself as one of
the most satisfying of therapeutic exercises. There
are many effective and cheap preparations of iron
for oral administration, and if there are no com-
plicating features, such as infection or concomitant
folate deficiency. there are only three reasons why
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their prescription might fail to correct the defi-
dency. By far the most likely is that the patient is
not taking the medication, and this should be con-
firmed or climinated without delay by careful ques-
tioning and by checking the number of remaining
tablets at cach visit. (If doubt sull exists, it is possi-
ble to test for the presence of unabsorbed medicinal
iron in the stool by using the Prussian Blue reac-
tion’). The second possibibity 15 that bleeding is
continuing at a rate faster than the erythrord mar-
row can make good the losses. Hemorrhage of this
degree can, however, be detected casily. The third
and least likely explanation 1s that the iron 1s not
being absorbed. If the bio-avazlability of the iron
preparation is notin question, such malabsorption
18 nearly always due to idopathic steatorrhea or
tropical sprue.

Iron can also be admunistered by injection. The use
of such preparations avoids the problem of poor
patient compliance and the rare instances of malab-
sorption, but is no more effective in correcting the
anemia than oral therapy, and 1s more expensive
and less safe. As normal hemoglobin concentra-
tions are approached. however, the absorption rate
falls, and f replenishing the body iron reserve 1s
desired 1n additon o correcting the anemua, oral
treatment must be continued for several months
longer. Admiristration of the 1ron parenterally
makes it possible to replace the stores without
delay but such theqapy s expensive and 1s occa-
sionally associated with potentally senous side ef-
fects Other less important disadvantages of par-
enteral wron preparatons are that they interfere
with the laboratory mcasurement of the plasma
iron concentration for several days, and with the
asscssment of the reticuloendothelialiron stores for
many months. For these various reasons, treat-
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Median plasma ferritin concentrations in two groups of women, the one in the Northwestern USA and the
other in Chatsworth, Durban. (Data from Cook and coworkers™ and MacPhail and coworkers''?).

ment should be with oral preparahons in mos. pa-
tients, and it 15 only when raalabsarption 1s pre-
sent, or 1n those rare instances when oral 1iron
cannot be tolerated. or in the totally unrehable pa-
tent, that parenteral iron should be administered.
The potental for gastro-intestinal irntaton may
make oral therapy inadvisable for pahents with
regional ileits, ulcerative colits and pephc ulcera-
tion, although in fact most patients with these con-
ditions tolerate it surpnsingly well

In rare instances iron defiaency anemia can be
treated initially by blood transfusion Itis indicated
when the seventy of the anemia threatens hife, and
this 15 3 question of the physican’s judgment
Transfusion should never be undertaken without
good reason, since 1tis not without hazard.

The Bone Marrow Response 1o Iron Deficrency: The
ability of the eryvthroid marrow to increase the rate

of synthesis of hemoglobin so as to make good the
shortfall is dependent on the amount of iron avail-
able to the red cell precursors. This is a function of
the plasma iron concentration: 1f 1t can be kept
above 70 ug dl throughout the 24 hours, ery-
thropoiesis may increase fourfold, whercas if the
amount absorbed 15 insuffiaent 1o achieve this, it
will only double or treble '™ The absorption of 40-
50mg iron per day will pernut a red cell production
rate of about three imes normal, and if there is no
hemorrhage the hemoglobin concentration will nse
at an average rate of about 0.2g dl day, > although
figures somewhat less than this may occur if the
anemia 1s very mild.

The Rate of Iron Absorption Durmg Therapy: The rate
of iron absorption 1s dependent on the seventy of
the anemia. Ten days after starting the treatment of
a group of subjects with iron defigency anemia,
about 20% of the 100mg ferrous iron which was



being administered (hree times a day as ferrous
sulfate was being absorbed.” The mean hemoglo-
bin concentration at this stage was 9.5g'dl. After 30
days, when the hemoglobin concentrahon had
nsen to over 12g dl, the absorption rate had fallen
to 1% (Fig. 34). The amount of iron absorbed obvi-
ously depenas also on the amount of iron ingested.
I 74mg 1ron are adnunistered three times a day,
about 60% more iron is absorbed than if only half
this dose s taken " Another important vanable is
whether the iron preparation is taken in the fasting

state or after meals. In one study the absorption of a
30mg dose taken when the stomach was cmpty was
40% greater than when it was taken after meals. @
The degree to which absorption is inhibited by food
depends upon the composttion of the meal ™' In
one study absorption was reduced to only one-
third or cven less by a standard breakfast,™ and in
another, to less than one-fifth by a vegetable
meal ™ However, when a direct companison was
made between the absorphion of a 100mg tablet of
iron from different meals, more was absorbed from
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Iron absorption (mean = S.E.) during continuous treatment in patsents with iron deficiency anemia. Theiron
was given as ferrous sulfate in a dose of 100 mg three hmes dauly with meals. (After Norrby and Solvell™).




a rice meal than from one containing meat."’ Be-
cause of the significant inhibition that food exerts
on the absorption of therapeutic iron it is, in gen-
eral, preferable to administer the ironin the fasting
state, even though the dose may have tobe reduced
because of gastrointestinal side-effects While food
or antaads pernut larger doses to be swallowed,
absorption 1s correspondingly reduced and be-
comes much less predictable

The nature of the oral iron preparation also deter-
runes the bio-avallabibity of the iron, and therefore
the am- untthatcan beabsorbed froma given dose.
Ithas been well shown that the absorption s about
three nmes greater at a dosage of 30mg iron +f a
ferrous saltis administered thanif theiron s in the
ferne state, ' and wath larger doses the difference s

even more marked. The nature of the anion does
not appear to matter greatly; ferrous sulfate, lac-
tate, fumarate, glycine sulfate, glutamate and
gluconate are absorbed to about the same degree,
although there is evidence indicating that the suc-
anate may be absorbed about 302 better (Fig.
35), 44 s aad that o simular enhancement s
obtained if sucanic acid is added to a ferrous salt.*
The addition of ascortwe aad in sufficent quantity
(200mg or more) increases absorphion by at least
30%, probably both by presenvang the reduced
state of the iron and by formiry; soluble complexes
withat.* Thisaincreased bio-availatuhity results also
in a significant increase in side-effects, "' how-
ever, and since ascorbic acid s more expensive than
ferrous sulfate, and ats inclusion i the preparation
achieves no more than could be achieved by in-

Ferrous Sulfate

-

Ferrous Succingte
Ferrous Lactate
Ferrous Fumarate

Ferrous Glycine Sulfate
Ferrous Glutoamate

Ferrous Gluconate

Ferrous Citrate

Ferrous Tartrate

Ferrous Pyrophosphate
Ferric Cholinisocitrate
Ferric Sulfate

Ferric Citrate
Ferric Vlersenate

95 %
confidence
mits

penod of 10 days. (Aiter Bnse and Hallberg*').

FIGURE 3$

A comparison of the absorption rates with different iron salts. [n these studies a daily dose of 30 mg wron as
ferrous sulfate was alternated with another iron salt in sirrular dosage labelled with a second isotope over 3

(%)
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acasing the dose of ferrous sulfate, its value is
questionable. Some increase in aksorption has also
been achieved with very large doses of mannitol,
sorbitol and D-xylose, but they produce unaccept-
able side-effects. Other carbohydrates, surface-
achive agents, tnorganic salts, amuno-aads and vit-
amins have also been tned, but wathout significant
benefit

Tite Choice of an Oral Iron Compound: While the
plethora of preparations on the market can easily
confuse the physiaan, the choice is essentially a
simple one. The 40-60mg 1ron which is required
cach day to permit a trebling of red cell production
can casily be absorbed by subjects vath hemoglobin
concentrations of 10g dl or less frem doses of be-
tween 36 and 74mg iron admimistered three imes a
day as a ferrous salt Sigruficantly more will be
absorbed 1if a fourth dose 1s taken late at rught.

Gastrointestinal side-effects represent the main
hmuting factorin oral iron therapy. A proportion of
patients complain of nausea, epigastne discomfort
and distention, heartburn, diarrhea or constipa-
ton While there is no doubt that iron can produce

dose-related nausea and epigastric pain, the evi-
dence for the psychologic onigin of the symptoms in
some subjects is convinang. Fourteen of a group of
sixteen patients who experienced symptoms while
taking green fersous sulfate tablets had none when
white fertous sulfate tablets were substituted. '™ In
another study, lactose tablets labelled “lron Pills”
produced symptoms in the same percentage of sub-
jects as did genuine iron pills labelled “lron Pulls”,
whereas 1dentical lactose tablets labelled “Control
Pills” did not."' It 1s equally clear that iron is not
innocuous. In a double-bind Swedish study in
which preparations of vanous ferrous salts contain-
ing approximately 200mg won were compared with
placebo tablets. twice as many subjects expencnced
side-effects with the iron,'* and when the dose of
iwon was increased the percentage of subjects ex-
penenang side-effects increased in proportion
(Fig. 36). Infact, because comphance s soadversely
affected by side-effects which are dose-related, a
good case can be made for modifying the treatment
strategy in subjects with only mild anemu. In such
individuals a satisfactory tho..gh slow hematologs-
cal response can be obtained with a single daily
tablet containing 36 to 74 ing iron.

Line). (Data from Sdlvell, 1979).

Side Effects of Oral lronTherapy
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Since the gastric irritation which leads to the
nausca and epigastric painis dose-related, and iron
absorption occurs predominantly in the proximal
duodenum, the designing of an iron preparation
which will permit maximum atsorption without
gastnc arntation has taxed the ingenuity of the
pharmaceutical manufacturers Over the yvears a
number of slow-release preparations have been
marketed, but tnals of several of them have in the
main indicated that absorption was not as high
as that of preparations which  dissolved
promptly ' 3 However, this s not true of al!
of them and good chmical responses have been also
descnbed ' ' In fact. there s evidence that the
absorption of two of the currently available
delaved-release preparations s the same as from
terrous sulfate when given in the rasting state, and
somewhat better when given with food *1 ' 9%
addihon, a reduced inadence of side-effects has
been reported with one of them **In the past such
prepatations have been much more expensive than
convenhonal rron compounds but 1n some in-
stances the pnee difference s now a good deal
less 7 On this basis, there may well be situahions
in which they offer speaal advantages One such
sitation that was mentioned tnan eariier section is
the anemic pregnant woman who presents i the
second haif of pregnaney and who nedds large
dosesof ironoverarelativeiv short penod to correct
the anemia ' In peneral. however, the correction
of 1ton dehaency does not require undue haste,
and if the normal dosage of ordinany ferrous 1ron
tablets produces symptoms, the dosage can be re-
duced

While a preparation contaiming both iron and folate
is useful for prophvlaws dunng pregnancy, comby-
nations should be used for the treatment of anemia
only when 1t is caused by defiaenay of more than
one nutrient Indeed, this is the situation in preg-
nancy, since the supply of both ron and folate 1s
frequently suboptimal - Although many prepara-
tions of iron contain other so-called hematinies, the
use of such combinations depnves the pvsiclan of
the confirmation of his dagnosis wiuch might
otherwise be gained from a speafic therapeutic
tnal. A positive response to treatment can be de-
fined as 3 dailv increase an the hemoglobin concen-
tration of more than 01 g dl from the fourth day of
trecatment onwards

Parenteral Iron Therapy If oral iron 1s judged to be
mnappropnate for a parhcular patient, treatment
with parenteral iron 1s equally effective. In one
study of 3 large group of iron-deficient post-

partum women, oral, intravenous and intramuscu-
lar therapy with iron produced average daily
hemoglobin nses of 0.14, 0.15and 0.13 gidl respec-
tively.” The results in several other studies have
been similap T8

While a number of different parenteral prepara-
tions have been marketed at one ime or another,
tron-dextran is the one which has gained general
acceptance It consists of a complex of fernc hy-
dronde watli dextrans of molecular weight between
5000 and 7000 daltons It 1s presented as a colloidal
solution contatning ) my; 1ron per ml, and may be
injected either aintramuscularly or intravenously.
Afterintramuscular injcction 50-90%, of the iron 1s
removed from theinjection site within 4-5 days, but
thereafter there s Iittle further mobihzation for up
0 100 days "™ The persistence of thisiron within
the muscle has given nse to cencern when consid-
eredain conjunction with the ceports of sarcemas in
rats given massive sntramuscular doses ™7 5 AL
least eight sarcomas have also been reported in
assoaation with ats use v human subjects, but the
significance of these findings, and the accaracy of
the diagnosis in some cases, have reeently been
questioned " Althcugh the peeparation was with-
drawn from the market for a penod, 1t has sub-
sequently been reantroduced. and many rulhons
of doses have been given 1t would nevertheless
seem preferable wheniever possible 1o use the in-
travenous route rather than the intramuscular,
when this s done, all the injected iron s faken up
by the reticuloendaiheiml system Additional Gis-
advantages of the intramuscular route are pan at
theinjectton site, and the shin may become staned
for as long as two vears Other adverse seactions
assocated with the wdminsstration of iron-dextran
include anaphvlans, headache, malase, fever, re-
ponal orgeneral lvmphadenopathy, arthralg:aand
urticaria,*** and rheumatord arthans mayv he
exacerbated “ s, howeve:, fair to point oet tiat
the therapeutic inden is good 'n one study of 2400
ron-dehiaent subjects, intravenous iron-dextran
produced side effectsan only 1.2¢, ™

If the preparation s adnmunistered intravenously it
15 particularly necessary to guard against the posse-
bility of an anaphy lactic reaction. andin the United
States the standard pohicv is togave a seall test dose
imtully and then wait for hve minutes Fpin.-
phrne, an injectable glacocorticosteroia and
aminophylline must be at hand together with re-
susQtative equipment [f there s no reaction, 500
mg can then be given over a penod of 510 10
minutes This dose can be repeated atintervals of a
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few days. Alternatively, the total amount can be
administered over several hours diluted in normal
saline to a concentration not exceeding 5%. % When
this is done, the drip should be run in very slowly

Total amount of iron required (mg) =

hemoglobin defiat (g-dl)

over the first few minutes because of the possibility
of an anaphylactic response. The quantity of iron
which should be injected can be calculated from the
following formula:

x estimated blood

This will provide enough iron to restore the hemo-
globin concentration to normal, and if it is desired
to recreate the body iron reserve, an additional 500
or 1000 mg may be given. The half-time of the iron
dextran in the plasma s between 3 and 4 days, ™
but there 1s very hittle effect on the unsaturated
iron-binding capaaty, since virtually all of the iron
remains attached to the dextran '™ After having
been taken up by the cells of the reticuloendothehal
system, some of the iron becomes available for re-
lease to the plasma transfernn and transport to the
bone marrow. Dunng the month after adminustra-
tion only about 50% s uhbized for hemoglobin

L1]

100 volume x 3.4

synthesis,**?'*3* and over the ens aing v.eeks the
rate of blood formation gradually siows.'™ After
three to five months 30% of the injected iron has
still not been utilized;* virtually complete mobili-
zation of the 1ron will occur eventually. '™ The rea-
son for this restncted availabibity ociron-dextran is
not clear. It can be seen within the reticuloendothe-
al cells after staining wath potassium ferrocyanide,
and the co-eustence of iron defiaency anemia with
apparently adequate iron stores can create diagnos-
tic problems unless the possibility of delayed proc-
essing and release is apprecated.



VIII.
Summary

1. Iron defidency is the most commonly recog-
nized nutritional defiaency. It affects women more
than men because their requirement for iron is
greater and their iton intake less as a result of the
lower food consumption.

2. The extra iron women need 15 to replace losses
through menstruation and pregnancy. The median
menstrual blood loss in Swedish and in British
viomen adds 0.4-0.5mg iron to the dly 0.7-0.8 mg
lost by other routes In as many as 10% of normal
subjects, menstruation 1s the equivalent of more
than 1 mg per day Gestation diminishes the iron
requirement duning the first tnmester because
menstruation ceases, but duning the second and
third tnmesters a total of about 5.6 mg per dav s
needed to supply the conceptus and for the expan-
ston of the maternal red cell mass A vanable
amount of blood 1s lost at debivery and in lochia
dunng the puerpenum, but this 1s partially offset
by the recovery of the extra iron 1n maternat hemo-
globin as the red celi mass returns to non-pregnant
dimensions. The netiron cost of pregnancy is of the
order of 500 mg.

3. Heme 1ron in food is absorbed well regardless of
the composition of the diet. Non-heme food is gen-
erally less bio-available, and 1s susceptible to the
action of a vanety of promoters and inhibitors of
absorption. Important promoters include meat,
fish and ascorbic aad. and important iron in-
hibitors are tann..s and bran. Dunng digestion
most of the non-heme iron enters a common ntra-
luminal pool s sthatits b “waiiability 1s determined
by the vanous ligands present in the meal. Theiron
in staple foodstuffs such as wheat, nce and maizeis
poorly absorbed but the bio-availabality is signifi-

cantly improved if they are eaten with adequate
quantities of meat, fish or ascorbic acid. These are
relatively expensive, however, and the resultis that
the usual diet of much of the world’s population,
particularly in developing countries, provides too
Little absorbable iron for many women.

4. With adequate nutntion a reserve of iron 1s
stored 1n the bissues in the form of ferntin and
hemosidenin. This reserve is used to make good
any shortfall, for example in pregnancy if, as 1s
usually the case, enough 1ron cannot be obtained
from the diet 1o expand the hemoglobin mass 1n
additontosupplying the conceptus. The size of the
body 1ron reserve is an index of the iron nutritional
status. It can be most conveniently assessed by
measunng the plasma ferman concentration. A de-
pleted or exhausted store indicates a state f iron
defiaency Once the iron defiaency is such as to
compromuse the supply to the bone marrow, the
plasma transfernn concentration nses and the
plasmaron concentration falls, so that the percent-
age transfernn saturaton s decreased. In addition,
the red cell free protoporphynin concentration
nses. Finally, the hemoglobin concentration falls.
Because the range of hemoglobin concentrations in
normal subjects 15 wade, muld anemia 1s difficult to
detect unless the tests of the adequacy of the iron
supply for erythropciesis are performed in addition
to measunng the hemoglobin concentration.

5. Severe anemia dunng Pregnancy inareases ma-
ternal mortality. Iron defiaency limits work capac-
ity, and this is due to a skeletal muscle enzyme
defidency resulting in dysfunction as well as to the
inadequate oxygen supply ~wused by the hemoglo-
bin defidency. Biochemica' ssions in other tissues



have also been documented, but their dinical sig-
nificance is less well established.

6. Iron detigency can be prevented by providing
the vulnerable members of the population with
supplemental iron, or by fortifying the diet so that
the iron nutntion of the whole population 1s 1m-
proved. Antenatal clivies provide a good opportu-
ity for supplementation The dose required de-
pends firstly on whether the iron preparation is 1o
be given with meals when less 1s absorbed, or fast-
ing when compliance is erratic, second’y, on the
subject’s iron nutnuional status, and thiruly, on the
stage of gestation Dictary forbfication ensures that
all the indiwiduals atnsk are reached. butinaeases
unnecessanly the 1ron intake of those who are
iron-replete, espeaally those genetically susceph-

ble toiron overload. If this approach is adopted, itis
essential tomonitor the iron nutrition of the vanous
sectors of the population to ensure the safety of
such individuals as well as to assess progress in
climinating iron defiaency. For a fortification pro-
gram to succeed, a suitable vehicle must be found
ltshould be a dietary ingredient whichis consumed
by the whole population. is distributed from a few
central points, and 1s not altered 1n shelf hfe, taste
and appearance by the fortibicant The added iron
must obviously be both cheap and adequately ab-
sorbed: sinceatis likely to enter the common pool of
dietary non-heme 1ron dunng ingestation and be
subject to the same inhibitory higands, fortification
with a promoter of iron absorption such as ascorbic
aad may be indicated in certain circumstances.
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