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INTRODUCTION

Anemia is defined as a circulating red blood cell
mass inadequate to prevent tissue hypoxia. Ane-
mia can be related to blood loss, decreased red cell
production, increased red cell destruction, or a
combination of these events. When anemia occurs
as a consequence of a nutritional deficiency, any of
these pathologic processes may be involved, either
singly or in combination. Vitamin deficiencies that
have been implicated as causes of anemia in
humans include vitamin A, members of the vita-
min B group [pyridoxine (By), riboflavin (B,),
folate (By), and cyanocobalamin (B,)], vitamin C,
and vitamin E. Among minerals, iron and copper
are recognized as essential for optimal erythropoi-
esis. Complex nutritional disturbances, such as
those observed in starvation and protein/calorie
deficiency states, can also result in anemia.
Hemoglobin, hematocrit, and red cell indices
(mean cell volume, MCV, mean corpuscular
hemoglobin, MCH, and mean corpuscular hemo-
globin concentration, MCHC) are the initial labo-
ratory assessments used to diagnose and classify
an anemia. It is important to recognize and adjust
for the age-related changes in these parameters
when assessing anemia in the pediatric age group
(Table 1)."* These parameters can help classify the
anemia (Figure 1)* as one due to decreased red cell
production versus increased red cell destruction,
acute blood loss, or impaired hemoglobin produc-
tion. If the anemia is secondary to inhibited hemo-
globin synthesis, the anemia will be characterized
from these laboratory parameters as microcytic
and hypochromic (decreased red cell indices).
Conversely, if the anemia results as a consequence
of a disturbance in cell maturation, the anemia may
be described as macrocytic (increased red cell
indices). If the deformability of the red cell mem-
brane is altered, the anemia will have a hemolytic
component, an elevated reticulocyte count, and
normocytic or macrocytic red cell indices. Nutri-
tional deficiency states often result in combina-
tions of decreased hemoglobin synthesis, abnormal
red cell maturation, increased red cell destruction,
or decreased RBC production, making straightfor-
ward classification as shown in Figure 1 difficult.
The most common nutritional deficiency
responsible for anemia is iron deficiency.
Nutritional deficiencies of folic acid or vitamin B,
are also occasionally encountered in clinical
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practice and patients with chronic illness may have
other vitamin, mineral, and protein deficiencies
contributing to anemia. In this chapter, we will
review relationships between nutritional deficien-
cies and anemia and discuss responsible mecha-
nisms. The etiology of the vitamin and mineral
deficiencies will not be discussed in detail as this
information is provided elsewhere in this book.

MEGALOBLASTIC ANEMIAS: FOLATE
AND VITAMIN B,, DEFICIENCIES

Nutrient deficiency of either folate or vitamin B,
results in a megaloblastic anemia. The fundamen-
tal biochemical defect related to vitamin B,, or
folate deficiencies is decreased synthesis of deoxy-
ribonucleoprotein (DNA). This appears to be the
result of the inadequate conversion of deoxyuri-
dylate to thymidylate related to inadequate quanti-
ties of 5,10-methylene tetrahydrofolate for the
single carbon transfer reaction.* Vitamin B, is
required for the release of folate from its methyl
form so that it can return to the tetrahydrofolate
pool for conversion to 5,10-methylene tetrahydro-
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folate. In vitamin B, deficiency, folate is trapped
as methylfolate which is metabolically inactive.
This abnormality of folate metabolism is known as
the “folate trap” hypothesis.>”

The morphologic representation of this
decreased DNA synthesis is the megaloblast.
Megaloblasts are nucleated red blood cells that
display lacy nuclear chromatin and prominent
parachromatin pattern, and an apparent dyssyn-
chrony of maturation between the nucleus and the
cytoplasm. This dyssynchrony is produced by the
slow DNA synthesis in the nucleus in relation to
the near-normal synthesis of RNA in the cyto-
plasm. Although these morphologic abnormalities
in the maturing erythroid precursors are regarded
as the hallmark of folic acid or vitamin B,, defi-
ciency, these same abnormalities are also evident
in the myeloid and megakaryocytic cell lines.

In an established case of megaloblastic ane-
mia, the circulating red cells are macrocytic, with
an MCV increased to a range of 105 to 160 femto-
liters (fl). The presence of simultaneous iron defi-
ciency may obscure the macrocytosis resulting in
a normocytic anemia. Polychromia and fine

Table 1 Red Blood Cell Values at Various Ages: Mean and Lower Limit of Normal (-2 SD)

Hemoglobin (g/dL) Hematocrit (%) MCV (fl)
Mean Lower Limit Mean Lower Limit Mean Lower Limit
Age
Birth (cord blood) 16.5 13.5 51 42 108 98
1-3 d (capillary) 18.5 14.5 56 45 108 95
1 wk 17.5 13.5 54 42 107 88
2 wk 16.5 12.5 51 39 105 86
1 mo 14.0 10.0 43 31 104 85
3—6 mo 11.5 9.0 35 28 96 77
0.5-1.9 yr 11.5 9.5 35 29 91 74
2-4yr 12.0 11.0 37 33 77 70
5-7yr 12.5 11.0 38 34 79 73
811 yr 13.0 11.5 39 35 81 75
12-14 yr 13.5 12.0 40 36 83 76
Female 13.5 12.0 41 36 85 78
Male
15-17 yr 14.0 12.5 43 37 84 77
Female 14.0 12.0 41 36 87 79
Male
19-49 yr 15.0 13.0 46 38 86 78
Female 14.0 12.0 42 37 90 80
Male 16.0 14.0 47 40 90 80
Adapted from references 1 and 2.
MCV = mean corpuscular volume.

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.
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symptoms such as glossitis, anorexia, gastroin-
Anemia testinal discomfort or occasional diarrhea,
humoral and cellular immune defects, and neuro-

logic abnormalities including depression, poor
| | | judgment, and some affective disorders.'!

MCV <80 fi MCV 80—100 fI MCV >100 fi Folate is present in a wide variety of foods.
Cow’s milk, human milk, and proprietary infant
| | | formulas normally provide approximately
Lead toxicity Chronic disease Liver disease 50 pg/L. In contrast, goat’§ milk conta’lns 9“13’ 2
Thalassemia Acute blood loss Hypothyroidism FO I1 pg/L, and the feeding of.gloat S.mllk to
Occult blood loss Renal insufficiency Hereditary spherocytosis %nfants as the sole source of nutrltlop will rgsu113t
- . . in the appearance of a megaloblastic anemia.
Iron deficiency Bone marrow disorder Alcoholism Alth h diet ol d defici ;
Vitamin A deficiency Hemolytic anemia Vitamin B12 deficiency ough dietary 1011¢ acic deliciency appears to

Kwashiorkor

be unusual in the United States, it is a common

Vitamin B6 deficiency Sickle cell disease Folate deficiency . .o .
N . . . . - .. cause of megaloblastic anemia in developing
Vitamin C deficiency Riboflavin deficiency Vitamin C deficiency . .
L. . L. countries. Folate deficiency may accompany
Copper deficiency ;;tam':'_ C deficiency kwashiorkor, and its incidence has been found to
arvation

range from 10 to 70%. This variation presumably
reflects regional dietary practices such as over-
cooking of foods or boiling of milk can reduce

Figure 1 Initial laboratory evaluation of anemia. (Adapted from reference 3.)

basophilic stippling of the erythrocytes are observed
and Howell-Jolly bodies, nuclear remnants nor-
mally extruded from the erythrocyte during cell
maturation, may be present. The concentration of
serum iron and nontransferrin bound iron is
increased due to impaired erythrocytosis.® The red
cell life span is modestly reduced, perhaps due to
an abnormality in membrane properties related to
the dyserythropoietic state. A significant degree of
ineffective erythropoiesis is present,” which may
be reflected by increases in serum bilirubin, serum
LDH,'° and nontransferrin bound iron.?

The earliest morphologic change in the mega-
loblastic anemias is alteration in the circulating
granulocytes, which become hypersegmented. In
the normal child, the average number of nuclear
segments is 2.6. In megaloblastic anemias, the
average number of segments generally exceeds a
mean value of 3.0 and is often six or greater.'” In
severe forms of deficiency, both neutropenia and
thrombocytopenia may be present.

Deficiencies of either folate or B,, from any
mechanism, are uncommon in the pediatric popu-
lation in the United States. However, when they
do occur, it may be as a result of inadequate inges-
tion, absorption, or utilization due to congenital or
acquired defects. Not all megaloblastic anemias
are due to a lack of these vitamins. Megaloblasto-
sis can also be seen in thiamine deficiency, Lesch—
Nyhan syndrome, congenital dyserythropoietic
anemias, or as a side effect of chemotherapeutic
agents (methotrexate and cytosine arabinoside),
antimalarials, and antibacterials (trimethoprim).
These antifolates have an affinity for dehydrofo-
late reductase (DHFR). When intracellular folate
concentrations are low, they may inhibit DHFR
activity and cause folate deficiency.

FOLIC ACID DEFICIENCY

The clinical manifestations of folate deficiency
include megaloblastic changes (not necessarily
anemia or pancytopenia), gastrointestinal
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the folate content by approximately 50%.'* Both
malabsorption and chronic infection may also
contribute to this folic acid deficiency.

Table 2 Etiologic and Pathophsiologic Classification of Folate Deficiency

I. Nutritional causes
A. Decreased dietary intake
1. Poverty and famine (associated with kwashiorkor, marasmus)
2. Institutionalized individuals (psychiatric and nursing homes)
3. Chronic debilitating disease
4. Goat’s milk, special diets (phenylketonuria, maple syrup urine disease, slimming)
5. Cultural/ethnic cooking techniques (food folate destroyed) or habits (folate-rich foods not consumed)
B. Decreased diet and increased requirements
1. Physiologic
(a) Pregnancy
(b) Lactation
(c) Prematurity, infancy
2. Pathologic
(a) Intrinsic hematologic disease [autoimmune hemolytic anemia, drugs; malaria, hemoglobinopathy
(ie, sickle cell disease, thalassemia); membrane defects; hereditary spherocytosis, paroxysmal nocturnal
hemoglobinuria]
(b) Abnormal hematopoiesis (leukemia, lymphoma, myelodysplastic syndrome, agnogenic myeloid
metaplasia with myelofibrosis)
(c) Infiltration with malignant disease
(d) Dermatologic (psoriasis, methotrexate dermatopathies)
II. Folate malabsorption
A. With normal intestinal mucosa
1. Some drugs (controversial)
2. Congenital folate malabsorption
B. With mucosal abnormalities
1. Tropical sprue
2. Nontropical sprue
3. Regional enteritis
III. Defective cellular folate uptake
A. Familial aplastic anemia
IV. Inadequate cellular utilization
A. Folate antagonists (methotrexate)
B. Hereditary enzyme deficiencies involving folate
V. Drugs (multiple effects on folate metabolism)
A. Alcohol
B. Sulfasalazine
C. Triamterene
D. Pyrimethamine
E. Trimethopirm-sulfamethoxazole
F. Anticonvulsants (diphenylhydantoin, barbiturates)

VI. Acute folate deficiency

Adapted from reference 12.

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.



Developmental changes in folate balance are
seen during infancy. Serum and red cell folate
concentrations are higher in both preterm and
term infants than in normal adults.'® After birth,
serum values decline rapidly, but the decline is
most severe in infants weighing less than 1,700 g
at birth. Approximately two-thirds of low-
birth-weight infants may display subnormal
serum folate concentrations between 1 and 3
months of age, but they rarely have a megaloblas-
tic anemia. Administration of supplemental folic
acid, in the absence of megaloblastic anemia, has
not been demonstrated to produce any increase in
the hemoglobin concentration. The normal pre-
term infant absorbs folic acid without difficulty
and the dietary provision of 20 to 50 ug/d appears
adequate to prevent the development of a defi-
ciency. The presence of chronic infection or diar-
rhea may impair absorption or increase needs in
these small infants.

Folate requirements appear greater in the pre-
term infant, in pregnant women, in whom folate
is shunted to the developing fetus and urinary
folate loss is increased, and in lactating women,
who secrete 50 pg or more into each liter of
milk.'® Other groups of patients with higher than
normal folate requirements include those with
celiac disease and other diseases of the small
intestine, those taking antiepileptic medication or
birth control pills, and persons with hemolytic
anemia, including those with sickle cell anemia
and thalassemia.'!

Laboratory Diagnosis of Folate Deficiency

In addition to the characteristic laboratory find-
ings of megaloblastic anemia, such as macrocyto-
sis, multilobulated polymorphonuclear cells,
increased LDH and bilirubin, bone marrow show-
ing megaloblastic changes, increased plasma iron
and transferrin saturation, and decreased serum
cholesterol and lipids, specific measurements
provide direct evidence of deficiency of folate.
These include decreased serum folate, decreased
erythrocyte folate, homocysteinemia, and some-
times homocystinuria.!' RBC folate is considered
a better indicator of folate status than serum
folate. RBC levels are significantly higher than
normal serum levels and thus less subject to pro-
cessing artifacts. Red cell folate also has been
reported to parallel tissue stores and is, therefore,
more useful than serum folate for documenting
the presence of a long-standing deficiency.!” The
normal range of serum folate is 3 to 15 ng/mL.
Serum folate values in the 1.5 to 3.0 range are
regarded as “indeterminate.” The red cell folate
normally ranges from 150 to 600 ng/mL, and
values of less than 150 ng/mL are diagnostic of
deficiency.

VITAMIN B,, DEFICIENCY

Vitamin B,, or cobalamin, is an organometallic
complex consisting of two major moieties: a cor-
rin nucleus containing a covalently bound cobalt
atom, and a nucleotide base lying at right angles
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to the corrin nucleus. Hydroxycobalamin is the
predominant dietary form of the vitamin. Vitamin
B,, is synthesized by bacteria, is present in ani-
mal foods, and is not present in plants; therefore
it does not occur in vegetables or fruit.

Only two metabolic functions for the
vitamin B;, coenzymes, 5-adenosylcobalamin
and methylcobalamin, have been identified in
humans. The first of these is the conversion of
L-methylmalonyl-CoA to succinyl-CoA, a reac-
tion catalyzed by methylmalonyl-CoA mutase
and requiring 5-adenosylcobalamin. Defects in
the conversion of L-methylmalonyl-CoA to
succinyl-CoA result in methylmalonic acidemia
(MMA) and methylmalonic aciduria. The second
reaction in which vitamin B, is a cofactor is the
homocysteine 5-methyl-tetrahydrofolate methyl-
transferase reaction. This reaction generates
methionine from homocysteine using methionine
synthase and produces tetrahydrofolic acid from
5-methyl-tetrahydrofolic acid.'®

Dietary vitamin B,, primarily in the form of
hydroxycobalamin, is absorbed in the terminal
ileum and requires the presence of intrinsic factor
that has been secreted in the parietal cells of the
stomach. Nutritional deficiency of vitamin B, is
extremely rare in infants and children.

It is estimated that the older child and adult
require 1.0 pug of vitamin B,,/d, and the infant
0.1 pg/d, to maintain normal erythropoiesis. The
normal diet usually contains far more B, than
this minimal requirement. Western diets usually
contain 5 to 10 pg daily. The highest concentra-
tions are found in liver, kidney, meat muscle,
fowl, shellfish, and dairy products. There is prob-
ably no vitamin B, in fruits, vegetables, nuts, or
cereal unless they are contaminated with vitamin
B,-producing bacteria. Vitamin B, is usually
not destroyed by cooking. Under alkaline condi-
tions and the presence of ascorbic acid, some
vitamin B;, may be lost when milk is boiled or
when meat is overcooked.

The average daily vitamin B,, output in
breast milk is approximately 0.3 pg and closely
parallels the serum vitamin B, concentration of
the mother.'” The term infant receives approxi-
mately 30 pug of vitamin B, from the mother
during the course of gestation. Liver stores are
about 26 Ng in term infants but only 10 pg in
premature infants.?’ Serum vitamin B, values
in the newborn are normally much higher than
those of the mother. Because of this adequate
endowment, vitamin B,, deficiency due to inad-
equate ingestion in the first year or two of life is
seen only when an infant is born to a severely
vitamin B;,-deficient mother and is exclusively
breastfed by her or placed on a strict vegetarian
diet. Megaloblastic anemia in the infants of
strict vegetarian mothers has been reported
from India.?' Megaloblastic anemia in breastfed
infants of mothers who either have untreated
pernicious anemia®* or are on vegetarian diets
has also been observed in 5- to 6-month-old
infants in the United States.?> In many of these
cases, the infant presents with evidence of neu-
rologic involvement as well as a macrocytic
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anemia. Both resolve following treatment with
vitamin By,.

The juvenile form of pernicious anemia
resembles that seen in adults. These children have
gastric atrophy, gastric achlorhydria, absent
intrinsic factor, and a high incidence of antibody
against intrinsic factor. Some children with perni-
cious anemia, like adults, have associated
endocrinopathies such as hypoparathyroidism,
hypothyroidism, and Addison’s disease. An asso-
ciation of selective IgA deficiency with juvenile
pernicious anemia has also been observed.

The biochemical changes associated with
vitamin B, deficiency include MMA and acid-
uria. The secondary effects of MMA accumula-
tion including acidosis, hyperglycinemia, and
possibly inhibition of other enzymes and of bone
marrow stem cells by accumulated MMA,**%7
homocystinemia, and homocystinuria, can be
found. Inadequate levels of THF in cells, produc-
ing defective rates of polyglutamyl folate synthe-
sis and deficiency of folates required for some
intracellular reactions, are observed. Defective
thymidylate synthesis, defective synthesis of
endogenous purines, defective detoxification of
formate, and accumulation of formiminogluta-
mate, 5(4)-amidoimidazole-4(5) carboxyribonu-
cleotide and other intermediates of folate-
dependent reactions are present. Biochemical
central nervous system (CNS) changes, which
might relate to defective methylation of myelin
basic protein, have been reported.”* " Finally,
intracellular folate levels are lower than expected
for the concentration of folate in plasma.''

The onset of symptoms is often insidious and
may include pallor, apathy, fatigability, and
anorexia. These symptoms are not specific for
vitamin B, deficiency. A beefy red and sore
tongue with papillary atrophy may be observed.
Paresthesias may be reported in the older child.
Signs of subacute dorsolateral degeneration are
uncommon in children, but loss of vibration and
position sense may be seen. When neurologic
disease is present, the lower limbs are more
severely affected. The neurologic changes may
precede the appearance of anemia. A number of
gastrointestinal symptoms have been reported.
The peripheral blood findings and bone marrow
findings in vitamin B,, deficiency resemble those
observed with folic acid deficiency.

Laboratory Diagnosis of B,, Deficiency

The general findings secondary to megaloblastic
anemia are similar to those indicated above for
deficiency of folic acid. Specific measurements
for vitamin B,, deficiency include decreased
serum cobalamin, excess methylmalonic acid in
the urine or serum, homocystinemia and some-
times homocystinuria, and abnormal deoxyuri-
dine suppression test in bone marrow, corrected
in vitro by addition of MeCbl or 5-formyl-THF
but not by methyl-THF.

The serum vitamin B, level is deficient when
it is less than 100 pg/mL (normal 200 to
800 pg/mL). If the dietary history indicates a

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.
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normal vitamin B, intake, absorption of cobalt-
labeled B,, should be performed by the Schilling
test. For this purpose, a standard dose of the
labeled vitamin (0.5 ug) is given orally after an
overnight fast, and then a “flushing dose” of
1,000 pg of vitamin B,, is given parenterally
2 hours after the oral dose. Less than 7% of the
labeled dose will appear in the urine during the
24-hour collection period if there is a lack of
intrinsic factor or malabsorption of vitamin B,
for any other reason. If absorption is impaired, the
Schilling test is repeated with the simultaneous
administration of both intrinsic factor and labeled
vitamin B,,. Improvement in the urinary excretion
of the labeled B, confirms the diagnosis of intrin-
sic factor deficiency. Gastric biopsy, the measure-
ment of gastric acid secretion, and assay of
intrinsic factor in gastric juice all help to catego-
rize the nature of the underlying disturbance.

A therapeutic trial may be employed for the
diagnosis of vitamin B, deficiency. A dose of
0.5 ng of cyanocobalamin or hydroxycobalamin
is given parenterally for 7 to 10 days. A reticulo-
cytosis and increase in hemoglobin concentration
should be observed. If the diagnosis has been
firmly established, a therapeutic trial may be
omitted and the patient may be treated with daily
oral doses of 25 to 100 pug. If the patient has
any form of B,, malabsorption, rather than a pri-
mary nutritional deficiency, maintenance therapy
should consist of monthly injections of 50 to
1,000 pg, depending on the patient’s age and
weight. Recently, a nasal gel form of vitamin B,
(Questcor Pharmaceuticals, Union City, CA) was
approved and has been shown to be safe and
effective in treating pernicious anemia.

IRON-DEFICIENCY ANEMIA

Iron deficiency continues to be the most common
nutritional cause of anemia worldwide, affecting
as many as 4 to 5 billion people.®' The prevalence
of iron deficiency has been declining in industri-
alized countries over the past few decades, in
part, due to an increase in breastfeeding and forti-
fication of infant formulas and cereals.*® Unfortu-
nately, most of the rest of the world has not
experienced such a decline; an estimated 90% of
cases occur in developing countries, impacting
significantly on morbidity, mortality, and national
development.®!

Iron is a vitally important nutrient that serves
multiple functions in the body. It is the functional
group in hemoglobin for oxygen transport in the
red blood cell and it helps with storage of oxygen
in myoglobin in muscle. Iron is also present in
peroxidase, catalase, and the cytochromes. Ane-
mia, a treatable condition, is the most common
clinical problem associated with iron deficiency.
However, the real public health concerns are the
cognitive and behavioral impairments seen in
infants and children,>*’ the fatigue and decreased
work capability in older children and adults,
and the association of severe iron-deficiency
anemia in pregnant women with prematurity,
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perinatal and
infants.>"#

Iron is found in many different food sources;
however, the bioavailability is highly variable.
Heme iron is more readily absorbed than non-
heme iron, as it is absorbed in the intestinal
mucosa in the intact protoporphyrin ring. Non-
heme iron must be reduced from the ferric state to
the ferrous state, which requires a low gastric pH,
and its absorption is influenced by many other
constituents in the concurrent meal.*'** Orange
juice facilitates absorption whereas tea hinders it.
Other enhancers of iron absorption include fruc-
tose, certain amino acids, meat, fish, and poultry.
Inhibitors include phosphates, phytates (common
in vegetarian diets), tannins, and oxalates.*>**

The body, based on its needs, attempts to
maintain a balance between iron stores, recycled
iron, and dietary iron intake. One-third of an
infant’s iron needs come from dietary sources;
the remainder is recycled from red blood cell
breakdown. Over time this changes, so that by
adulthood an even greater proportion of iron
needs come from recycled iron such that there is
less reliance on the diet for iron.*

mortality, low-birth-weight

FETAL-MATERNAL RELATIONSHIPS

The iron content of the normal newborn infant is
approximately 75 mg/kg as determined by car-
cass analysis of stillbirths.*® Studies performed
during various stages of pregnancy indicate that
the iron content of the fetus and the weight of the
fetus increase proportionately with age. Under
usual circumstances, 66 to 75% of the infant’s
iron is present in the red cell mass. Storage iron
in the liver and spleen, although subject to great
variability, makes up approximately 6% of the
total iron while nonhemoglobin iron in the form
of cytochromes, myglobin, and other iron-
containing enzymes account for approximately
24%.47

The bulk of the infant’s iron endowment at
birth is represented by the red cell mass. As a
result, the amount of iron in the body at the time
of birth depends on the blood volume and the
hemoglobin concentration. Any complications
during pregnancy or the perinatal period that
result in fetal blood loss will compromise the
infant’s iron endowment. Unless extreme, the
presence of maternal iron deficiency does not
appear to compromise the iron endowment of
the fetus. The hemoglobin concentration in the
cord blood of infants born to anemic iron-
deficient mothers does not differ from that of
infants born to iron-sufficient mothers until
maternal hemoglobin values fall below
6.0 g/dL.* With extreme maternal iron-deficiency
anemia, the placenta is small and the cord blood
hemoglobin concentration is reduced. Some
studies have observed that women with low
serum iron values tend to have infants with
lower than normal serum iron levels*; other
studies have found no difference in the state of
the infant’s iron nutrition at 6, 12, and 18 months

of age, regardless of whether their mothers had
received iron supplementation during preg-
nancy.’*>! Employing plasma ferritin concentra-
tions as an index of iron sufficiency, Rios and
coworkers were unable to document any corre-
lation between plasma ferritin concentrations in
mothers with high and low values and the plasma
ferritin concentrations of their infants at birth or
at 1.5 months of age.** It may be concluded from
these studies that, except in the most unusual
circumstances, maternal iron deficiency by itself
does not result in iron-deficiency anemia in the
infant, either at birth or later in the first year of
life. Factors such as rate of growth relative to
birthweight, initial iron endowment that has
been compromised by blood loss, and infant
nutrition seem to be far more important in deter-
mining the later appearance of anemia.

At birth the newborn has a large number of
reticulocytes and a relatively high hemoglobin
concentration with a mean of 16.6 g/dL.>* The
hemoglobin increases over the first few days and
then, as erythropoiesis slows in the marrow and
extramedullary spaces, the hemoglobin falls,
reaching a nadir in 6 to 8 weeks. Erythropoiesis
is then stimulated and the hemoglobin rises to
12.5 g/dL, which is the mean throughout
infancy.> Preterm infants have a more dramatic
fall in hemoglobin to a mean of about 9 g/dL at
the nadir, though the marrow recovery is good,
and at 6 months of age these infants have the
same mean hemoglobin concentration as a term
infant.**

Iron Requirements

Iron requirements are age dependent. It is rare
for a term infant to become iron deficient before
4 months of age, but a preterm infant can
become deficient by 2 to 3 months because of
relatively faster growth and smaller iron stores
at birth.*® Children, from birth through adoles-
cence, need iron for growth and increasing
blood volume, as well as to replace losses.
Although the amounts are small in an infant,
averaging 20 pg/kg/d, iron is lost in sweat,
urine, bile, desquamation of skin and intestinal
cells, and through hair and nail loss.>* The Com-
mittee on Nutrition of the American Academy
of Pediatrics made the following recommenda-
tion for daily iron requirements for premature
infants: (1) breastfed infants, 2 mg/kg/d from
1 month to 12 months of age; (2) formula-fed
infants, 1 mg/kg/d through the first year of
life.'"® Adequate intake (AI) for infants 0 to
6 months is 0.27 mg/d and the dietary reference
intake (DRI) is: 7 to 12 months, 11 mg/d; 1 to
2 years, 7 mg/d; 3 to 8 years, 10 mg/d; 9 to
13 years, 8 mg/d; 14 to 18 years, boys 11 mg/d,
girls 15 mg/d; pregnancy 27 mg/d.”

Manifestations

With the decline in iron-deficiency anemia in
industrialized countries, children with the
manifestations of severe longstanding iron-
deficiency anemia are rare. Sadly, they are still

With permission from Duggan C, et al. Nutrition in Pediatrics. 4th ed. Hamilton, Ontario, Canada: BC Decker Inc; 2008.



seen elsewhere. Mild to moderate iron-deficiency
anemia is most common. Frequently the first
signs and symptoms of iron-deficiency anemia
are pallor, fatigue, exercise intolerance, and occa-
sionally palpitations. The pallor is most notable
in the nail beds, conjunctiva, and palms, espe-
cially if the individual has dark skin. Fatigue and
exercise intolerance have been best documented
in studies of adults employed at physical labor
revealing that even mild anemia can affect exer-
cise tolerance in settings involving strenuous
energy expenditure, and that correction of the
anemia increased exercise tolerance.’*>® The
phenomenom of pica or compulsive consumption
of nonnutritional items such as dirt, clay, corn-
starch, laundry detergent, or ice is a characteristic
finding of iron-deficiency anemia. Ingestion of
these items often exacerbates the underlying iron
deficiency by further impairing absorption.>

The recognition that iron deficiency produces
a broad array of systemic effects has attracted
increasing attention.**** A partial list of nonhe-
matologic manifestations of iron deficiency are
provided in Table 3.°! Over time, glossitis, sto-
matitis, and angular cheilosis may develop. These
symptoms may be the result of tissue iron defi-
ciency rather than the anemia itself.®* Koil-
onychia, or spooning of the fingernails, is caused
by abnormal proliferation of the cells of the nail
bed. Other features of severe longstanding iron-
deficiency anemia can actually make treatment
with oral iron supplementation difficult. The pres-
ence of esophageal webs, or Plummer—Vinson
syndrome, impairs swallowing, atrophic gastritis,
and abnormal duodenal mucosa can each decrease
absorption.

There have been numerous studies investigating
immune function associated with iron-deficiency
anemia.***"% Paradoxically, iron overload has also
been shown to impair normal immune function,
decreasing lymphocyte proliferation and the ability

Table 3 Nonhematologic Manifestations of Iron

Deficiency

1. Impaired growth
2. Skin and mucous membranes
(a) Koilonychia
(b) Angular stomatitis
(c) Glossitis
3. Gastrointestinal tract
(a) Anorexia
(b) Dysphagia with postcricoid webs
(c) Gastric achlorhydria
(d) Malabsorption
(e) Beeturia
(f) Exudative enteropathy and occult bleeding
4. Central nervous system
(a) Irritability
(b) Decreased attention span
(c) Poor performance in standardized
developmental testing
(d) Breath-holding spells
5. Impaired exercise tolerance
6. Immunologic response
(a) Impaired lymphocyte mitogen response
(b) Decreased leukocyte killing
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of macrophages to kill intracellular pathogens.”
Similarly, both iron deficiency and iron overload
have been associated with increased infection. In
one study, anemia was associated with malaria,
acute respiratory infection, and diarrhea.” and in
other studies, individuals with malaria,” hepatitis
C virus infection’® and human immunodeficiency
virus infection”” have worse outcomes if they have
excess iron. This suggests that there is a level of
optimal body iron with deficiency or overload lead-
ing to abnormal immune function.

Iron plays an important role in brain develop-
ment and many studies have indicated that iron
deficiency is associated with cognitive impair-
ment, poor motor development, and behavioral
problems.*=%78%0 This is particularly disturbing
as these problems may continue long term, even
after correction of the anemia. However, it should
be noted that a causal relationship has not been
established as important potential confounding
variables have not been fully accounted for. It is
also not clear that CNS effects can be remedied
by iron therapy, as many of the clinical trials have
failed to demonstrate benefit from therapy.®**

Iron is essential to the metabolism of certain
amine neurotransmitters.”> Children with iron-
deficiency anemia have increased catecholamines
in their urine which return to normal levels after
iron therapy.®> There have been animal studies
suggesting abnormal dopamine receptor function
in association with iron-deficiency anemia.?* The
exact meaning of these findings and how they
relate to cognitive and behavioral development
remains unclear.

Laboratory Findings

The diagnosis of iron-deficiency anemia is rarely
made based on a single laboratory test, but rather
on a combination of several tests and the compari-
son to age-specific norms reflecting the changes
that occur as a child grows. Commonly used tests
assess the iron storage, erythropoiesis, and sever-
ity of the anemia (Table 4). Together these tests
can help to rule out other causes of anemia.

Iron deficiency occurs in various stages. First,
there is depletion of iron stores in the body. This
stage is unlikely to be diagnosed by any routine
screening laboratory tests. Next, there is iron
deficiency with anemia, initially with a normal
MCYV. As the deficiency continues, erythropoie-
sis is significantly impaired, and the diagnosis
becomes more evident with obvious hypochro-
mia and microcytosis on peripheral blood smear,
in conjunction with some of the nonhematologic
manifestations of this condition.

Peripheral Smear. Often microscopic exami-
nation of the blood smear can be normal early
in iron deficiency, but as the anemia progresses
hypochromia, microcytosis, anisocytosis, and
occasional target cells and elliptocytes are seen.

Hemoglobin. Anemia starts when this value
is greater than 2 standard deviations below the
normal mean for age. Thus it is essential to use
age-based mean hemoglobin values for accurate
interpretation of these results.
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Table 4 Laboratory Measurements of Iron Status

1. Storage iron depletion
(a) Bone marrow iron stain (decreased)
(b) Serum ferritin (decreased)
(c) Serum transferrin (increased)
(d) Transferrin receptor (increased)
(e) Serum iron (decreased)”

2. Iron deficiency erythropoiesis
(a) Transferrin saturation (decreased)
(b) Total iron-binding capacity (increased)
(c) Free erythrocyte protoporphyrin (increased)
(d) Zinc protoporphyrin (increased)
(e) Red cell mean corpuscular volume (decreased)
(f) Red cell mean corpuscular hemoglobin
(decreased)
(g) Red cell distribution width (increased)
(h) Reticulocyte heme (decreased)
3. Iron deficiency anemia
(a) Hemoglobin (decreased)
(b) Therapeutic trial with increase in hemoglobin
concentration

“See text.

Red Cell Distribution Width. This rarely
used index may provide early evidence for
iron-deficiency anemia.®® It represents the varia-
tion in size of the red blood cells. In thalassemia,
infection, and inflammation, it is usually normal,
but in iron-deficiency anemia this value is ele-
vated and can be >20%.%

MCYV. This value represents the average size of
the red blood cell and it varies with age. When
anemia becomes significant enough to interfere
with hemoglobin synthesis microcytosis occurs
(low MCYV). This is one of the red cell indices
readily available in the routine complete blood
count (CBC) from an electronic counter in the
laboratory.

MCH. As with the MCV, this index is avail-
able from an electronic counter. Initially with
iron deficiency the MCH is normal, but with
advancing anemia the red blood cell becomes
more hypochromic and this change is evident by
a low MCH.

Serum Ferritin. Ferritin, the primary intracel-
lular iron storage protein, is also found in small
amounts in the circulation. Serum ferritin gener-
ally correlates with total body iron although, as
an acute phase reactant, ferritin may be increased
by inflammatory, infectious, and malignant pro-
cesses, and this correlation becomes less reli-
able. In contrast, a few conditions, including
vitamin C deficiency, reduced serum ferritin,
and scurvy, or vitamin C deficiency, should be
evaluated as a potential cause of low ferritin. In
general, values less than 10 pg/L are indicative
of iron deficiency.

Serum Iron. Serum iron has not been a reli-
able test for iron-deficiency anemia because of
its diurnal pattern with a peak in the morning and
a trough in the evening. As with serum ferritin it
can be elevated by many other conditions. The
concentration is usually low in iron-deficiency
anemia. However, even a single dose of iron
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within the 24 hours prior to the test can cause a
transient elevation in the serum iron level, thus
possibly masking an underlying iron-deficiency
anemia.

Total Iron-Binding Capacity (TIBC) and
Transferrin Saturation (TS). Most circulating
iron is bound to a plasma protein called transfer-
rin. TIBC is a measure of the total transferrin.
As the serum iron decreases, the TIBC increases,
and the ratio of these variables in iron-deficiency
anemia is less than 1:6.%° TS is the ratio of serum
iron to TIBC multiplied by 100 to yield a percent-
age. It represents the percent of transferrin that is
saturated with iron. A low percentage is sugges-
tive of iron deficiency.

Soluble Transferrin Receptor (sTfR). This
receptor can be measured in the circulation and is
indicative of the concentration of cellular trans-
ferrin receptor. Since receptor synthesis increases
with iron deficiency but not with anemia of
chronic disease, it is a sensitive indicator of iron
deficiency.®® Because sTfR is also elevated in the
presence of ineffective erythropoiesis and sidero-
blastic anemias, this must be taken into account
and evaluated appropriately.

Erythrocyte Protoporphyrin (EP). Under
normal circumstances iron combines with pro-
toporphryin in the red blood cell to form heme, a
reaction catalyzed by the enzyme ferrochelatase.
In iron-deficiency anemia there is an elevation
in EP, usually >35 ug/dL.” Lead poisoning,
which often causes a higher level of EP than iron
deficiency, does so by inhibiting ferrochelatase.
Inflammatory, infectious, and/or malignant pro-
cesses also can raise the EP level.*

Zinc Protoporphyrin (ZPP). In iron deficiency
and lead poisoning, ZPP is formed instead of EP
because zinc fills the iron pocket in the protopor-
phyrin molecule. This is a sensitive, inexpensive
test that will show an elevation in iron deficiency
before anemia is present.® When iron stores are
sufficient, the ratio of iron to zinc incorporation
into protoporphyrin is 30,000 to 1.3 Iron defi-
ciency produces an increase in the normal ratio of
=40 umol ZPP/mol heme.” This test alone does
not differentiate between iron deficiency and lead
poisoning, and so further tests must be done.
The issue is complicated because iron deficiency
increases the absorption of lead so that in many
situations the two disturbances exist together. A
lead level and a therapeutic trial of oral iron ther-
apy may be necessary to clarify the diagnosis.

Reticulocyte Heme. Reticulocyte hemoglobin
content (CHr) measurement by automated flow
cytometry assesses the iron status of red blood
cells when they are released from the bone
marrow as reticulocytes.”’ It can be used to detect
early iron deficiency and has been found to be
the strongest predictor of iron deficiency when
compared to other commonly used laboratory
parameters.”

Bone Marrow Biopsy. If the usual tests are
equivocal or there are confounding factors mak-
ing the diagnosis of iron deficiency difficult, such
as infection or inflammation, the bone marrow
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iron stores can be assessed. Staining the speci-
men with Prussian blue and counterstaining with
safranin O helps to show the characteristic pau-
city of ferritin and hemosiderin, the final break-
down product of iron and ferritin.** Normally
10 to 20% of red cell precursors in the marrow
contain iron granules; however, in iron deficiency
few if any will be present.”

Therapy

If iron deficiency is diagnosed or suspected based
on some or all of the laboratory tests discussed
above, treatment with iron should begin immedi-
ately. In most circumstances, oral iron supple-
mentation is used since it is inexpensive and
casily absorbed. The dose of iron for infants and
children is 4 to 6 mg/kg of elemental iron, depend-
ing on the severity of the anemia, divided into
two to three doses per day. For adolescents the
dose is 100 to 300 mg of elemental iron per day.”
Traditionally, 3-times-daily dosing has been used
but recent research has demonstrated that once-
daily dosing results in similar treatment of ane-
mia,” and once- or twice-weekly dosing results
in similar improvement in hemoglobin but not
ferritin.”® Further work in this area is ongoing, in
an attempt to reduce side effects, simplify treat-
ment, and improve compliance.

Ferrous iron is more easily absorbed than fer-
ric iron, and thus the usual treatment for infants
and children is ferrous sulfate. Premature infants
are frequently vitamin E deficient due to decreased
intake, decreased stores, and poor absorption of
vitamin E. Since iron therapy inhibits absorption
of vitamin E, this deficiency must be corrected
before iron therapy is started.”” The absorption of
iron on an empty stomach is about twice that of a
full stomach; therefore it is recommended that
the dose be given about an hour prior to a meal.

The duration of treatment is 2 to 4 months
after the hemoglobin has returned to a level nor-
mal for age, in order to replenish the iron stores.*
If these stores are not replenished because iron
therapy is discontinued too soon, a rapid recur-
rence of iron-deficiency anemia may result.
Response to treatment is initially evident by a
reticulocytosis peaking in 5 to 10 days from the
onset of treatment. During the first week of ther-
apy, the hemoglobin rises about 0.25 to 4 g/dL/d
and then slows to about 0.1 g/dL/d.** It is impor-
tant to follow up no more than a month later to
see if there is improvement, because if there is no
change in that period of time on an adequate dose,
and compliance is not an issue, further studies
must be done to determine the underlying prob-
lem.* Failure of oral iron therapy can be the
result of impaired absorption, incorrect diagno-
sis, ongoing blood loss greater than hemoglobin
generation, inadequate dose, ineffective iron
preparation, superimposed malignancy or inflam-
matory disease, or, most commonly, simple non-
compliance. Compliance can be an issue because
of the taste of iron, gastrointestinal distress, or
concern of parents that the drops will stain the
infant’s teeth. These problems can be dealt with
by giving the iron with a small amount of food or

liquid, preferably something that will enhance the
absorption, and by giving the drops in the back of
the mouth. If noncompliance is suspected but
denied, the stool can be examined. In the pres-
ence of iron supplements, it should be black. The
stool can also be tested specifically for iron if
necessary.

Parenteral iron therapy has greater side effects
and is therefore reserved for only specific cir-
cumstances. These include true intolerance to
oral iron (extremely rare), severe gastrointestinal
disease that prevents absorption and may be exac-
erbated by oral iron therapy, chronic bleeding, or
repeated noncompliance.”®” There are three par-
enteral preparations available in the United
States: iron dextran, iron sucrose, and iron gluco-
nate, and the maximum dose that can be given at
once varies among them.'” The dose is calcu-
lated to correct the anemia and replenish the iron
stores. The formula is:

Normal Hgb — Initial Hgb X blood
volume X 3.4 X 1.5 = mg iron 100

The normal hemoglobin should be based on
the age. Blood volume is approximately 80 mL/kg
of body weight. The value 3.4 converts the grams
of hemoglobin to milligrams of iron, and the fac-
tor 1.5 provides a little extra iron to supply the
iron stores.”*"

A small portion of patients have an anaphy-
lactic reaction to dextran-containing iron prepa-
rations, and this should be considered when
choosing which preparation to use. Whenever
iron dextran treatment is used, a test dose must
first be given, and if there is no sign of reaction
5 minutes after the test dose, the therapeutic dose
may be started. Epinephrine should be kept at the
bedside, as well as resuscitation equipment. Less
severe side effects are hypotension and flushing
(2%), phlebitis (10%), and a delayed rash with or
without arthritis (20%).7%%

In extreme iron-deficiency anemia with a very
low hemoglobin and/or cardiovascular instabil-
ity, a packed red blood cell transfusion is given
first to stabilize the patient. This is usually fol-
lowed by oral iron therapy. In this situation the
transfusion is given slowly, at 5 cc/kg over
4 hours to start. Depending on how much more
blood is necessary to increase the hemoglobin to
the desired level, the rest of the transfusion can
be broken into aliquots and given slowly or at the
usual rate for a transfusion.”*

OTHER VITAMIN AND METAL
DEFICIENCY-RELATED ANEMIAS

Vitamin A Deficiency

Chronic vitamin A deficiency results in an anemia
with certain characteristics similar to those
observed in iron deficiency. Mean red cell volume
and MCHC are reduced, anisocytosis and poikilo-
cytosis may be present, and serum iron values are
low.!°""1%* Unlike iron deficiency, however, liver
and marrow iron stores are increased, serum
ferritin values are normal, serum transferrin
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concentration is usually normal or decreased, and
the administration of therapeutic doses of iron
may not correct the anemia. These findings sug-
gest that this hypochromic, microcytic anemia
may be related to a failure of iron transport from
storage sites to active metabolic pools.

Several large pediatric studies conducted in
developing countries support a relationship
between serum concentration of vitamin A and
blood hemoglobin concentration.'*'% This rela-
tionship was confirmed in experimental studies
showing a correlation between plasma retinol and
hemoglobin in adult men with induced vitamin A
deficiency.'"? Finally, studies in underdeveloped
countries have shown that treating anemia with
vitamin A in combination with iron is more effec-
tive than iron alone, again supporting a causal
relationship.'0%109-112

Pyridoxine Deficiency

The vitamin By group includes pyridoxal, pyri-
doxine, and pyridoxamine. These substances are
all phosphorylated to pyridoxal-5-phosphate
(PLP), which is an essential cofactor in heme bio-
synthesis mediated by D-aminolevulinic acid
synthetase.!'*!"* Limited animal and human stud-
ies support a relationship between pyridoxine
deficiency and anemia. In animals with experi-
mentally induced pyridoxine deficiency, Bot-
tomly and colleagues observed anemia and ringed
sideroblasts.!"® Experimental induction of vita-
min By deficiency in two infants was associated
with a hypochromic, microcytic anemia,''® and a
malnourished patient has been described whose
hypochromic anemia failed to respond to iron
therapy but subsequently responded to the admin-
istration of vitamin Bg.!!”

Nutritional deficiencies of pyridoxine are
extremely rare, although patients receiving ther-
apy with antituberculosis drugs such as isonia-
zid, which interferes with the transport of
pyridoxine to cells,''>'"8!"” can develop a micro-
cytic anemia. This anemia was corrected with
large doses of pyridoxine.'?*!?! A small percent-
age of patients with congenital or acquired sid-
eroblastic anemia improve on treatment with
pharmacologic doses of pyridoxine.'**!'** There
are also reports of sideroblastic anemia due to
vitamin By deficiency occurring in patients on
hemodialysis.'"® Administration of pyridoxine
with isoniazid or during dialysis may decrease
the risk of these complications.

Riboflavin Deficiency

While anemia secondary to riboflavin deficiency
has been demonstrated in several animal models,
it has been difficult to establish a direct causal
role in humans.'?* The best evidence has been
provided by experimental studies. Human volun-
teers with malignancies maintained on a ribofla-
vin-deficient diet and fed the riboflavin antagonist,
galactoflavin, developed pure red cell aplasia.'®
Vacuolated erythroid precursors were evident
prior to the development of aplasia. Red cell indi-
ces were normal and the reticulocyte count was
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low. This anemia was corrected by the adminis-
tration of riboflavin. Confirmation of this response
to riboflavin supplementation has been seen in
both human adult and pediatric populations with
anemia.'?%1?7

Riboflavin-deficient children given riboflavin
demonstrated a decrease in serum iron and TS
accompanied by an increase in hemoglobin if the
initial hemoglobin was below 13.5 g/mL, sup-
porting a relationship between riboflavin and iron
utilization.'?” Abnormal iron utilization as a pos-
sible mechanism for riboflavin-induced anemia
was explored in rodent studies that have shown
that riboflavin deficiency was associated with
reduced iron absorption and increased iron
loss."?®1? In addition, ferrokinetic studies in
humans receiving the riboflavin-deficient diet and
galactoflavin demonstrated distribution of iron
primarily to liver and spleen in contrast to bone
marrow in normals. Clearly, riboflavin has an
important role in erythropoiesis, probably by
altering iron metabolism.

Riboflavin deficiency has been shown to pro-
duce a decrease in red cell glutathione reduc-
tase,’**!3! which is necessary for glutathione
peroxidase to effectively regulate cellular redox
potential."**!3* Under normal conditions, the
decrease in glutathione reductase activity is not
associated with an increased sensitivity of the red
cell to oxidant-induced injury.'®* It is theoreti-
cally possible that riboflavin deficiency in con-
junction with increased oxidant stress leaves the
red cell vulnerable to oxidation injury, causing
hemolytic anemia; however, this has not been
described in humans.

Vitamin C (Ascorbic Acid) Deficiency

It is unclear whether ascorbic acid has a direct
role in hematopoiesis or whether the anemia
observed in subjects with ascorbic acid deficiency
(scurvy) is a result of the interactions of ascorbic
acid with folic acid and iron metabolism.
Although approximately 80% of individuals with
scurvy are anemic,'*® attempts to induce anemia
in human volunteers by severe restriction of
dietary ascorbic acid have been unsuccess-
ful."**!*” Confusion arises because the anemia
observed in subjects with scurvy may be hypo-
chromic, normocytic, or macrocytic; and the
marrow may be hypocellular, normocellular, or
hypercellular. In about 10% of patients the mar-
row is megaloblastic.'®

Ascorbic acid is required to maintain folic
acid reductase in its reduced, or active form.
Impaired folic acid reductase activity results in
an inability to form tetrahydrofolic acid, the met-
abolically active form of folic acid. It has been
demonstrated that patients with scurvy and mega-
loblastic anemia excrete 10-formylfolic acid as
the major urinary folate metabolite. Following
ascorbic acid therapy, S-methyltetrahydrofolic
acid becomes the major urinary folate metabolite
in these patients. This observation has led to the
suggestion that ascorbic acid prevents the irre-
versible oxidation of methyltetrahydrofolic acid
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to formylfolic acid."*® Failure to synthesize
tetrahydrofolic acid or to protect it from oxida-
tion in scurvy ultimately results in the appearance
of a megaloblastic anemia. Under these circum-
stances, ascorbic acid therapy will produce a
hematologic response only if sufficient folic acid
is present to interact with the ascorbic acid.'*

Iron deficiency in children often occurs in
association with ascorbic acid deficiency. Scurvy
may cause iron deficiency as a consequence of
external bleeding. Iron balance may be further
compromised by ascorbic acid deficiency because
this vitamin facilitates intestinal iron absorp-
tion.'*” Ascorbic acid increases the bioavailabil-
ity of iron through two mechanisms. First, it can
reduce Fe** to Fe?*, which is more soluble and
less likely to form insoluble hydroxides at low
pH than Fe**. Second, it forms a stable complex
with iron, preventing iron from complexing with
dietary constituents, such as tannins and phytates,
which block transport into gastrointestinal muco-
sal cells.!*! Patients with scurvy, particularly
children, often require both iron and ascorbic acid
to correct a hypochromic, microcytic anemia.'*
Rarely, a combination of iron, ascorbic acid, and
folate may be required.'*

Despite the evidence linking ascorbic acid
deficiency to alterations in either folic acid or
iron metabolism, many patients with scurvy have
a normocytic, normochromic anemia accompa-
nied by a persistent reticulocytosis of 5 to 10%.
Ascorbic acid has antioxidant properties, and it is
possible that a deficiency of this vitamin renders
the cell susceptible to oxidant injury. This is of
particular interest in regard to the possible reduc-
ing effects of ascorbic acid on oxidized vitamin E,
much like those described above for folic acid.'*
Administration of ascorbic acid to patients with
scurvy who have hemolysis produces an initial
increase in reticulocyte count, followed by a rise
in hemoglobin concentration and an ultimate cor-
rection of hematologic abnormalities.'*

Vitamin E Deficiency

The human fetus at 5 months gestation has a total
body vitamin E content of only 1 mg.'*® A term
newborn has a body vitamin E content of 20 mg.
The normal adult male averages 50 mg/kg, and
the female averages 160 mg/kg. This difference
in ratio of body vitamin E to body weight pre-
sumably reflects differences in body fat composi-
tion. The ratio of vitamin E to fat remains
relatively constant throughout gestation and aver-
ages 0.27 mg of vitamin E per gram of lipid;
ratios of 0.24:1.00 have been described for adult
males and 0.46:1.00 for adult females.'*"'*
Plasma vitamin E levels average close to
0.9 mg per 100 mL in the mother at term, with a
corresponding value of only 0.2 mg per 100 mL
in the infant.'*® Although there is a direct rela-
tionship between the plasma level of vitamin E in
the infant at birth and that of the mother, infants
are not born with values above 0.6 mg per
100 mL, the value regarded as the lower limit of
normal for older children and adults. When
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vitamin E concentrations are expressed as vita-
min E-lipid ratios, perhaps a more nutritionally
valid means of determining vitamin E deficiency,
differences between mothers and their infants
disappear. The vitamin E-total lipid ratio of moth-
ers at term has been found to average 1.57:1.00,
with a ratio of 2.40:1.00 in cord blood."

Infants, both term and preterm, who are fed
colostrum and human milk achieve normal
plasma vitamin E concentrations by 1 week of
age.>">! Most of the simulated human milk for-
mulas presently available will produce vitamin E
concentrations within the normal adult range
when fed to infants during the first 2 weeks of
life. The relationship between iron content and
vitamin E in the diet may determine the turnover
of vitamin E as iron-mediated reactions stimulate
lipid peroxidation and increase the requirements
for vitamin E.

Hemolytic Anemia and the Premature Infant

Prior to 1967, despite the fact that it was recog-
nized that most proprietary formulas fed to low-
birth-weight infants resulted in a prolonged
period of vitamin E deficiency, no hematologic
abnormalities could be demonstrated.””>'>* In
1967, the presence of a hemolytic anemia that
could be corrected by vitamin E or prevented by
maintaining vitamin E sufficiency from early
infancy was described.'**

This syndrome was seen almost exclusively
in infants with birth weights of less than 1,500 g
and was most pronounced during the period of
6 to 10 weeks of life. The hematologic findings
consisted of anemia with hemoglobin of 6 to
8 g/dL, reticulocytosis of 4 to 5% or greater, and
thrombocytosis. Red cell morphologic changes
included the presence of anisocytosis, poikilocy-
tosis, red cell fragments, and irregularly
contracted erythrocytes and spherocytes. The
hydrogen peroxide hemolysis test was abnormal,
and the red cell life span was reduced.'>*!> These
findings were all consistent with alterations in the
membrane due to oxidant injury. Treatment with
vitamin E, in total doses ranging from 200 to
1,000 mg, produced a prompt rise in hemoglobin,
a reduction in the reticulocyte count, and a grad-
ual decline in the platelet count to the normal
range. In addition to the hematologic abnormali-
ties, many of the small infants also displayed
edema of the lower legs and scrotum, watery
nasal discharge, and, on occasion, tachypnea. The
mechanisms responsible for these changes are
not known.

Melhorn and Gross studied infants of less
than 36 weeks gestation receiving a commercial
formula and found that, at 6 to 10 weeks of age,
infants who had been supplemented with 25 U of
vitamin E per day from Day 8 of life had signifi-
cantly higher hemoglobin concentrations and
lower reticulocyte counts and hydrogen peroxide
tests than the unsupplemented infants.!*° It was
also found that the daily administration of ferrous
sulfate, 10 to 12 mg/kg/d from Day 8, exagger-
ated the hemolytic anemia in the infants not
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receiving the vitamin E supplement. Williams
and coworkers demonstrated that hemolytic
anemia due to vitamin E deficiency occurred in
infants receiving iron-fortified formulas only if
the formula was unusually rich in polyunsatu-
rated fats.'’

It has been hypothesized that hemolysis
occurs in vitamin E deficiency as a consequence
of peroxidation of lipid components of the red
cell membrane. The peroxidation is initiated by
the generation of a free radical (an unpaired elec-
tron) and proceeds autocatalytically in the absence
of an antioxidant. Iron, in the reduced state, par-
ticularly in the presence of ascorbic acid, is rec-
ognizedto generate freeradicals. The requirements
for lipid peroxidation include the presence of a
suitable substrate (eg, a long-chain unsaturated
fatty acid), a lack of antioxidant (eg, vitamin E),
and a source of a free radical generating system
(eg, heavy metals, molecular oxygen). Most pro-
prietary formulas have now reduced their polyun-
saturated fatty acid (PUFA) content and increased
their vitamin E concentration, resulting in vita-
min E-PUFA ratios in excess of 0.6:1.00, a value
generally regarded as sufficient to prevent the
development of vitamin E deficiency.'”® The
potential for the development of vitamin E defi-
ciency anemia is present when infants receive
intravenous lipid preparations without adequate
vitamin E supplementation.

The diagnosis should be suspected in an infant
who displays anemia in the presence of persistent
reticulocytosis, nonspecific red cell morphologic
abnormalities, and thrombocytosis. Confirmation
of the diagnosis requires: (1) evidence of a
reduced plasma vitamin E concentration
(<0.5 mg/dL) or a reduced vitamin E to a total
lipid ratio (<0.6); (2) an abnormal hydrogen per-
oxide hemolysis test (usually >30% hemolysis
with a normal laboratory value of <10%); (3) an
increase in hemoglobin and a fall in reticulocyte
count after vitamin E therapy. Response should
be apparent within 10 days, provided correction
of criteria 1 and 2 has occurred.

Miscellaneous Conditions

Patients with various forms of malabsorption
will become vitamin E deficient. These include
patients with exocrine pancreatic insufficiency
(cystic fibrosis), congential biliary atresia, abet-
alipoproteinemia, and extensive small bowel
resections. In patients with reduced concentra-
tions of plasma vitamin E, the red cell half-life is
usually shortened,'™'® although anemia is usu-
ally not evident or, when present, is usually not
correctable by the administration of vitamin E
alone. The relative anemia observed in most
patients with chronic lung disease with cystic
fibrosis will not respond to iron alone but may
improve when iron and vitamin E are given con-
currently.'®!

Copper Deficiency

Copper is present in a number of metalloproteins.
Among the cuproenzymes are cytochrome c

oxidase, dopamine-B-hydroxylase, urate oxidase,
tyrosine and lysyl oxidase, ascorbic acid oxidase,
and superoxide dismutase (erythrocuprein). More
than 90% of the copper in the blood is carried
bound to ceruloplasmin, an a,-globulin with fer-
roxidase activity.

Copper appears to be required for the absorp-
tion and utilization of iron. It has been proposed
that copper, in the form of ferroxidases, converts
and maintains iron in the Fe’" state for its trans-
fer by transferrin.'? Decreased absorption of iron
and anemia have been demonstrated in rats with
induced dietary copper deficiency.'”’

Copper deficiency has been described in mal-
nourished children'® and in both infants'® and
adults'® receiving parenteral alimentation. Cop-
per deficiency in humans is characterized by (1)
a microcytic anemia that is unresponsive to iron
therapy, (2) hypoferremia, (3) neutropenia, and
usually (4) the presence of vacuolated erythroid
precursors in the marrow. In infants and young
children with copper deficiency, radiologic
abnormalities are generally present. These
abnormalities include osteoporosis, flaring of the
anterior ribs with spontaneous rib fractures, cup-
ping and flaring of long bone metaphyses with
spur formation and submetaphyseal fractures,
and epiphyseal separation. These radiologic
changes have frequently been misinterpreted as
signs of scurvy.

The diagnosis of copper deficiency can be
established by the demonstration of a low serum
ceruloplasm or serum copper level. Adequate
normal values for the first 2 to 3 months have not
been well defined and are normally lower than
those observed later in life. Despite these limita-
tions, a serum copper level of less than 40 pg/dL
or a ceruloplasmin value of less than 15 mg/dL
after 1 or 2 months of age can be regarded as evi-
dence of copper deficiency. In later infancy,
childhood, and adulthood, serum copper values
should normally exceed 70 pg/dL.

Preterm infants are at risk due to their lower
hepatic copper stores which largely accumulate
in the third trimester.'®® Low serum copper val-
ues may be observed in hypoproteinemic states,
such as exudative enteropathies and nephrosis, as
well as in Wilson’s disease. In these circum-
stances, a diagnosis of copper deficiency cannot
be established by serum measurements alone, but
instead requires analysis of liver copper content
or clinical response after a therapeutic trial of
copper supplementation. Dietary zinc decreases
copper absorption and may lead to copper defi-
ciency and anemia.'®”:168

The anemia does not respond to iron but is
quickly corrected by administration of copper.
Therapy in a dose of 0.2 mg/kg of body weight
will cause a prompt reticulocytosis and rise in the
leukocyte count. This can be given as a 10% solu-
tion of copper sulfate (CuSO,-5H,0), which con-
tains about 25 mg of copper per milliliter.

The daily requirement of copper is 0.1 to 1 mg
for infants and 1.0 to 5.0 mg for children and ado-
lescents. Copper intake in infants is usually low
since breast milk contains only 0.2 to 0.4 mg
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copper per liter and infant formulas are generally
fortified to 0.4 to 0.6 mg/L; however, copper
deficiency is rarely seen in healthy term infants.
Older infants and children tend to have increased
copper intake as cereals and other foods provide
more copper than milk.'®

NUTRITIONAL STATES
CAUSING ANEMIAS

Anemia of Starvation

Studies conducted during World War II with con-
scientious objectors demonstrate that semistarva-
tion for 24 weeks produces a mild to moderate
normocytic, normochromic anemia.'® Marrow
cellularity was usually reduced and was accom-
panied by a decrease in the erythroid-myeloid
ratio. Measurements of red cell mass and plasma
volume suggested that dilution was a major fac-
tor responsible for the reduction in hemoglobin
concentration. In persons subjected to complete
starvation, either for experimental purposes or to
treat severe obesity, anemia was not observed
during the first 2 to 9 weeks of fasting.'” Starva-
tion for 9 to 17 weeks produced a fall in hemo-
globin and marrow hypocellularity.'”' Resumption
of a normal diet was accompanied by a reticulo-
cytosis and disappearance of anemia. It has been
suggested that the anemia of starvation is a
response to a hypometabolic state with its atten-
dant decrease in oxygen requirements.

Anemia of Protein Deficiency (Kwashiorkor)

Most cases of Kwashiorkor occur in developing
countries as a result of malnutrition and poverty.
In the United States, though rare, Kwashiorkor
may be observed in individuals consuming
restricted diets.'”> The mechanisms for anemia in
Kwashiorkor have been examined in several lab-
oratories. Protein deficiency leads to a reduction
in oxygen consumption and erythropoietin pro-
duction, with a subsequent drop in erythropoiesis
and reticulocyte count.'”® Red cell maturation is
blocked at the erythroblast level and the
erythropoietin-sensitive stem cell pool is slightly
decreased.'”

In infants and children with protein-calorie
malnutrition, the hemoglobin concentration may
fall to 8 g/dL of blood,'”!" but some children
with kwashiorkor are admitted to the hospital
with normal hemoglobin levels, probably due to a
decreased plasma volume. The anemia is normo-
cytic and normochromic, but there is a consider-
able variation in size and shape of the red cells on
the blood film. The white blood cells and the
platelets are usually normal. The marrow is most
often normally cellular or slightly hypocellular,
with a reduced erythroid-myeloid ratio. Erythro-
blastopenia, reticulocytopenia, and a marrow
containing a few giant pronormoblasts may be
found, particularly if these children have an infec-
tion. With treatment of the infection, erythroid
precursors may appear in the marrow, and the
reticulocyte count may rise. When nutrition is
improved by feeding high-protein diets (powdered
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milk or essential amino acids), there is reticulo-
cytosis, a slight fall in hematocrit due to hemodi-
lution, and then a rise in hemoglobin, hematocrit,
and red blood cell count. Improvement is slow,
however, and during the third or fourth week,
when the children are clinically improved and
the serum proteins are approaching normal,
another episode of erythroid marrow aplasia
devoid of giant pronormoblasts may develop.
This relapse is not associated with infection,
does not respond to antibiotics, and does not
remit spontaneously. It does respond to either
riboflavin or prednisone, and unless treated with
these agents, children who develop this compli-
cation may die suddenly. It has been suggested
that the erythroblastic aplasia is a manifestation
of riboflavin deficiency.'”’

Although the plasma volume is reduced to a
variable degree in children with kwashiorkor, the
total circulating red cell mass decreases in propor-
tion to the decrease in lean body mass as protein
deprivation reduces metabolic demands.'’® Dur-
ing repletion, an increase in plasma volume may
occur before an increase in red cell mass, and the
anemia may seem to become more severe, despite
reticulocytosis. The erythropoietin level increases
as the hemoglobin concentration falls'”® and, more
important, as oxygen demand increases. The
increased oxygen demand may in part account for
the reticulocytosis. Also, during the repletion
period, occult deficiencies of iron, folic acid, and
occasionally of riboflavin, vitamin E, and vitamin
B,, may become manifest unless these essential
nutrients are supplied in adequate amounts.

Anemia and Obesity

The prevalence of obesity has been increasing dra-
matically in developed countries, particularly over
the past two decades.'” Children who are obese or
overweight may not consume more calories than
nonobese children,'®!*! and yet they may have
inadequate micronutrient intake despite adequate
or excessive energy intake.'® One study of an over-
weight population found that intake of saturated
fat, calcium, fruits, and vegetables was below rec-
ommended amounts.'®* Overweight or obese chil-
dren have been shown to have lower levels of
vitamin B,,,'** an increased prevalence of iron defi-
ciency,'® and a greater likelihood of iron-deficiency
anemia than children of normal weight.'®® These
findings suggest that children who are overweight
or obese may be at risk for multiple micronutrient
deficiencies that may lead to anemia.
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