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ABSTRACT

RELATIONSHIPS AMONG DIET, EXERCISE AND HEMATOLOGICAL
PARAMETERS OF YOUNG COMPETITIVE
RUNNERS VERSUS NONRUNNERS

By

Elaina Ryder

Hematological status and nutrient intake were evaluated for elite
runners versus nonrunners, 8-16 years of age, in relation to
developmental stage and physical capacity. Subjects were participants
in a study on fitness and performance conducted by the Youth Sports
Institute. Fasted venous blood samples were drawn for determination
of hematological values, by automated procedures. Three day dietary
records were evaluated for nutrient content using the Michigan State
Nutrient Data Bank. Respiratory variables were obtained by treadmill
testing.

Runners were not at risk of iron deficiency anemia, as indicated
by hematological parameters. Runners consumed greater energy, protein
and iron intakes than controls. Hematological parameters were similar
between iron-supplemented and non-supplemented subjects. No
significant relationships were observed of physical capacity with
hematolngical values. Percent of iron absorbed from a meal,
calculated according to its bioavailability, was similar to subjects'
%RDA for iron, if subjects were assumed to have 250 mg. iron storage

levels,
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INTRODUCTION

Iron deficiency anemia is the most common nutritional problem
among adolescents (1). There is an increased requirement for iron for
this age group because of rapid growth and an increase in hemoglobin
production for expanding blood volume, occuring during sexual
maturation (2). Combined with this increased need, a low intake of
dietary iron by adolescents has been frequently reported in
nutritional surveys (3-6).

Several investigators (7-11) have reported that mature, elite
runners have a greater tendency to develop anemia than less active
individuals. Possible causes for this, as suggested in these
investigations, include; sports anemia, disturbance in iron
absorption, greater iron loss through excess sweating, and
hemoglobinuria and hematuria. Thus far, there have been no studies
conducted comparing the hematological status of adolescent runners and
non-runners.

The question of iron supplementation of the diet has aroused
considerable controversy during the recent years. Conflicting results
have been reported in studies conducted to determine the effectiveness
of prophylactic iron supplementation in athletic and sedentary
individuals (12-15). More research must be done to determine if iron
supplementation may or may not be necessary for athletes.

Iron absorption from foods depends not only upon the amount of

1



iron supplied, but by the nature of that iron and the composition of
the meal in which it is consumed (16). Total iron intake, therefore,
provides only a rough approximation of the amount available for
absorption (17). Monsen (18) developed a model to calculate the
amount of absorbable iron in the diet based on the iron status of the
individual and the amount of enhancing factors, meat and ascorbic
acid, present in the meal. The main objective of this method was to
classify the quality of iron in a meal as having high, medium, or low
availability.

The purpose of this study was to determine if a sub-population
group of elite runners, 8-16 years of age, had a higher incidence of
marginal iron status than normal teenage controls of similar age and
gender.

The objectives of this study were:

-- To assess the hematological status and nutrient intake in relation
to developmental stage and physical capacity over a two year period.

-- To compare the hematological status with quantitative changes
in growth, physical capacity, and anaerobic metabolism.

-- To determine the effect of prophylactic iron supplementation
on hematological status and performance capability.

-- To evaluate the quality of subjects' diets in terms of the
bioavailability of iron.



REVIEW OF LITERATURE

GENERAL METABOLISM OF IRON
IRON UTILIZATION AND STORAGE

The nutritional requirement for iron in humans is derived from the
central role that this metal plays in the energy metabolism of cells.
Most of the body iron exists in complex forms bound to protein, either
as porphyrin or heme compounds including; hémog]obin, cytochromes a,
b, and ¢ and P-450, and myoglobin. Iron also exists as nonheme,
protein-bound compounds including; ferritin, transferrin, hemosiderin,
and flavoprotein enzymes (19). The total body iron in an adult (70
kg. male) is approximately 4 to 5 grams of which 65% is bound as
hemoglobin, 15-20% as ferritin, 3-5% as myoglobin, and the remainder
as hemosiderin and iron-containing enzymes (20). Iron occurs in blood
bound to hemoglobin in the erythrocytes and to transferrin in the
plasma in a ratio of nearly 1000:1 (19). Hemoglobin consist of four

ferroprotoporphyrin or "heme" moieties linked to four polypeptide
chains. Each heme can reversibly bind to one molecule of oxygen
functioning as a carrier to supply oxygen to all cells in the body.
Myoglobin contains one heme moity and has a higher affinity for oxygen
than hemoglobin. This heme compound is found in muscle cells. It

functions as an oxygen store, releasing oxygen to cytochrome oxidase

when the supply of oxygen is insufficient for the needs of the tissues



(21). Mitochondria contain an electron transport system which
transfers electrons from substrates to molecular oxygen - with the
simultaneous generation of adenosine triphosphate (ATP). The
cytochromes are components of this system. The iron atoms of
cytochromes and iron-sulfer enzymes are alternately oxidized and
reduced in the process of electron transport. The iron sulfur
proteins or flavoprotein enzymes consist of non-heme iron in the
active center, which also participate in the electron transport chain
(21). Transferrin is a glycoprotein with two almost identical iron-
binding sites - each capable of binding one atom of ferric iron.
Transferrin serves as the principle carrier of iron in the blood, and
therefore, plays a central role in iron metabolism. In normal
individuals only 30-40% of the transferrin carries iron, the remainder
being known as the latent iron-binding capacity (19).

The reserve or storage iron of the body occurs predominantly
as ferritin and hemosiderin. These occur widely in the tissues, with
the highest concentrations normally present in the liver, spleen, and
bone marrow. The two compounds are chemically dissimilar although
intimately related in function. These compounds are involved in the
maintenance of iron homeostasis. When the supply of dietary iron
becomes inadequate, iron is mobilized from ferritin and hemosiderin
and serves to maintain the production of hemoglobin and other iron
compounds with known metabolic functions. Not until these products
become restricted is there likely to be any impairment of body
function (1). The main factor affecting the relative distribution of
iron between ferritin and hemosiderin in mammals is the total storage

iron concentration. When total storage iron in the liver and spleen



is below 500 mg./g. of tissue, more iron is stored as ferritin than as
hemosiderin. When the storage level is above 1000 ug./g., more is
stored as hemosiderin (1). Ferritin is the soluble iron storage
protein found in all cells of the body. Ferritin is a ferroxidase,

+2 to Fe+3 during its incorporation into

catalyzing the oxidation of Fe
the iron core. Small quantities of ferritin are present in the
erythrocytes, serum, and leukocytes. The levels of ferritin in serum
vary with the iron status of the individual and with certain disease
states. This form represents only 0.2-0.4% of the serum iron normally
present in the adult (21).

Hemosiderin is a term applied to iron which, after staining with
potassium ferrocyanide, can be seen as blue granules in sections of
liver or bone marrow. Histochemical examination of aspirated samples

of bone marrow provides a useful index of body iron stores (19).

IRON ABSORPTION

The three main phases in the absorption of iron from the gut
include: the intraluminal phase, where food is digested by the
gastric and pancreatic enzymes and iron is released in a soluable
form; the mucosal phase, in which iron is taken up by the mucosal cell
and transported across to the serosal side or retained as ferritin;
and the corporeal phase, in which iron is taken up by transferrin in
plasma on the serosal side of the mucosal cell and carried to liver
and hemapoietic tissues (22). The absorption of iron is affected by:
age, iron status, and state of health of the individual; conditions
within the gastrointestinal tract; the amount and chemical form of the
iron ingested; and the amounts and proportions of various other

components of the diet, both organic and inorganic (19). The most



important known stimuli to iron absorption include the rate of
erythropoiesis and the levels of tissue iron stores. These two
factors regulate absorption particularly at the level of serosal
transfer. The way these stimuli inform the duodenum to transfer
appropriate amounts of iron into the plasma is unknown (20). It
appears likely that homeostatic mechanisms within the body affect the
populations of brush border receptors - according to iron status - at
the time of mucosal cell formation. Changes in transport across the
serosal surface, occurring with a somewhat shorter time lag, respond
more quickly to changes in iron status. Iron can also enter the
mucosal cells from the plasma and pass back into the lumen by active
extrusion, particularly in the lower part of the small intestine (23).
The maximal absorption of iron takes place in the duodenum.

The efficiency decreases from the proximal to the distal part of

the small intestine. The amount of iron transferred from the gut
lumen to the mucosa depends upon the abundance of receptors on the
brush border. The receptor population increases in iron

deficiency, the increase being more in the distal than in the
proximal part of the intestine (22). Once taken up by the mucosa,

some of the iron passes rapidly into the circulating plasma (21).

The excess iron in the mucosal cell, not transferred to plasma
transferrin on the serosal side, is taken up by apoferritin and stored
as ferritin (22). Cellular iron may enter the body to meet current
body requirements or may remain within the cell to limit mucosal
uptake of iron. This iron may be excreted when the cells are sloughed
from the villus. In iron-deficient subjects little iron is

incorporated into these cells from body stores so that absorption is



enhanced and excretion is diminished (20).

IRON METABOLIC PATHWAYS

The major movement of iron in the body is unidirectional; absorbed
iron is attached to transferrin, which delivers it to the erythroid
precursors in the bone marrow. Iron is utilized to form hemoglobin,
which in turn, is then incorporated into the red blood cell. The
hemoglobin remains within the red cell for its 120-day life-span.

The red blood cell is then phagocytized in the reticuloendothelial
system and the iron is released. Approximately 85% of the iron
derived from the catabolism of red blood cells is promptly returned to
the plasma. The remaining iron is stored in the reticuloendothelial
cell (20). The subsidiary metabolic pathways involve the plasma iron
attaching to transferrin and then being delivered to cells throughout
the body for the synthesis of ferritin, hemosiderin, myoglobin, and
the iron-containing enzymes (19).

IRON EXCRETION

Previously it was believed that the quantity of iron in the body
was controlled solely by regulation of absorption and that excretion
played a passive role. However, most cells contain iron somewhat in
proportion to the quantity of iron in body stores. Thus the daily
obligatory loss of cells from skin and gut secretions - such as bile
and sweat - provide a limited but selective loss of body iron (20).
The major rate of loss of iron was found to be through the
gastrointestinal tract with mean losses of 0.38 mg. per day from blood
loss, 0.25 mg. per day from the bile, and 0.1 mg. per day from
exfoliated epithelial cells. Losses in the urine were approximately

0.1 mg. per day (21). The total amount of iron lost daily in the



sweat depends on the individual, the ambient temperature, and the
dermal cell content in sweat loss. The average loss of iron through
dermal cell loss of a healthy adult has been assessed as about 0.5 mg.
per day. The total quantity of iron lost in the urine, feces, and
sweat (excluding iron from the dermal cell in sweat) amounts to 0.6 -
1.0 mg. per day in most individuals. A loss of this magnitude is
appreciable when it is realized that the average amount of iron
absorbed from ordinary mixed diets is only 1.0 - 1.5 mg. per day (19).
IRON DEFICIENCY
PREVALENCE

Iron deficiency anemia is the most common nutritional disease
among adblescents. Several studies have indicated a high prevalency
among teenage males - more so than females before the onset of menses.
According to the 1968-1970 U.S. Public Health Service, Ten State
Nutritional Survey (3), 5 - 10% of teenagers had below normal
hemoglobin and hematocrit levels. In that survey, the normal ranges
for hemoglobin were 14.0 + 29/d1 for females and 16.0 + 2 g/d1 for
males. The normal ranges for hematocrit were 42 + 5% for females and
47 + 5% for males. In the 1970-1972 U.S. Department of Health,
Education, and Welfare, Health and Nutritional Examination survey
(NHANESI) (24), it was reported that 10% of the boys and 5% of the
girls were iron deficient based on hemoglobin, hematocrit, serum iron,
and serum transferrin levels. In the 1976-1980 NHANESII survey (25),
2-3% of the male and 4-6% of the female adolescents had hemoglobin and
hemacrit values indicating iron deficiency anemia. In other studies
(26), the incidence of iron deficiency was reported to be in the range

of 10 - 27% for female and 13 - 50% for male adolescents. Iron



deficiency anemia, as a term, has been almost interchangeable with
nutritional anemia and has represented the most prevalent deficiency
among children in the U.S. Its frequency has even prompted the
suggestion that it has been the most frequent disorder seen in
clinical medicine (27).

DESCRIPTION OF IRON DEFICIENCY AND METHODS OF DETECTION

Iron deficiency anemia is a progressive condition of negative iron
balance that is created when the physiological demand for iron is in
excess of the iron ingested. Exogenous iron loss, iron absorbed from
food, and iron stores available in the body are factors that affect
iron balance. Iron deficiency can be due to one or more conditions
such as acute or chronic blood loss or destruction, decreased iron
intake, impaired absorption and/or increased requirements due to rapid
growth (1). Iron deficiency is considered to be a state in which the
iron supply is inadequate to permit normal synthesis of essential
iron compounds (28). Although usually considered benign, iron
deficiency anemia may have serious debilitating effects. These
include: decreased resistance to infection, impaired immune response,
symptoms of irritability and fatigue, alterations in temperature
regulations, a diminished capacity for work and activity, and lowered
intellectual motivation and performance (27,29,30). Functional
gastrointestinal abnormalities are also associated with iron
deficiency including; a reduction of acid secretion by the stomach,
an impairment in iron, fat, and xylose absorption, an occult
gastrointestinal bleeding in infants, and varying degrees of
histologic changes in the duodenal mucosa (29,31). In the past,

physicians and investigators have been too concerned with the
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circulatory hemoglobin level and not enough with the other effects
associated with tissue iron deficiency. More recent investigations
have indicated abnormalities associated with muscle function and
resistance to infection in iron-deficient animals and man. It seems
1ikely that an element such as iron, which is involved in so many
essential tissue reactions, would be found to be vital to body
functions other than oxygen transport. Such tissue effects of iron
deficiency require further examination (28).

Iron depletion exists in varying degrees which extend from the
mild depletion of iron stores to the development of a severe anemia
(32). If the body goes into negative iron balance, iron is removed
from the body stores (ferritin and hemosiderin) for metabolic needs.
Simultaneously, iron absorption is enhanced and there may be some
increase in the iron binding capacity of the plasma (33). During this
phase, plasma iron concentration is not appreciably altered. When
iron stores become exhausted, however, plasma iron levels fall and
erythropoiesis is curtailed. Normocytic and normochromic anemia is
often seen with iron deficiency when the anemia is mild or developing
rapidly (32). No single iron parameter monitors the entire spectrum
of iron status (33). These parameters of iron status reflect changes
in different body iron compartments and are affected at different
levels of iron depletion.

It is convenient to define iron deficiency as progressing through
three stages (34). Distinctions between the three levels of iron
deficiency are entirely arbitrary, because iron stores in a population
form a continuum, ranging from severely iron deficient to iron

overload (33). The least severe stage of iron deficiency, “iron



11

depletion”, occurs when iron stores (in the liver, spleen, and bone
marrow) fall to less than 100 mg. as indicated by a marked reduction
in ferritin and hemosiderin (30,33,35). Quantitative estimates of
iron status can be made from tissue by making chemical assessments of
samples removed from bone marrow or by making determinations of the
serum ferritin concentration of a blood sample (33,36). The serum
ferritin concentration is directly proportional to the level of
available storage iron in the liver and bone marrow. Levels of serum
ferritin are inversely related to iron absorption; absorption
increases when iron stores are depleted (34). Measurement of serum
ferritin allow the estimation of iron stores by noninvasive radio or
enzymatic'immunoassay procedures (35). A low concentration of serum
ferritin is characteristic only of iron deficiency. However, when
inflammatory disease and iron deficiency coexist, serum ferritin
values may be within the normal range (1). Once the iron stores have
been depleted, serum ferritin levels will not reflect advanced stages
of iron deficiency (35).

With continued iron loss, iron stores become exhausted and the
second stage of iron deficiency erythropoiesis ensues. During this
stage, the level of the heme precursor (protoporphyrin) rises in the
red cells. This rise indicates an insufficient supply of serum iron
for hemoglobin synthesis and red blood cell production (34).
Indicators of this stage include an increased level of free
erythrocyte protoporphyrin (FEP) and total iron binding capacity
(TIBC), and a decreased level of serum iron and percent transferrin
saturation (33,36). The FEP can be measured rapidly by a simple

fluorescence assay using a fluorometer. The serum iron and TIBC are
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most commonly measured by atomic absorption or spectrophotometric
techniques. The percent of transferrin saturation is derived simply
by dividing the serum iron concentration by the TIBC value and
multiplying by 100 (1).

During the final stage of iron deficiency, "iron deficiency
anemia"”, the diminishing iron supply will further impair red cell
production. This phase is identified by a significant fall in the
circulating hemoglobin and alterations in the hematological indices
(33,36). Laboratory diagnosis can be made by analyzing the results
from a complete blood count, including a differential smear, and by
measuring the concentrations of the hematological parameters. If the
analysis of the blood smear shows small cells (microcytic) and
undercolored cells (hypochromic), the diagnosis usually is iron
deficiency anemia. The hematological parameters measured include
hemoglobin, hematocrit (or packed cell volume - PCV), red blood cell
count (RBC), and mean cell hemoglobin concentration (MCHC), mean cell
volume (MCV), and mean cell hemoglobin (MCH) (33). The concentration
of hemoglobin is measured by diluting a blood sample with a solution
that converts the hemoglobin to cyanmethemoglobin, which is then
quantified spectrophotometrically (37). The hematocrit is measured by
centrifugation of a minute amount of blood that has been collected in
a heparinized capillary tube. The hematocrit is then calculated by
comparing the height of the column of packed red cells to that of the
plasma (38). Electronic coulter counters are commonly used to
accurately measure red blood cell count, MCV, MCH, and MCHC directly
(1). Table 1 illustrates the development of iron deficiency and the

various parameters indicating each level of iron status.
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Table 1. STAGES OF IRON DEFICIENCY

STAGE

METHOD OF DETECTION

PHYSIOLOGICAL CONSEQUENCES

1. Iron
Depletion

2. Iron
Deficiency
Erythro-
poiesis

3. Iron
Deficiency
Anemia

Serum Ferritin

Plasma Iron
TIBC

Transferrin
Saturation

Hemoglobin
RBC Count
Hematocrit
MCV

MCHC

Depletion of iron stores in
l1iver, spleen, and bone
marrow.

Iron stores have been
depleted; levels of iron
carried in the plasma
decrease and transferrin
formation in the liver
increase. Total iron-binding
capacity increases to levels
of 400-500 ug/dl. Percent
saturation of transferrin
with iron falls from a mean
of 30% to about 15% to 18%.

Hemoglobin concentration
falls below 12 g./d1. The
degree of iron deficiency
anemia can be evaluated
with additional blood data.
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In a recent survey of 1,564 subjects, living in Northwestern U.S.
(33), it was observed that if only one of the three parameters - serum
ferritin, transferrin saturation, or hemoglobin (each being from a
different stage of iron deficiency) - was abnormal, the prevalence of
anemia was only slightly higher (10.9%) than in the population as a
whole (8.8%). However, when any two of these three parameters were
abnormal, the prevalence of anemia increased to 28% and when all three
parameters were abnormal, to 63%. Thus, the cause of anemia can be
reasonably attributed to iron deficiency only when at least two iron
parameters fall within the iron deficient range. The magnitude of
analytic errors and the within subject biological variations are less
than 4% for hemoglobin, hematocrit, and red cell indices (39). Higher
coefficients of variation are characteristic of serum iron, TIBC,
serum ferritin, and erythrocyte protoporphyrin (41). Remarkably
consistent results with less than 2% experimental error) can by
obtained by experienced laboratories for hemoglobin, hematocrit, and
red blood indices (39). This facilitates the detection of mild
anemia. Furthermore, the relatively small biological variations in
these laboratory measurements make it easier to distinguish even a
relatively small response to therapy from a random fluctuation. In of
serum ferritin, TIBC and eythrocyte protoporphyrin, analytic variation
can be drastically decreased by the use of automated equipment, which
decreases environmental contamination. Variations due to biological
factors are much greater than analytic variations with an automated
method. The variations due to diurnal factors can be minimized by
sampling in the morning or early afternoon; values can normally fall

to very low levels at night. There is an impression that the
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biological variation in measurements of iron diminishes in iron
deficiency, resulting in less fluctuation of low values. With
improvements in methodology, a major remaining problem will relate to
the overlap of subjects, making it difficult to identify individuals
with mild iron deficiency, but not a major obstacle when
characterizing groups of subjects (39). Perhaps the most reliable
criterion of iron deficiency anemia is the hemoglobin response to an
adequate therapeutic dose of iron. A therapeutic trial allows the
recognition of an individual whose hemoglobin value, although within
the reference range, is low for him/her (1). When screening a large
segment of a population, hematocrit and hemoglobin are the common
procedures to determine iron status (34).

Therapy of the anemia itself involves reversal of the sequence of
iron depletion, first repletion of functional body iron compounds and
then of iron stores. Repletion of the stores will occur slowly when
iron is given orally. This form of iron therapy must, therefore, be
continued for many months after the hemoglobin level has returned to
normal to fully replete the stores. In most serious cases of iron
deficiency, the subject will usually recieve injections of an iron
dextran to allow a more rapid replacement of iron stores (32).
ADOLESCENCE

The demands of the body for iron are greatest during three periods
- the first two years of life, the period of rapid growth and
hemoglobin increase of adolescence, and throughout the child-bearing
period in women (19). The acceleration of growth rate and weight
gain, particularly during the years of sexual maturation, impose

increased requirements for iron, primarily for the production of
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hemoglobin (1). 1Iron deficiency is a common finding among adolescents
of both genders due to the increased need for iron and the low iron
content of the foods most commonly eaten by this age group. This
nutritional disease is more prevalent in boys than in girls because of
their greater expansion of blood volume and lean body mass associated
with growth (40). For example, during the peak year of their
adolescent growth spurt, boys gain an average of ten kilograms. This
can be calculated to require a net increase of approximately 300 mg.
of iron merely to maintain a constant concentration of hemoglobin in
an expanding blood volume (1). In a group of 14,000 subjects who had
a constant iron intake of 6 - 9.5 mg. per day after infancy, the rate
of anemia increased from 2% in the 11 year old male to 30% in the 15
year old male largely due to growth in lean body mass. In the girls,
the rate of anemia was not as great, but approximately two times
higher in the 15 year old than in the 11 year old females (40).

In the adolescent girls, iron needs are also large, but their
growth rate does not peak as sharply as in boys. The maximum yearly
weight gain is somewhat less than in boys and the concentration of
hemoglobin in girls increases only slightly during this period. The
greatest average weight gain of 9 kg. per year in girls requires
approximately 280 mg. iron for the maintenance of a constant
concentration of hemoglobin (1). The onset of menses usually follows
the peak of adolescent growth. The median menstrual blood loss of
approximately 30 ml. per menstrual period in 15 year old girls
involves a net }oss of about 175 mg. of iron per year (1). Adolescent
females are considered to be nutritionally vulnerable because of the

rapid growth rate combined with marginal nutrient intake and menstrual
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loss. The three major factors influencing the status of iron
nutrition throughout the adolescent period for both males and females
include; the amount and bioavailability of iron consumed, the rate of
body growth, and the amount of iron loss. Each factor affects the
amount of iron available for both metabolism and storage (34).

Until relatively recently, young adults were the usual basis for
reference ranges of laboratory tests. Increasingly, the use of age-
specific criteria for children has become accepted, particularly in
relation to hemoglobin, hematocrit, RBC indices, serum iron, TIBC, and
transferrin saturation (41). One basis for this conclusion is related
to the fact that the ranges of laboratory values in children, with the
exception of erythrocyte protoporphyrin, tend to be narrower than
those in adults (25). Laboratory results from the second National
Health and Nutrition examination survey (NHANES II) have been used to
define age-related changes in values used in the diagnosis of anemia
and iron deficiency. Analyses included hemoglobin, hematocrit, RBC,
red cell indices, serum iron, TIBC, transferrin saturation, and
erythrocyte protoporphyrin which had been uniformly performed on a
representative sample of 15,093 subjects, 1 to 74 years of age. The
median value and the 95% range of each parameter measured for age
categories, 9 to 11, 12 to 14, and 15 to 17 year old males and females
are listed in Appendix A (25).

IRON STATUS AMONG RUNNERS
SPORTS ANEMIA

The reduction of red blood cells during strenuous exercise has
been recognized in human beings, dogs, and rats. The anemia occurs at

an early period of physical training but eventually disappears after
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one to three weeks from when the exercise was initiated. The blood
properties return to the initial level shortly after the exercise is
discontinued. In a normal individual, a practically constant balance
is maintained between blood destruction and blood formation. This is
not the case when subjects have been kept under sedentary conditions
for a long time and then suddenly subjected to a strenous exercise for
several days. In this situation, the blood cells are destroyed more
rapidly than the hematopoietic tissue can replace them resulting in a
marked fall in volume of red blood cells and circulating hemoglobin
This exercise-induced reduction of red blood cell has been termed
"sports anemia" (42).

Increased destruction of red blood cells during strenous muscular
exercise has been known since the beginning of this century. Studies
to determine the mechanism were first done on dogs by G.0. Brown in
1922 (7). Brown postulated that the reduction in resistance of the
red cell membranes was caused by the wear and tear of increased
circulation through the capillaries. J.E. Davis concluded (43) that
this decreased resistance in the membranes was due to the high body
temperature brought on by heavy muscular work.

Sports anemia is characterized by a transient decrease in
hemoglobin concentration, RBC and PCV, but rarely results in clinical
anemia. The red blood cells remain normocytic and normochromic (8).
Associated with the red cell reduction is a concomitant decrease in
serum protein (42). These reductions are not merely due to the
hemodilution which results from an expanding plasma volume, which
commonly occurs in athletes while training for a sport. There is an

absolute reduction of hemoglobin as indicated by a significant
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decrease in the total circulating hemoglobin detected after one week
of training. An observed increase in osmotic fragility of the
erythrocyte membrane has been associated with this reduction in
hemoglobin and hematocrit This has been reported to occur as early as
the first day of training, and remaining elevated throughout an entire
seven-day, exercise period. The decrease in the integrity of the red
blood cell membrane has been attributed to the increased circulation
rate, temperature and acidity of the blood and the greater compression
on the cell which results from training (44).

Although the lysis of erythrocytes occurring with severe work has
been generally widely accepted at the present time, it has not been
possible to clearly explain the exact physiological reasons for this
increase in intravascular hemolysis. A number of theories have been
proposed as reasons for this temporary disorder (44). Shirahi
demonstrated (45) that this increase in fragility and reduction of red
cells during exercise could be prevented by removing the spleen in
dogs. In this report, it was also shown that the effete red cells -
with cell membranes having higher osmotic fragility resulting from the
exercise - appearing in exercising dogs could be normalized by
incubating these in the plasma of a resting or splenectomized dog.
Shirahi concluded that the sports anemia was caused by the liberation
of some hemolysing factor (termed lysolecithin) from the spleen. When
a subject has undergone strenous muscular exercise, an increase in
epinephrine secretion would be promoted by the stress. This would
cause an acceleration in the contraction of the spleen allowing the
hemolysing factor to flow out into the circulating blood. This has

been the proposed mechanism which initiates sports anemia (45).
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Several investigators believe that the increase in lysis of red
cells may be an adaptive process to strenous muscular exercise. The
heme component of the destroyed red cells and the serum protein may be
utilized by the muscles to meet the increased demand for protein
metabolism during exercise (42,44). Yoshimura (7) demonstrated that
the myoglobin in 1imb skeletal muscle of rats exercising for two weeks
increased as compared with no change in amount in resting controls.
Thus, he concluded that the hemoglobin in red cells has been utilized
to produce muscle protein and myoglobin as well as new red cells.
Hiramatsu (7) found that after one week of hard physical training, the
spherical index of the subjects' red blood cell had increased; thus
decreasing the fragility of the cell. This may be regarded as an
adaptive reaction to promote growth or hypertrophy of muscles and
regeneration of new and strong red cells capable of withstanding
strenous physical training. In another study (45), Hiramatsu found a
faster decay rate in the specific activity of hemin 59Fe in red blood
cells in exercising versus sedentary rats, indicating an increase in
destruction of labeled red blood cells. In the training group, the
rate of incorporation of hemin 59Fe was sharply accelerated in all
tissues (especially in the skeletal and heart muscle, spleen, and bone
marrow where hemoglobin or myoglobin are contained) as compared to
that in the sedentary control. The rate of incorporation of 59Fe was
much greater from red blood cell hemin than from serum injected into
the muscles, spleen and bone marrow. These results demonstrated how
nge could be incorported more easily into these organs when obtained
from hemoglobin than from serum. Therefore, the hemoglobin iron may

facilitate the expansion of muscles and synthesis of new red blood
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cells associated with training. Thus, Hiramatsu had presumed that the
hemin molecule, labeled with 59Fe hemoglobin, was directly
incorporated into the myoglobin in the muscle. There seems to be a
temporary alteration of priorities for iron needs during exercise.
Increased levels of exercise stimulate the increased production of
myoglobin in the hypertropic muscle. A greater amount of iron would
be required to synthesize the myoglobin, taking precedence over
erythropoiesis, so oxygen delivery to exercising muscle would not be
compromised. If iron was relatively unavailable, the new generation
of red blood cells might be produced without a full complement of
hemoglobin (46).

A Tow-grade runner's hemolysis could create and sustain a negative
iron balance, especially in subjects with low iron stores and low
dietary iron absorption. In a recent study of 16 marathon runners
(47), a poor overall correlation had been observed between hematocrit
and performance, but the faster runners had significantly higher pre-
race hematocrits. (mean 49%) than the slower group (mean 45%). These
results indicate that runner's hemolysis may prevent the attainment of
optimal red cell mass for maximal race performance.

PREVALENCE OF LOW IRON STATUS AMONG ATHLETES

Runners have a greater tendency to develop anemia than less active
individuals due to several factors associated with the exercise. In
one investigation (8), the effect of running on indices of iron status
in young female cross-country runners was studied during their
training and competitive season. The runners experienced sports
anemia as indicated by a decrease in hemoglobin and PCV during the

first week of training. All indices of iron status (hemoglobin, PCV,
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FEP, transferrin saturation, serum iron) returned to initial values
between the first and eighth week of the season except for TIBC, which
was significantly greater than preseason values. Results suggested
that the young women's recovery from sports anemia could impose a
demand on their body iron reserves. Although serum iron and percent
transferrin saturation returned to their initial values within one
week after training, the fact that TIBC peaked at that time suggested
that the runners' bodies were actively attempting to restore iron
reserves that had been diminished during training.

Several investigations on long distance runners were conducted to
analyze the levels of iron status (7,9,10). Clement et. al. (9)
reported that 29% of the men and 82% of the women long distance
runners had plasma ferritin concentrations at risk for iron
deficiency. The male runners had an adequate dietary intake of iron
(mean intake was 18.5 mg per day). In contrast, the female runners
had an inadequate intake (mean intake was 12.5 mg per day) which may
have contributed to the high percentage of those subjects having low
plasma ferritins. Kilbar (11) investigated the effects of seven weeks
of training on the serum iron levels in three age groups (including
ages 9-31, 37-48, and 51-64 years) of relatively inactive women.,

Serum iron levels significantly decreased in each group indicating
that there was a significant iron cost associated with physical
training. However, the lack of a control group and failure to account
for dietary and menstrual factors - each of which may affect serum
iron levels - must be taken into account when interpreting these
results. If there had been an iron cost of physical training, serum

iron levels would decrease only if this cost exceeded storage iron
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levels.

Due to the high incidence of latent iron deficiency among runners,
many researchers have studied possible causes of this. Ehn et. al.
(10) found indications of latent iron deficiency, as measured by bone
marrow iron, in all eight of the male long distance runners studied,
even though each had an adequate dietary intake. Ehn suggested that
the iron deficiency may be caused by a disturbance in iron absorption
among these individuals due to the running. Iron absorption was
measured with the aid of 59Fe labeled ferrous sulphate, 59Fe labeled
hemoglobin, and a whole body counter in this group of elite runners
and compared to eight nonrunning control subjects having similar iron
status. The mean absorption of the ferrous sulfate was 16.4% in the
runners, which was much lower than that of the control group which was
30.0%. The difference in absorption of hemoglobin iron was less
pronounced; the runners absorbed 4.3% less than the controls. Plasma
iron clearance was 20% greater in the runners than controls,
indicating a greater iron loss. This was measured by the rate of
disappearance of an intravenous injection of trace amounts of
radioiron 59FeCl3 in the plasma. Labeled iron incorporation into red
blood cells was slightly greater in control subjects, indicating a
higher rate of erythropoiesis.

Another contributing factor for a lower iron balance could be the
result of excess sweating in conjunction with running. In one study
(48), Paulev measured an additional iron sweat loss of 0.4 - 1.0 mg.
per day increasing normal daily losses of 1 mg. Veller et. al. (49)
found no relationship between the iron concentration of cell-rich or

cell-free sweat and hematological indices or serum iron levels, with
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the exception of a positive correlation between the iron concentration
of cell-free sweat and the serum iron values after sweat collection.
These findings indicate that the iron lost through sweating could not
be controlled by an individual with iron deficiency. In another study
(50), similar results were reported to occur. No significant
differences were noted in the iron content of cell-free sweat between
the normal and the iron-deficient groups. Normal subjects had a mean
iron content of 1.2 mg. per liter of sweat. Hot climate and/or
exercise could increase sweat loss by 2 to 11 liters, therefore,
increasing the range of total amounts of iron loss to 2.5 - 13 mg. per
day.

In the event of a hemolytic state, as indicated by sports anemia,
some of the hemolysis would occur intravascularly resulting in an
elevation of free hemoglobin. This hemoglobin would combine with
haptoglobin to form a complex molecule, and then be removed from the
circulation by the reticuloendothelial system and eventually be used
again in the synthesis of new iron-containing compounds, thus
conserving iron. Circulating free-haptoglobin levels, therfore, would
also decrease. If the hemolysis continued and/or exceeded the
hemoglobin-haptoglobin binding capacity, excess hemoglobin would
appear in the urine, after the reabsorbing capacity of the kidney
tubules has been exceeded, producing hemoglobinuria. However, there
could be varying degrees of exercise-induced hemolysis before the
hemoglobin-habtoglobin binding capacity was exceeded (51).
Hemoglobinuria has been the focus of many studies on exercise-induced
hemolysis. Nine out of 50 males completing a marathon showed gross

or microscopic hematuria; all abnormalities cleared up within 48 hours
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(52). Gross hematuria has been previously reported to be an
infrequent occurrence after running. In contrast, recent
investigations have described up to 21 such cases among the
participants of a long distance running event in which no intrinsic
urinary tract cause was found (53). One investigator (10) suggested
that this hemoglobinuria and hematuria could account for the iron loss
producing the latent iron deficiency found in runners.

Low serum haptoglobin values - indicating increased intravascular
hemolysis - has been commonly reported among athletes
(8,10,47,53,54,55). In a more recent hypothesis (56), the
investigator suggested that this increased level of hemolysis,
producing an increase in the hemoglobin-haptoglobin complex, caused a
shift in red cell catabolism from the reticuloendothelial system to
the hepatocytes. This would be a reasonable explanation of a reduced
content of hemosiderin in the bone marrow cells and low serum ferritin
levels because these values reflect the content of iron in the
reticuloendothelial system. Thus, it was concluded that runners
“anemia" was not caused by an increased iron loss as detected by low
iron stores. No obvious explanation could be given for the single
divergent laboratory values which indicated low iron stores. The low
serum ferritin and low bone marrow hemosiderin values often found in
athletes indicate the need for further studies on iron kinetics in
this group to clearly explain these differences (55).

IRON DEFICIENCY - EFFECTS ON PERFORMANCE

Three fundamentally different questions are relevant to the
potential biological effects of iron deficiency anemia. First, to an

athlete the important question is related to maximum performance
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capacity. Second, to the worker whose survival depends on his/her job
performance, the daily work productivity is often a crucial factor,
particularly in developing countries. A third question is related to
a person's general sense of well-being or vitality, though it remains
to be determined to what extent this is affected by iron deficiency
anemia (57). The impact of iron deficiency on endurance athletes is
illustrated by the fact that a person with a hemoglobin concentration
of 12 g/dl1 can carry only 75% of the oxygen that a person with 16 g/dl
can carry with equal red blood cell volumes (36). The total body
oxygen needs are the summation of all the individual requirements of
tissues and organs and vary as a consequence of functional changes
occurring in everyday life. Under norma1 conditions, physical
activity is the most important factor in determining total oxygen
requirements, at least in quantitative terms. This is so because it
induces significant increments in the metabolic rate of skeletal
muscle and to a lesser degree in that of myocardium (58). The lower
levels of hemoglobin in anemia impair oxygen delivery to the tissues
to a degree which depends on the severity of the anemia and on the
energy demands. Therefore, a sedentary person or someone engaged in
light and intermittent work may experience no symptoms of anemia with
a moderate hemoglobin deficit and may function in essentially the same
manner as a normal individual; whereas someone with more severe anemia
and/or who engages in physically demanding activities must resort to
various physiological compensatory mechanisms. This type of
individual may be forced to reduce his/her work output or modify
his/her work pattern if the physiological compensation proves to be

insufficient (57). In several studies (57,59,60,61,62,63,64),
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investigators have shown that physical working capacity in different
populations, measured as oxygen consumption, significantly decreases
in iron deficiency anemia and improves when hemoglobin levels reach
normal values. Edgerton et. al. (64) measured selected parameters
related to work tolerance in 31 adult subjects with hemoglobin from
2.5 to 14 g per dl. Work tolerance was closely related to hemoglobin
concentration regardless of the adequacy of storage iron level. The
data strongly suggested that the decrement in work performance
capacity in iron-deficient and anemic subjects was in a large part, a
reflection of the level of anemia rather than other nonhemoglobin-
related biochemical changes that could accompany prolonged iron
deficiency anemia.

Iron deficiency of short duration and of moderate degree can be
associated with hemoglobin concentration in the normal range.
Therefore, there may be an overlap of iron-deficient and non-deficient
individuals with normal and minimally decreased hemoglobin levels.
Several studies (31,47,61,65,66,67) have demonstrated that iron
deficient, but not anemic subjects, could benefit from iron treatment,
producing an increase in physical work capacity without significant
change in hemoglobin level. Administering an iron supplement to a
deficient subject reduces the stress of physical activity more than
can be expected by the improvement in oxygen carrying capacity of
blood alone (68). Iron may be incorporated into tissue in a manner
functionally beneficial to the extent that work tolerance can be
improved (67).

In the past, the investigation of iron deficiency anemia has been

focused on hemoglobin. However, it has been becoming quite clear that
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the symptomatology of iron deficiency anemia reflects a complex
systemic condition involving almost all cells in the body (69).
Symptomatic improvement in response to iron<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>