Iron-Deficiency Anemia
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Introduction

Anemia is prevalent in most parts of the world. Iron-deficiency anemia (IDA) is one
of the more common causes of anemia. It typically results from insufficient iron
intake, poor gastrointestinal absorption, or overt or occult blood loss. Distinguishing
iron deficiency from other causes of anemia is crucial for initiating appropriate
treatment, as is identifying the underlying cause of iron deficiency. In this chapter,
we will discuss normal iron hemostasis, the prevalence of iron deficiency, most
common etiologies and therapies.

We will examine iron deficiency and its anemia from the perspective of advances
in our understanding of systemic iron homeostasis, pathophysiological features, and
treatment options. The focus will be on IDA in adults. Readers are referred else-
where for information on the presentation, symptoms, and laboratory diagnosis of
iron-deficiency anemia [1] and on issues that are specific to pregnancy [2].

Definitions and Diagnosis

Iron deficiency is a state in which reduction of iron stores precedes development of
overt iron-deficiency anemia. It may persist without progression.
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Iron-deficiency anemia is a more severe condition in which low levels of iron are
associated with anemia and the presence of microcytic hypochromic red cells in the
circulation, the relative number of which reflects the severity of the iron
deficiency.

Iron-restricted erythropoiesis refers to a state in which delivery of iron to ery-
throid precursors for Hb synthesis is impaired, no matter how replete the stores [3].
Iron stores may be normal or increased because iron is sequestered within macro-
phages as in the anemia of chronic disease (ACD). The latter, described in Chap. 4,
is seen in patients with autoimmune disorders, cancer, infections, and chronic kid-
ney diseases [4].

Separation of IDA from ACD is often difficult since both can co-exist, particu-
larly in the elderly [5] and in patients with chronic kidney disease [6]. However, a
substantial fraction of the anemia commonly found in the elderly patient occurs in
the absence of iron deficiency or elevated hepcidin levels [7].

Functional iron deficiency is a state of iron-poor erythropoiesis in which there is
insufficient mobilization of iron from stores in the presence of increased demands
[8]. This is typically observed following treatment with erythropoiesis-stimulating
agents (ESAs) [9].

Prevalence

Iron deficiency and iron-deficiency anemia (IDA) are common medical conditions
seen worldwide [10]. The estimated prevalence of iron deficiency worldwide is
twice as high as that of iron-deficiency anemia. IDA severely affects the lives of
young children and premenopausal women (particularly those of low-income or in
developed countries) [11]. In developing countries, iron deficiency and iron-
deficiency anemia typically result from inadequate dietary intake and/or blood loss
due to intestinal worm colonization, or both. In higher-income countries, certain
eating habits such as vegetarian diet and chronic blood loss or malabsorption are the
most common causes. Iron deficiency in developed countries is especially high in
the elderly [10].

Clinical Features

Iron-deficiency anemia is chronic and frequently asymptomatic and thus may go
completely undiagnosed. Weakness, fatigue, difficulty in concentrating, and poor
work productivity are nonspecific symptoms ascribed to low delivery of oxygen to
body tissues and decreased activity of iron-containing enzymes. The extent to which
these non-hematologic effects of iron deficiency are manifested before anemia
develops is variable. Signs of iron deficiency in tissue are subtle and may not
respond to iron therapy. Iron deficiency has been reported to decrease cognitive
performance and to delay mental and motor development in children but whether
short-term treatment alters outcome is unclear [12].
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Common signs and symptoms of IDA are:

 Difficulties with memory and concentration (cognitive)

e Fatigue, sluggishness, tiring easily, low energy level

e Feeling mildly light-headed, Feeling unusually cold (Cardiovascular)

e Mild shortness of breath with exertion that goes away with rest
(cardiopulmonary)

 Pale conjunctiva, mucosa, or skin

Less common symptoms of iron deficiency include burning tongue (usually
accompanied by zinc deficiency from malabsorption), restless leg syndrome, dys-
pnea in otherwise healthy adults, failure to thrive in babies and toddlers. Usually
these are dominated by the symptoms coming from the primary cause of the IDA.

Severe iron-deficiency anemia in pregnancy is associated with an increased risk of
preterm labor, low neonatal weight, and increased newborn and maternal mortality.
Iron deficiency may predispose a person to infections, precipitate heart failure, and
cause restless leg syndrome [13]. In patients with heart failure, iron deficiency has a
negative effect on the quality of life, irrespective of the presence of anemia [14].

Iron deficiency can impact assessment of the diabetic state. Caution must be
exercised in interpreting the results of HbA ¢ in patients of IDA and iron deficiency
must be corrected before diagnosing diabetes and pre-diabetes solely on the basis of
HbA 1c criteria [15].

Iron Homeostasis and Physiology

Iron (Fe) is crucial to biologic functions, including respiration, energy production,
DNA synthesis, and cell proliferation [16]. All cells need a small amount of iron;
however, erythroid precursors require substantial amounts to synthesize hemoglo-
bin. Accordingly, anemia is a prominent manifestation of iron deficiency. Three cell
types are important in iron homeostasis: the duodenal enterocytes which absorbs
iron, the hepatocyte that serves a depot function (removing excess iron from circu-
lating plasma and safely storing it until it is needed), and the tissue macrophages
that recognize and phagocytose old and/or damaged erythrocytes, recovering their
iron for reuse and storage. Molecular signals coordinate the operations of each of
these cell types. No efficient, regulated excretion mechanism for iron exists, empha-
sizing the importance of meticulous regulation of iron acquisition and distribution.
Since excretory mechanisms for eliminating iron from the body are lacking and
excess levels of iron in tissues may be toxic, iron absorption is limited to 1-2 mg
daily. About 95% of the iron needed daily (about 25 mg per day in normal state) is
provided through the recycling by macrophages that phagocytose senescent eryth-
rocytes (Fig. 2.1). Fe absorption from water-soluble forms of iron is inversely pro-
portional to Fe status in humans.

Enterocyte iron absorption is an extremely complicated process whose scope
goes beyond the goal of this presentation. Understanding of some basic elements
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Fig. 2.1 Mechanisms of erythropoiesis and iron homeostasis

are important in managing any patient with iron deficiency [17]. Mammals absorb
dietary iron through the duodenal epithelium which is organized in villous struc-
tures that maximize absorptive surface area. Enterocyte precursors are present at the
bases of the villous crypts and migrate up the villous axis as they differentiate.
Enterocytes have a brush border that additionally amplifies the surface area for
absorption. Mature enterocytes live for only 1-2 days. Iron that accumulates within
them is lost from the body when senescent enterocytes are shed into the gut lumen.
The crucial export step is regulated by hepcidin, a hormone produced by the hepa-
tocytes in response to iron stores.

Intestinal iron uptake from the gut lumen requires a number of transporters and
the right valence of iron. Proteins for the uptake of heme and inorganic iron reside
on the brush-border membrane. A key transporter is divalent metal transporter 1
(DMT1) which is activated by hypoxia-inducible factor 2o (HIF-2x) [18]; it requires
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proton cotransport. Most non-heme iron in the diet is present as the Fe* form.
DMT]1 exclusively transports divalent metals, necessitating luminal conversion of
Fe** to Fe?*. This occurs through the action of duodenal cytochrome b (Dcytb),
expressed in the intestinal mucosa by hypoxia, iron deficiency, or anemia. The intes-
tine also absorbs heme iron from the diet; such heme absorption is a saturable,
carrier-mediated process. The heme enterocyte importer, termed heme carrier pro-
tein 1 (HCP1), resembles bacterial proteins that transport metal-tetracycline com-
plexes. Once dietary heme has entered the intestinal epithelial cell, it is cleaved by
intracellular heme oxygenase 1 to release iron, the iron probably joining the same
intracellular pool as non-heme iron.

Intracellular enterocyte iron is either stored in the multimeric protein ferritin or
transported across the basolateral membrane of the enterocyte into the circulation.
Ferroportin is the basolateral iron exporter as intestinal expression of ferroportin
mRNA and protein increases in response to iron deficiency and hypoxia [19].
Selective inactivation of the murine ferroportin gene in intestinal cells has estab-
lished that ferroportin is the major, if not only, intestinal iron exporter. Hepcidin
binds to and internalizes this transporter.

To ensure that very little iron is free within cells, iron regulatory proteins (IRP1
and IRP2) control the posttranscriptional expression of genes modulating cellular
iron uptake and storage. Cellular iron in excess of immediate needs is stored as an
iron oxide solid within ferritin, a polymeric protein composed of varying ratios of
heavy (H) and light (L) ferritin polypeptides [20]. The presence of IREs in DMT1
and ferroportin mRNAs during heme synthesis in erythrocytes suggests that their
expression is likely controlled, at least in part, by cellular iron content. Data from
animal models establish that the Tfn cycle is critical for iron uptake into erythroid
cells [21].

Recycling of iron from senescent erythrocytes provides most of the iron utilized
by developing red blood cells. Senescent red cells are removed from circulation by
specialized macrophages in the spleen, bone marrow, and liver for the recovery of
their iron. It is believed that accumulation of phosphatidylserine in the outer leaflet
of the erythrocyte membrane seems to be a primary event [22] but Ca** flux, removal
of sialic acids on the cell surface, and opsonization of red blood cells by autoanti-
bodies are all possible signals for turnover [23]. The scavenger receptor CD36 [24]
is a likely candidate for the macrophage-specific receptor. After the red cell has
been internalized into an acidic phagosome, heme oxygenase liberates iron from
heme; iron egress from macrophages is partly, if not entirely, mediated by ferropor-
tin whose function is regulated by hepcidin.

Iron acquisition is thus tightly regulated by hepcidin [16]. The hepcidin homeo-
static control mechanism regulates both duodenal enterocytes iron absorption (final
step of transport) as well as macrophage recycling of iron (efflux of iron, mostly
spleen, and bone marrow). Hepcidin functions as an acute-phase reactant that
adjusts fluctuations in plasma iron levels caused by absorptive enterocytes and mac-
rophages by binding to and inducing the degradation of ferroportin, which exports
iron from cells [25]. Liver hepcidin expression increases in response to high circu-
lating and tissue levels of iron (its physiologic signal) but it also increases during
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systemic inflammation or infection. Increases in hepcidin levels induced by inflam-
matory cytokines, especially interleukin-6, explain the iron sequestration and
reduced supply of iron to the bone marrow iron that occurs in the anemia of chronic
disease. On the other hand, expression and thus production of hepcidin is decreased
during states of expanded erythropoiesis, in iron deficiency, and with tissue hypoxia
in response to signals originating in the bone marrow (erythroferrone), the liver, and
probably muscle tissue and adipocytes [26]. Hepcidin is crucial in regulating total-
body iron within normal ranges, avoiding both iron deficiency and excess.

In iron deficiency, the transcription of hepcidin is suppressed. This adaptive
mechanism facilitates the absorption of iron (Fig. 2.1) and the release of iron from
body stores. The rapidity of iron repletion varies with the degree and rapidity with
which iron deficiency develops. Although spleen and bone marrow macrophages
are the primary “reservoirs” for iron storage in the body, hepatocytes do appear to
be a long-term reservoir for iron. However, since hepatocytes do not have cell mem-
brane ferroportin, the release of iron from hepatocytes is much slower than from
macrophages.

Iron circulates in plasma bound to the 80-kDa serum glycoprotein transferrin
(Tfn) which contains two specific high-affinity Fe** binding sites with an overall
association constant of 10?° M~! at pH 7.4 [27]. In humans, transferrin consists of a
polypeptide chain containing 679 amino acids and two carbohydrate chains and has
both alpha helices and beta sheets that form two domains [28]. The amino acids
which bind iron ion to the transferrin are identical for both of the binding sites; two
tyrosines, one histidine, and one aspartic acid. For the iron ion to bind, an anion is
required, preferably carbonate (CO,~%). In summary, iron-binding blood plasma gly-
coprotein controls the level of free iron in biological fluids. Diferric Tfn binds to a
highly specific Tfn receptor (TfnR1) [29], permitting cellular uptake by receptor-
mediated endocytosis and the formation of clathrin-coated pits that facilitate trans-
ferrin internalization into endocytic vesicles. As these endosomes become acidified,
protein conformation changes at a pH of 5.5 cause iron to dissociate from Tfn [30];
Fe3* is then reduced to Fe?*, for transport from the endosome to the cytoplasm by the
transporter DMT1. The Tfn cycle is completed when the endosome returns to and
fuses with the plasma membrane, returning apotransferrin to the circulation and
TfnR1 to the plasma membrane to start the cycle again.

The transferrin iron-bound receptor is a disulfide-linked homodimer. Transferrin
plays a key role in areas where erythropoiesis and active cell division occur. It is
also found in mucosal tissues; by binding iron and creating and a low free iron envi-
ronment, it impedes bacterial survival in a process called iron withholding. Levels
of transferrin decrease (acute phase reaction) during systemic inflammation, as well
as with cancers and certain other diseases [31].

Etiology

The most common causes of iron deficiency are summarized in Table 2.1.
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Table 2.1 The most common causes of iron deficiency

Cause ‘ Examples

Physiologic

Increased demand Infancy, rapid growth in adolescence, menstrual blood loss, pregnancy,
blood donation

Dietary or Insufficient intake, resulting from poverty, malnutrition, diet (e.g.,

environmental vegetarian, vegan, iron-poor)

Pathologic Decreased absorption: gastrectomy, duodenal bypass, bariatric

surgery, Helicobacter pylori infection, celiac sprue, atrophic gastritis,
inflammatory bowel diseases (ulcerative colitis, Crohn’s disease)
Chronic blood loss: gastrointestinal tract, including esophagitis,
erosive gastritis, peptic ulcer, diverticulitis, benign tumors, intestinal
cancer, inflammatory bowel diseases, angiodysplasia, hemorrhoids,
hookworm infestation, obscure source

Genitourinary system: heavy menses, menorrhagia, intravascular
hemolysis (paroxysmal nocturnal hemoglobinuria, autoimmune
hemolytic anemia, march hemoglobinuria, damaged heart valves,
microangiopathic hemolysis (TTP/HUS)

Systemic bleeding: hemorrhagic telangiectasia, chronic
schistosomiasis, Munchausen’s syndrome (self-induced hemorrhages)

Drug-associated Glucocorticoids, salicylates, NSAIDs, proton-pump inhibitors
Genetic Iron-refractory iron-deficiency anemia (IRIDA)

Iron-restricted Treatment with erythropoiesis-stimulating agents (ESA), anemia of
erythropoietic chronic disease, chronic kidney disease

Poverty, malnutrition, and famine are the main causes for anemia from iron defi-
ciency in developing countries, especially in children and pregnant women [11].
Cereal-based diet decreases iron bioavailability as they contain phytates that seques-
ter iron into a poorly absorbable complex. Other common causes in developing
countries include hookworm infections and schistosomiasis, which cause chronic
blood loss [10]. Strict vegan and vegetarian diets, malabsorption, and chronic blood
loss resulting from heavy menstrual losses are also well-known causes of iron-
deficiency anemia. Chronic blood loss from the gastrointestinal tract, including
occult blood, especially in male patients and elderly patients, may reveal the pres-
ence of benign lesions, angiodysplasia, or cancer. Obscure gastrointestinal blood
loss, especially from the small bowel, may be seen by means of video-capsule
endoscopy [32]. This technique is increasingly used when conventional workups for
iron-deficiency anemia is negative [33]. Persons who donate blood regularly are
also at risk for iron deficiency, and their iron levels should be monitored.

In rare forms of intravascular hemolysis as in in paroxysmal nocturnal hemoglo-
binuria, iron is lost in the urine, the iron deficiency then aggravating the hemolytic
anemia. Anemia develops in endurance athletes, perhaps from some hemolysis,
blood loss, and/or mild inflammation. Nonsteroidal anti-inflammatory drugs
(NSAIDS), anticoagulants more so than antiplatelet agents can aggravate blood
loss. Proton-pump inhibitors (PPIs) by reducing acid secretion impair iron absorp-
tion (Table 2.1) [34].
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Multiple causes may be operative in any given person. Low iron intake in the
presence of intestinal infections with nematodes may result in severe anemia [35].
Blood losses may combine with the anemia of inflammation [5]. In end-stage
kidney disease (ESRD), iron-deficiency anemia results from dialyzer blood loss
(average of 1-2 g elemental Fe per year), increased hepcidin from reduced hepci-
din clearance and from inflammation, and PPIs and anticoagulant use. In elderly
persons, the anemia correlates with advanced age and multiple related conditions,
including iron deficiency [36] inflammatory disorders, decreased levels of eryth-
ropoietin, and cancer [7, 30]. Obesity, now reaching epidemic proportions in
Western societies, is associated with mild iron deficiency [7]. The processes
include subclinical inflammation, increased hepcidin levels, and decreased iron
absorption [37].

In most cases, resistance to oral iron therapy is due to disorders of the gastroin-
testinal tract (Table 2.1). Partial or total gastrectomy or surgical procedures that
bypasses the duodenum can produce such resistance. Bariatric surgery, such as lapa-
roscopic Roux-en-Y gastric bypass, which is performed in obese patients is an
emerging cause of iron deficiency (up to 45% of subjects) [38] and anemia because
the procedure effectively removes an active iron absorption site from the digestive
process and increases gastric pH [39]. Lifelong nutritional monitoring and iron sup-
plementation are advisable [40].

Infection with Helicobacter pylori infection leads to decreased iron absorption
(Table 2.1) as the microorganism competes with its human host for iron, reduces the
bioavailability of vitamin C, and may lead to micro-erosions that cause bleeding
[41]. Since it is estimated that half the world’s population is infected with H. pylori,
clinicians should be aware of the possibility of infection and provide treatment in
order to eradicate this acquired source of iron-resistant iron-deficiency anemia.

The prevalence of celiac disease and its atypical manifestations, which include
iron-deficiency anemia, appear to be increasing worldwide [42]. Whether gluten
allergy contributes to iron deficiency is unclear. The incidence among iron-replete
participants for a positive anti-transglutaminase antibodies is negligible; however,
gluten sensitivity by this antibody test was found in 2.5% of participants with iron
deficiency and seemed to occur in Caucasians [43]. In another study of a series of
patients with iron-refractory iron-deficiency anemia, 5% of participants had gluten
sensitivity [44]. These findings suggest that gluten sensitivity may be associated
with secondary iron-refractory iron-deficiency anemia. Similarly, autoimmune atro-
phic gastritis is another rare cause of iron-refractory iron-deficiency anemia, result-
ing from an immune reaction against gastric parietal cells and intrinsic factor,
should be considered as a possible albeit unlikely cause of iron-refractory micro-
cytic anemia [44]. In patients with inflammatory bowel disease (IBD), anemia may
be iron-resistant, but it is multifactorial from a combination of deficiencies in iron,
folate, and vitamin B ,, inflammation, and side effects from drug therapy.

An uncommon but important entity with respect to our understanding of iron
sensing by the liver is an entity known as iron-refractory iron-deficient anemia
(IRIDA). It is a rare autosomal disorder characterized by the absence of a hemato-
logic response (an increase of <1 g of hemoglobin) after 4-6 weeks of treatment
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with oral iron [45]. IRIDA is caused by a mutation in TMPRSS6 [45], the gene
encoding transmembrane protease serine 6, also known as matriptase-2, which
inhibits the signaling pathway [46] that activates hepcidin [47]. Loss-of-function
mutations in TMPRSS6 have been reported in many families [48]. In these families,
constitutively high production of hepcidin is noted. Hepcidin blocks the intestinal
absorption of iron despite the presence of anemia. Anemia is variable, more severe
in children, and unresponsive to treatment with oral iron. Microcytosis is striking,
transferrin saturation is very low in the presence of normal or borderline-low ferritin
levels and high hepcidin levels [49]. The diagnosis ultimately requires sequencing
of TMPRSS6. Although IRIDA represents <1% of the cases of iron-deficiency ane-
mia seen in medical practice, knowledge of this condition is valuable to clinicians,
since it clarifies how essential the suppression of hepcidin is to the body’s response
to pharmacologic iron. IRIDA points to the existence of genetic susceptibility to
iron deficiency. Variants of TMPRSS6 have been associated with modulation of
serum hepcidin levels in individual persons [50] as well as variation in iron levels in
population studies [51].

Diagnostic Procedures

The traditional laboratory measures used to determine iron status and iron defi-
ciency and related conditions (e.g., functional iron deficiency, iron-deficiency ane-
mia, IRIDA, and anemia of chronic diseases) are now well established. Older studies
of iron status in blood donors used various biochemical markers including serum
iron, serum transferrin, transferrin saturation (TSAT), and serum ferritin levels [52].
In these studies, iron depletion was considered to be present if the ferritin concen-
tration was below 12 pg/dL. However, this cut off failed to identify iron deficiency
in over one-third of blood donor cases. Other investigators have found that a higher
ferritin concentration between 22 and 40 pg/dL [53] better reflects functional iron
depletion. These findings were based on more sensitive measures of iron status such
as serum (soluble) transferrin receptor (sTfR) levels, which reflect the functional
iron compartment and have been shown to correlate with depleted iron stores in
marrow preparations [54].

Cook et al. described the use of the ratio of STfR to ferritin (R/F) [55] for assess-
ing body iron stores and determining iron deficiency from a small capillary blood
specimen requiring no venipuncture. Analysis showed a single normal distribution
of body iron stores in US men aged 20-65 years (mean + 1 SD, 9.82 +2.82 mg/kg).
Distribution analysis in US women aged 2045 years indicated two populations;
93% of women had body iron stores averaging 5.5 + 3.35 mg/kg whereas the
remaining 7% of women had a mean tissue iron deficit of 3.87 + 3.23 mg/kg.
Quantitative estimates of body iron greatly enhance the evaluation of iron status and
the sensitivity of iron intervention trials in populations without inflammation.
Moreover, it eliminates the need for a TSAT determination.

In another study of almost 1700 male and female blood donors, studies were
performed to see if better criteria could be developed [56]. Absent iron stores (AILS)
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was defined as plasma ferritin level of less than 12 pg/L. The logarithm of the ratio
of soluble transferrin receptor to ferritin of at least 2.07 (>97.5% in FT/RA males)
was used to define iron-deficient erythropoiesis (IDE). Receiver operating charac-
teristics analysis was performed to assess selected RBC indices (e.g., percentage of
hypochromic mature RBCs, proportion of hypochromic mature RBCs [%HYPO],
and hemoglobin [Hb] content of reticulocytes [CHr]) in identifying AIS and IDE;
%HYPO and CHr detected IDE with comparable sensitivity, 72% vs. 69%, but dif-
fered in specificity: %HYPO 68% and CHr 53%. For detecting absolute iron defi-
ciency, sensitivity was improved to 85% for %HYPO and 81% for CHr but
specificity was reduced for both. Venous Hb at (<12.5 g/dL) had high specificity but
poor sensitivity for iron deficiency, whether relative or absolute. The sensitivity of
hemoglobin measurements is poor because anemia associated with nutritional iron
deficiency is relatively mild, resulting in extensive overlap in Hb values between
healthy and iron-deficient persons [57]. A plasma ferritin level of less than 26.7 pg/L
was a good surrogate for assessing IDE. The most recent guidelines for the differ-
ential diagnosis of microcytic anemias have been published elsewhere [58]. The
current clinical consensus is to use a ferritin level of <30 pg/L as the most sensitive
and specific test for identification of iron deficiency. Levels are even lower in
patients with iron-deficiency anemia.

However TSAT is still used by many to determine iron status [27]. A value of less
than 16% indicates an iron supply that is insufficient to support normal erythropoi-
esis. However, in determining iron status, it is important to consider the entire pic-
ture rather than using a single result. In nephrotic syndrome, urinary loss of
transferrin, along with other serum proteins can manifest as iron-resistant micro-
cytic anemia.

Diagnosis of iron-deficiency anemia in the context of inflammation is challeng-
ing and cannot be determined on the basis of the results of a single test since many
of the indicators are either positive (ferritin) or negative (transferrin) acute phase
reactants. As a result, higher cutoff levels for ferritin are used to define iron-
deficiency anemia accompanied by inflammation [59, 60], with the best predictor
being a ferritin level of less than 100 pg/L. Higher ferritin cutoff levels are used in
the diagnosis of iron deficiency in other conditions (e.g., <300 pg/L for heart failure
[61] and for chronic kidney disease in the presence of a transferrin saturation level
of less than 30%) [62]. The assessment of iron stores through iron staining of bone
marrow specimens obtained by means of biopsy is an option that is used infre-
quently. ELISA kits for measuring plasma hepcidin are available [63] but there is
significant variation from kit to kit. At present, C-reactive protein (CRP) level may
be the most reliable screening tool to identify patients with inflammation.

The R/F ratio also has limited value in individuals with inflammation or liver
disease although sensitivity/specificity of a value of 0.6 was superior in predicting
response to IV iron than either TSAT <20% or ferritin <100 ng/mL, singly or used
together [64]. More recently, a meta-analysis performed by the US Agency for
Health Care Research (AHCR) [65] indicated that in CKD stage 3 or higher, both
CHr and % hypochromic red cells have a similar or better overall test accuracy
compared with classical markers (TSAT or ferritin) to predict a response to IV iron
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treatment (as the reference standard for iron deficiency). In addition, CHr (with
cutoff values of <28 pg) and % hypochromic red cells (with cutoff values of >10%)
have better sensitivities and specificities to predict iron deficiency than classical
markers (TSAT <20 or ferritin <100 ng/mL). There is also evidence that sTfR has a
similar test performance compared with classical markers (TSAT or ferritin) to pre-
dict a response to IV iron treatment. Across studies, a high degree of heterogeneity
exists in the test comparisons, definitions for the reference standard (a response to
IV iron treatment), iron status of the study populations (assessed by TSAT or ferri-
tin), and background treatment. This heterogeneity limits final conclusions about
the optimal test for iron deficiency.

The AHCR concluded that based on results from two randomized clinical trials,
there is a reduction in the number of iron status tests and IV iron treatments admin-
istered to patients when CHr was used to guide iron management compared to when
guided by TSAT or ferritin [65]. These results suggest that CHr may be a suitable
alternative marker of iron status for guiding iron treatment, and could potentially
reduce the frequency of iron testing and potential harms from IV iron treatment,
particularly in those with some degree of inflammation.

Therapy
Oral Iron

The benefit of treating iron deficiency without the presence of anemia remains
uncertain. Small studies show that the administration of intravenous iron (oral iron
not studied) improves fatigue in women without anemia whose ferritin levels are in
the iron-deficient range [66]. Some studies with limited number of participants and
quite heterogeneous also suggest that oral iron supplementation benefits physical
performance in women of reproductive age [67]. Patients with IDA should receive
iron supplementation. However, emerging data suggest that nonabsorbed iron could
be harmful by modifying the gut microbiota, increasing the concentration of intes-
tinal pathogens [68]. Patients with severe iron-deficiency anemia producing cardio-
vascular symptoms, such as heart failure or angina, should receive red-cell
transfusions to treat the tissue hypoxia of anemia. One unit of packed red cells also
provides approximately 200 mg of iron helping to correct partially the iron
deficiency.

Prevention of iron deficiency in at-risk populations is practiced in some parts of
the world by fortifying foods with iron compounds [69], for instance iron sulfate
(FeS) which is soluble or iron pyrophosphate (FePP) which is less soluble. In human
studies, plasma ferritin is a strong negative predictor of Fe bioavailability from FeS
but not from FePP. Thus, more soluble Fe compounds demonstrate better overall
absorption and can be used at lower fortification levels and because their absorption
is upregulated in Fe deficiency, they innately “target” Fe-deficient individuals in a
population [70]. Both addition of ascorbate and Na,EDTA enhance iron absorption
at molar ratios of 0.6:1 to 0.7:1 relative to fortification iron [71].
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The administration of oral iron is a convenient, inexpensive, and effective means
of treating stable patients. The low hepcidin levels in patients with uncomplicated
iron-deficiency anemia ensure effective iron absorption and the recovery of hemo-
globin levels; however, 3—6 months of treatment are often required for the repletion
of iron stores and the normalization of serum ferritin levels. Mean values of absorp-
tion rates from 100 mg Fe in healthy males and females are ~5.0%, whereas in latent
iron deficiency and in iron-deficiency anemia mean values of 10% and 13% are
obtained, respectively. The maximum absorption rate is 20-25% [72]. With the con-
ventional dose of 180-200 mg per day, less than 20 mg is absorbed explaining the
long duration of therapy needed in most patients. Of note, studies of dosage amounts
and frequency have shown that with increasing dose, fractional absorption decreases,
whereas absolute absorption increases. A sixfold increase in iron dose from 40 to
240 mg only increases the amount of iron absorbed from 6.7 to 18.1 mg in non-
anemic young women with plasma ferritin <20 pg/L. Providing lower dosages
(40-80 mg Fe) and avoiding twice-daily dosing maximize fractional absorption. In
fact, the hepcidin response to oral iron and its duration of the hepcidin response
supports alternate day supplementation [73].

Among the myriad preparations on the market, iron sulfate is most frequently
used; iron gluconate and iron fumarate are also effective. The recommended daily
dose for adults with iron deficiency is 100-200 mg of elementary iron; for children,
the dose is 3—6 mg per kilogram of body weight of a liquid preparation; for both
groups, the supplement should be administered in divided doses without food.
Addition of vitamin C is believed to increase absorption. Long-term use of oral iron
is limited by side effects, including nausea, vomiting, constipation, and metallic
taste; these side effects are frequent and, although not severe, are bothersome to
some patients. Although oral iron may cause dark stools, it does not produce false-
positive results on tests for occult blood. Failure of oral iron treatment typically
results from premature termination of treatment, lack of compliance with the regi-
men, or discontinuation by the patient. Truly refractory response to treatment is
uncommon and requires other, specific treatments, such as the eradication of infec-
tion with H. pylori or the introduction of a gluten-free diet in patients with celiac
disease, may restore the capacity for iron absorption [43].

None of the markers of iron status are predictive of which patients will or will
not have a response to oral iron therapy. Iron absorption studies in iron-deficient
patients and healthy persons have been performed using iron radioisotopes [72],
but they are no longer used in clinical practice due to radiation exposure and logis-
tical difficulties. The oral iron challenge test in which either a low dose of 10-20
or a higher dose of 60 mg of oral iron is administered and serum iron levels are
measured 1-3 h afterward is rarely used. Criteria include either the maximal
increase in serum iron or the area under the curve [74, 75]. More recently, hepcidin
has been used to predict the likelihood of response to oral iron in clinical studies.
Those with low hepcidin levels were likely and those with high levels were unlikely
to respond [76]. However, hepcidin tests are a specialty test and not routinely avail-
able for clinical use. The earliest response may be in the indices of RBC hemoglo-
bin content in reticulocytes (CHr). A study in rheumatologic diseases and
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iron-deficiency anemia showed that a change in CHr and in serum levels of iron
and transferrin saturation may predict the response to the administration of oral
iron after 1 week of therapy [77].

One of the most frequent obstacles to oral iron repletion in daily practice is
patients’ lack of adherence to what is prescribed. In this sense, individualized rather
than “recommended” oral daily doses of 100-200 mg iron in divided doses might
increase compliance. A dose of >120 mg per day is usually too much in that it
greatly surpasses the maximum ability of the gut to absorb iron [77, 78] and it
induces dose-dependent gastrointestinal, side effects that can be prevented by sim-
ply decreasing the dose. Administration of elemental iron at doses as low as 15 mg
a day has been shown to correct anemia as effectively as administration of higher
doses, with fewer adverse effects [79].

Parenteral Iron

Published evidence does not support the use of intravenous (IV) iron over oral iron
to treat deficiencies in non-hemodialysis-dependent patients, even those with CKD
[80]. Intravenous iron (IV Fe) therapy has traditionally been limited by the possibil-
ity of hypersensitivity reactions (including anaphylaxis), especially those formu-
lated with varying molecular weight dextrans. IV iron has a variety of risks [81].
Acute anaphylaxis can be life-threatening and severe anaphylactoid reactions mani-
fested by skin eruptions, hypotension, and gastrointestinal symptoms may precipi-
tate hospitalization. In addition to acute effects, there is also concern over the
cumulative effects over months and years on organ systems related to labile plasma
iron effects in generating reactive iron species [82]. These are less likely in those
without kidney disease who get iron more frequently.

The development of newly approved, safer iron formulations is modifying this
clinical practice even in those with normal renal function. The transient side effects
of IV Fe supplementation include nausea, vomiting, pruritus, headache, and flush-
ing; myalgia, arthralgia, and back and chest pain. These usually resolve within 48 h,
even after total dose administration (vida infra) [83]. Hypersensitivity reactions are
rare [81, 83], as are severe or life-threatening reactions [84]. The pathophysiological
features of these reactions are uncertain and might be exacerbated by released free
iron [85, 86], a phenomenon is much less likely to occur with currently used formu-
lations. Predisposing conditions are rapid infusions, a history of atopy, and drug
allergy. To minimize risk infusion rate should be slow, the patient carefully observed,
and trained health care personnel must be present in an environment with access to
resuscitation facilities [84]. The use of a test dose is no longer recommended as it
may provide false reassurance when larger amounts of iron are given as total dose
infusions; premedication with antihistamine is also not advised because it may
cause hypotension, tachycardia, and somnolence [87], effects often attributed to the
IV Fe itself [88].

Although clinical trials are reassuring with regard to the efficacy and side-effect
profile of intravenous iron, concerns persist with regard to the long-term biologic
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effects of iron and its effects on the generation of oxygen radicals, patient suscepti-
bility to infections [89], and the potential such treatment would have to worsen
conditions such as type 2 diabetes and other chronic metabolic disorders [90].
Longer term (years) well-designed, randomized, controlled trials are needed to ver-
ify the long-term effects of intravenous iron supplementation [89]. In the interim,
intravenous iron should be used only when the benefits outweigh the risks.

Why is IV iron even necessary? IV Fe circumvents the problem of iron absorp-
tion allowing Hb to increase more quickly than oral iron particularly when given in
amounts of ~1000 mg elemental Fe over short periods of time [61, 91, 92].
Administration of amounts of 500 mg or more is often referred to a total dose infu-
sion. Another advantage is that in some patients the total dose required (up to
1000 mg) can be provided in a single infusion. The dose needed is calculated with
this formula:

Dose (in mg) = body weight in kilograms x 2.3 x hemoglobin deficiency (target
hemoglobin level — patient hemoglobin level) + 500 to 1000 mg iron for tissue iron
repletion.

The cost of IV Fe therapy is high, but the number of hospital or clinic visits that
are required is decreased [92]. Patients with malabsorption and genetic IRIDA [vide
supra] may require intravenous iron. IV Fe administration is also preferred when a
rapid increase in hemoglobin level is required or when oral iron cannot keep up
with chronic blood loss, as is the case in patients with hereditary hemorrhagic
telangiectasia. Active inflammatory bowel disease is an emerging indication for [V
Fe as some forms of oral iron are not only ineffective but may also increase local
inflammation [93].

Intravenous iron has become the standard in the management of anemia in
patients with chronic kidney disease who are receiving dialysis and treated with
ESAs. IV Fe supplementation may eliminate or delay the need for ESAs in some
patients with chronic kidney disease who are not receiving dialysis [6, 94].
Erythropoiesis-stimulating agents are also used in selected patients with low-risk
myelodysplastic syndrome and in patients with cancer who are receiving chemo-
therapy: in these circumstances, iron supplementation is usually limited to patients
with concomitant iron deficiency or to those in whom there is no response to
erythropoiesis-stimulating agents. The mechanism by which IV iron enhances the
effect of ESAs is unclear. One hypothesis suggests that increased iron in macro-
phages leads to the overexpression of ferroportin by means of the iron-responsive
element—/iron-regulatory protein system, which enhances the mobilization of iron
for use in erythropoiesis [3].

Intravenous iron should be avoided in the first trimester of pregnancy because of
the lack of data on safety [95]; it has an acceptable side-effect profile when used
later in pregnancy.

There has been interest in the role of IV Fe in CHF. A multicenter European trial
of patients with iron deficiency and chronic heart failure showed that the use of
intravenous iron supplementation led to improvements in physical performance,
New York Heart Association functional class [61], and quality of life independently
from the correction of anemia [96]. However, larger and longer studies are needed
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to determine if there is added benefit in terms of mortality, hospitalization, and on
renal function.

Conclusions

Anemia is a worldwide prevalent disorder. Distinguishing iron deficiency from
other causes of anemia is important so the appropriate treatment is initiated. Signs
of iron deficiency in tissue are subtle and symptoms are not specific. The molecular
regulatory processes for iron homeostasis have pointed to the importance of iron
sensing by hepatocytes which regulates hepcidin levels and marrow erythroblasts
which through erythroferrone send a signal to suppress hepcidin when iron is
needed for Hb synthesis. In the absence of inflammation, a TSAT <15% and a fer-
ritin <30 ng/mL indicate iron deficiency. Inflammation through its effects on trans-
ferrin and ferritin alters these parameters. Availability of iron at the level of the bone
marrow is best assessed by the reticulocyte hemoglobin content or the percent of
hypochromic cells.

Treatment of iron deficiency must first focus on treating the underlying cause, if
possible. Oral therapy is the standard of care but we are learning that lower dose of
<100 mg/day less frequently may be as effective as doses of 200 mg/day and pro-
duce less side effects, fostering compliance. Iron-refractory iron-deficient anemia
and that accompanying chronic inflammation may require parenteral iron intrave-
nously. With the latter, hypersensitivity reaction are uncommon and therefore should
be performed in an environment with access to resuscitation facilities and trained
health care personnel are present. The role of iron in congestive heart failure and in
some myopathic states is still being evaluated.

References

1. Powers JM, Buchanan GR. Diagnosis and management of iron deficiency anemia. Hematol
Oncol Clin North Am. 2014;28:729-45.

2. Pavord S, Myers B, Robinson S, Allard S, Strong J, Oppenheimer C. UK guidelines on the
management of iron deficiency in pregnancy. Br J Haematol. 2012;156:588-600.

3. Goodnough LT, Nemeth E, Ganz T. Detection, evaluation, and management of iron-restricted
erythropoiesis. Blood. 2010;116:4754-61.

4. Weiss G, Goodnough LT. Anemia of chronic disease. N Engl J Med. 2005;352:1011-23.

5. Goodnough LT, Schrier SL. Evaluation and management of anemia in the elderly. Am
J Hematol. 2014;89:88-96.

6. Macdougall IC. Iron supplementation in nephrology and oncology: what do we have in com-
mon? Oncologist. 2011;16(Suppl 3):25-34.

7. Ferrucci L, Semba RD, Guralnik JM, et al. Proinflammatory state, hepcidin, and anemia in
older persons. Blood. 2010;115:3810-6.

8. Markovi¢ M, Majki¢-Singh N, Ignjatovi¢ S, Singh S. Reticulocyte haemoglobin content vs.
soluble transferrin receptor and ferritin index in iron deficiency anaemia accompanied with
inflammation. Int J Lab Hematol. 2007;29:341-6.

9. Thomas DW, Hinchliffe RF, Briggs C, Macdougall IC, Littlewood T, Cavill I. Guideline for the
laboratory diagnosis of functional iron deficiency. Br J Haematol. 2013;161:639-48.



26

A.Besarab and S. Hemmerich

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kassebaum NJ, Jasrasaria R, Naghavi M, et al. A systematic analysis of global anemia burden
from 1990 to 2010. Blood. 2014;123:615-24.

McLean E, Cogswell M, Egli I, Wojdyla D, de Benoist B. Worldwide prevalence of anae-
mia, WHO vitamin and mineral nutrition information system, 1993-2005. Public Health Nutr.
2009;12:444-54.

Wang B, Zhan S, Gong T, Lee L. Iron therapy for improving psychomotor development and
cognitive function in children under the age of three with iron deficiency anaemia. Cochrane
Database Syst Rev. 2013;(6):CD001444.

Quiroz C, Gulyani S, Ruigian W, Bonaventura J, Cutler R, Pearson V, Allen RP, Earley CJ,
Mattson MP, Ferré S. Adenosine receptors as markers of brain iron deficiency: implications for
restless legs syndrome. Neuropharmacology. 2016;111:160-8.

van Veldhuisen DJ, Anker SD, Ponikowski P, Macdougall IC. Anemia and iron deficiency in
heart failure: mechanisms and therapeutic approaches. Nat Rev Cardiol. 2011;8:485-93.
Madhu SV, Raj A, Gupta S, Giri S, Rusia U. Effect of iron deficiency anemia and iron supple-
mentation on HbAlc levels—implications for diagnosis of prediabetes and diabetes mellitus
in Asian Indians. Clin Chim Acta. 2016; pii: S0009-8981(16)30400-4.

Hentze MW, Muckenthaler MU, Galy B, Camaschella C. Two to tango: regulation of mam-
malian iron metabolism. Cell. 2010;142:24-38.

. Donovan A, Roy CN, Andrews NC. The ins and outs of iron homeostasis. Physiology.

2006;21:115-23.

Mastrogiannaki MMP, Matak P, Peyssonnaux C. The gut in iron homeostasis: role of HIF-2
under normal and pathological conditions. Blood. 2013;122:885-92.

McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K, Barrow D, Miret S, Bomford A, Peters
TJ, Farzaneh F, Hediger MA, Hentze MW, Simpson RJ. A novel duodenal iron-regulated
transporter, IREG1, implicated in the basolateral transfer of iron to the circulation. Mol Cell.
2000;5:299-309.

Theil EC. Ferritin: at the crossroads of iron and oxygen metabolism. J Nutr. 2003;133:1549-53.
Levy JE, Jin O, Fujiwara Y, Kuo F, Andrews NC. Transferrin receptor is necessary for develop-
ment of erythrocytes and the nervous system. Nat Genet. 1999;21:396-9.

Connor J, Pak CC, Schroit AJ. Exposure of phosphatidylserine in the outer leaflet of human red
blood cells. Relationship to cell density, cell age, and clearance by mononuclear cells. J Biol
Chem. 1994;269:2399-404.

Bratosin D, Mazurier J, Tissier JP, Estaquier J, Huart JJ, Ameisen JC, Aminoff D, Montreuil
J. Cellular and molecular mechanisms of senescent erythrocyte phagocytosis by macrophages.
A review. Biochimie. 1998;80:173-95.

Smith TG, Serghides L, Patel SN, Febbraio M, Silverstein RL, Kain KC. CD36-mediated non-
opsonic phagocytosis of erythrocytes infected with stage I and IIA gametocytes of Plasmodium
falciparum. Infect Immun. 2003;71:393-400.

Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular iron efflux by binding to
ferroportin and inducing its internalization. Science. 2004;306:2090-3.

Camaschella C. Iron and hepcidin: a story of recycling and balance. Hematology Am Soc
Hematol Educ Program. 2013;2013:1-8.

Crichton RR, Charloteaux-Wauters M. Iron transport and storage. Eur J Biochem.
1987;164(3):485-506.

Macedo MF, de Sousa M. Transferrin and the transferrin receptor of magic bullets and other
concerns. Inflamm Allergy Drug Targets. 2008;7:41-52.

Cheng Y, Zak O, Aisen P, Harrison SC, Walz T. Structure of the human transferrin receptor-
transferrin complex. Cell. 2004;116:565-76.7.

Dautry-Varsat A, Ciechanover A, Lodish HF. pH and the recycling of transferrin during
receptor-mediated endocytosis. Proc Natl Acad Sci U S A. 1983;80:2258-62.

Jain S, Gautam V, Naseem S. Acute-phase proteins: as diagnostic tool. J Pharm Bioallied Sci.
2011;3(1):118-27.

Goenka MK, Majumder S, Goenka U. Capsule endoscopy: present status and future expecta-
tion. World J Gastroenterol. 2014;20:10024-37.



Iron-Deficiency Anemia 27

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Mustafa BF, Samaan M, Langmead L, Khasraw M. Small bowel video capsule endoscopy: an
overview. Expert Rev Gastroenterol Hepatol. 2013;7:323-9.

Heidelbaugh JJ. Proton pump inhibitors and risk of vitamin and mineral deficiency: evidence
and clinical implications. Ther Adv Drug Saf. 2013;4:125-33.

Friedman JF, Kanzaria HK, McGarvey ST. Human schistosomiasis and anemia: the relation-
ship and potential mechanisms. Trends Parasitol. 2005;21:386-92.

Bach V, Schruckmayer G, Sam I, Kemmler G, Stauder R. Prevalence and possible causes of
anemia in the elderly: a crosssectional analysis of a large European university hospital cohort.
Clin Interv Aging. 2014;9:1187-96.

Aigner E, Feldman A, Datz C. Obesity as an emerging risk factor for iron deficiency. Forum
Nutr. 2014;6:3587-600.

Stein J, Stier C, Raab H, Weiner R. Review article: the nutritional and pharmacological conse-
quences of obesity surgery. Aliment Pharmacol Ther. 2014;40:582-609.

Warsch S, Byrnes J. Emerging causes of iron deficiency anemia refractory to oral iron supple-
mentation. World J Gastrointest Pharmacol Ther. 2013;4:49-53.

Obinwanne KM, Fredrickson KA, Mathiason MA, Kallies KJ, Farnen JP, Kothari
SN. Incidence, treatment, and outcomes of iron deficiency after laparoscopic Roux-en-Y gas-
tric bypass: a 10-year analysis. J Am Coll Surg. 2014;218:246-52.

Franceschi F, Zuccala G, Roccarina D, Gasbarrini A. Clinical effects of Helicobacter pylori
outside the stomach. Nat Rev Gastroenterol Hepatol. 2014;11:234-42.

Rubio-Tapia A, Hill ID, Kelly CP, Calderwood AH, Murray JA. ACG clinical guidelines: diag-
nosis and management of celiac disease. Am J Gastroenterol. 2013;108:656—76.

Murray JA, McLachlan S, Adams PC, et al. Association between celiac disease and iron defi-
ciency in Caucasians, but not non-Caucasians. Clin Gastroenterol Hepatol. 2013;11:808-14.
Hershko C, Camaschella C. How I treat unexplained refractory iron deficiency anemia. Blood.
2014;123:326-33.

Finberg KE, Heeney MM, Campagna DR, et al. Mutations in TMPRSS6 cause iron-refractory
iron deficiency anemia (IRIDA). Nat Genet. 2008;40:569-71.

Du X, She E, Gelbart T, et al. The serine protease TMPRSS6 is required to sense iron defi-
ciency. Science. 2008;320:1088-92.

Silvestri L, Pagani A, Nai A, De Domenico I, Kaplan J, Camaschella C. The serine protease
matriptase-2 (TMPRSS6) inhibits hepcidin activation by cleaving membrane hemojuvelin.
Cell Metab. 2008:8:502-11.

Heeney MM, Finberg KE. Iron-refractory iron deficiency anemia (IRIDA). Hematol Oncol
Clin North Am. 2014;28:637-52.

De Falco L, Sanchez M, Silvestri L, et al. Iron refractory iron deficiency anemia. Haematologica.
2013;98:845-53.

Nai A, Pagani A, Silvestri L, et al. TMPRSS6 rs855791 modulates Hepcidin transcription
in vitro and serum hepcidin levels in normal individuals. Blood. 2011;118:4459-62.

Tanaka T, Roy CN, Yao W, et al. A genome-wide association analysis of serum iron concentra-
tions. Blood. 2010;115:94-6.

Finch CA, Cook JD, Labbe RF, Culala M. Effect of blood donation on iron stores as evaluated
by serum ferritin. Blood. 1977;50:441-7.

Cable RG, Glynn SA, Kiss JE, Mast AE, Steele WR, Murphy EL, Wright DJ, Sacher RA,
Gottschall JL, Tobler LH, Simon TL. Iron deficiency in blood donors: analysis of enroll-
ment data from the REDS-II Donor Iron Status Evaluation (RISE) study. Transfusion.
2011;51:511-22.

Punnonen K, Rajaméki A. Evaluation of iron status of Finnish blood donors using serum trans-
ferrin receptor. Transfus Med. 1999;9:131-4.

Cook JD, Flowers CH, Skikne BS. The quantitative assessment of body iron. Blood.
2003;101:3359-64.

Kiss JE, Steele WR, Wright DJ, Mast AE, Carey PM, Murphy EL, Gottschall JL, Simon TL,
Cable RG, NHLBI Retrovirus Epidemiology Donor Study-II. Laboratory variables for assess-



28

A.Besarab and S. Hemmerich

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

ing iron deficiency in REDS-II Iron Status Evaluation (RISE) blood donors. Transfusion.
2013;53:2766-75.

Beutler E, Waalen J. The definition of anemia: what is the lower limit of normal of the blood
hemoglobin concentration? Blood. 2006;107:1747-50.

DeLoughery TG. Microcytic anemia. N Engl J med 2014;371:1324-31; Camaschella C. How
I manage patients with atypical microcytic anaemia. Br J Haematol. 2013;160:12-24.

Aisen P, Leibman A, Zweier J. Stoichiometric and site characteristics of the binding of iron to
human transferrin. J Biol Chem. 1978;253:1930-7.

Koulaouzidis A, Cottier R, Bhat S, Said E, Linaker BD, Saeed AA. A ferritin level >50 pg/L
is frequently consistent with iron deficiency. Eur J Intern Med. 2009;20:168-70.

Anker SD, Comin Colet J, Filippatos G, et al. Ferric carboxymaltose in patients with heart
failure and iron deficiency. N Engl J Med. 2009;361:2436-438.

Macdougall IC, Bock AH, Carrera F, et al. FIND-CKD: a randomized trial of intravenous fer-
ric carboxymaltose versus oral iron in patients with chronic kidney disease and iron deficiency
anaemia. Nephrol Dial Transplant. 2014;29:2075-84.

Hepcidin ELISA kit (Hepcidin IDx TM ELISA Kit, Cat. No. ICE-007). La Jolla, CA: Intrinsic
Life Sciences, Inc.

Chen YC, Hung SC, Tarng DC. Association between transferrin receptor-ferritin index and
conventional measures of iron responsiveness in hemodialysis patients. Am J Kidney Dis.
2006;47:1036—44.

Chung M, Moorthy D, Hadar N, Salvi P, Iovin RC, Lau J. Biomarkers for assessing and man-
aging iron deficiency anemia in late-stage chronic kidney disease [Internet]. Rockville, MD:
Agency for Healthcare Research and Quality (US), 2012 Oct. Report No: 12(13)-EHC140-EF.
Krayenbuehl PA, Battegay E, Breymann C, Furrer J, Schulthess G. Intravenous iron for the
treatment of fatigue in nonanemic, premenopausal women with low serum ferritin concentra-
tion. Blood. 2011;118:3222-7.

Pasricha SR Sr, Low M, Thompson J, Farrell A, De-Regil LM. Iron supplementation benefits
physical performance in women of reproductive age: a systematic review and meta-analysis.
J Nutr. 2014;144:906-14.

Kortman GA, Raffatellu M, Swinkels DW, Tjalsma H. Nutritional iron turned inside out: intes-
tinal stress from a gut microbial perspective. FEMS Microbiol Rev. 2014;38:1202-34.
Hurrell RE. Preventing iron deficiency through food fortification. Nutr Rev. 1997;55:210-22.
Zimmermann MB, Biebinger R, Egli I, Zeder C, Hurrell RF. Iron deficiency up-regulates iron
absorption from ferrous sulphate but not ferric pyrophosphate and consequently food fortifica-
tion with ferrous sulphate has relatively greater efficacy in iron-deficient individuals. Br J Nutr.
2011;105:1245-50.

Davidsson L, Walczyk T, Zavaleta N, Hurrell R. Improving iron absorption from a Peruvian
school breakfast meal by adding ascorbic acid or Na,EDTA. Am J Clin Nutr. 2001;73:283-7.
Werner E, Kaltwasser JP, Inm P. Intestinal absorption from therapeutic iron doses [Article in
German]. Arzneimittelforschung. 1976;26:2093-100.

Moretti D, Goede J, Zeder C, Jiskra M, Chatzinakou V, Tjalsma H, Melse-Boonstra A,
Brittenham G, Swinkels DW, Zimmermann MB. Oral iron supplements increase hepcidin
and decrease iron absorption from daily or twice-daily doses in iron-depleted young women.
Blood. 2015;126:1981-9.

Ekenved G, Norrby A, Sélvell L. Serum iron increase as a measure of iron absorption studies
on the correlation with total absorption. Scand J Haematol Suppl. 1976;28:31-49.

Costa A, Liberato LN, Palestra P, Barosi G. Small-dose iron tolerance test and body iron con-
tent in normal subjects. Eur ] Haematol. 1991;46:152-7.

Bregman DB, Goodnough LT. Experience with intravenous ferric carboxymaltose in patients
with iron deficiency anemia. Ther Adv Hematol. 2014;5:48-60.

van Santen S, de Mast Q, Oosting JD, van Ede A, Swinkels DW, van der Ven AJ. Hematologic
parameters predicting a response to oral iron therapy in chronic inflammation. Haematologica.
2014;99:e171-3.



Iron-Deficiency Anemia 29

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Hultén L, Gramatkovski E, Gleerup A, Hallberg L. Iron absorption from the whole diet: rela-
tion to meal composition, iron requirements and iron stores. Eur J Clin Nutr. 1995;49:794-808.
Rimon E, Kagansky N, Kagansky M, et al. Are we giving too much iron? Low-dose iron
therapy is effective in octogenarians. Am J Med. 2005;118:1142-73.

Liles AM. Intravenous versus oral iron for treatment of iron deficiency in non-hemodialysis-
dependent patients with chronic kidney disease. Am J Health Syst Pharm. 2012;69:1206-11.
Auerbach M, Ballard H. Clinical use of intravenous iron: administration, efficacy, and safety.
Hematology Am Soc Hematol Educ Program. 2010;2010:338-47.

Zager RA. Parenteral iron compounds: potent oxidants but mainstays of anemia management
in chronic renal disease. Clin J Am Soc Nephrol. 2006;1(Suppl 1):S24-31.

Auerbach M, Strauss W, Auerbach S, Rineer S, Bahrain H. Safety and efficacy of total dose
infusion of 1,020 mg of ferumoxytol administered over 15 min. Am J Hematol. 2013;88:944-7.
New recommendations to manage risk of allergic reactions with intravenous iron-containing
medicines. London: European Medicines Agency; 2013. http://www.ema.europa.eu/docs/en_
GB/document_library/Press_release/2013/06/WC500144874.pdf

Rampton DFJ, Folkersen J, Fishbane S, et al. Hypersensitivity reactions to intravenous iron:
guidance for risk minimization and management. Haematologica. 2014;99:1671-6.

Bircher AJAM, Auerbach M. Hypersensitivity from intravenous iron products. Immunol
Allergy Clin N Am. 2014;34:707-23.

Agostini JV, Leo-Summers LS, Inouye SK. Cognitive and other adverse effects of diphenhydr-
amine use in hospitalized older patients. Arch Intern Med. 2001;161:2091-7.

Barton JC, Barton EH, Bertoli LF, Gothard CH, Sherrer JS. Intravenous iron dextran therapy
in patients with iron deficiency and normal renal function who failed to respond to or did not
tolerate oral iron supplementation. Am J Med. 2000;109:27-32.

Fernandez-Real JM, Manco M. Effects of iron overload on chronic metabolic diseases. Lancet
Diabetes Endocrinol. 2014;2:513-26.

Onken JE, Bregman DB, Harrington RA, et al. A multicenter, randomized, active-controlled
study to investigate the efficacy and safety of intravenous ferric carboxymaltose in patients
with iron deficiency anemia. Transfusion. 2014;54:306—-15.

Vadhan-Raj S, Strauss W, Ford D, et al. Efficacy and safety of IV ferumoxytol for adults
with iron deficiency anemia previously unresponsive to or unable to tolerate oral iron. Am
J Hematol. 2014;89:7-12.

Bager P, Dahlerup JF. The health care cost of intravenous iron treatment in IBD patients
depends on the economic evaluation perspective. J Crohns Colitis. 2010;4:427-30.

Reinisch W, Chowers Y, Danese S, et al. The management of iron deficiency in inflamma-
tory bowel disease—an online tool developed by the RAND/UCLA appropriateness method.
Aliment Pharmacol Ther. 2013;38:1109-18.

Bailie GR, Larkina M, Goodkin DA, et al. Variation in intravenous iron use internationally
and over time: the Dialysis Outcomes and Practice Patterns Study (DOPPS). Nephrol Dial
Transplant. 2013;28:2570-9.

Gupta A, Manaktala U, Rathore AM. A randomised controlled trial to compare intrave-
nous iron sucrose and oral iron in treatment of iron deficiency anemia in pregnancy. Indian
J Hematol Blood Transfus. 2014;30:120-5.

Comin-Colet J, Lainscak M, Dickstein K, et al. The effect of intravenous ferric carboxymalt-
ose on health-related quality of life in patients with chronic heart failure and iron deficiency: a
subanalysis of the FAIR-HF study. Eur Heart J. 2013;34:30-8.


http://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2013/06/WC500144874.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2013/06/WC500144874.pdf

2 Springer
http://www.springer.com/978-1-4939-7358-3

Management of Anemia

& Comprehensive Guide for Clinicians

Provenzano, R.; Lerma, EV.; Szczech, L (Eds.)

2018, XI, 243 p. 13 illus., 10 illus. in color., Softcover
ISBN: 978-1-4939-7358-3



