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Pathology of Red Blood Cells: Anemias

An approach to hematology: Clinical Pathologic correlation
-

Hematology divides into the myelopoietic cells lines of red blood cells (RBCs), platelets,
granulocytes and macrophages and the lymphoid cell lines of T lymphocytes, B
lymphocytes and natural killer cells. In any disease with decreased hematopoiesis,
symptoms will come from the cell lines with the shortest lifespans, namely RBCs,
platelets and neutrophils.

-

None of the symptoms of the cytopenias is specific and so diagnosis is usually made
form the complete blood count (CBC).
In American laboratories, any CBC with a quantitative abnormality will automatically get
a peripheral blood smear (PBS) for examination of morphology.
It is a common next step to perform a bone marrow examination for comparison to the
CBC and PBS findings, seen in the following table. This is the usual order of investigation
in hematologic disease:
o CBC > PBS > Bone marrow exam.

-
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The usual order of hematologic investigation

Hematopoiesis (see image)
Key ideas:
-

-

-
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The basic division of hematology is “Lymphoid versus Myeloid”
Hematopoietic stem cells (HSC)
o Most of what is known about stem cells started with bone marrow transplants.
o HSCs can both reproduce themselves and differentiate
o Most hematopoietic neoplasms start with this cell, including CML
o Defects in HSC underlie aplastic anemia
Differentiation versus potential
o Totipotential → can become any cell of the body and placenta (before morula
stage of embryo)
o Pluripotential → any cell of the body (i.e. germ cells)
o Multipotential → HSC
o Oligopotential (i.e. lineage specific) → CMP/CLP
o Committed precursors → irreversible changes
o Differentiated cells → identifiable cell line
3 cell lines from the common lymphoid precursor:
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o T-cell, B-cell & NK lymphocyte
2 lineages from the common myeloid precursor:
o Erythroid/megakaryocytic and granulocytic/monocytic lineages

o Primary immunodeficiency diseases:
1. Severe combined Immunodeficiency, SCID, (ADA deficiency)
2. Di George syndrome
3. SCID (IL-2 R)
4. MHC II deficiency
5. MHC I deficiency
6. X-linked agammaglobulinemia (aka Bruton tyrosine kinase deficiency)
7. IgA deficiency; hyper IgM syndrome
8. Chronic granulomatous deficiency

3
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Cytokines used as drugs:
1. Erythropoietin
2. Thrombopoietin
3. G-CSF (filgrastim)

Investigation of anemia

(know the diseases in red)
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Classifications of anemia:
-

-

Many authors classify anemias into increased loss (i.e. hemolytic) and decreased
production (i.e. non-hemolytic). While this physiologic classification provides a good
conceptual approach to anemia, it suffers from the practical disadvantage that these
two pathophysiologies are differentiated by the reticulocyte count. At present, this is
not part of the routine complete blood count (CBC). As a separate test, it will not be
performed and reported for another day, a long time in the hospital setting.
The algorithm above starts with the mean cell volume (MCV). This is part of the routine
CBC and allows for testing that can often establish the diagnosis by the next day.
The MCV does give a rough physiologic classification.
1. Microcytic anemias (i.e. MCV < 80 fL) are seen when there is a decrease in
hemoglobin synthesis. Hemoglobin consists of:
 Iron: iron deficiency and anemia of chronic disease
 Globin: thalassemia
 Heme: sideroblastic anemias
2. Macrocytic anemia (i.e. MCV > 110 fL) is seen when there is a defect in DNA
synthesis. This occurs in Vitamin B12 and folate abnormalities and in
myelodysplastic syndromes, the pre-leukemias.

Definition of anemia
-

This is surprisingly unclear. Strictly speaking, one would like to know the red blood cell
(RBC) mass but there is no practical test for this. Instead we use hematocrit (Hct) or
hemoglobin concentration (Hgb) as a proxy.
1. Hct (or packed RBCs) uses centrifugation to separate plasma from the RBCs

2. Hgb lyses the RBCs and measures the concentration of hemoglobin.
3. It does not matter which is used. They change in parallel and have a fixed
relationship.
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-

 Hct = Hgb X 3
4. Both are affected by plasma volume.
 Hgb/Hct are falsely elevated in dehydration
 Hgb/Hct are falsely decreased in pregnancy, in which plasma volume
increases 50%, but RBC mass only increased 25%.
Normal values
1. Different groups approach this with different aims.
 > 2 SD: men <13.5 mg/dL; women < 12.0 mg/dL
 Cancer patients on chemotherapy: men <13.0 mg/dL; women < 12.0
mg/dL
 International nutrition studies: men < 14.0; women >12.0 mg/dL
2. There is also variation by age (↓ in elderly), ethnicity (↓African Americans) and
geography (↑ at higher altitudes)
3. There is daily variation in an individual of 1.0 mg/dL

RBC indices
-

The routine CBC gives very precise measurement of Hgb, mean cell volume (MCV) and
the RBC count. These can be used to gain insight into RBC morphology
1. MCHC (Hgb/Hct) = mean cell hemoglobin concentration. This is
increased in disease processes that involve the cell membrane
(e.g. hereditary spherocytosis, immune hemolytic anemias). This
correlates with the PBS morphology of spherocytes. MCHC is
decreased in diseases with decreased hemoglobin synthesis,
providing little information beyond that from the MCV.
2. RDW = red cell distribution width. The describes the standard
deviation of the MCV. A high RDW is seen with marked variation
in cell size, called anisocytosis. Determining the cause requires
examination of the PBS.

Correlation of the CBC to the PBS
-

Hematology started with the morphology of the peripheral blood smear (PBS) decades
before the first Coulter Counter introduced machine measurements of the CBC. The
terms describing morphology are often used interchangeably with those from
chemistry.

PBS
Microcytic
Normocytic
Macrocytic
Hypochromia
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CBC
MCV <80 fL
MCV 80-100 fL
MCV > 100 fL
MCH < 27 pg; MCHC < 33 gm/dL
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Spherocytosis
Anisocytosis

MCHC > 37 gm/dL
>14%

Microcytic Anemias
As stated above, microcytic anemias occur when there is a
decrease in hemoglobin synthesis.
Hemoglobin consists of 4 globulin chains (2α, 2β), each with a
heme ring with iron in the center. The 4 microcytic anemias, then, are
1.
↓Globulin synthesis: thalassemias (α, β)
2.
↓Heme synthesis: sideroblastic anemias
3.
↓Iron availability: iron deficiency and anemia of chronic disease

Iron metabolism
-
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Investigation of microcytic anemias starts with iron deficiency as it is the most common
cause.
There are multiple tests of iron status and these are best understood by understanding
iron metabolism
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- Iron is absorbed by enterocytes in the duodenum. The iron
comes in two states: inorganic iron, found in plants, and
heme iron, found in the myoglobin of muscle.
1.
Less than 1/3 of inorganic iron is absorbed and only
in the ferrous state (Fe+2). This is favored by an acidic pH.
Patients with atrophic gastritis do not generate acid and so
are predisposed to iron deficiency. The enterocyte has
ferric reductase (#3) in the brush border so that ferrous
iron (Fe+2) can be absorbed through the divalent metal
transporter (DMT1 #4).
2.
By comparison, 2/3 of heme iron is absorbed, and
this through the heme carrier protein (HCP #1). This is also
the folate transporter. Meat eaters are less likely to have
dietary iron deficiency than vegetarians.
3.
Iron is freed from the heme ring by heme oxidase
and the iron is sequestered in hemosiderin (#5).
4.
Iron can only leave the enterocyte through the
efflux channel ferroportin. This is inhibited by hepcidin
which is synthesized and regulated by the liver (more later).

Iron studies
-

8

Iron studies reflect key element of iron metabolism:
1. Iron saturation
 Iron is transported in the blood on transferrin. In the healthy state,
transferrin is about 1/3 saturated. In iron deficiency, there is decrease
serum iron and increased transferrin, so that on iron saturation <15%
indicates iron deficiency.
 Transferrin is an acute phase reactant or APR (i.e. any protein or cell that
varies by >25% in an inflammatory state). APRs reflect the liver response
to IL-6 signaling. Transferrin is a negative APR and so saturation is difficult
to interpret with systemic inflammation due to its unpredictable change.
2. Ferritin
 All cells use iron for electron transfer processes, especially in the
mitochondrial electron transfer chain. Free iron starts the Fenton
reaction that creates destructive free radicals, specifically the hydroxyl
radical. To prevent this, iron is stored in cells on ferritin, a huge
macromolecule.
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Serum ferritin levels reflect to body iron stores. Low serum ferritin is
diagnostic of iron deficiency.
 Ferritin is an APR. It increases in inflammatory states and a normal
transferrin does not rule out iron deficiency in these diseases.
3. Bone marrow iron stores
 Iron in the bone marrow is stored in macrophages. Erythroblasts can be
found ringing these macrophages to obtain iron, giving the macrophages
the name of “nurse” cells. The iron in marrow macrophages comes from
phagocytosis of defective RBCs. The iron from this process is stored in
hemosiderin, a ferritin-like protein. All bone marrow aspirates are stained
with Prussian blue stain for the evaluation of iron stores.


Soluble Transferrin Receptor (sTfR)
- Iron metabolism is regulated in the liver by post-translation iron regulatory proteins (IRP).These respond to
the cell level of iron. The transferrin-iron complex binds to the transferrin receptor and is internalized by
pinocytosis. Iron is released from the complex and the Tf and TfR are returned to the surface. IRPs bind to
iron response elements on UTRs (untranslated regions of mRNA. These determine the levels of the key iron
regulatory proteins of ferritin, transferrin receptor and ALA synthetase.
- sTfR are being used in tertiary hospitals to monitor iron status as it has a reflects changes over hours and
avoids the difficulty of the APR effect

Iron metabolism
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Etiology of iron deficiency
-
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Iron deficiency is not a diagnosis but a condition. Its origin must be explained.
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Causes of iron deficiency
> 50 years old
Female, 20’s, menorrhagia
Female, 20’s, intractable menorrhagia
Infant
Old person living alone
33 year old female; steatorrhea
Elderly person, chronic H. pylori gastritis
Post-gastrectomy
Pregnancy

Mechanism
Insensible blood loss (colon cancer)
Blood loss
Blood loss (von Willebrand disease)
Dietary deficiency (milk only diet)
Dietary deficiency (“tea & toaster”)
Malabsorption (celiac sprue)
Malabsorption (atrophy, high pH)
Malabsorption (IF deficiency; high pH)
Increased demand

Hemoglobin analysis
-

The thalassemias are quantitative defects while the hemoglobinopathies are qualitative
defects. Their diagnoses can be made using hemoglobin electrophoresis or HPLC (high
pressure liquid chromatography)
HbA
2α
HbA2
2α
HbF
2α
Hb Barts
Hb H

-

-
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2β
2δ
2γ
4γ
4β

Normal hemoglobin consists of 2 alpha and 2 beta chains. In β thalassemia, there is
substitution of the missing β chains in HbA, with elevated HbA2 and HbF. These can be
used to establish the diagnosis.
There are no substitutions for the α chain. In moderate to severe disease, diagnosis of α
thalassemia rests on demonstrating the tetramers formed by the unmatched β chains
(HbH) and unmatched γ chains (Hb Barts). These are not measurable in mild disease and
diagnosis then requires genetic analysis.
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Normocytic anemias

Reticulocyte count
-

-

-

-
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There is no reserve storage for RBCs. This contrasts with the neutrophils which have
most cells in reserve in the bone marrow and the platelets which have 1/3 in storage in
the spleen.
This means that loss of blood leads to a decrease in RBC mass (i.e. anemia), until the
RBCs can be replaced. Replacement requires an increase in erythropoietin from the
interstitial cells of the kidney leading to an increase in erythroblast proliferation and
their decrease in apoptosis. This process takes at least 5 days to start. The RBCs are
thought to be released due to increased pressure in the marrow from the increased
mass. This is possible because marrow has a sinusoidal endothelium (i.e. fenestrated
endothelial cells and an incomplete basement membrane). The bone marrow
to blood barrier prevents nucleated RBCs from leaving the marrow.
The young RBCs that are released are larger in size (about 120 fL) and still
have RNA. This RNA absorbs some of the hematoxylin dye and reticulocytes
have a purplish hue in the PBS, called polychromasia. The RNA can be
selectively stained by a supravital stain and has a web-like appearance (hence
“retic”- Gr. For mesh or net)
The RNA disappears over 2-3 days
There is no standard nomenclature for RBC precursors. They are variously
called erythroblasts, normoblasts and rubriblasts.

© 2020, ClinicoPath LLC. All rights reserved.

www.MedicalSchoolCompanion.org
Nucleated RBCs in the PBS are usually called normoblasts. They are never normal
and must be explained.
• “Erythroblast” is usually used to refer to RBC precursors in the bone marrow.
• In the maturation sequence (see image below) the nuclei get smaller and more
pyknotic and the cytoplasm larger with increasing redness with
hemoglobinization (as is reflected in the name for each stage).
B. The nucleus and organelles are extruded before the RBC is released from the marrow.
The loss of the nucleus and mitochondria decreases the production of reactive oxygen
species and decreases the consumption of oxygen.
•

C. Reticulocytes become mature RBCs over 1-2 days. As the normal lifespan of RBCs is 100120 days, the normal reticulocyte count is 1-2%

Reticulocyte Production Index (RPI)
The reticulocyte count requires two adjustments for clinical use.
1. Degree of anemia: the more severe the anemia, the higher the expected reticulocyte count. The
count is normalized to a Hct = 45% (e.g. a retic count of 9% with Hct =23% would be adjusted to 4.5%).
2. Longevity of reticulocytes: with increasingly severe anemia, more immature reticulocytes are
released from the marrow. While calculated from tables, the rule of thumb is that a 1 day longevity of
a reticulocyte at Hct = 45% increases to 2 days by Hct =23%.
These two adjustments together are reported as the RPI.
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Coombs test
D. Immune hemolytic anemias occur when IgG or complement binds to the RBC membrane.
Most RBCs are lost in the monocyte/macrophage system, most notably the spleen (i.e.
extravascular). Macrophages have receptors for both the Fc portion of immunoglobulins
and C3b.
• If there is enough complement, then the MAC component can cause
intravascular hemolysis. Most hemolytic anemias have a mixed pattern.
E. In the direct Coombs test, the patient’s washed RBCs are incubated with an anti-IgG or
anti-C’ antibody. If IgG or C’ is present on the RBC, they will form clumps or flakes that
can be visibly seen.

14

© 2020, ClinicoPath LLC. All rights reserved.

www.MedicalSchoolCompanion.org
The following diseases each require “presentation, pathophysiology & natural history”

All anemias present with the symptom of fatigue from the low hemoglobin concentration

A. Microcytic
o Anemia of chronic disease
o Thalassemia, α and β
o Lead poisoning
B. Normocytic
o Immune hemolytic anemias
 Systemic lupus erythematosus
 CLL/SLL
o Sickle cell anemia
o Hereditary spherocytosis
o G6PD deficiency
o Aplastic anemia
o Myelophthisis
o Renal failure anemia
o Hypersplenism
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Macrocytic anemias
Vitamin B12 and folate
C. Tetrahydrofolate (THF) is a necessary co-factor with thymidylate synthase for the
synthesis of thymidine from uridine. As dietary folate is in the methyl form, activatation
of folate requires transfer of the methyl group to Vitamin B12.
o Deficiency of Vitamin B12 creates a deficiency of THF, called the “folate trap”.
This is a functional state of folate deficiency.
o Vitamin B12 passes the methyl group to homocysteine to synthesize methionine.
Vitamin B12 deficiency leads to hyperhomocysteinemia. This is a risk factor in
atherosclerotic cardiovascular disease.
o 5-fluoruracil is a non-functional analogue for uridine and is used as for
chemotherapy, particulary colorectal carcinomas.
o Methyl-THF is reformed through dihydrofolate reductase. This step is inhibited by
methotrexate and trimethoprim (used in UTIs).

D. Vitamin B12 is also involved in fatty acid oxidation, as a co-factor in conversion of
methylmalonic-CoA (MMA) to succinyl-CoA. Enzyme deficiencies all lead to an increase in
products “upstream” of the deficiency. If Vitamin B12 assay results are unclear.
deficiency can be confirmed by showing elevation of MMA.
o Serum Vitamin B12 levels are the screening test, serum MMA levels are the
diagnostic test.
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Vitamin B12 metabolism and deficiency conditions
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