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PREFACE TO THE FOURTH EDITION

This edition of the Manual of Pediatric Hematology and Oncology is the fourth
edition and the sixth book written by the author on pediatric hematology and oncol-
ogy. The first book written by the author 25 years ago was exclusively on pediatric
hematology and its companion book, exclusively on pediatric oncology, was written
3 years later. The book reviewers at the time suggested that these two books be com-
bined into a single book on pediatric hematology and oncology and the first edition
of the Manual of Pediatric Hematology and Oncology was published by the author
in 1989.

It is from these origins that this 4™ edition arises—the original book written in its
entirety by the author, was 456 pages, has more than doubled in size. The basic for-
mat and content of the clinical manifestations, diagnosis and differential diagnosis
has persisted with little change as originally written by the author. The management
and treatment of various diseases have undergone profound changes over time and
these aspects of the book have been brought up-to-date by the subspecialists in the
various disease entities. The increase in the size of the book is reflective of the advances
that have occurred in both hematology and oncology over the past 25 years. Despite
the size of the book, the philosophy has remained unchanged over the past quarter
century. The author and his contributors have retained this book as a concise manual
of personal experiences on the subject over these decades rather than developing
a comprehensive tome culled from the literature. Its central theme remains clinical
as an immediate reference for the practicing pediatric hematologist-oncologist con-
cerned with the diagnosis and management of hematologic and oncologic diseases.
It is extremely useful for students, residents, fellows and pediatric hematologists
and oncologists as a basic reference assembling in one place essential knowledge
required for clinical practice.

This edition has retained the essential format written and developed decades ago
by the author and, with usage over the years, has proven to be highly effective as
a concise, practical, up-to-date guide replete with detailed tables, algorithms and
flow diagrams for investigation and management of hematologic and oncologic con-
ditions. The tables and flow diagrams have been updated with the latest information
and the most recent protocols of treatment, that have received general acceptance
and have produced the best results, have been included in the book.

Since the previous edition, some five years ago, there have been considerable
advances particularly in the management of oncologic disease in children and these
sections of the book have been completely rewritten. In addition, advances in certain
areas have required that other sections of the book be updated. There has been exten-
sive revision of certain chapters such as on Disorders of the White Cells,
Lymphoproliferative Disorders, Myeloproliferative Disorders and Myelodysplastic
Syndromes and Bone Marrow Failure. Because of the extensive advances in throm-
bosis we have rewritten that entire section contained in the chapter on Disorders of
Coagulation to encompass recent advances in that area. The book, like it’s previous
editions, reflects the practical experience of the author and his colleagues based on
half a century of clinical experience. The number of contributors has been expanded
but consists essentially of the faculty of the Division of Hematology-Oncology at the
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Xii  Preface to the Fourth Edition

Schneider Children’s Hospital, all working together to provide the readers of this
manual with a practical guide to the management of the wide spectrum of diseases
within the discipline of pediatric hematology-oncology.

I would like to thank Laurie Locastro for her editorial assistance, cover design and
for her untiring efforts in the coordination of the various phases of the production of
this edition. I also appreciate the efforts of Lawrence Tavnier for his expert typing
of parts of the manuscript and would like to thank Elizabeth Dowling and Patricia
Mastrolembo for proof reading of the book to ensure its accuracy.

Philip Lanzkowsky, M.B., Ch.B., M.D.,
Sc.D. (honoris causa), ER.C.P, D.C.H., FA.A.P.



PREFACE TO THE THIRD EDITION

This edition of the Manual of Pediatric Hematology and Oncology, published five
years after the second edition, has been written with the original philosophy in
mind. It represents the synthesis of experience of four decades of clinical practice
in pediatric hematology and oncology and is designed to be of paramount use to the
practicing hematologist and oncologist. The book, like its previous editions, contains
the most recent information from the literature coupled with the practical experience
of the author and his colleagues to provide a guide to the practicing clinician in the
investigation and up-to-date treatment of hematologic and oncologic diseases in
childhood.

The past five years have seen considerable advances in the management of onco-
logic diseases in children. Most of the advances have been designed to reduce the
immediate and long-term toxicity of therapy without influencing the excellent
results that have been achieved in the past. This has been accomplished by reducing
dosages, varying the schedules of chemotherapy, and reducing the field and volume
of radiation.

The book is designed to be a concise, practical, up-to-date guide and is replete with
detailed tables, algorithms, and flow diagrams for investigation and management of
hematologic and oncologic conditions. The tables and flow diagrams have been
updated with the latest information, and the most recent protocols that have received
general acceptance and have produced the best results have been included in the
book.

Certain parts of the book have been totally rewritten because our understanding
of the pathogenesis of various diseases has been altered in the light of modern bio-
logical investigations. Once again, we have included only those basic science
advances that have been universally accepted and impinge on clinical practice.

I thank Ms. Christine Grabowski, Ms. Lisa Phelps, Ms. Ellen Healy, and Ms.
Patricia Mastrolembo for their untiring efforts in the coordination of the writing and
various phases of the development of this edition. Additionally, I acknowledge our
fellows, Drs. Banu Aygun, Samuel Bangug, Mahmut Celiker, Naghma Husain,
Youssef Khabbaze, Stacey Rifkin-Zenenberg, and Rosa Ana Gonzalez, for their assis-
tance in culling the literature.

I also thank Dr. Bhoomi Mehrotra for reviewing the chapter on bone marrow trans-
plantation, Dr. Lorry Rubin for reviewing the sections of the book dealing with infec-
tion, and Dr. Leonard Kahn for reviewing the pathology.

Philip Lanzkowsky, M.B., Ch.B., M.D.,
Sc.D. (honoris causa), FR.C.P., D.C.H., FA.A.P.
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PREFACE TO THE SECOND EDITION

This edition of the Manual of Pediatric Hematology and Oncology, published five
years after the first edition, has been written with a similar philosophy in mind. The
basic objective of the book is to present useful clinical information from the recent lit-
erature in pediatric hematology and oncology and to temper it with experience
derived from an active clinical practice.

The manual is designed to be a concise, practical, up-to-date book for practition-
ers responsible for the care of children with hematologic and oncologic diseases by
presenting them with detailed tables and flow diagrams for investigation and clini-
cal management.

Since the publication of the first edition, major advances have occurred, particu-
larly in the management of oncologic diseases in children, including major advances
in recombinant human growth factors and bone marrow transplantation. We have
included only those basic science advances that have been universally accepted and
impinge on clinical practice.

I would like to thank Dr. Raj Pahwa for his contributions on bone marrow trans-
plantation, Drs. Alan Diamond and Leora Lanzkowsky Diamond for their assistance
with the neuro-radiology section, and Christine Grabowski and Lisa Phelps for their
expert typing of the manuscript and for their untiring assistance in the various
phases of the development of this book.

Philip Lanzkowsky, M.B., Ch.B., M.D.,
Sc.D. (honoris causa), FR.C.P., D.C.H., FA.A.P.
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PREFACE TO THE FIRST EDITION

The Manual of Pediatric Hematology and Oncology represents the synthesis of per-
sonal experience of three decades of active clinical and research endeavors in pedi-
atric hematology and oncology. The basic orientation and intent of the book is
clinical, and the book reflects a uniform systematic approach to the diagnosis and
management of hematologic and oncologic diseases in children. The book is
designed to cover the entire spectrum of these diseases, and although emphasis is
placed on relatively common disorders, rare disorders are included for the sake of
completion. Recent developments in hematology-oncology based on pertinent
advances in molecular genetics, cytogenetics, immunology, transplantation, and bio-
chemistry are included if the issues have proven value and applicability to clinical
practice.

Our aim in writing this manual was to cull pertinent and useful clinical informa-
tion from the recent literature in pediatric hematology and oncology and to temper
it with experience derived from active clinical practice. The result, we hope, is a con-
cise, practical, readable, up-to-date book for practitioners responsible for the care of
children with hematologic and oncologic diseases. It is specifically designed for the
medical student and practitioner seeking more detailed information on the subject,
the pediatric house officer responsible for the care of patients with these disorders,
the fellow in pediatric hematology-oncology seeking a systemic approach to these
diseases and a guide in preparation for the board examinations, and the practicing
pediatric hematologist-oncologist seeking another opinion and approach to the these
disorders. As with all brief texts, some dogmatism and “matters of opinion” have
been unavoidable in the interests of clarity. The opinions expressed on management
are prudent clinical opinions; and although they may not be accepted by all, pedi-
atric hematologists-oncologists will certainly find a consensus. The reader is pre-
sented with a consistency of approach and philosophy describing the management
of various diseases rather than with different managements derived from various
approaches described in the literature. Where there are divergent or currently unre-
solved views on the investigation or management of a particular disease, we have
attempted to state our own opinion and practice so as to provide some guidance
rather than to leave the reader perplexed.

The manual is not designed as a tome containing the minutiae of basic physiology,
biochemistry, genetics, molecular biology, cellular kinetics, and other esoteric and
abstruse detail. These subjects are covered extensively in larger works. Only those
basic science advances that impinge on clinical practice have been included here.
Each chapter stresses the pathogenesis, pathology, diagnosis, differential diagnosis,
investigations, and detailed therapy of hematologic and oncologic diseases seen in
children.

I would like to thank Ms. Joan Dowdell and Ms. Helen Witkowski for their expert
typing and for their untiring assistance in the various phases of the development of
this book.

Philip Lanzkowsky, M.D.,
FR.CP,D.CH., FAAP.
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1

CLASSIFICATION AND DIAGNOSIS
OF ANEMIA DURING CHILDHOOD

Anemia can be defined as a reduction in hemoglobin concentration, hematocrit, or
number of red blood cells per cubic millimeter. The lower limit of the normal range is set
at two standard deviations below the mean for age and sex for the normal population.*

When a patient presents with anemia, it is important to establish whether the
abnormality is isolated to a single cell line (red blood cells only) or whether it is part
of a multiple cell line abnormality (red cells, white cells, and platelets). Abnormalities
of two or three cell lines usually indicate one of the following:

» Bone marrow involvement (e.g., aplastic anemia, leukemia) or

* An immunologic disorder [e.g., connective tissue disease or immunoneutrope-
nia, idiopathic thrombocytopenic purpura (ITP) or immune hemolytic anemia
singly or in combination] or

* Sequestration of cells (e.g., hypersplenism).

Table 1-1 presents an etiologic classification of anemia and the diagnostic features in
each case.

The blood smear is very helpful in the diagnosis of anemia. It establishes whether
the anemia is hypochromic, microcytic, normocytic, or macrocytic and it also shows
specific morphologic abnormalities suggestive of red cell membrane disorders (e.g.,
spherocytes, stomatocytosis, or elliptocytosis) or hemoglobinopathies (e.g., sickle
cell disease, thalassemia).

The mean corpuscular volume (MCV) confirms the findings on the smear with ref-
erence to the red cell size, for example, microcytic (<70 fL), macrocytic (>85 fL), or
normocytic (72-79 fL). Figure 1-1 delineates diagnosis of anemia by examination of
the smear, and Table 1-2 lists the differential diagnostic considerations based on spe-
cific red cell morphologic abnormalities. The mean corpuscular hemoglobin (MCH)
and mean corpuscular hemoglobin concentration (MCHC) are calculated values and
generally of less diagnostic value. The MCH usually parallels the MCV. The MCHC
is a measure of cellular hydration status. A high value (>35 g/dL) is characteristic of
spherocytosis and a low value is commonly associated with iron deficiency.

The MCV and reticulocyte count are helpful in the differential diagnosis of anemia
(Figure 1-2). An elevated reticulocyte count suggests chronic blood loss or hemoly-
sis; a normal or depressed count suggests impaired red cell formation.

*Children with cyanotic congenital heart disease, respiratory insufficiency, arteriovenous pulmonary
shunts or hemoglobinopathies that alter oxygen affinity can be functionally anemic with hemoglobin lev-
els in the normal range.



2 Hematology and Oncology

Table 1-1. Etiologic Classification and Major Diagnostic Features of Anemia in

Children

Etiologic classification

Diagnostic features

I. Impaired red cell formation
A. Deficiency
Decreased dietary intake (e.g.,
excessive milk-iron-deficiency
anemia, vegan-vitamin B,,
deficiency
Increased demand, e.g., growth
(iron) hemolysis (folic acid)
Decreased absorption
Specific: intrinsic factor lack
(Vitamin B, ,)
Generalized: malabsorption
syndrome (e.g., folic acid, iron)
Increased loss
Acute: hemorrhage (iron)
Chronic: gut bleeding (iron)

Impairment in red cell formation can result from one of the following deficiencies:

1. Iron deficiency

2. Folate deficiency

3. Vitamin B,, deficiency

I

. Vitamin C deficiency
. Protein deficiency
6. Vitamin B, deficiency

a1

7. Thyroxine deficiency

B. Bone marrow failure
1. Failure of a single cell line
a. Megakaryocytes®
(1) Amegakaryocytic
thrombocytopenic
purpura with absent
radii (TAR)
b. Red cell precursors
(1) Congenital red cell aplasia
(Diamond-Blackfan anemia)
(2) Acquired red cell aplasia
(transient erythroblasto-
penia of childhood)
c. White cell precursors®
(1) Congenital neutropenia

Hypochromic, microcytic red cells; low
MCYV, low MCH, low MCHC, high
RDW?, low serum ferritin, high FEP,
guaiac positivity

Macrocytic red cells, high MCV, high
RDW, megaloblastic marrow, low
serum and red cell folate

Macrocytic red cells, high MCV, high
RDW, megaloblastic marrow, low
serum B,, decreased gastric acidity;
Schilling test positive

Clinical scurvy

Kwashiorkor

Hypochromic red cells, sideroblastic bone
marrow, high serum ferritin

Clinical hypothyroidism, low T,, high
TSH

Limb abnormalities, thrombocytopenic
purpura absent megakaryocytes

Absent red cell precursors

Absent red cell precursors

Neutropenia, recurrent infection

(Continues)



Classification and Diagnosis of Anemia During Childhood

Table 1-1. (Continued)

Etiologic classification

Diagnostic features

2. Failure of all cell lines
(characterized by pancytopenia
and acellular or hypocellular
marrow)

a. Constitutional
(1) Fanconi anemia

(2) Familial without anomalies
(3) Dyskeratosis congenita

b. Acquired
(1) Idiopathic
(2) Secondary

3. Infiltration
a. De novo (e.g., leukemia)

b. Secondary (e.g., neuroblastoma,

lymphoma)

c. Dyshematopoietic anemia
(decreased erythropoiesis,
decreased iron utilization)

(1) Infection

(2) Renal failure and hepatic
disease

(3) Disseminated malignancy

(4) Connective tissue diseases

I1. Blood loss

III. Hemolytic anemia
A. Corpuscular
1. Membrane defects
(spherocytosis, elliptocytosis)
2. Enzymatic defects (pyruvate
kinase, G6PD)
3. Hemoglobin defects
a. Heme
b. Globin
(1) Qualitative (e.g., sickle
cell)
(2) Quantitative (e.g.,
thalassemia)
B. Extracorpuscular
1. Immune
a. Isoimmune
b. Autoimmune
(1) Idiopathic

Multiple congenital anomalies,
chromosomal breakage

Familial history, no congenital anomalies

Marked mucosal and cutaneous
abnormalities

No identifiable cause

History of exposure to drugs, radiation,
household toxins, infections; associated
immunologic disease

Bone marrow: morphology,
cytochemistry, immunologic markers,

cytogenetics
VMA, skeletal survey, bone marrow

Evidence of systemic illness
BUN and liver function tests

Clinical evidence
Rheumatoid arthritis

Overt or occult guaiac positive

Splenomegaly, jaundice
Morphology, osmotic fragility

Autohemolysis, enzyme assays

Hb electrophoresis

HbE, A, content

Coombs’ test

Coombs’ test, antibody identification

(Continues)
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Table 1-1. (Continued)
Etiologic classification Diagnostic features
(2) Secondary
Immunologic disorder Decreased C,, C,, CH,, positive ANA
(e.g., lupus)
One cell line (e.g., red Anemia: Coombs’ positive
cells)
Multiple cell line Neutropenia-immunoneutropenia,
(e.g., white blood cells, thrombocytopenia-ITP
platelets)

2. Nonimmune (idiopathic,
secondary)

Abbreviations: FEP, free erythrocyte protoporphyrin; G6PD, glucose-6-phosphate dehydrogenase; Hb, hemo-
globin; ITP, idiopathic thrombocytopenic purpura; MCH, mean corpuscular hemoglobin; MCHC, mean corpus-
cular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; RDW, red cell distribution
width (see definition in footnote a); VMA, vanillylmandelic acid.

" RDW = coefficient of variation of the RBC distribution width (normal between 11.5% and 14.5%).

b Not associated with anemia.

BLOOD SMEAR

|

v

'

HYPOCHROMIC MICROCYTIC MACROCYTIC*
MCV LOW MCV HIGH

(Red cell size <70 fL)

Iron-deficiency anemia
Thalassemia, o or
Sideroblastic anemia
Chronic disease
Infection
Cancer
Inflammation
Renal disease
Lead toxicity
Hemoglobin E trait
Atransferrinemia
Inborn errors of iron
metabolism
Copper deficiency
Severe malnutrition

(Red cell size >85 fL)

Normal newborn
Increased erythropoiesis*®
Post splenectomy
Liver diseaset
Obstructive jaundicet
Aplastic anemia
Hypothyroidism
Megaloblastic anemias
Down syndrome
Syndromes with elevated
Hgb F
Myelodysplastic syndromes
Diamond-Blackfan anemia
Fanconi anemia
Dyskeratosis Congenita
Pearson syndrome

' v

NORMOCYTIC SPECIFIC
MCV NORMAL See Table
(Red cell size 72-79 fL) 1-2

Acute blood loss
Infection
Renal failure
Connective tissue disorder
Liver disease
Disseminated malignancy
Early iron deficiency
Aplastic anemia
Bone marrow infiltration
Dyserythropoietic anemia
Hemolysis
RBC enzyme deficiency
RBC membrane defects
Hypersplenism
Drugs

Paroxysmal nocturnal hemoglobinuria

Drugs (methotrexate,

mercaptopurine, phenytoin)

Fig. 1-1. An approach to the diagnosis of anemia by examination of the blood smear.

*+Spurious macrocytosis (high MCV) may be caused by macroagglutinated red cells (e.g., Mycoplasma
pneumonia and autoimmune hemolytic anemia).
*Increased number of reticulocytes.

tOn the basis of increased membrane, resulting in an increased membrane/volume ratio. Increased mem-
brane results from exchanges between red cell lipids and altered lipid balance in these conditions.
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Table 1-2. Specific Red Cell Morphologic Abnormalities

I. Target cells
Increased surface/volume ratio

Thalassemia

Hemoglobinopathies
Hb AC or CC
Hb SS, SC, S-Thal

Liver disease

Postsplenectomy or hyposplenic states

Severe iron deficiency

Hb E (heterozygote and homozygote)

LCAT deficiency: congenital disorder of lecithin/cholesterol acyltransferase
deficiency (corneal opacifications, proteinuria, target cells, moderately severe
anemia)

Abetalipoproteinemia

II. Spherocytes
Decreased surface/volume ratio, hyperdense (>-MCHC)

Hereditary spherocytosis

ABO incompatibility: antibody-coated fragment of RBC membrane removed

Autoimmune hemolytic anemia: antibody-coated fragment of RBC membrane
removed

Microangiopathic hemolytic anemia (MAHA): fragment of RBC lost after impact
with abnormal surface

SS disease: fragment of RBC removed in reticuloendothelial system

Hypersplenism

Burns: fragment of damaged RBC removed by spleen

Posttransfusion

Pyruvate kinase deficiency

Water-dilution hemolysis: fragment of damaged RBC removed by spleen

ITI. Acanthocytes (spur cells)*

Cells with 5-10 spicules of varying length; spicules irregular in space and thickness,
with wide bases; appear smaller than normal cells because they assume a spheroid
shape

Liver disease

Disseminated intravascular coagulation (and other MAHA)

Postsplenectomy or hyposplenic state

Vitamin E deficiency

Hypothyroidism

Abetalipoproteinemia: rare congenital disorder; 50-100% of cells acanthocytes;
associated abnormalities (fat malabsorption, retinitis pigmentosa, neurologic
abnormalities)

Malabsorptive states

IV. Echinocytes (burr cells)*
10-30 spicules equal in size and evenly distributed over RBC surface; caused by
alteration in extracellular or intracellular environment
Artifact
Renal failure
Dehydration
Liver disease
Pyruvate kinase deficiency
Peptic ulcer disease or gastric carcinoma
Immediately after red cell transfusion
Rare congenital anemias due to decreased intracellular potassium

*May be morphologically indistinguishable
(Continues)
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Table 1-2. (Continued)

V. Pyknocytes*
Distorted, hyperchromic, contracted RBC; can be similar to echinocytes and
acanthocytes

VI. Schistocytes
Helmet, triangular shapes, or small fragments. Caused by fragmentation on impact
with abnormal vascular surface (e.g., fibrin strand, vasculitis, artificial surface in
circulation)
Disseminated intravascular coagulation (DIC)
Severe hemolytic anemia (e.g., G6PD deficiency)
Microangiopathic hemolytic anemia
Hemolytic uremic syndrome
Prosthetic cardiac valve, abnormal cardiac valve, cardiac patch, coarctation of the
aorta
Connective tissue disorder (e.g., SLE)
Kasabach-Merritt syndrome
Purpura fulminans
Renal vein thrombosis
Burns (spheroschistocytes as a result of heat)
Thrombotic thrombocytopenia purpura
Homograft rejection
Uremia, acute tubular necrosis, glomerulonephritis
Malignant hypertension
Systemic amyloidosis
Liver cirrhosis
Disseminated carcinomatosis
Chronic relapsing schistocytic hemolytic anemia

VII. Elliptocytes
Elliptical cells, normochromic; seen normally in less than 1% of RBCs; larger numbers
occasionally seen in a normal patient
Hereditary elliptocytosis
Iron deficiency (increased with severity, hypochromic)
SS disease
Thalassemia major
Severe bacterial infection
SA trait
Leukoerythroblastic reaction
Megaloblastic anemias
Any anemia may occasionally present with up to 10% elliptocytes
Malaria

VIII. Teardrop cells
Shape of drop, usually microcytic, often also hypochromic
Newborn
Thalassemia major
Leukoerythroblastic reaction
Myeloproliferative syndromes

IX. Stomatocytes
Has a slit-like area of central pallor
Normal (in small numbers)
Hereditary stomatocytosis
Artifact
Thalassemia

*May be morphologically indistinguishable (Continues)
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Table 1-2. (Continued)

X.

XI.

XII.

XIII.

XIV.

XV.

Acute alcoholism

Rh null disease (absence of Rh complex)
Liver disease

Malignancies

Nucleated red blood cells
Not normal in the peripheral blood beyond the first week of life
Newborn (first 3—4 days)
Intense bone marrow stimulation
Hypoxia (especially postcardiac arrest)
Acute bleeding
Severe hemolytic anemia (e.g., thalassemia, SS hemoglobinopathy)
Congenital infections (e.g., sepsis, congenital syphilis, CMV, rubella)
Postsplenectomy or hyposplenic states: spleen normally removes nucleated RBC
Leukoerythroblastic reaction: seen with extramedullary hematopoiesis and bone
marrow replacement; most commonly leukemia or solid tumor—fungal and
mycobacterial infection may also do this; leukoerythroblastic reaction is also
associated with teardrop red cells, 10,000-20,000 WBC with small to moderate
numbers of metamyelocytes, myelocytes, and promyelocytes; thrombocytosis
with large bizarre platelets
Megaloblastic anemia
Dyserythropoietic anemias

Blister cells

Red cell area under membrane, free of hemoglobin, appearing like a blister
G6PD deficiency (during hemolytic episode)
SS disease
Pulmonary emboli

Basophilic stippling
Coarse or fine punctate basophilic inclusions that represent aggregates of ribosomal
RNA
Hemolytic anemias (e.g., thalassemia trait)
Iron-deficiency anemia
Lead poisoning
Pyrimidine 5-nucleotidase deficiency

Howell-Jolly bodies
Small, well-defined, round, densely stained nuclear-remnant inclusions; 1 pm in
diameter; centric in location
Postsplenectomy or hyposplenia
Newborn
Megaloblastic anemias
Dyserythropoietic anemias
A variety of types of anemias (rarely iron-deficiency anemia, hereditary spherocytosis)

Cabot’s Ring bodies

Nuclear remnant ring configuration inclusions
Pernicious anemia
Lead toxicity

Heinz bodies

Denatured aggregated hemoglobin
Thalassemia
Asplenia
Chronic liver disease
Heinz-body hemolytic anemia




8  Hematology and Oncology

I ANEMIA (Decreased hemoglobin
and hematocrit)

MCV

—

Low
|

Iron deficiency
Thalassemia
Lead poisoning
Chronic disease

Normal

High
|
Folate deficiency
Vitamin B2 deficiency
Aplastic anemia
Preleukemia

Immune hemolytic anemia
Liver disease

I—{ RETICULOCYTE COUNT I I

High Low

|
BILIRUBIN

WHITE CELL AND

| PLATELET COUNT

—

Normal High
| | Low Normai Increased
Hemorrhage Hemolytic anemia | | |
Bone marrow Pure red cell aplasia Infection
depression Diamond-Blackfan
Malignancy Transient erythroblastopenia
:: Aplastic anemia of childhood (TEC)
COOMBS'TEST Congenita|
Acquired
I I
Negative Positive
(Table 7-1) (Table 7-2)
a, Corpuscular Extracorpuscular

! I
Hemoglobinopathies Autoimmune hemolytic anemia
Hemoglobin efectrophoresis Primary
Enzymopathies Secondary (e.g., connective tissue disease, drug)
Enzyme assays Isoimmune hemolytic disease
Membrane defects Rh, ABO, mismatched transfusion
Morphology
Autohemolysis
Osmotic fragility

b. Extracorpuscular

Idiopathic
Secondary
Drugs
Infection
Microangiopathic

Fig. 1-2. Approach to the diagnosis of anemia by MCV and reticulocyte count.
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The reticulocyte count must be adjusted for the level of anemia to obtain the retic-
ulocyte index,* a more accurate reflection of erythropoiesis. In patients with bleed-
ing or hemolysis, the reticulocyte index should be at least 3%, whereas in patients
with anemia due to decreased production of red cells, the reticulocyte index is less
than 3% and frequently less than 1.5%.

Mean corpuscular volume and red cell distribution width (RDW) indices, avail-
able from automated electronic blood-counting equipment, are extremely helpful in
defining the morphology and the nature of the anemia and have led to a classifica-
tion based on these indices (Table 1-3).

In more refractory cases of anemia, bone marrow examination may be indicated.
A bone marrow smear should be stained for iron, where indicated, to estimate iron
stores and to diagnose the presence of a sideroblastic anemia. Bone marrow exami-
nation may indicate a normoblastic, megaloblastic, or sideroblastic morphology.
Figure 1-3 presents the causes of each of these findings.

Table 1-4 lists various laboratory studies helpful in the investigation of a patient
with anemia. The investigation of anemia entails the following steps:

1. Detailed history and physical examination (see Table 1-1)

2. Complete blood count, to establish whether the anemia is only due to one cell
line (e.g., the red cell line only) or is part of a three-cell-line abnormality (abnor-
mality of red cell count, white blood cell count, and platelet count)

3. Determination of the morphologic characteristics of the anemia based on blood
smear (Table 1-2) and consideration of the MCV (Figures 1-1 and 1-2) and RDW
(Table 1-3) and morphologic consideration of white blood cell and platelet
morphology

Table 1-3. Classification of Nature of the Anemia Based on MCV and RDW

MCV low MCV normal MCYV high
RDW Microcytic Normocytic Macrocytic
normal  homogeneous homogeneous homogeneous
Heterozygous thalassemia Normal Aplastic anemia
Chronic disease Preleukemia
Chronic disease Chronic liver disease
Nonanemic hemoglobinopathy
(e.g., AS, AC)
Chemotherapy
Chronic myelocytic leukemia
Hemorrhage

Hereditary spherocytosis

RDW Microcytic Normocytic Macrocytic
high heterogeneous heterogeneous heterogeneous
Iron deficiency Early iron or folate deficiency =~ Folate deficiency
S B-thalassemia Mixed deficiencies Vitamin B,,
Hemoglobin H Hemoglobinopathy (e.g., SS) deficiency
Red cell fragmentation Myelofibrosis Immune hemolytic
Sideroblastic anemia anemia
Cold agglutinins

Abbreviations: MCV, mean corpuscular volume; RDW, red cell distribution width, which is the coefficient of
variation of RBC distribution width (normal: 11.5-14.5%).

*Reticulocyte index = reticulocyte count X (patient’s hematocrit/normal hematocrit). For example, for a
reticulocyte count of 6% and hematocrit of 15%, the reticulocyte index = 6 x (15/45) = 2%.
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BONE MARROW ERYTHROID SERIES
I I I

NORMOBLASTIC MEGALOBLASTIC SIDEROBLASTIC

Table 4-1 Table 6-24
Iron-deficiency anemia Vitamin B, deficiency Mitochondrial defect
Infection Folic acid deficiency Primary
Renal disease Miscellaneous Secondary
Malignancy Congenital disorders in Congenital
Connective tissue disorders DNA synthesis Acquired
Hemolytic anemia Acquired disorders in

DNA synthesis

Drug induced
Fig. 1-3. Causes of normoblastic, megaloblastic, and sideroblastic bone marrow morphology.

Table 1-4. Laboratory Studies Often Helpful in the Investigation of a Patient
with Anemia

Usual initial studies
Hemoglobin and hematocrit determination
Erythrocyte count and red cell indices, including MCV and RDW
Reticulocyte count
Study of stained blood smear
Leukocyte count and differential count
Platelet count
Suspected iron deficiency
Free erythrocyte protoporphyrin
Serum ferritin levels
Stool for occult blood
9mTe pertechnetate scan for Meckel’s diverticulum—if indicated
Endoscopy (upper and lower bowel)—if indicated
Suspected vitamin B,, or folic acid deficiency
Bone marrow
Serum vitamin B,, level
Serum folate level
Gastric analysis after histamine injection
Vitamin B,, absorption test (radioactive cobalt) (Schilling test)
Suspected hemolytic anemia
Evidence of red cell breakdown
Blood smear
Serum bilirubin level
Urinary urobilinogen
Hemoglobinuria
Serum haptoglobin
Evidence of red cell regeneration
Reticulocyte count
Blood smear
Skeletal radiographs
Evidence of type of hemolytic anemia: corpuscular
Membrane
Blood smear
Osmotic fragility test
Autohemolysis test

(Continues)
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Table 1-4. (Continued)

11

Hemoglobin
Sickle test
Hemoglobin electrophoresis
Hemoglobin F determination
Kleihauer-Betke smear
Heat-stability test
Enzymes
Enzyme assay
Evidence of type of hemolytic anemia: extracorpuscular
Immune
Antiglobulin test
Acid serum lysis test
Sucrose lysis test
Donath-Landsteiner antibody
ANA
Suspected aplastic anemia or leukemia
Bone marrow (aspiration and biopsy)—cytochemistry, immunologic markers,
chromosome analysis
Skeletal radiographs
Other tests often used especially to diagnose the primary disease
Viral serology, e.g., HIV
ANA, complement, CH,;
Blood urea, creatinine, T,, TSH
Tissue biopsy (skin, lymph node, liver)

4. Bone marrow aspiration, if required, to examine erythroid, myeloid, and

megakaryocytic morphology to determine whether normoblastic, megaloblas-
tic, or sideroblastic erythropoiesis is present and to exclude marrow pathology
(e.g., aplastic anemia, leukemia, and benign or malignant infiltration of the
bone marrow) (Figure 1-3)

5. Determination of underlying cause of anemia by additional tests (Table 1-4).

SUGGESTED READINGS

Bessman JD, Gilmer PR, Gardner FH. Improved classification of anemias by MCV

and RDW. Am J Clin Pathol 1983;80:322.

Blanchette V, Zipursky A. Assessment of anemia in newborn infants. Clin Perinatol

1984;11:489.

Lanzkowsky P. Diagnosis of anemia in the neonatal period and during childhood. In:
Pediatric Hematology-Oncology: A Treatise for the Clinician. New York: McGraw-

Hill, 1980;3.
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ANEMIA DURING THE
NEONATAL PERIOD

Anemia during the neonatal period is caused by:

e Hemorrhage: acute or chronic

e Hemolysis: congenital hemolytic anemias or due to isoimmunization, usually
associated with indirect hyperbilirubinemia

e Failure of red cell production: Diamond-Blackfan anemia (pure red cell aplasia).

Table 2-1 lists the causes of anemia in the newborn.

HEMORRHAGE

Blood loss may occur during the prenatal, intranatal, or postnatal period. Prenatal
blood loss may be transplacental, intraplacental, or retroplacental or may be due to
a twin-to-twin transfusion.

Prenatal Blood Loss
Transplacental Fetomaternal

In 50% of pregnancies, fetal cells can be demonstrated in the maternal circulation,
and in 1% of cases this is of sufficient magnitude to produce anemia in the infant.
Transplacental blood loss may be acute or chronic. Table 2-2 lists the characteristics
of acute and chronic blood loss in the newborn. Blood loss may be secondary to
procedures such as diagnostic amniocentesis or external cephalic version.
Fetomaternal hemorrhage is diagnosed by demonstrating fetal red cells by the acid-
elution method of staining for fetal hemoglobin (Kleihauer—Betke technique) in the
maternal circulation. The optimal timing for demonstrating fetal cells in maternal
blood is within 2 hours of delivery and no later than the first 24 hours following
delivery.

Intraplacental and Retroplacental

Occasionally, fetal blood accumulates in the substance of the placenta (intraplacen-
tal) or retroplacentally, and the infant is born anemic. Intraplacental blood loss from
the fetus may occur when there is a tight umbilical cord around the neck or body or
when there is delayed cord clamping. Retroplacental bleeding from abruptio pla-
centa is diagnosed by ultrasound or at surgery.

12
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Table 2-1. Causes of Anemia in the Newborn

I. Hemorrhage
A. Prenatal
1. Transplacental fetomaternal (spontaneous, traumatic amniocentesis, external
cephalic version)
2. Intraplacental
3. Retroplacental
4. Twin-to-twin transfusion
B. Intranatal
1. Umbilical cord abnormalities
. Rupture of normal cord (unattended labor)
. Rupture of varix or aneurysm of cord
. Hematomas of cord
. Rupture of anomalous aberrant vessels of cord (not protected by Wharton's jelly)
. Vasa previa (umbilical cord is presenting part)
. Inadequate cord tying
2. Placental abnormalities
a. Multilobular placenta (fragile communicating veins to main placenta)
b. Placenta previa—fetal blood loss predominantly
c. Abruptio placentae—maternal blood loss predominantly
d. Accidental incision of placenta during cesarean section
C. Postnatal
1. External
a. Bleeding from umbilicus
b. Bleeding from gut
c. Iatrogenic (diagnostic venipuncture, post-exchange transfusion)
2. Internal
. Cephalhematomata
. Subaponeurotic hemorrhage
. Subdural or subarachnoid hemorrhage
. Intracerebral hemorrhage
. Intraventricular hemorrhage
. Retroperitoneal hemorrhage (may involve adrenals)
. Subcapsular hematoma or rupture of liver
. Ruptured spleen

-~ 0 Q& n T o

508 -0 & T

II. Hemolytic anemia (see Chapter 7)
A. Congenital erythrocyte defects
1. Membrane defects (with characteristic morphology)
. Hereditary spherocytosis (pages 143-147)
. Hereditary elliptocytosis (pages 147-148)
. Hereditary propoikilocytosis (pages 148-149)
. Hereditary stomatocytosis (pages 149-150)
. Hereditary acanthocytosis (page 150)
. Hereditary xerocytosis (pages 150-151)
. Infantile pyknocytosis®
2. Hemoglobin defects
a. o-Thalassemia®
b. v B-Thalassemia
c. Unstable hemoglobins (Hb Kéln, Hb Ziirich?) (pages 180-181)
3. Enzyme defects
a. Embden-Meyerhof glycolytic pathway
(1) Pyruvate kinase
(2) Other enzymes
b. Hexose-monophosphate shunt
(1) G6PD (Caucasian and Oriental) with or without drug exposure?
(2) Enzymes concerned with glutathione reduction or synthesis’

QW -0 n T

(Continues)
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Table 2-1. (Continued)

B. Acquired erythrocyte defects
1. Immune

a. Rh disease, ABO, minor blood groups (M, S, Kell, Duffy, Luther)
2. Nonimmune

a. Infections (cytomegalovirus, toxoplasmosis, herpes simplex, rubella, syphilis,
bacterial sepsis, e.g., Escherichia coli)

b. Microangiopathic hemolytic anemia with or without disseminated
intravascular coagulation: disseminated herpes simplex, coxsackie B infections,
gram-negative septicemia, renal vein thrombosis

c. Toxic exposure (drugs, chemicals) + G6PD + prematurity’: synthetic vitamin K
analogues, maternal thiazide diuretics, antimalarial agents, sulfonamides,
naphthalene, aniline-dye marking ink, penicillin

d. Vitamin E deficiency

e. Metabolic disease (galactosemia, osteopetrosis)

II1. Failure of red cell production
1. Congenital (Chapter 6)

Diamond-Blackfan anemia (pure red cell aplasia)

Dyskeratosis Congenita

Fanconi anemia

Congenital dyserythropoietic anemia

2. Acquired

Viral infection (hepatitis, HIV, CMYV, rubella, syphilis, parvovirus)
Anemia of prematurity

“Not permanent membrane defect but has characteristic morphology.
Y All of these conditions can be associated with Heinz-body formation and in the past were grouped together
as congenital Heinz-body anemia.

Table 2-2. Characteristics of Acute and Chronic Blood Loss in the Newborn

Characteristic

Acute blood loss

Chronic blood loss

Clinical

Venous pressure

Acute distress; pallor; shallow,
rapid, and often irregular
respiration; tachycardia; weak
or absent peripheral pulses;
low or absent blood pressure;
no hepatosplenomegaly

Low

Marked pallor disproportionate
to evidence of distress; on
occasion signs of congestive
heart failure may be present,
including hepatomegaly

Normal or elevated

Laboratory
Hemoglobin May be normal initially; then Low at birth
concentration drops quickly during first
24 hours of life
Red cell Normochromic and macrocytic Hypochromic and microcytic
morphology Anisocytosis and poikilocytosis
Serum iron Normal at birth Low at birth
Course Prompt treatment of anemia Generally uneventful
and shock necessary to
prevent death
Treatment Normal saline bolus or packed Iron therapy

red blood cells; if indicated,
iron therapy

From Oski FA, Naiman, JL. Hematologic problems in the newborn. 3rd ed. Philadelphia: Saunders, 1982, with

permission.
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Twin-to-Twin Transfusion

Significant twin-to-twin transfusion occurs in at least 15% of monochorionic twins.
The hemoglobin level differs by 5 g/dL and the hematocrit by 15% or more between
individual twins. The donor twin is smaller, pale, may have evidence of oligo-
hydramnios, and may show evidence of shock. The recipient is larger and poly-
cythemic with evidence of polyhydramnios and may show signs of congestive heart
failure (Chapter 8).

Intranatal Blood Loss

Hemorrhage may occur during the process of birth as a result of various
obstetric accidents, malformations of the umbilical cord or the placenta, or a
hemorrhagic diathesis (due to a plasma factor deficiency or thrombocytopenia)
(Table 2-1).

Postnatal Blood Loss

Postnatal hemorrhage may occur from a number of sites and may be internal
(enclosed) or external. Hemorrhage may be due to:

1. Traumatic deliveries (resulting in intracranial or intra-abdominal hemor-
rhage)
2. Plasma factor deficiencies (see Chapter 11)
a. Congenital—hemophilia or other plasma factor deficiencies
b. Acquired—vitamin K deficiency, disseminated intravascular coagulation
3. Thrombocytopenia (see Chapter 10)
a. Congenital—Wiskott-Aldrich syndrome, Fanconi anemia
b. Acquired—isoimmune thrombocytopenia, sepsis.

Clinical and Laboratory Findings

Anemia—pallor, tachycardia, and hypotension (if severe, i.e., 220 mL/kg blood loss)
Liver and spleen not enlarged (except in chronic transplacental bleed)

Jaundice absent

Coombs’ test negative

Increased reticulocyte count

Polychromatophilia

Nucleated RBCs raised

Fetal cells in maternal blood (in fetomaternal bleed)

Treatment

1. Severely affected
a. Administer 10-20 mL/kg packed red blood cells (hematocrit usually
50-60%) via an umbilical catheter.
b. Cross-match blood with the mother. If unavailable, use group O Rh-negative
blood or saline boluses (temporarily for shock).
c. Use partial exchange transfusion with packed red cells for infants in incipi-
ent heart failure.
2. Mild anemia due to chronic blood loss
a. Ferrous sulfate (2 mg elemental iron/kg body weight 3 times a day) for
3 months.
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HEMOLYTIC ANEMIA

Hemolytic anemia in the newborn is usually associated with unconjugated hyper-
bilirubinemia. The hemolytic process is often first detected as a result of the investi-
gation of jaundice during the first week of life. The causes of hemolytic anemia in the
newborn are listed in Table 2-1.

Congenital Erythrocyte Defects

Congenital erythrocyte defects involving the red cell membrane, hemoglobin, and
enzymes are listed in Table 1-2 and discussed in Chapter 7. Any of these conditions
may occur in the newborn and manifest clinically as follows:

Hemolytic anemia (low hemoglobin, reticulocytosis, increased nucleated red cells,
morphologic changes)

Unconjugated hyperbilirubinemia

Coombs’ test negative.

Infantile Pyknocytosis
Infantile pyknocytosis (see Table 1-2) is characterized by:

1. Hemolytic anemia—Coombs’ negative (nonimmune).

2. Distortion of as many as 50% of red blood cells with several to many spiny pro-
jections (up to 6% of cells may be distorted in normal infants). Abnormal mor-
phology is extracorpuscular in origin.

3. Disappearance of pyknocytes and hemolysis by the age of 6 months. This is a
self-limiting condition.

4. Hepatosplenomegaly.

5. Pyknocytosis may occur in glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency, pyruvate kinase deficiency, vitamin E deficiency, neonatal infections,
and hemolysis caused by drugs and toxic agents.

Anemia in the Newborn Associated with Heinz-Body Formation

Red cells of the newborn are highly susceptible to oxidative insult and Heinz-body
formation. This may be congenital or acquired and transient.

Congenital

Hemolytic anemia associated with Heinz-body formation occurs in the following
conditions:

1. Unstable hemoglobinopathies (e.g., Hb K&ln or Hb Ziirich)

2. a-Thalassemia, for example, hemoglobin H (B-chain tetrameres)*

3. Deficiency of G6PD, 6-phosphogluconic dehydrogenase, glutathione reductase,
glutathione peroxidase.

Acquired

Hemolytic anemia associated with Heinz-body formation occurs transiently in nor-
mal full-term infants without red cell enzyme deficiencies if the dose of certain drugs

*B-chain hemoglobinopathies such as sickle cell disease or B-thalassemia are generally not apparent
until 3-6 months of age when synthesis of the B-globin chain increases, whereas o-chain hemoglo-
binopathies are evident during fetal life and at birth.
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or chemicals is large enough. The following have been associated with toxic Heinz-
body formation: synthetic water-soluble vitamin K preparations (Synkayvite), sulfon-
amides, chloramphenicol, aniline dyes used for marking diapers, and naphthalene
used as mothballs.

Diagnosis

1. Demonstrate Heinz bodies on a supravital preparation.
2. Perform specific tests to exclude the various congenital causes of Heinz-body
formation mentioned earlier.

Acquired Erythrocyte Defects

Acquired erythrocyte defects may be due to immune (Coombs’-positive) or non-
immune (Coombs’-negative) causes. The immune causes are due to blood group
incompatibility between the fetus and the mother, for example, Rh (D), ABO, or
minor blood group incompatibilities (such as anti-c, Kell, Duffy, Luther, anti-C, and
anti-E) causing isoimmunization.

Rh Isoimmunization
Clinical Features

1. Anemia, mild to severe (if severe, associated with hydrops fetalis)
2. Jaundice (indirect hyperbilirubinemia)

a. Presents during first 24 hours.

b. May cause kernicterus
(1) Exchange transfusion should be carried out whenever the bilirubin level

in full-term infants rises to, or exceeds, 20 mg/dL.

(2) Factors that predispose to the development of kernicterus at lower levels
of bilirubin, such as prematurity, hypoproteinemia, metabolic acidosis,
drugs (sulfonamides, caffeine, sodium benzoate), and hypoglycemia,
require exchange transfusions below 20 mg/dL.

c. Table 2-3 lists the various causes of unconjugated hyperbilirubinemia. Figure
2-1 outlines an approach to the diagnosis of both unconjugated and conju-
gated hyperbilirubinemia.

3. Hepatosplenomegaly; varies with severity.
4. Petechiae (only in severely affected infants). Hyporegenerative thrombocyto-
penia and neutropenia may occur during the first week.

Table 2-3. Causes of Unconjugated Hyperbilirubinemia

I. "Physiologic” jaundice: jaundice of hepatic immaturity

II. Hemolytic anemia (see Chapter 7 for more complete list of causes)
A. Congenital erythrocyte defect

1. Membrane defects: hereditary spherocytosis, ovalocytosis, stomatocytosis,
infantile pyknocytosis

2. Enzyme defects (nonspherocytic)
a. Embden-Meyerhof glycolytic pathway (energy potential): pyruvate kinase,

triose phosphate isomerase, etc. (pages 152-153)

b. Hexose monophosphate shunt (reduction potential): G6PD (pages 153-157)

3. Hemoglobin defects
Sickle cell hemoglobinopathy”

(Continues)
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Table 2-3. (Continued)

B. Acquired erythrocyte defect
1. Immune: allo-immunization (Rh, ABO, Kell, Duffy, Lutheran)
2. Nonimmune
a. Infection
(1) Bacterial: Escherichia coli, streptococcal septicemia
(2) Viral: cytomegalovirus, rubella, herpes simplex
(3) Protozoal: toxoplasmosis
(4) Spirochetal: syphilis
b. Drugs: penicillin
c. Metabolic: asphyxia, hypoxia, shock, acidosis, vitamin E deficiency in
premature infants, hypoglycemia

ITI. Polycythemia (see Table 8-1 for more complete list of causes)
A. Placental hypertransfusion
1. Twin-to-twin transfusion
2. Maternal-fetal transfusion
3. Delayed cord clamping
B. Placental insufficiency
1. Small for gestational age
2. Postmaturity
3. Toxemia of pregnancy
4. Placenta previa
C. Endocrinal
1. Congenital adrenal hyperplasia
2. Neonatal thyrotoxicosis
3. Maternal diabetes mellitus
D. Miscellaneous
1. Down syndrome
2. Hyperplastic visceromegaly (Beckwith-Wiedemann syndrome), associated with
hypoglycemia

IV. Hematoma
Cephalhematoma, subgaleal, subdural, intraventricular, intracerebral, subcapsular
hematoma of liver; bleeding into gut

V. Conjugation defects

A. Reduction in bilirubin glucuronyl transferase
1. Severe (type I): Crigler-Najjar (autosomal recessive)
2. Mild (type II): Crigler—Najjar (autosomal dominant)
3. Gilbert disease

B. Inhibitors of bilirubin glucuronyl transferase
1. Drugs: novobiocin
2. Breast milk: pregnane-3a, 20B-diol
3. Familial: transient familial hyperbilirubinemia

VI. Metabolic
Hypothyroidism, maternal diabetes mellitus, galactosemia

VII. Gut obstruction (due to enterohepatic recirculation of bilirubin)
(e.g., pyloric stenosis, annular pancreas, duodenal atresia)

VIII. Maternal indirect hyperbilirubinemia
(e.g., homozygous sickle cell hemoglobinopathy)

IX. Idiopathic

“Not usually a cause of jaundice in the newborn because of the predominance of Hgb F (unless associated with
concomitant G6PD deficiency).
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l

INDIRECT REACTING BILIRUBIN

1

Coombs’ test

|
l l

Positive Negative
ABO

Rh 1

Kell :

Duffy Reticulocyte count

Luther |

Raised Normal
Blood smear Hemoglobin

Red cell morphology

l—l—\ l | l

Abnormal Normal Low Normal High

l l l | l

Spherocytes Enzyme defects Examine Conjugation defects  Polycythemia
Ovalocytes Infections infant Metabolic defects Placental hypertransfusion
Pyknocytes Hematomata Gut obstruction Placental insufficiency
Stomatocytes Endocrinologic
Schistocytes Miscellaneous

(See Chap. 8)

Examine infant Examine infant

Fig. 2-1. Approach to investigation of jaundice in the newborn.

(Continues)

5. Severe illness with birth of infant with hydrops fetalis, stillbirth, or death in
utero and delivery of a macerated fetus.

6. Late hyporegenerative anemia with absent reticulocytes. This occurs occasion-
ally during the second to the fifth week and is due to a diminished population
of erythroid progenitors (serum concentration of erythropoietin is low and the
marrow concentrations of BFU-E and CFU-E are not elevated).

Laboratory Findings

1. Serologic abnormalities (incompatibility between blood group of infant and
mother; direct Coombs’ test positive in infant; mother’s serum has the presence
of immune antibodies detected by the indirect Coombs’ test)

2. Decreased hemoglobin level, elevated reticulocyte count, smear-increased
nucleated red cells, marked polychromasia, and anisocytosis

3. Raised indirect bilirubin level.

Management
Antenatal

Patients should be screened at their first antenatal visit for Rh and non-Rh antibod-
ies. Figure 2-2 shows a schema of the antenatal management of Rh disease. If an
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l

DIRECT REACTING BILIRUBIN

|

History

Coombs' test
Hemolytic disease
Cystic fibrosis

|

Sepsis evaluation

Clinical evaluation for sepsis
Complete blood count

Blood and urine culture
CSF analysis and culture

Evaluation for congenital infection

Head circumference, ocular abnormalities,
lymphadenopathy, hepatosplenomegaly
Antibody titers for CMV, toxoplasmosis, rubella
Syphilis etiology of infant and mother

Urine for CMV viral isolation

l

Metabolic investigation

Red cell galactose 1-phosphate uridyl transferase
Sweat electrolytes

a1-Antitrypsin

Parenteral nutrition l

Ultrasound
Positive Negative
Choledocal cyst Hepatobiliary scintigraph
(4-6 wks of age)
Surgical correction Excretion No excretion
Hepftitis Need biopsy
Medical management Biliary atresia

Laparotomy biopsy

Surgical correction
(Kasai procedure)

Liver transplant if indicated

Fig. 2-1. (Continued)

immune antibody is detected in the mother’s serum, proper management includes
the following;:

1. Obtain past obstetric history and outcome of previous pregnancies.
2. Determine blood group and conduct indirect Coombs’ test (to determine the
presence and titer of irregular antibodies). Most irregular antibodies can cause
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———————— Titer-Negative — Repeat titer on Rh negative at 27-28th week

Initial visit: Give Rhogam only to anti-D negative patients

titer on all patients

——— > Titer-Positive

|

Past Obstetric History

| 1

Poor <28-30th week Not poor
(stillbirths, severe hydrops)
Start titers at 20th week |

| | |

If titer >1:8 Titer Titer
l <1:64 >1:64
PUBS* 20-22nd week l . l )
Repeat Amniocentesis
l titer (28th week)
[
Depending on results Sonography AOD,5,
Polyhydramnios
Placental hydrops
Fetal hydrops
Repeat PUBS* IUIVT l Depending on results
amniocentesis’ v
(after about 10-14 days) If rise in titer
(>2 tube dilution)
l Repeat IUIVT
Amniocentesis

Fig. 2-2. Schema of antenatal management of Rh disease.

Abbreviation: IUIVT, intrauterine intravenous transfusion.

*Percutaneous umbilical vein blood sampling.

TAmniotic fluid analysis is less reliable prior to the 26th week of gestation, and PUBS is recommended.

erythroblastosis fetalis; therefore, screening of maternal serum is important.
Titers should be determined at various weeks of gestation (Figure 2-2). The fre-
quency depends on the initial or subsequent rise in titers. Theoretically, any
blood group antigen (with the exception of Lewis and I, which are not present
on fetal erythrocytes) may cause erythroblastosis fetalis. Anti-Le?, Le®, M, H, P,
S, and I are IgM antibodies and rarely, if ever, cause erythroblastosis fetalis and
need not cause concern.

3. Determine zygosity of the father: If the mother is Rh negative and the father is
Rh positive, the father’s zygosity becomes critical. If he is homozygous, all his
future children will be Rh positive. If the father is heterozygous, there is a 50%
chance that the fetus will be Rh negative and unaffected. The Rh genotype can
be accurately determined by the use of polymerase chain reaction (PCR) of
chorionic villus tissue, amniotic cells, and fetal blood when the father is het-
erozygous or his zygosity is unknown. Mothers with fetuses found to be Rh D
negative (dd) can be reassured and further serologic testing and invasive pro-
cedures can be avoided. Fetal zygosity can thus be determined by molecular
biological means without invading the fetomaternal circulation. It has recently
been demonstrated that fetal Rh D genotyping can be performed rapidly on
maternal plasma in the second trimester of pregnancy. This is performed by
extracting DNA from maternal plasma and analyzing it for the Rh D gene with
a fluorescent-based PCR test sensitive enough to detect the Rh D gene in a sin-
gle cell. The advantage of this test is that neither the mother nor the fetus is
exposed to the risks of amniocentesis or chorionic villus sampling.
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4. Examination of the amniotic fluid for spectrophotometric analysis of bilirubin.
Past obstetric history and antibody titer are indications for serial amniocentesis
and spectrophotometric analyses of amniotic fluid to determine the condition
of the fetus. Amniotic fluid analysis correlates well with the hemoglobin and
hematocrit at birth (r = 0.9), but does not predict whether the fetus will require
an exchange transfusion after birth. The following are indications for amnio-
centesis:

a. History of previous Rh disease severe enough to require an exchange trans-
fusion or to cause stillbirth.

b. Maternal titer of anti-D, anti-c, or anti-Kell (or other irregular antibodies) of
1:8 to 1:64 or greater by indirect Coombs’ test or albumin titration and
depending on previous history. An assessment of the optical density differ-
ence at 450 um (AOD,, ) at a given gestational age permits reasonable pre-
diction of the fetal outcome (Figure 2-3). Determination of the appropriate

1.00 - Liley Freda

0.80 -
0.70 -
0.60 -
0.50 -

0.40 -

0.30 -

Optical 0.20 -
density

difference

at 450 um

0.10 -

0.08 -
0.07 -

0.06 -
0.05 -
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001 - T T T T T T T T T T T T T T
26 28 30 32 34 36 38 40
Gestation, weeks

Fig. 2-3. Assessment of fetal prognosis by the methods of Liley and of Freda. Liley’s method of predic-
tion: Zone 1A: Condition desperate, immediate delivery or intrauterine transfusion required, depending on
gestational age. Zone 1B: Hemoglobin less than 8 g/dL, delivery or intrauterine transfusion urgent,
depending on gestational age. Zone 2A: Hemoglobin 8-10 g/dL, delivery at 36-37 weeks. Zone 2B:
Hemoglobin 11.0-13.9 g/dL, delivery at 37-39 weeks. Zone 3: Not anemic, deliver at term. Freda’s
method of prediction: Zone 4+: Fetal death imminent, immediate delivery or intrauterine transfusion,
depending on gestational age. Zone 3+: Fetus in jeopardy, death within 3 weeks, delivery or intrauterine
transfusion as soon as possible, depending on gestational age. Zone 2+: Fetal survival for at least 7-10
days, repeat amniocentesis indicated, possible indication for intrauterine transfusion, depending on ges-
tational age. Zone 1+: Fetus in no immediate danger. (From Robertson JG. Evaluation of the reported
methods of interpreting spectrophotometric tracings of amniotic fluid analysis in Rhesus isoimmunization.
Am J Obstet Gynecol 1966;95:120, with permission.)
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treatment depends on the AOD, of the amniotic fluid, the results of the fetal
biophysical profile scoring,* and the assessment of the presence or absence
of fetal hydrops (seen on ultrasound) and amniotic phospholipid determi-
nations (lung profile):

Features of lung profile Immature fetus Mature fetus
Lecithin/sphingomyelin <2.0 >2.0

ratio <45% >50%
Phosphatidylinositol Absent Absent
Phosphatidylglycerol Present (small amounts) Present (prominent)

If the amniotic fluid AOD,, indicates a severely affected fetus and phospholipid
estimations indicate lung maturity, the infant should be delivered. If the AOD, indi-
cates a severely affected fetus and the phospholipid estimations indicate marked
immaturity, maternal plasmapheresis and/or intrauterine intravenous transfusion
(IUIVT) should be carried out. IUIVT has many advantages over intraperitoneal fetal
transfusions and is the procedure of choice. This decision is made in conjunction
with the biophysical profile score.

Intensive maternal plasmapheresis antenatally using a continuous-flow cell sepa-
rator can significantly reduce Rh antibody levels, reduce fetal hemolysis, and
improve fetal survival in those mothers carrying highly sensitized Rh-positive
fetuses. This procedure together with IUIVT should be carried out when a high anti-
body titer exists early before a time when the infant can be safely delivered.

If the risk of perinatal death resulting from complications of prematurity is high,
then an IUIVT should be carried out. Percutaneously, the umbilical vein is used for
blood sampling (PUBS) and venous access and permits a fetal transfusion via the
intravascular route (IUIVT). With the availability of high-resolution ultrasound guid-
ance, a fine (20-gauge) needle is inserted directly into the umbilical cord, either at the
insertion site into the placenta or into a free loop of cord. This allows the same blood
sampling as is available postnatally in the neonate. Temporary paralysis of the fetus
with the use of pancuronium bromide (Pavulon) facilitates the procedure, which may
be applied to fetuses from 18 weeks’ gestation until the gestational age when fetal lung
maturity is confirmed. The interval between procedures ranges from 1 to 3 weeks.

The risks of IUIVT include:

Fetal loss (2%)

Premature labor and rupture of membranes
Chorioamnionitis

Fetal bradycardia

Cord hematoma or laceration

Fetomaternal hemorrhage.

The overall survival rate is 88%. Intraperitoneal transfusion can be performed in
addition to IUIVT to increase the amount of blood transfused and to extend the inter-
val between transfusions.

Modern neonatal care, including attention to metabolic, nutritional, and ventila-
tory needs and the use of artificial surfactant insufflation, makes successful earlier
delivery possible. The need for IUIVT and intraperitoneal transfusion is rarely, if
ever, indicated.

*Ultrasound for the assessment of gestational age must be done early in pregnancy. The fetal biophysi-
cal profile scoring uses multiple variables: fetal breathing movements, gross body movements, fetal tone,
reactive fetal heart rate, and quantitative amniotic fluid volume. This scoring system provides a good
short-term assessment of fetal risk for death or damage in utero.
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Postnatal

Hyperbilirubinemia is the most frequent problem and can be managed by exchange
transfusion. Phototherapy is an adjunct rather than the first line of therapy in hyper-
bilirubinemia due to erythroblastosis fetalis. Postnatal management and criteria for
exchange transfusion have changed over the years. We currently use the following
management:

1. In hydropic infant at birth:
a. Adequate ventilation must be established.
b. Partial exchange transfusion may be necessary to correct severe anemia.
c. Double-volume exchange transfusion may be required later.

2. Arapid increase in the bilirubin level of greater than 1.0 mg/h and/or a biliru-
bin level approaching 20 mg/dL at any time during the first few days of life in
the full-term infant is an indication for exchange transfusion. In preterm or
high-risk infants, exchange transfusion should be carried out at lower levels of
bilirubin (e.g., 15 mg/dL).

3. Clinical signs suggesting kernicterus at any time at any bilirubin level are an
indication for exchange transfusion.

Prevention of Rh Hemolytic Disease

Rh hemolytic disease can be prevented by the use of Rh immunoglobulin at a dose
of 300 ug, which is indicated in the following circumstances:

1. For all Rh-negative, Rh (D")-negative mothers who are unimmunized to the Rh
factor. In these patients Rh immunoglobulin is given at 28 weeks’ gestation and
within 72 hours of delivery. Antenatal administration of Rh immunoglobulin is
safe for the mother and the fetus

2. For all unimmunized Rh-negative mothers who have undergone sponta-
neous or induced abortion, particularly beyond the seventh or eighth week of
gestation

3. After ruptured tubal pregnancies in unimmunized Rh-negative mothers

4. Following any event during pregnancy that may lead to transplacental hemor-
rhage, such as external version, amniocentesis, or antepartum hemorrhage in
unimmunized Rh-negative women

5. Following tubal ligation or hysterotomy after the birth of an Rh-positive child
in unimmunized Rh-negative women

6. Following chorionic villus sampling at 10-12 weeks’ gestation. In these patients
50 pg of Rh immunoglobulin should be given.

ABO Isoimmunization

Clinical Features

1. Jaundice (indirect hyperbilirubinemia) usually within first 24 hours; may be of
sufficient severity to cause kernicterus

2. Anemia

3. Hepatosplenomegaly.

Table 2-4 lists the clinical and laboratory features of isoimmune hemolysis due to
Rh and ABO incompatibility.

Diagnosis

1. Hemoglobin decreased
2. Smear: spherocytosis in 80% of infants, reticulocytosis, marked polychromasia
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Table 2-4. Clinical and Laboratory Features of Isoimmune Hemolysis Caused by Rh
and ABO Incompatibility

4. Demonstration of incompatible blood group
a. Group O mother may have an infant who is group A or B.
b. Rarely, mother may be A and baby B or AB or mother may be B and baby A

or AB.

o1

6. Demonstration of antibody in infant’s serum
a. When free anti-A is present in a group A infant or anti-B is present in a group
B infant, ABO hemolytic disease may be presumed. These antibodies can be
demonstrated by the indirect Coombs’ test in the infant’s serum using adult
erythrocytes possessing the corresponding A or B antigen. This is proof that
the antibody has crossed from the mother’s to the baby’s circulation.
b. Antibody can be eluted from the infant’s red cells and identified.
7. Demonstration of antibodies in maternal serum. When an infant has signs of
hemolytic disease, the mother’s serum may show the presence of immune

Feature Rh disease ABO incompatibility
Clinical evaluation
Frequency Unusual Common
Occurrence in firstborn 5% 40-50%
Predictably severe in subsequent Usually No
pregnancies
Stillbirth and/or hydrops Occasional Rare
Pallor Marked Minimal
Jaundice Marked Minimal (occasionally marked)
Hepatosplenomegaly Marked Minimal
Incidence of late anemia Common Uncommon
Laboratory findings
Blood type, mother Rh negative O
Blood type, infant Rh positive Aor Bor AB
Antibody type Incomplete (7S) Immune (7S)
Coombs’ test, direct Positive Usually positive
Coombs’ test, indirect Positive Usually positive
Hemoglobin level Very low Moderately low
Serum bilirubin Markedly elevated Variably elevated
Red cell morphology Nucleated RBCs Spherocytes
Treatment
Need for antenatal management Yes No
Exchange transfusion
Frequency ~2:3 ~1:10
Donor blood type Rh-negative group Rh same as infant group O
specific, when only
possible
3. Elevated indirect bilirubin level*

Direct Coombs’ test on infant’s red cells usually positive

*In the era of early discharge of newborns, the use of the critical bilirubin level of 4 mg/dL at the sixth

hour of life will predict significant hyperbilirubinemia and 6 mg/dL at the sixth hour will predict severe
hemolytic disease of the newborn. The reticulocyte count, a positive Coombs’ test, and a sibling with
neonatal jaundice are additional predictors of significant hyperbilirubinemia and reason for careful sur-
veillance of the newborn.
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agglutinins persisting after neutralization with A and B substance and
hemolysins.

Treatment

In ABO hemolytic disease, unlike Rh disease, antenatal management or premature
delivery is not required. After delivery, management of an infant with ABO
hemolytic disease is directed toward controlling the hyperbilirubinemia by frequent
determination of unconjugated bilirubin levels, with a view to the need for photo-
therapy or exchange transfusion. The principles and methods are the same as those
described for Rh hemolytic disease. Group O blood of the same Rh type as that of the
infant should be used. Whole blood is used to permit maximum bilirubin removal by
albumin.

Late-Onset Anemia in Immune Hemolytic Anemia

Infants not requiring an exchange transfusion for hyperbilirubinemia following
immune hemolytic anemia may develop significant anemia during the first 6 weeks
of life because of persistent maternal IgG antibodies hemolyzing the infant’s red
blood cells associated with a reticulocytopenia (antibodies destroy the reticulocytes
as well as the red blood cells). For this reason, follow-up hemoglobin levels weekly
for 4-6 weeks should be done in those infants.

Nonimmune Hemolytic Anemia

The causes of nonimmune hemolytic anemia are listed in Table 2-1.

Vitamin E Deficiency

Vitamin E is one of several free-radical scavengers that serve as antioxidants to pro-
tect cellular components against peroxidative damage. Serum levels of 1.5 mg/dL
are adequate; levels greater than 3.0 mg/dL should be avoided because they may be
associated with serious morbidity and mortality.

Vitamin E protects double bonds of lipids in the membranes of all tissues, including
blood cells. Vitamin E requirements increase with exposure to oxidant stress and
increase as dietary polyunsaturated fatty acid (PUFA) content increases. Vitamin E is
now supplemented in infant formulas in proportion to their PUFA content in a ratio of
E:PUFA > 0.6. The lipoproteins that transport and bind vitamin E are low in neonates.

Clinical Findings

Hemolytic anemia and reticulocytosis
Thrombocytosis
Acanthocytosis
Peripheral edema
Neurologic signs:
Cerebellar degeneration
Ataxia
Peripheral neuropathy.

Hemolytic anemia develops under the following conditions:

Diets high in PUFA supplemented with iron, which is a powerful oxidant
Prematurity
Oxygen administration, a powerful oxidant.
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Diagnosis

Peroxide hemolysis test: Red cells are incubated with small amounts of hydrogen
peroxide, and the amount of hemolysis is measured.

FAILURE OF RED CELL PRODUCTION

Congenital

The congenital causes that contribute to a failure of red cell production are listed in
Table 2-1 and discussed in Chapter 6.

Acquired
Viral Diseases

Viral interference (e.g.,, CMV, HIV) with fetal hematopoiesis may cause anemia,
leukopenia, and thrombocytopenia in the newborn. HIV disease may be associated
with a number of hematologic abnormalities (Chapter 5).

ANEMIA OF PREMATURITY

Anemia of prematurity is characterized by reduced bone marrow erythropoietic
activity and low serum erythropoietin (EPO) levels. It may be compounded by folic
acid, vitamin E, and iron availability and frequent blood sampling.

The low hemoglobin concentration is due to:

* Decreased red cell production (Premature infants have low EPO levels and are
less responsive to EPO.)

* Shorter red cell life span

* Increased blood volume with growth.

The nadir of the hemoglobin level is 4-8 weeks and is 7 g/dL.

Treatment

Recombinant human erythropoietin (rHuEPO) corrects anemia of prematurity. The
dose is 75-300 units/kg/week subcutaneously for 4 weeks starting at 3-4 weeks of
age. This treatment is safe, inexpensive, and effective in reducing the number of
transfusions required. It takes about 2 weeks to raise the hemoglobin to a biologi-
cally significant degree, which limits its usefulness when a prompt response is
needed.

Supplemental oral iron in a dose of at least 2 mg/kg/day is also required to pre-
vent the development of iron deficiency.

The criteria for transfusion of preterm infants vary considerably among different
institutions. Table 2-5 gives indications for small-volume red cell transfusions in
preterm infants.

PHYSIOLOGIC ANEMIA

In utero, the oxygen saturation of the fetus is 70% (hypoxic levels) and this stimu-
lates erythropoietin, produces a reticulocytosis (3-7%), and increases red cell pro-
duction causing a high hemoglobin at birth.
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Table 2-5. Indications for Small-Volume RBC Transfusions in Preterm Infants

Transfuse well infant at hematocrit <20% or <25% with low reticulocyte count and
tachycardia, tachypnea, poor weight gain, poor suck, or apnea

Transfuse infants at hematocrit <30%
a. If receiving <35% supplemental hood oxygen
b. If on CPAP or mechanical ventilation with mean airway pressure <6 cm H,O
c. If significant apnea (>6/day) and bradycardia are noted while receiving therapeutic

doses of methylxanthines

d. If heart rate >180 beats/min or respiratory rate >80 breaths/min persists for 24 hours
e. If weight gain <10 g/day is observed over 4 days while receiving >100 kcal/kg/day
f. If undergoing surgery

Transfuse for hematocrit <35%
a. If receiving >35% supplemental hood oxygen
b. If intubated on CPAP or mechanical ventilation with mean airway pressure >6 cm H,O

Do not transfuse
a. To replace blood removed for laboratory tests alone
b. For low hematocrit value alone

Abbreviation: CPAP, continuous positive airway pressure by nasal or endotracheal route.
Modified from Hume, H. Red blood cell transfusions for preterm infants: the role of evidence-based medicine.
Semin Perinatol 1997;21:8-19, with permission.

After birth the oxygen saturation is 95%, EPO is undetectable, and red cell pro-
duction by day 7 is 10% of the level in utero. As a result of this, the hemoglobin level
falls to a nadir at 8-12 weeks (physiologic anemia). At this point oxygen delivery is
impaired, erythropoietin stimulated, and red cell production increased.

DIAGNOSTIC APPROACH TO ANEMIA IN THE NEWBORN

Figure 2-4 is a flowchart of the investigation of anemia in the newborn and stresses
the importance of the Coombs’ test, the reticulocyte count, the mean corpuscular vol-
ume (MCV), and the blood smear as key investigative tools in elucidating the cause
of the anemia. Table 2-6 lists the clinical and laboratory evaluations required in ane-
mia in the newborn.
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Fig. 2-4. Approach to the diagnosis of anemia in the newborn.
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Table 2-6. Clinical and Laboratory Evaluation of Anemia in the Newborn

History
Obstetrical history
Family history

Physical examination

Laboratory tests
Complete blood count
Reticulocyte count
Blood smear
Coombs’ test (direct and indirect)
Blood type of baby and mother
Bilirubin level
Kleihauen-Betke test on mother’s blood (fetal red cells in maternal blood)
Studies for neonatal infection
Ultrasound of abdomen and head
Red cell enzyme assays (if clinically indicated)
Bone marrow (if clinically indicated)
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IRON-DEFICIENCY ANEMIA

Iron deficiency is the most common nutritional deficiency in children and is
worldwide in distribution. The incidence of iron-deficiency anemia is high
in infancy, but it also exists to a lesser extent in schoolchildren and preadoles-
cents. The incidence of iron deficiency is 5.5% in inner-city schoolchildren rang-
ing in age from 5 to 8 years, 2.6% in preadolescents, and 25% in pregnant teenage
girls.

PREVALENCE

There is a higher prevalence of iron-deficiency anemia in African-American
children than in Caucasian children. Although no socioeconomic group is spared,
the incidence of iron-deficiency anemia is inversely proportional to economic
status.

Peak prevalence occurs during late infancy and early childhood when the follow-
ing may occur:

» Rapid growth with exhaustion of gestational iron

» Low levels of dietary iron

» Complicating effect of cow’s milk; that is, induced exudative enteropathy due to
whole cow’s milk ingestion (page 34).

A second peak is seen during adolescence due to rapid growth and suboptimal
iron intake. This is amplified in females due to menstrual blood loss.

Table 3-1 lists causes of iron deficiency, and Table 3-2 lists infants at high risk for
iron deficiency.

ETIOLOGIC FACTORS

Dietary Requirements

1. One mg/kg/day to a maximum of 15 mg/day (assuming 10% absorption) is
required in normal infants.

2. Two mg/kg/day to a maximum of 15 mg/kg/day is required in low-birth-
weight infants, infants with low initial hemoglobin values, and those who have
experienced significant blood loss.

31
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Table 3-1. Causes of Iron-Deficiency Anemia

II.

III.

. Deficient intake

Dietary (milk, 0.5-1.5 mg iron/L)

Increased demand
Growth (low birth weight, prematurity, low-birth-weight twins or multiple births,
adolescence, pregnancy), cyanotic congenital heart disease

Blood loss
A. Perinatal

1.

Placental

a. Transplacental bleeding into maternal circulation

b. Retroplacental (e.g., premature placental separation)

c. Intraplacental

d. Fetal blood loss at or before birth (e.g., placenta previa)
e. Fetofetal bleeding in monochorionic twins

f. Placental abnormalities (Table 2-1)

. Umbilicus

a. Ruptured umbilical cord (e.g., vasa previa) and other umbilical cord
abnormalities (Table 2-1)

b. Inadequate cord tying

c. Postexchange transfusion

B. Postnatal

1.

[¢8)

N o O

8.

Gastrointestinal tract

a. Primary iron-deficiency anemia resulting in gut alteration with blood loss
aggravating existing iron deficiency: 50% of iron-deficient children have
guaiac-positive stools

b. Hypersensitivity to whole cow’s milk ? due to heat-labile protein, resulting in
blood loss and exudative enteropathy (leaky gut syndrome) (Table 3-4)

c. Anatomic gut lesions (e.g., varices, hiatus hernia, ulcer, leiomyomata, ileitis,
Meckel’s diverticulum, duplication of gut, hereditary telangiectasia, polyps,
colitis, hemorrhoids); exudative enteropathy caused by underlying bowel
disease (e.g., allergic gastroenteropathy, intestinal lymphangiectasia)

d. Gastritis from aspirin, adrenocortical steroids, indomethacin, phenylbutazone

e. Intestinal parasites (e.g., hookworm [Necator americanus])

f. Henoch-Schénlein purpura

. Hepatobiliary system: hematobilia
. Lung: pulmonary hemosiderosis, Goodpasture syndrome, defective iron

mobilization with IgA deficiency

. Nose: recurrent epistaxis
. Uterus: menstrual loss
. Heart: intracardiac myxomata, valvular prostheses or patches

Kidney: microangiopathic hemolytic anemia, hematuria, nephrotic syndrome
(urinary loss of transferrin), hemosiderinurias—chronic intravascular hemolysis
(e.g., paroxysmal nocturnal hemoglobinuria, paroxysmal cold hemoglobinuria,
march hemoglobinuria)

Extracorporeal: hemodialysis, trauma

IV. Impaired absorption
Malabsorption syndrome, celiac disease, severe prolonged diarrhea, postgastrectomy,
inflammatory bowel disease, Helicobacter pylori infection associated chronic gastritis.

Food Iron Content

A newborn infant is fed predominantly milk. Breast milk and cow’s milk contain

less than 1.5 mg iron per 1000 calories (0.5-1.5 mg/L). Although cow’s milk and
breast milk are equally poor in iron, breast-fed infants absorb 49% of the iron, in
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Table 3-2. Infants at High Risk for Iron Deficiency

Increased iron needs:
Low birth weight
Prematurity
Multiple gestation
High growth rate
Chronic hypoxia—high altitude, cyanotic heart disease
Low hemoglobin at birth
Blood loss:
Perinatal bleeding
Dietary factors:
Early cow’s milk intake
Early solid food intake
Rate of weight gain greater than average
Low-iron formula
Frequent tea intake”
Low vitamin C intake’
Low meat intake
Breast-feeding >6 months without iron supplements
Low socioeconomic status (frequent infections)

“Tea inhibits iron absorption.
*Vitamin C enhances iron absorption.

contrast to the approximately 10% that is absorbed from cow’s milk. The bioavail-
ability of iron in breast milk is much greater than in cow’s milk.
Table 3-3 lists the iron content of infant foods.

Growth

Growth is particularly rapid during infancy and during puberty. Blood volume
and body iron are directly related to body weight throughout life. Each kilogram
gain in weight requires an increase of 35-45 mg body iron.

The amount of iron in the newborn is 75 mg/kg. If no iron is present in the diet or
if blood loss occurs, the iron stores present at birth will be depleted by 6 months in a
full-term infant and by 34 months in a premature infant.

The most common cause of iron-deficiency anemia is inadequate intake during the
rapidly growing years of infancy and childhood.

Table 3-3. Iron Content of Infant Foods

Food Iron, mg Unit
Milk 0.5-1.5 Liter
Eggs 1.2 Each
Cereal, fortified 3.0-5.0 Ounce
Vegetables (starched)

Yellow 0.1-0.3 Ounce

Green 0.3-0.4 Ounce
Meats (strained)

Beef, lamb, liver 0.4-2.0 Ounce

Pork, liver, bacon 6.6 Ounce

Fruits (strained) 0.2-0.4 Ounce
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Blood Loss

Blood loss, an important cause of iron-deficiency anemia, may be due to prenatal,
intranatal, or postnatal causes (see Chapter 2, Table 2-1). Hemorrhage occurring later
in infancy and childhood may be either occult or apparent (Table 3-1).

Iron deficiency by itself, irrespective of its cause, may result in occult blood loss
from the gut. More than 50% of iron-deficient infants have guaiac-positive stools.
This blood loss is due to the effects of iron deficiency on the mucosal lining (e.g., defi-
ciency of iron-containing enzymes in the gut), leading to mucosal blood loss. This sets
up a vicious cycle in which iron deficiency results in mucosal change, which leads to
blood loss and further aggravates the anemia. The bleeding due to iron deficiency is
corrected with iron treatment. In addition to iron deficiency per se causing blood loss,
it may also induce an enteropathy, or leaky gut syndrome. In this condition, a num-
ber of blood constituents, in addition to red cells, are lost in the gut (Table 3-4).

Cow’s milk can result in an exudative enteropathy associated with chronic gas-
trointestinal (GI) blood loss resulting in iron deficiency. Whole cow’s milk should be
considered the cause of iron-deficiency anemia under the following clinical circum-
stances:

1. One quart or more of whole cow’s milk consumed per day

2. Iron deficiency accompanied by hypoproteinemia (with or without edema) and
hypocupremia (Dietary iron-deficiency anemia unassociated with exudative
enteropathy is usually associated with an elevated serum copper level). It is also
associated with hypocalcemia, hypotransferrinemia, and low serum immunoglob-
ulins due to the leakage of these substances from the gut.

3. Iron-deficiency anemia unexplained by low birth weight, poor iron intake, or
excessively rapid growth

4. Iron-deficiency anemia that recurs after a satisfactory hematologic response fol-

lowing iron therapy

Rapidly developing or severe iron-deficiency anemia

Suboptimal response to oral iron in iron-deficiency anemia

7. Consistently guaiac-positive stool tests in the absence of gross bleeding and
other evidence of organic lesions in the gut

8. Return of GI function and prompt correction of anemia on cessation of cow’s
milk and substitution by formula.

oo

Blood loss can thus occur as a result of gut involvement due to primary iron-
deficiency anemia (Table 3-4) or secondary iron-deficiency anemia as a result of gut
abnormalities induced by hypersensitivity to cow’s milk, or as a result of demon-
strable anatomic lesions of the bowel, for example, Meckel’s diverticulum.

Impaired Absorption

Impaired iron absorption due to a generalized malabsorption syndrome is an
uncommon cause of iron-deficiency anemia. Because of its effect on the bowel
mucosa, severe iron deficiency may induce a secondary malabsorption of iron as
well as malabsorption of xylose, fat, and vitamin A (Table 3-4).

Nonhematologic Manifestations

Iron deficiency is a systemic disorder involving multiple systems rather than
exclusively a hematologic condition associated with anemia. Table 3-5 lists important
iron-containing compounds in the body and their functions, and Table 3-6 lists the
tissue effects of iron deficiency.
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Table 3-4. Classification of Iron-Deficiency Anemia in Relationship to Gut Involvement

Primary iron deficiency (dietary, rapid growth)

Mild or severe

Severe’

Gut changes None Leaky gut syndrome Malabsorption syndrome
—— .
Effect No blood loss Loss of: Loss of: Impaired absorption Impaired absorption of xylose, fat,
Red cells only Red cells of iron only lactose, and vitamin A
Plasma protein Duodenitis
Albumin
Immune globulin
Copper
Calcium
Result Iron-deficiency IDA, guaiac-positive IDA, exudative IDA, refractory to IDA, transient enteropathy
anemia (IDA) enteropathy oral iron
Treatment Oral iron Oral iron Oral iron IM iron-dextran complex
Secondary iron deficiency
Mild or severe Severe
Pathogenesis Cow’s milk-induced ? heat-labile protein Anatomic lesion (e.g., Meckel’s diverticulum, polyp, intestinal
duplication, peptic ulcer)
Effect Leaky gut syndrome Blood loss
Loss of:
Red cells
Plasma protein
Albumin
Immune globulin
Copper
Calcium
Result Recurrent IDA, exudative enteropathy Recurrent IDA
Treatment Discontinue whole cow’s milk; soya milk formula; oral iron Surgery, specific medical management, iron PO or IM iron

dextran

Can occur in severe chronic iron-deficiency anemia from any cause.
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Table 3-5. Important Iron-Containing Compounds

Compound Function

o-Glycerophosphate dehydrogenase Work capacity

Catalase RBC peroxide breakdown

Cytochromes ATP production, protein synthesis, drug
metabolism, electron transport

Ferritin Iron storage

Hemoglobin Oxygen delivery

Hemosiderin Iron storage

Mitochondrial dehydrogenase Electron transport

Monoamine oxidase Catecholamine metabolism

Myoglobin Oxygen storage for muscle contraction

Peroxidase Bacterial killing

Ribonucleotide reductase Lymphocyte DNA synthesis, tissue growth

Transferrin Iron transport

Xanthine oxidase Uric acid metabolism

Table 3-6. Tissue Effects of Iron Deficiency

I. Gastrointestinal tract
A. Anorexia—common and an early symptom

1. Increased incidence of low-weight percentiles

2. Depression of growth

Pica—pagophagia (ice) geophagia (sand)

Atrophic glossitis

Dysphagia

Esophageal webs (Kelly—Paterson syndrome)

Reduced gastric acidity

Leaky gut syndrome

1. Guaiac-positive stools—isolated

2. Exudative enteropathy: gastrointestinal loss of protein, albumin,
immunoglobulins, copper, calcium, red cells

H. Malabsorption syndrome

1. Iron only

2. Generalized malabsorption: xylose, fat, vitamin A, duodenojejunal mucosal
atrophy

Beeturia

Decreased cytochrome oxidase activity and succinic dehydrogenase

Decreased disaccharidases, especially lactase, with abnormal lactose tolerance tests

Increased absorption of cadmium and lead (iron-deficient children have increased

lead absorption)

Increased intestinal permeability index

OmmON®m
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II. Central nervous system

Irritability

Fatigue and decreased activity

Conduct disorders

Lower mental and motor developmental test scores on the Bayley scale that may be
long lasting

Decreased attentiveness, shorter attention span
Significantly lower scholastic performance
Reduced cognitive performance
Breath-holding spells

Papilledema

Onwm>

=20 mm

(Continues)
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Table 3-6. (Continued)

ITII. Cardiovascular system
A. Increase in exercise and recovery heart rate and cardiac output
B. Cardiac hypertrophy
C. Increase in plasma volume
D. Increased minute ventilation values
E. Increased tolerance to digitalis

IV. Musculoskeletal system

. Deficiency of myoglobin and cytochrome C

. Impaired performance of a brief intense exercise task

. Decreased physical performance in prolonged endurance work

. Rapid development of tissue lactic acidosis on exercise and a decrease in
mitochondrial o-glycerophosphate oxidase activity

E. Radiographic changes in bone—widening of diploic spaces

E. Adverse effect on fracture healing

9N w >

V. Immunologic system
There is conflicting information as to the effect on the immunologic system of iron-
deficiency anemia.
A. Evidence of increased propensity for infection
1. Clinical
a. Reduction of acute illness and improved rate of recovery in iron-replete
compared to iron-deficient children
b. Increased frequency of respiratory infection in iron deficiency
2. Laboratory
a. Impaired leukocyte transformation
b. Impaired granulocyte killing and nitroblue tetrazolium (NBT) reduction by
granulocytes
c. Decreased myeloperoxidase in leukocytes and small intestine
d. Decreased cutaneous hypersensitivity
e. Increased susceptibility to infection in iron-deficient animals
B. Evidence of decreased propensity for infection
1. Clinical
a. Lower frequency of bacterial infection
b. Increased frequency of infection in iron overload conditions
2. Laboratory
a. Transferrin inhibition of bacterial growth by binding iron so that no free iron
is available for growth of microorganisms
b. Enhancement of growth of nonpathogenic bacteria by iron

VI. Cellular changes
A. Red cells
1. Ineffective erythropoiesis
Decreased red cell survival (normal when injected into asplenic subjects)
Increased autohemolysis
Increased red cell rigidity
Increased susceptibility to sulfhydryl inhibitors
Decreased heme production
Decreased globin and o-chain synthesis
? Precipitation of a-globin monomers to cell membrane
Decreased glutathione peroxidase and catalase activity
a. Inefficient H,0, detoxification
b. Greater susceptibility to H,O, hemolysis
c. Oxidative damage to cell membrane
d. Increased cellular rigidity

0PN T RN

(Continues)
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Table 3-6. (Continued)

10. Increased rate of glycolysis-glucose 6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, 2,3-diphosphoglycerate (2,3-DPG), and
glutathione

11. Increase in NADH-methemoglobin reductase

12. Increase in erythrocyte glutamic oxaloacetic transaminase (EGOT)

13. Increase in free erythrocyte protoporphyrin

14. Impairment of DNA and RNA synthesis in bone marrow cells

B. Other tissues

Reduction in heme-containing enzymes (cytochrome C, cytochrome oxidase)
Reduction in iron-dependent enzymes (succinic dehydrogenase, aconitase)
Reduction in monoamine oxidase (MAQO)

Increased excretion of urinary norepinephrine

Reduction in tyrosine hydroxylase (enzyme converting tyrosine to
dihydroxyphenylalanine)

Alterations in cellular growth, DNA, RNA, and protein synthesis in animals
Persistent deficiency of brain iron following short-term deprivation

8. Reduction in plasma zinc

SUEI N .
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DIAGNOSIS

Blood

Hemoglobin: Hemoglobin is below the acceptable level for age (Appendix 1).

Red cell indices: Lower than normal MCV, MCH, and MCHC for age. Widened

red cell distribution width (RDW) in association with a low MCYV is one of the

best screening tests for iron deficiency.

Blood smear: Red cells are hypochromic and microcytic with anisocytosis and

poikilocytosis, generally occurring only when the hemoglobin level falls below

10 g/dL. Basophilic stippling can also be present but not as frequently as it is

present in thalassemia trait. The RDW is high (>14.5%) in iron deficiency and

normal in thalassemia (<13%).

Reticulocyte count: The reticulocyte count is usually normal; however, in severe

iron-deficiency anemia associated with bleeding, a reticulocyte count of 3—4%

may occur.

Platelet count: The platelet count varies from thrombocytopenia to thrombocy-

tosis. Thrombocytopenia is more common in severe iron-deficiency anemia;

thrombocytosis is present when there is associated bleeding from the gut.

Free erythrocyte protoporphyrin: The incorporation of iron into protoporphyrin

represents the ultimate stage in the biosynthetic pathway of heme. Failure of

iron supply will result in an accumulation of free protoporphyrin not incorpo-
rated into heme synthesis in the normoblast and the release of erythrocytes into
the circulation with high free erythrocyte protoporphyrin (FEP) levels.

a. The normal FEP level is 15.5 + 8.3 mg/dL. The upper limit of normal is
40 mg/dL. Table 3-7 gives the causes of elevated levels of FEP and its advan-
tages over transferrin saturation levels as a diagnostic tool.

b. In both iron deficiency and lead poisoning, the FEP level is elevated. It is
much higher in lead poisoning than in iron deficiency. The FEP is normal in
o- and B-thalassemia minor. FEP elevation occurs as soon as the body stores
of iron are depleted, before microcytic anemia develops. An elevated FEP
level, therefore, is an indication for iron therapy even when anemia and
microcytosis have not yet developed.

Serum ferritin: The level of serum ferritin reflects the level of body iron stores; it

is quantitative, reproducible, specific, and sensitive and requires only a small
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Table 3-7. Causes of Elevated Levels of Free Erythrocyte Protoporphyrin and

Advantages of FEP Compared to Transferrin Saturation as a Diagnostic
Tool

Causes of raised levels of FEP:

1.
. Conditions with high reticulocyte count”
. Lead poisoning (very high levels)

. Chronic infection

. Erythropoietic protoporphyria

. Acute myelogenous leukemia

7.

N Ul WIN

Iron-deficiency anemia

Rare cases of dyserythropoietic and sideroblastic anemias

Advantages of FEP compared with transferrin saturation:

1.
2.

3.

FEP is not subject to daily fluctuations

FEP remains elevated during iron treatment (returns to normal after cells with excess
FEP are replaced)

FEP is not elevated in o- and B-thalassemia

“Reticulocytes have a slightly higher concentration of FEP. It occurs in hemolytic anemias (e.g., hemoglobin
SS disease).

YUseful to know whether a patient who is in the process of receiving iron treatment was iron deficient before
commencement of iron therapy.

blood sample. A concentration of less than 12 ng/mL is considered diagnostic
of iron deficiency. Normal ferritin levels, however, can exist in iron deficiency
when bacterial or parasitic infection, malignancy, or chronic inflammatory con-
ditions coexist because ferritin is an acute-phase reactant. Figure 3-1 depicts the
normal range of serum ferritin concentrations at different ages.

Serum iron and iron saturation percentage: Serum iron estimation as a measure of
iron deficiency has serious limitations. It reflects the balance between several
factors, including iron absorbed, iron used for hemoglobin synthesis, iron
released by red cell destruction, and the size of iron stores. The serum iron con-
centration represents an equilibrium between the iron entering and leaving the
circulation. Serum iron has a wide range of normal, varies significantly with
age (see Appendix 1), and is subject to marked circadian changes (as much as
100 pg/dL during the day). The author has abandoned the use of serum iron for
the routine diagnosis of iron deficiency (in favor of MCV, RDW, FEP, and serum
ferritin) because of the following limitations:

a. Wide normal variations (age, sex, laboratory methodology)

b. Time consuming

c. Subject to error from iron ingestion

d. Diurnal variation

e. Falls in mild or transient infection.

. Therapeutic trial: The most reliable criterion of iron-deficiency anemia is the

hemoglobin response to an adequate therapeutic trial of oral iron. A reticulo-
cytosis with a peak occurring between the 5th and 10th days followed by a
significant rise in hemoglobin level occurs. The absence of these changes
implies that iron deficiency is not the cause of the anemia. Iron therapy
should then be discontinued and further diagnostic studies implemented.
Table 3-8 summarizes the diagnostic tests available for the investigation of
iron-deficiency anemia.

Other tests for iron deficiency not in common usage include the following:

1. Serum transferrin receptor levels (STfR): This is a sensitive measure of iron defi-

ciency and correlates with hemoglobin and other laboratory parameters of iron



40  Hematology and Oncology

500 | i
i e

-

:

b |
.o
-

T N
-==1

Serum Ferritin (nanograms of ferritin protein per milliliter)
T
. .
L
-
. foteodprad =
* wn g3 1-" .
L S

100

(4
(=]

T T T T TTT
.
.

-
Q

LI 0 4

[ ]
-
|
]

1
1
\
i
1
i
1
1
1

oy L
1
1
1
1
(]
[]
1

oge o

(4]

T

1 1 1 1 L 1 4 L 'l 1 L - |
NB 1-2 6-11 2-3 8-10 2 o
months maonths years years
1 3-5 4-7 11-15 Adults
month months ' Year years years

Fig. 3-1. Serum ferritin concentrations during development in the healthy nonanemic newborn, in infants,
and in children of various age groups, together with adult male and female values. The median value in
each age group is indicated by a horizontal line. The dashed line encloses a square, which includes the
95% confidence levels of the values between the ages of 6 months and 15 years. (From Siimes MA,
Addrego JE, Dallman PR. Ferritin in serum: diagnosis of iron deficiency and iron overload in infants and
children. Blood 1974;43:581, with permission.)

Note: Normal ferritin levels can occur in iron deficiency in the presence of bacterial or parasitic infection,
malignancy, or chronic inflammatory conditions because ferritin is an acute-phase reactant.

status. The STfR is increased in instances of hyperplasia of erythroid precursors
such as iron-deficiency anemia and thalassemia and is normal in chronic
inflammation. It is therefore of great value in distinguishing iron deficiency
from the anemia of chronic disease. It can be measured by a sensitive enzyme-
linked immunosorbent assay (ELISA) technique.

2. Red blood cell zinc protoporphyrin/heme ratio: When available bone marrow iron is
insufficient to support heme synthesis, zinc substitutes for iron in protoporphyrin
IX, and the concentration of zinc protoporphyrin relative to heme increases. This
test is more sensitive than plasma ferritin level tests, is inexpensive and simple,
and is not altered in chronic inflammatory diseases or acute infections.

Differential Diagnosis

Although hypochromic anemia in children is usually due to iron deficiency, it is
not necessarily attributable to this condition. A list of the causes of hypochromia is
given in Table 3-9. In some of these cases, there is an inability to synthesize hemo-
globin normally in spite of adequate iron (e.g., thalassemia, lead poisoning). In
unusual or obscure cases of hypochromic anemia, it is necessary to do additional
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Table 3-8. Diagnostic Tests for Iron-Deficiency Anemia

W

NSO

. Blood smear

a. Hypochromic microcytic red cells, confirmed by RBC indices:
(1) MCYV less than acceptable normal for age (see Appendix 1)
(2) MCH less than 27.0 pg
(3) MCHC less than 30%

b. Wide red cell distribution width (RDW) greater than 14.5%

. Free erythrocyte protoporphyrin: elevated
. Serum ferritin: decreased
. Serum iron and iron binding capacity

a. Decreased serum iron
b. Increased iron-binding capacity
c. Decreased iron saturation (16% or less)

. Therapeutic responses to oral iron

a. Reticulocytosis with peak 5-10 days after institution of therapy
b. Following peak reticulocytosis hemoglobin level rises on average by 0.25-0.4 g/dL/day
or hematocrit rises 1%/day

. Serum transferrin receptor level”
. Red blood cell zinc protoporphyrin/heme ratio”
. Bone marrow

b

a. Delayed cytoplasmic maturation
b. Decreased or absent stainable iron

“"Rarely required or readily available.
YUsed only if difficulty is experienced in elucidating cause of anemia.

investigations, such as determination of serum ferritin, serum transferrin receptor
levels, hemoglobin electrophoresis, and examination of the bone marrow for stained
iron, in order to establish the cause of the hypochromia.

Table 3-10 lists the investigations employed in the differential diagnosis of micro-

cytic anemias and Figure 3-2 depicts a flow chart for the diagnosis of microcytic
anemia using MCV and RDW.

Table 3-9. Disorders Associated with Hypochromia

O N O U1

. Iron deficiency
. Hemoglobinopathies

a. Thalassemia (o and B)
b. Hemoglobin Koln

c. Hemoglobin Lepore
d. Hemoglobin H

e. Hemoglobin E

. Disorders of heme synthesis caused by a chemical

a. Lead
b. Pyrazinamide
c. Isoniazid

. Sideroblastic anemias (Table 6-24)

. Chronic infections or other inflammatory states
. Malignancy

. Hereditary orotic aciduria

. Hypo- or atransferrinemia

Congenital
Acquired (e.g., hepatic disorders); malignant disease, protein malnutrition (decreased
transferrin synthesis), nephrotic syndrome (urinary transferrin loss)

. Copper deficiency
. Inborn error of iron metabolism

Congenital defect of iron transport to red cells




42 Hematology and Oncology

Table 3-10. Summary of Laboratory

MCV
Ethnic origin Hb MCV in parents RDW
Iron deficiency Any 2 d N T
B-Thalassemia
B* trait Mediterranean Slight 1 \2 One parent N
(heterozygous)
BO (homozygous)  Mediterranean d d Both parents N
o-Thalassemia
Silent carrier Asians, blacks, N N N N
(o-thal-2) Mediterranean
Trait (ct-thal-1) Asians, blacks, N or d One parent N
Mediterranean slightly |
Hemoglobin H l N )
disease
Anemia chronic Any d N N N
infection
Sideroblastic Any 2 N N T

Abbreviations: Hb, hemoglobin; MCV, mean corpuscular volume; RDW, red cell distribution width; FEP, free
erythrocyte protoporphyrin; TIBC, total iron-binding capacity,T, abnormally high; |, abnormally low; N, normal.

In addition to making a diagnosis of iron-deficiency anemia, its pathogenesis must
be established. The history should include conditions resulting in low iron stores at
birth, dietary history, and consideration of all factors leading to blood loss. The most
common site of bleeding is into the bowel, and the most important investigation is
examination of the stool for occult blood. If occult blood is found, its cause should be
established by examination of stools for ova, rectal examination, barium enema,
upper GI series, #™Tc-pertechnetate scan for detection of a Meckel’s diverticulum,
upper endoscopy, and colonoscopy.

Negative guaiac tests for occult bleeding may occur if bleeding is intermittent; for
this reason, occult bleeding should be tested for on at least five occasions when GI
bleeding is suspected. The guaiac test is only sensitive enough to pick up more than
5 mL occult blood. Excessive uterine bleeding, epistaxis, renal blood loss (hema-
turia), and, on rare occasions, bleeding into the lung (idiopathic pulmonary hemo-
siderosis and Goodpasture syndrome) may all be causes of iron-deficiency anemia.
Bleeding into these areas requires specific investigations designed to detect the cause
of bleeding.

TREATMENT
Nutritional Counseling

1. Maintain breast-feeding for at least 6 months, if possible.

2. Use an iron-fortified (6-12 mg/L) infant formula until 1 year of age (formula is
preferred to whole cow’s milk). Restrict milk to 1 pint/day.

3. Use iron-fortified cereal from 6 months to 1 year.
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Studies in Microcytic Anemias

Bone
marrow
Serum iron Hb electro-
FEP Ferritin  iron TIBC status phoresis Other features
T 1 1 T N Normal Dietary deficiency
N NorT N N N A, raised F Normal examination
normal or T
T T T T T F raised Hepatosplenomegaly
(60-90%) Transfusion
dependent
N N N N N Normal No hematologic
abnormalities
N NorT N N N Normal
N NorT NorT N T Hemoglobin H  Hemolytic anemia of
(2—40%) variable severity
Inclusion bodies
in RBCs
T Nor T l NorT NorT Normal
NorT NorT NorT Norl T Normal
MCV Normal
Low
(for age)
RDW
Narrow Wide

| |

Hemoglobin electrophoresis FEP*
MCV on Parents Ferritin
Trial of Iron

*Also elevated in lead poisoning.
Do serum lead level (if clinically indicated)

Fig. 3-2. Flowchart depicting the diagnosis of microcytic anemia using MCV and RDW.
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4. Use evaporated milk or soy-based formula when iron deficiency is due to
hypersensitivity to cow’s milk.

5. Provide supplemental iron for low-birth-weight infants:

a. Infants 1.5-2.0 kg: 2 mg/kg/day supplemental iron
b. Infants 1.0-1.5 kg: 3 mg/kg/day supplemental iron
c. Infants <1 kg: 4 mg/kg/day supplemental iron.

6. Facilitators of iron absorption such as vitamin C-rich foods (citrus, tomatoes,
and potatoes), meat, fish, and poultry should be included in the diet; inhibitors
of iron absorption such as tea, phosphate, and phytates common in vegetarian
diets should be eliminated.

Oral Iron Medication

1. Product: Ferrous iron (e.g., ferrous gluconate, ferrous ascorbate, ferrous lactate,
ferrous succinate, ferrous fumarate, or ferrous glycine sulfate) is effective. Ferric
irons and heavily chelated iron should not be used because they are poorly and
inefficiently absorbed.

2. Dose: 1.5-2.0 mg/kg elemental iron three times daily. Older children: ferrous
sulfate (0.2 g) or ferrous gluconate (0.3 g) given three times daily, to provide
100-200 mg elemental iron. In children with GI side effects, iron once every
other day may be better tolerated with good effect.

3. Duration: 6-8 weeks after hemoglobin level and the red cell indices return to
normal.

4. Response:

a. Peak reticulocyte count experienced on days 5-10 following initiation of iron
therapy.

b. Following peak reticulocyte level, hemoglobin rises on average by 0.25-0.4
g/dL/day or hematocrit rises 1%/day during first 7-10 days.

c. Thereafter, hemoglobin rises more slowly: 0.1-0.15 g/dL/day.

5. Failure to respond to oral iron: If patient fails to respond to oral iron, the follow-
ing reasons should be considered:

a. Poor compliance (failure or irregular administration of oral iron); adminis-
tration can be verified by change in stool color to gray-black or by testing
stool for iron

b. Inadequate iron dose

c. Ineffective iron preparation

d. Persistent or unrecognized blood loss, with the patient losing iron as fast as
it is replaced

e. Incorrect diagnosis

f. Coexistent disease that interferes with absorption or utilization of iron (e.g.,
infection, inflammatory bowel disease, malignant disease, hepatic or renal
disease, or concomitant deficiencies of, for instance, vitamin B, ., folic acid,
thyroid, associated lead poisoning)

g. Impaired GI absorption (e.g., concurrent administration of large amounts of
antacids, which bind iron and histamine-2 blockers).

12/

Parenteral Therapy
Intramuscular

Iron—dextran, a parenteral form of elemental iron, is available for intramuscular use.
It is safe, effective, and well tolerated even in infants with a variety of acute illnesses,
including acute diarrheal disorders.
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Indications

1. Noncompliance with oral administration of iron

2. Severe bowel disease (e.g., inflammatory bowel disease)—use of oral iron might
aggravate the underlying disease of the bowel

3. Chronic hemorrhage (e.g., hereditary telangiectasia, menorrhagia, chronic
hemoglobinuria from prosthetic heart valves)

4. Acute diarrheal disorder in underprivileged populations with iron-deficiency
anemia.

Dose

For intramuscular iron—-dextran the following formula is used to raise the hemoglo-
bin level to normal and to replenish iron stores:

Normal hemoglobin — initial hemoglobin

100

x Blood volume (mL) x 3.4 x 1.5

where

Normal hemoglobin is taken from Appendix 1

Blood volume is 80 mL/kg or 40 mL/lb body weight

Multiplication by 3.4 is done to convert grams of hemoglobin into milligrams of iron
The factor of 1.5 provides extra iron to replace depleted tissue stores

Iron—-dextran complex provides 50 mg elemental iron/mL.

Side Effects

Staining at the site of intramuscular injection may occur, especially in cases in
which the solution is accidentally administered into the superficial tissues.
Staining is of a transient type, disappearing after a few weeks or months. The local
inflammatory reaction is slight. Nausea and dizziness have been reported in occa-
sional cases. Because of the painful nature of and the skin discoloration that occurs
with intramuscular injection, the preferred route for parenteral iron administration
is intravenous.

Intravenous

Sodium ferric gluconate (Ferrlecit) or iron(IIl) hydroxide sucrose complex (Venofer)
for intravenous use is effective and has a superior safety profile when compared with
intravenous iron-dextran. They are especially useful in anemia associated with renal
failure and hemodialysis. Dosage ranges from 1 to 4 mg/kg per week.

Blood Transfusion

A packed red cell transfusion should be given in severe anemia requiring correc-
tion more rapidly than is possible with oral iron or parenteral iron or because of the
presence of certain complicating factors. This should be reserved for debilitated chil-
dren with infection, especially when signs of cardiac dysfunction are present and the
hemoglobin level is 4 g/dL or less.

Partial Exchange Transfusion

A partial exchange transfusion has been recommended in the management of a
severely anemic child under two circumstances:



46  Hematology and Oncology

1. In a surgical emergency, when a final hemoglobin of 9-10 g/dL should be
attained to permit safe anesthesia

2. When anemia is associated with congestive heart failure, in which case it is suf-
ficient to raise the hemoglobin to 4-5 g/dL to correct the immediate anoxia.
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MEGALOBLASTIC ANEMIA

Megaloblastic anemias are characterized by the presence of megaloblasts in the
bone marrow and macrocytes in the blood. In more than 95% of cases, megaloblastic
anemia is a result of folate and vitamin B,, (cobalamin)* deficiency. Megaloblastic
anemia may also result from rare inborn errors of metabolism of folate or vitamin B,
In addition, deficiencies of ascorbic acid, tocopherol, and thiamine may be related to
megaloblastic anemia. The causes of megaloblastosis are listed in Table 4-1.

VITAMIN B., DEFICIENCY

Dietary vitamin B,, (cobalamin or Cbl), acquired mostly from animal sources,
including meat and milk, is absorbed in a series of steps as follows:

* Proteolytic release of Cbl from its associated proteins occurs, and Cbl binds to
R-binder proteins made in saliva and the stomach.

» After exposure to pancreatic proteases, Cbl is released from the R proteins.

» Cbl binds to a gastric secretory protein known as intrinsic factor (IF) to form the
IF-Cbl complex.

o The IF-Cbl complex is recognized by receptors on ileal mucosal cells.

» Transport occurs across ileal cells in the presence of calcium ions.

* Release into the portal circulation bound to transcobalamin II (TC II), the serum
protein that carries newly absorbed Cbl throughout the body, occurs.

Cobalamin is converted into the two required coenzyme forms, adenosylcobal-
amin (AdoCbl) and methylcobalamin (MeCbl). The cellular metabolism by which the
coenzymes are formed involves the following:

» Receptor-mediated binding of the TC II-Cbl complex to the cell surface

» Adsorptive endocytosis of the complex

* Intralysosomal degradation of the TC II

* Release of Cbl into cytoplasm

» Enzyme-mediated reduction of the central cobalt atom

» Cytosolic methylation to form MeCbl or mitochondrial adenosylation to form
AdoCbl.

The causes of Cbl deficiency are listed in Table 4-2.

*For the purposes of this chapter, vitamin B,,, cobalamin, and Cbl are used interchangeably. Vitamin B,,
contains a metal ion in the form of cobalt and therefore is also known as cobalamin.

47
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Table 4-1. Causes of Megaloblastosis

I. Vitamin B,, (cobalamin) deficiency (Table 4-2)
II. Folate deficiency (Table 4-6)

ITI. Miscellaneous
A. Congenital disorders in DNA synthesis
1. Orotic aciduria (uridine responsive)—pyrimidine biosynthesis is interrupted
2. Thiamine-responsive megaloblastic anemia”
3. Congenital familial megaloblastic anemia requiring massive doses of vitamin B,,
and folate
4. Associated with congenital dyserythropoietic anemia (Table 6-5 and Table 6-6)
5. ? Lesch-Nyhan syndrome (adenine-responsive)—purine nucleotide regeneration
is blocked
B. Acquired defects in DNA synthesis
1. Liver disease
2. Sideroblastic anemias (Table 6-24)
3. Leukemia, especially acute myeloid leukemia (M6) (Chapter 14)
4. Aplastic anemia (constitutional /acquired)
5. Refractory megaloblastic anemia
C. Drug-induced megaloblastosis
1. Purine analogues (e.g., 6-mercaptopurine, azathioprine, and thioguanine)
2. Pyrimidine analogues (5-fluorouracil, 6-azauridine)
3. Inhibitors of ribonucleotide reductase (cytosine arabinoside, hydroxyurea)

?Associated in some cases with diabetes and sensorineural hearing impairment and in others with the DID-
MOAD syndrome (page 64). There is wide clinical heterogeneity of this rare disorder. Only the anemia is respon-
sive to high doses of thiamine.

Table 4-2. Causes of Vitamin B,, Deficiency

I. Inadequate vitamin B,, intake
A. Dietary (<2 pug/day): food fads, veganism, malnutrition, poorly controlled PKU diet
B. Maternal deficiency leading to B,, deficiency in breast milk

II. Defective vitamin B,, absorption (Table 4-3)
A. Failure to secrete intrinsic factor

1. Congenital intrinsic factor deficiency (gastric mucosa normal) (OMIM 261000)
a. Quantitative
b. Qualitative (biologically inert)’

2. Juvenile pernicious anemia (autoimmune) (gastric atrophy)

3. Juvenile pernicious anemia (gastric autoantibodies) with autoimmune
polyendocrinopathies (OMIM 240300)

4. Juvenile pernicious anemia with IgA deficiency

5. Gastric mucosal disease
a. Corrosives
b. Gastrectomy (partial/total)

B. Failure of absorption in small intestine

1. Specific vitamin B,, malabsorption
a. Abnormal intrinsic factor”
b. Defective cobalamin transport by enterocytes—abnormal ileal uptake

(Imerslund—Grésbeck syndrome) (OMIM 261100)
c. Ingestion of chelating agents (phytates, EDTA) (binds calcium and interferes
with vitamin B,, absorption)

2. Intestinal disease causing generalized malabsorption, including vitamin B,,
malabsorption:
a. Intestinal resection (e.g., congenital stenosis, volvulus, trauma)
b. Crohn’s disease

(Continues)
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Table 4-2. (Continued)
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. Tuberculosis of terminal ileum

. Lymphosarcoma of terminal ileum

. Pancreatic insufficiency

. Zollinger—Ellison syndrome

. Celiac disease, tropical sprue

. Other less specific malabsorption syndromes

. HIV infection

. Long-standing medication that decreases gastric acidity

. Neonatal necrotizing enterocolitis

ompetition for vitamin B,,

. Small-bowel bacterial overgrowth (e.g., small-bowel diverticulosis,
anastomoses and fistulas, blind loops and pouches, multiple strictures,
scleroderma, achlorhydria, gastric trichobezoar)

b. Diphyllobothrium latum (takes up free B,, and B,, intrinsic factor complex),

Giardia lamblia, Plasmodium falciparum, Strongyloides stercoralis

III. Defective vitamin B,, transport

A. Congenital TC II deficiency (OMIM 275350)

B. Transient deficiency of TC II

C. Partial deficiency of TC I (R-binder deficiency) (OMIM 193090)

IV. Disorders of vitamin B , metabolism
A. Congenital

1.

2.
3.

4.

Adenosylcobalamin deficiency CblA (OMIM 251100) and CbIB diseases (OMIM
251100)

Deficiency of methylmalonyl-CoA mutase (mut’, mut”)

Methylcobalamin deficiency CblE (OMIM 236270) and CblG diseases (OMIM
250940)

Combined adenosylcobalamin and methylcobalamin deficiencies: CbIC (OMIM
277400), CblD (OMIM 277410), and CblF diseases (OMIM 277380)

B. Acquired

1.
2.
3.

Liver disease

Protein malnutrition (kwashiorkor, marasmus)

Drugs associated with impaired absorption and/or utilization of vitamin B,, (e.g.,
p-aminosalicylic acid, colchicine, neomycin, ethanol, oral contraceptive agents?,
metformin)

Abbreviation: OMIM, Online Mendelian Inheritance in Man (Page 50).
“Same condition.

Clinical Manifestations

Cbl deficiency is characterized by the following:

Failure to thrive, anorexia, weakness, glossitis

Pallor, scleral icterus

Anemia with high MCV, hypersegmented neutrophils, leukopenia, thrombocy-
topenia

Megaloblastic bone marrow

Elevated urinary and plasma methylmalonic acid and homocysteine

Muscle hypotonia, tremor, myoclonus.

Nutritional Deficiency

The daily allowance of vitamin B, for children is 2.5 ug/day. The most common
cause of Cbl deficiency in infants is dietary deficiency in the mother. Cbl in breast milk
parallels that in serum and is deficient when the mother is a vegan or has unrecognized
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pernicious anemia or has had previous gastric bypass surgery or short-gut
syndrome.

Defective Absorption

Table 4-3 lists the features of congenital and acquired defects of vitamin B,, absorp-
tion.

Food Cobalamin Malabsorption

Some patients suffer from an inability to release cobalamin from the protein-bound
state in which it is normally encountered in food. This process requires both an acid
pH and peptic activity. Impaired absorption occurs when there is impaired gastric
function (e.g., atrophic gastritis, partial gastrectomy). In this condition, there is a low
serum cobalamin, mild increase in methylmalonic acid and homocysteine, and a
normal Schilling test (see page 67).

Intrinsic Factor Deficiency

Patients with absent or defective intrinsic factor (also known as S-binder) have low
serum B,,, megaloblastic anemia, developmental delay, and myelopathy. Patients
have a mild increase in methylmalonic acid and homocysteine. This autosomal reces-
sive disorder usually appears early in the second year of life, but may be delayed
until adolescence or adulthood. The abnormal absorption of cobalamin is corrected
by mixing the vitamin with a source of normal intrinsic factor. Some patients have
no detectable intrinsic factor, whereas others have intrinsic factor that can be
detected immunologically but lacks function. The gene for human intrinsic factor has
been cloned and localized to chromosome 11.

Defective Cobalamin Transport by Ileal Enterocyte Receptors for the IF-Cbl Complex
(Imerslund-Griasbeck Syndrome)

Imerslund-Grasbeck syndrome is an autosomal recessive disorder that usually
presents with pallor, weakness, anorexia, failure to thrive, delayed development,
recurrent infections, and gastrointestinal symptoms within the first 2 years of
life. In many patients, proteinuria of the tubular type is found that is not cor-
rected by systemic cobalamin. Most of the known patients are found in Norway,
Finland, and Saudi Arabia and among Sephardic Jews in Israel. In these patients,
intrinsic factor level is normal, they do not have antibodies to intrinsic factor, and
the intestinal morphology is normal. They have a low serum B,, due to a selective
defect in cobalamin absorption that is not corrected by treatment with intrinsic
factor. They have a mild increase in methylmalonic acid and homocysteine.
In some cases the ileal receptor for IF-Cbl complex is absent, whereas in other
patients it is present.

There has been a decrease in the number of new cases, suggesting that dietary or
other factors may influence the expression of this disease. The locus for
Imerslund-Grasbeck syndrome has been assigned to chromosome 10.
Imerslund-Grasbeck—causing mutations are found in either of two genes encoding
the epithelium proteins: cubilin and amnionless (AMN). The gene receptor cubilin
P1297L (OMIM 602997)* is a 460-kDa protein that recognizes IF-Cbl and various

*The six-digit number is the entry number for the disorder in Online Mendelian Inheritance in Man
(OMIM), a continuously updated electronic catalog of human genes and genetic disorders. The online ver-
sion is accessible through the World Wide Web (http:/ /www.ncbi.nlm.nih.gov/omim/).
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Table 4-3. Features of Congenital and Acquired Defects of Vitamin B,, Absorption

Stomach Schilling test Serum antibodies
Intrinsic  Hydrochloric Without With Intrinsic ~ Parietal
Condition Histology  factor acid (HCL) IF IF factor cell Associated features
Congenital pernicious Normal Absent  Normal Decreased Normal Absent  Absent  None; relative of patient may
anemia exhibit defective vitamin B,
malabsorption
Juvenile pernicious Atrophy  Absent  Achlorhydria Decreased Normal Present  Present Occasional lupus
anemia (autoimmune) (90%) (10%) erythematosus, IgA
deficiency, moniliasis,
endocrinopathy in siblings
Juvenile pernicious Atrophy = Absent  Achlorhydria Decreased Normal Present  Present Hypothyroidism (chronic
anemia with autoimmune thyroiditis—
polyendocrinopathies Hashimoto thyroiditis)
or selective IgA insulin-dependent diabetes
deficiency mellitus, primary ovarian
failure, myasthenia gravis,
hypoparathyroidism,
Addison disease,
moniliasis, or selective IgA
deficiency
Enterocyte vitamin B,, Normal Present Normal Decreased Decreased Absent  Absent  Benign proteinuria,
malabsorption aminoaciduria, no
(Imerslund—Grésbeck) generalized malabsorption®
Generalized Normal Present Normal Decreased Decreased Absent  Absent  Malabsorption syndrome;
malabsorption history of ileal resection,

Crohn disease, lymphoma

“Either absent secretion of immunologically recognizable IF or secretes immunologically reactive protein that is inactive physiologically. The latter group includes patients whose IF has
reduced affinity for the ileal IF receptor, reduced affinity for cobalamin, or increased susceptibility for proteolysis.
URare cases have been described of this syndrome associated with generalized malabsorption reversed by vitamin B,, administration, and rare cases have been described without protein-

uria or aminoaciduria.
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other proteins to be endocytosed in the intestine and kidney. The exact function of
AMN is unknown but mutations affecting either of the two proteins may cause
Imerslund-Gréasbeck syndrome.

Table 4-4 lists the inborn errors of cobalamin transport and metabolism.

Defective Transport
Abnormalities of Transcobalamin II (OMIM 275350)

Transcobalamin II is the principal transport system of cobalamin; in its absence, a
serious and potentially fatal condition occurs. It presents clinically as follows:

» Age 3-5 weeks

¢ Autosomal recessive inheritance

e Failure to thrive

e Vomiting and diarrhea

» Progressive pancytopenia

e Megaloblastic bone marrow

e Immunologic deficiency both cellular and humoral

 Neurologic disease (appears years after onset of symptoms)

e Homocystinuria and methylmalonic aciduria

e Normal serum cobalamin levels (most of the cobalamin in serum is bound to
transcobalamin I).

Diagnosis

Absence of protein capable of binding radiolabeled cobalamin and migrating with
TC II on chromatography or gel electrophoresis, or by immunologic techniques. TC
II is synthesized by amniocytes, permitting prenatal diagnosis.

Treatment

1000 pg vitamin B,, intramuscularly 1-2 times weekly.

Partial Deficiency of Transcobalamin I (R-Binder Deficiency) (OMIM 193090)

Partial deficiency of transcobalamin I (also known as R-binder or haptocorrin) has
been reported. Serum vitamin B, concentrations are persistently low and patients
show no signs of vitamin B,, deficiency because their TC II-Cbl levels are normal. TC
I concentrations range from 25% to 54% of the mean normal concentration.

Clinically this syndrome is characterized by a myelopathy not attributable to other
causes, and the etiology of these symptoms remains unclear.

Disorders of Metabolism
Congenital

The conversion of a vitamin to its active coenzyme and subsequent binding to an
apoenzyme producing active holoenzyme are fundamental biochemical processes.
Therefore, deficient activity of an enzyme can result not only from a defect of the
enzyme protein itself, which may involve interaction of a coenzyme with an apoen-
zyme, but also from a defect in the conversion of the vitamin to a coenzyme.

Once vitamin B,, has been taken up into cells, it must be converted to an active
coenzyme in order to act as a cocatalyst with vitamin B,,-dependent apoenzymes.
Two enzymes are known to depend for activity on vitamin B,, derivatives:
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» Methylmalonyl coenzyme A (CoA) mutase, which requires adenosylcobalamin.
Methylmalonyl CoA mutase catalyzes the conversion of methylmalonyl CoA to
succinyl CoA. A decreased activity of methylmalonyl CoA mutase is reflected by
the excretion of elevated amounts of methylmalonic acid.

» N°-Methyltetrahydrofolate homocysteine methyltransferase, which requires
methylcobalamin. Lack of methylcobalamin leads to deficient activity of N°-
methyltetrahydrofolate homocysteine methyltransferase, with reduced ability to
methylate homocysteine, resulting in hyperhomocysteinemia and homocystinuria.

Patients with inborn errors of cobalamin utilization present with methylmalonic
acidemia and hyperhomocysteinemia, either alone or in combination. Methyl-
malonic acidemia occurs as a result of a functional defect in the mitochondrial methyl-
malonyl CoA mutase or its cofactor adenosylcobalamin. Hyperhomocysteinemia occurs
as a result of a functional defect in the cytoplasmic methionine synthase or its cofactor
methylcobalamin. The sites of the defects and their frequency are shown in Figure 4-1.
Tables 4-4 and 4-5 list the main features of genetic defects in processing cobalamins.

Severe metabolic acidosis, with the accumulation of large amounts of methyl-
malonic acid in blood, urine, and cerebrospinal fluid, characterizes the methylmalonic
acidurias. The incidence is estimated at 1:61,000. All the disorders of Cbl metabolism
are inherited as autosomal recessive traits and prenatal diagnosis is possible.
Classification has relied on somatic cell complementation studies in cultured fibro-
blasts. Prenatal detection of fetuses with defects in the complementation groups cblA,
cblB, cblC, cblE, and cbIF has been accomplished using cultured amniotic cells and
chemical determinations on amniotic fluid or maternal urine. In several cases, in
utero Cbl therapy has been attempted with apparent success.

Endosome ( 1
TClI = mut (~1/55.000)
. Methylmalonyl CoA Mutase
Cob(llf)alamin Methylmalonyl CoA L, Succinyl CoA
Cob(lll)alamin

Adenosylcobalamin

/ cbIB (33)

l Cob(l)alamin

Lysosome f ? cblA
Cob(Il)alamin
TCll
Con e / ?  chlA(45)
ob(lll)alamin ' )
Cob(lll)alamin Mitochondrion
\ J
cbiF (5)
ohiC(>100) ¢
Cob(lllyalamin »  Cob(ll)alamin
cbiD (2)
AdoMet Methyl-THF
cbiE (11)
Methylcobalamin Cob(l)alamin
Homocysteine % Methionine
Methionine Synthase
cblG (19)
\ J

Fig. 4-1. Cobalamin metabolism in cultured mammalian cells and the sites of the known inborn errors of
cobalamin metabolism. AdoMet, S-adenosylmethionine; cob(lll)alamin, cob(ll)alamin, cob(Il)alamin repre-
sent cobalamin with its cobalt in the 3%, 2*, or 1* oxidation state; methyl-THF is 5-methyltetrahydrofolate.
The incidence or minimum numbers of patients with a given disease are shown in parentheses. (From
Rosenblatt DS, Whitehead VM. Cobalamin and folate deficiency: acquired and hereditary disorders in chil-
dren. Semin Hematol 36:1999, with permission.)
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Table 4-4. Autosomal Recessive Inborn Errors of Cobalamin Transport and Metabolism

Typical clinical

Condition (OMIM No.)  Defect manifestations Typical onset Laboratory findings Treatment and response
TC II deficiency Defective/absent Failure to thrive, Early infancy Usually normal serum High doses of Cbl by
(OMIM 275350) TCII megaloblastic anemia, 3-5 weeks Cbl; elevated serum injection; good response to
later neurologic MMA, homocysteine; treatment if begun early
features, and immuno- absent/defective TC II
deficiency
TC I (R-binder) Deficiency/absence = Neurologic symptoms Unclear if observed  Low serum Cbl, normal Cbl therapy does not appear
deficiency (OMIM of TC I'in plasma, (myelopathy) reported, symptoms are TC II-Cbl levels. No to be of benefit
193090) saliva, leukocytes but unclear if these are related to increase in MMA or
related to condition condition homocysteine.

Defective synthesis

of AdoCbl:
cblA (OMIM 251100)
cblB (OMIM 251110)

Defective synthesis
of AdoCbl

Lethargy, failure to
thrive, recurrent
vomiting, dehydration,
hypotonia, ketoacidosis
hypoglycemia

First weeks or
months of life

Normal serum Cbl,
homocysteine, and
methionine; elevated
MMA, ketones,
glycine, ammonia;
leukopenia,
thrombocytopenia,
anemia

Pharmacologic doses of Cbl,
dietary protein restriction,
oral antibiotics. Treatment
response for cblA better
than for cblB
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Defective synthesis Defective synthesis ~ Vomiting, poor feeding, Most in first 2 years Normal serum Cbl and Pharmacologic doses of Cbl,

of MeCbl: of MeCbl lethargy, severe of life folate; homocystinuria, betaine; good treatment
cblE (OMIM 236270) neurologic dysfunction, hypomethioninemia response in some patients
cblG (OMIM 250940) megaloblastic anemia treated early
Defective synthesis of Impaired synthesis Failure to thrive, Variable from Normal serum Cbl, Pharmacologic doses of
AdoCbl and MeCbl: of both AdoCbl developmental delay, neonatal period TC II; methylmalonic hydroxocobalamin,
cblC (OMIM 277400) and MeCbl neurologic dysfunction, to adolescence; aciduria, homocystinuria, moderate protein
cbID (OMIM 277410) megaloblastic anemia, majority with hypomethioninemia restriction, betaine
cblF (OMIM 277380) some cases with retinal neonatal onset treatment. Response often
findings not optimum

Abbreviations: TC 11, transcobalamin II; OMIM, Online Mendelian Inheritance in Man; Cbl, cobalamin; MMA, methylmalonic acid; TC I, transcobalamin I; AdoCbl, adenosylcobalamin;

MeCbl, methylcobalamin.
Modified from Rasmussen SA, Fernhoff PM, Scanlon KS. Vitamin B,, deficiency in children and adolescents. J of Pediatrics 2001;138:10-17.
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Table 4-5. Main Features of Genetic Defects of Processing of Cobalamins

Defect Serum B,, Clinical /biochemical
Food cobalamin malabsorption Low NA + anemia, mild T MMA /tHcy
Intrinsic factor deficiency Low Anemia, delayed development,
mild T MMA /tHcy
Enterocyte cobalamin Low Anemia, proteinuria, delayed
malabsorption development, mild T MMA /tHcy
(Imerslund-Grésbeck)
Transcobalamin I (R-binder) Low No abnormality, no T MMA /tHcy
deficiency
Transcobalamin II deficiency Normal NA + anemia, failure to thrive, mild T
MMA /tHcy
Intracellular defects of cobalamin Normal Severe disease, T MMA /tHcy

Abbreviations: NA, neurologic abnormalities; MMA, methylmalonic acid; tHcy, total homocysteine; 7T, increased.

Adenosylcobalamin Deficiency CblA (OMIM 251100)
and CblB (OMIM 251110) Diseases

Deficiencies of adenosylcobalamin synthesis lead to impaired methylmalonyl CoA
mutase activity and result in methylmalonic acidemia. Cobalamin-responsive
methylmalonic aciduria characterizes both CblA and CbIB diseases. Intact cells from
both CblA and CblB patients fail to synthesize adenosylcobalamin. However, cell
extracts from CblA patients can synthesize adenosylcobalamin when provided with
an appropriate reducing system, whereas extracts from CbIB patients cannot. The
defect in CblA may be related to a deficiency of a mitochondrial nicotinamide ade-
nine dinucleotide phosphate (NADPH)-linked aquacobalamin reductase. The defect
in CblB affects adenosyltransferase, which is involved in the final step in adenosyl-
cobalamin synthesis.
This group of patients presents with:

o Life-threatening or fatal ketoacidosis in the first few weeks or months of life

e Hypoglycemia and hyperglycinemia

e Failure to thrive or developmental retardation (may be a consequence of the aci-
dosis and reversed by relief of the ketoacidosis)

» Normal serum cobalamin concentrations.

Both CblA and CblB are autosomal recessive diseases. Studies of these patients
have shown that intact cells fail to oxidize propionate normally. Methylmalonyl CoA
arises chiefly through the carboxylation of propionate, which in turn derives largely
from degradation of valine, isoleucine, methionine, and threonine.

Treatment

Ninety percent of CblA patients respond to therapy with systemic hydroxocobal-
amin or cyanocobalamin, whereas only 40% of CblB patients respond to this therapy.
Only 30% have long-term survival.

Deficiency of Methylmalonyl-CoA Mutase (mut®, mut~)

Defects in methylmalonyl CoA mutase apoenzyme formation can occur and result in
methylmalonic aciduria, which is accompanied by life-threatening or fatal ketoaci-
dosis, unresponsive to vitamin B, ,.

Protein feeding induces symptoms rapidly. Symptoms include lethargy, failure to
thrive, muscular hypotonia, respiratory distress, and recurrent vomiting and dehydra-
tion. Children normally excrete <15-20 ng of methylmalonic acid per gram of creatinine,
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whereas patients with methylmalonyl CoA mutase deficiency excrete >100 mg up to sev-
eral grams daily. Patients may have elevated levels of ketones, glycine, and ammonia in
the blood and urine. Many also have hypoglycemia, leukopenia, and thrombocytopenia.

Treatment

Treatment involves protein restriction using a formula deficient in valine, isoleucine,
methionine, and threonine, with the goal of limiting amino acids that use the propi-
onate pathway. Therapy with carnitine has been advocated for those patients who
are carnitine deficient. Lincomycin and metronidazole have been used to reduce
enteric propionate production by anaerobic bacteria. These patients do not respond
well to vitamin B,, therapy. Despite therapy, a number of patients have experienced
basal ganglia infarcts, tubulointerstitial nephritis, acute pancreatitis, and cardiomy-
opathy as complications. Liver transplantation has been attempted.

Cultures of patients’ fibroblasts show two classes of mutase deficiency: those hav-
ing no detectable enzyme activity are designated mut’, whereas those with residual
activity, which can be stimulated by high levels of cobalamin, are termed mut". Some
mut® cell lines synthesize no detectable protein.

Methylcobalamin Synthesis Deficiency: CblE (OMIM 236270)
and CblG (OMIM 250940) Diseases

Abnormalities in methylcobalamin synthesis result in reduced N°>-methyltetrahydro-
folate:homocysteine methyltransferase and consequently lead to homocystinuria
with hypomethioninemia. Thus, homocystinuria and hypomethioninemia, usually
without methylmalonic aciduria, characterize functional methionine synthase defi-
ciency (CblE, CblG), although one CbIE patient had transient methylmalonic
aciduria. Fibroblasts from CblE and CblG patients show a decreased accumulation of
methylcobalamin with a normal accumulation of adenosylcobalamin after incuba-
tion with cyanocobalamin. Their fibroblasts show decreased incorporation of labeled
methyltetrahydrofolate as well. Cyanocobalamin uptake and binding to both cobal-
amin-dependent enzymes is normal in CblE fibroblasts and in most CblG fibroblasts.

Clinical findings
* In most patients, illness within the first 2 years of life, but a number of patients
have been diagnosed in adulthood
» Megaloblastic anemia
* Various neurologic deficits including developmental delay, cerebral atrophy, EEG
abnormalities, nystagmus, hypotonia, hypertonia, seizures, blindness, and ataxia
« Failure to thrive.

Treatment

Hydroxocobalamin is administered systemically, daily at first, then once or twice
weekly. Usually this corrects the anemia and the metabolic abnormalities. Betaine
supplementation may be helpful to reduce the homocysteine further. The neurologic
findings are more difficult to reverse once established, particularly in CblG disease.
There has been successful prenatal diagnosis of CblE disease in amniocytes, and the
mother with an affected fetus can be treated with twice weekly hydroxocobalamin
after the second trimester.

Combined Adenosylcobalamin and Methylcobalamin Deficiency CblC (OMIM
277400), CblD (OMIM 277410), and CblF (OMIM 277380) Diseases

These disorders result in failure of cells to synthesize both methylcobalamin (result-
ing in homocystinuria and hypomethioninemia) and adenosylcobalamin (resulting
in methylmalonic aciduria) and, accordingly, deficient activity of methylmalonyl
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CoA mutase and N°-methyltetrahydrofolate: homocysteine methyltransferase.
Fibroblasts from CblC and CblD patients accumulate virtually no adenosylcobal-
amin or methylcobalamin when incubated with labeled cyanocobalamin. In contrast,
fibroblasts from CblF patients accumulate excess cobalamin, but it is all unmetabo-
lized cyanocobalamin, nonprotein bound, and localized to lysosomes. In CblC and
CblD, the defect is believed to involve cob(Ill)alamin* reductase or reductases, whereas
in CbIF, the defect involves the exit of cobalamin from the lysosome. Partial deficien-
cies of cyanocobalamin beta-ligand transferase and microsomal cob(Ill)alamin reduc-
tase have been described in CblC and CblD fibroblasts as well.
These patients present in the first year of life with:

* Poor feeding, failure to thrive, and lethargy

» Macrocytosis, hypersegmented neutrophils, thrombocytopenia, and megaloblas-
tic anemia

 Developmental retardation

e Spasticity, delirium, and psychosis (in older children and adolescents)

e Hydrocephalus, cor pulmonale, and hepatic failure, as well as a pigmentary
retinopathy with perimacular degeneration

e Methylmalonic acid levels that are lower than in methylmalonyl CoA mutase
deficiency, but greater than in defects of cobalamin transport.

In addition, many patients with the onset of symptoms in the first month of life
die, whereas those with a later onset have a better prognosis.

CblC, CbID, and CbIF diseases can be differentiated using cultured fibroblasts.
Failure of uptake of labeled cyanocobalamin distinguishes CblC and CbID from all
other cbl mutations. There is reduced incorporation of propionate and methyltet-
rahydrofolate into macromolecules in all three disorders and reduced synthesis of
adenosylcobalamin and methylcobalamin. Complementation analysis between an
unknown cell line and previously defined groups establishes the specific diagnosis.
Prenatal diagnosis has been successfully accomplished in CblC disease using chori-
onic villus biopsy material and cells.

Treatment

The treatment of CbIC disease can be difficult. Daily therapy with oral betaine and
twice weekly injections of hydroxocobalamin improve lethargy, irritability, and fail-
ure to thrive; reduce methylmalonic aciduria; and return serum methionine and
homocysteine concentrations to normal. There has been incomplete reversal of the
neurologic and retinal findings. Surviving patients usually have moderate to severe
developmental delay, even with good metabolic control.

Acquired

In protein malnutrition (kwashiorkor, marasmus) and liver disease, impaired uti-
lization of vitamin B,, has been reported. Certain drugs are associated with impaired
absorption or utilization of vitamin B, (see Table 4-2).

FOLIC ACID DEFICIENCY

Folate coenzymes are the central participants in single-carbon transfer reactions.
5,10-Methylene tetrahydrofolate is used unchanged for the synthesis of thymidylate,

*In this form of cobalamin, the cobalt atom is trivalent (cob[111]) and must be reduced before it can bind
to the respective enzyme.
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reduced to 5-methyltetrahydrofolate for the synthesis of methionine, or oxidized to
10-formyltetrahydrofolate for the synthesis of purines.
The causes of folic acid deficiency are listed in Table 4-6.

Acquired Folate Deficiency

Folate deficiency, next to iron deficiency, is one of the most common micronutrient
deficiencies worldwide. It is a component of malnutrition and starvation. Women are
more frequently affected than men. Folate deficiency is common in mothers, partic-
ularly where poverty or malnutrition is prevalent, and dietary supplements are not
provided. Folate stores are depleted after 3 months or sooner when the growing fetus
and lactation impose increased demands for folate. The major benefit of folate suffi-
ciency for the fetus is the prevention of neural tube defects. This is currently best
achieved by administering folate (and cobalamin) to mothers during the pericon-
ceptional period.

Table 4-6. Causes of Folic Acid Deficiency

I. Inadequate intake

. Poverty, ignorance, faddism
Method of cooking (sustained boiling loses 40% folate)

. Goat’s-milk feeding (6 ug folate/L)

. Malnutrition (marasmus, kwashiorkor)
Special diets for phenylketonuria or maple syrup urine disease
Prematurity

. Post-bone marrow transplantation (heat-sterilized food)

OmHEIN®E >

II. Defective absorption
A. Congenital, isolated defect of folate malabsorption”
B. Acquired
. Idiopathic steatorrhea
. Tropical sprue
. Partial or total gastrectomy
. Multiple diverticula of small intestine
. Jejunal resection
. Regional ileitis
Whipple disease
. Intestinal lymphoma
. Broad-spectrum antibiotics
. Drugs associated with impaired absorption and/or utilization of folic acid, e.g.,
diphenylhydantoin (Dilantin), primidone, barbiturates, oral contraceptive agents,
cycloserine, metformin, ethanol, dietary amino acids (glycine, methionine)
11. Post-bone marrow transplantation (total body irradiation, drugs, intestinal GVH
disease)
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III. Increased requirements
A. Rapid growth (e.g., prematurity, pregnancy)
B. Chronic hemolytic anemia, especially with ineffective erythropoiesis (e.g.,
thalassemia major)
Dyserythropoietic anemias
. Malignant disease (e.g., lymphoma, leukemia)
Hypermetabolic states (e.g., infection, hyperthyroidism)
Extensive skin disease (e.g., dermatitis herpetiformis, psoriasis, exfoliative
dermatitis)
Cirrhosis
. Post-bone marrow transplantation (bone marrow and epithelial cell regeneration)
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Table 4-6. (Continued)

IV. Disorders of folic acid metabolism
A. Congenital®
1. Methylenetetrahydrofolate reductase (MTHFR) deficiency (OMIM 236250)
2. Glutamate formiminotransferase deficiency (OMIM 229100)
3. Functional N°>-methyltetrahydrofolatechomocysteine methyltransferase deficiency
caused by cblE (OMIM 236270) or cblG (OMIM 250940) disease
4. Dihydrofolate reductase deficiency (less well established)
5. Methenyl-tetrahydrofolate cyclohydrolase (less well established)
6. Primary methyl-tetrahydrofolate: homocysteine methyltransferase deficiency
(less well established)
B. Acquired
1. Impaired utilization of folate
a. Folate antagonists (drugs that are dihydrofolate reductase inhibitors, e.g.,
methotrexate, pyrimethamine, trimethoprim, pentamidine)
. Vitamin B,, deficiency
. Alcoholism
. Liver disease (acute and chronic)
. Other drugs (IIB10 above)

o an T

V. Increased excretion (e.g., chronic dialysis, vitamin B,, deficiency, liver disease, heart
disease)

Abbreviation: OMIM, Online Mendelian Inheritance in Man (page 50).

“Rare disorder. Isolated disorder of folate transport resulting in low CSF folate and mental retardation. The
ability to absorb all other nutrients is normal. Defect is overcome by pharmacologic oral doses of folic acid or
intramuscular folic acid (Lanzkowsky P, Erlandson, ME, Bezan Al Isolated defect of folic acid absorption asso-
ciated with mental retardation and cerebral calcifications, Blood 1969;34:452-65; Am | Med 1970;48:580-3).

"These disorders are associated with megaloblastic anemia, mental retardation, disorders in gait, and both
peripheral and central nervous system disease.

In addition, low daily folate intake is associated with a twofold increased risk for
preterm delivery and low infant birth weight. These findings suggest that maternal
folate status may affect birth outcome in ways other than neural tube defects.

Clinical folate deficiency is seldom present at birth. However, rapid growth in the
first few weeks of life demands increased folate. There is a need for folate supple-
ments at this time, particularly for premature infants, in doses of 0.05-0.2 mg/day.

Inborn Errors of Folate Transport and Metabolism

Inborn errors include hereditary folate malabsorption, methylene-tetrahydrofolate
reductase (MTHFR) deficiency, and glutamate formiminotransferase deficiency. In
addition to these rare severe deficiencies, polymorphisms in the MTHFR gene have
been implicated with neural defects and vascular thrombosis. Table 4-7 lists the clin-
ical and biochemical features of inherited defects of folate metabolism.

Hereditary Folate Malabsorption (OMIM 229050)

Hereditary folate malabsorption (congenital malabsorption of folate) is due to a rare
autosomal recessive trait and is characterized by megaloblastic anemia, chronic or
recurrent diarrhea, mouth ulcers, failure to thrive, and usually loss of developmental
milestones, seizures, and progressive neurologic deterioration. The most important
diagnostic feature is megaloblastic anemia in the first few months of life, associated
with low serum, red cell, and cerebrospinal fluid folate levels.

All patients have an abnormality in the absorption of oral folic acid or of reduced
folates. They may have an elevated excretion of formiminogiutamic (FIGLU) acid
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Table 4-7. Clinical and Biochemical Features of Inherited Defects of Folate Metabolism

Glutamate Functional methionine
Hereditary folate Methylene-H, folate formiminotransferase synthase deficiency
malabsorption reductase deficiency deficiency CblE CblG
Clinical sign

Prevalence 13 cases >30 cases 13 cases 8 cases 12 cases
Megaloblastic anemia A N N A A
Developmental delay A A N* A A
Seizures A A N A A
Speech abnormalities N N Al N N

Gait abnormalities N A N7 N A"
Peripheral neuropathy N? A N N A”
Apnea N A N* N* N

Biochemical findings

Homocystinuria/homocysteinemia N A N A A
Hypomethioninemia N A N A A
Formininoglutamic aciduria A? N A N N*
Folate absorption A N N N N
Serum Cbl N N N# N N
Serum folate A A N* N N

Red blood cell folate A A" N N N

(Continues)
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Table 4-7. (Continued)

Functional methionine

Glutamate H
Hereditary folate Methylene-H, folate formiminotransferase synthase deficiency
malabsorption reductase deficiency deficiency CbIE CblG
Defects detectable in cultured fibroblasts
Whole cells
CH,H, folate uptake N N N A A
CH,H, folate content N A N N N
CH,B,, content N N* N A A
Extracts
Activity of holoenzyme of methionine synthase N N N NG A
Glutamate formiminotransferase Activity undetectable in cultured cells
? Abnormal in liver and erythrocytes
Methylene-H, folate reductase N A N N N
Treatment Folic acid or Folates, betaine, ? Folates OH-Cb], folinic
reduced folates methionine acid, betaine

in pharmacologic

doses

Abbreviations: N, normal; A, abnormal (i.e., clinical findings or laboratory findings present).

“Exceptions described in some cases.

"Abnormal activity with low concentrations of reducing agent in assay.
From Rosenblatt DS. Inherited disorders of folate transport and metabolism. In: Scriver CR, Beaudet AL, Sly WS, Valle D, editors. The metabolic and molecular bases of inherited disease.

7th ed. New York: McGraw-Hill, 1995, with permission.
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and of orotic acid. This disease indicates that there is a specific transport system for
folates across both the intestine and the choroid plexus and that this carrier system
is coded by a single gene. Even when blood folate levels are increased sufficiently to
correct the anemia, folate levels in the cerebrospinal fluid (CSF) remain low. These
patients are unable to achieve the normal 3:1 CSF:serum folate ratio. The uptake of
folate into other cells is probably not defective, and the uptake of folate into cultured
cells is not abnormal.

Oral folic acid in doses of 5-40 mg/day and lower parenteral doses correct the
hematologic abnormality, but CSF folate levels remain low. Oral methyltetrahydro-
folate and folinic acid can increase CSF folate levels, but only slightly.

In treating these patients, it is essential to maintain levels of folate in the blood and
in the cerebrospinal fluid in the range associated with folate sufficiency. Oral doses
of folates may be increased to 100 mg or more daily if necessary; if oral therapy is not
effective, systemic therapy with reduced folates should be tried. It may be necessary
to give intrathecal reduced folates if CSF levels cannot be normalized.

Methylene-Tetrahydrofolate Reductase Deficiency (OMIM 236250)
Clinical Findings

Clinically asymptomatic but biochemically affected individuals have been reported.
The condition can present severely in early infancy (first month of life) or much more
mildly as late as 16 years of age. Clinical symptoms vary and consist of developmen-
tal delay, which is the most common clinical manifestation; motor and gait abnormal-
ities; recurrent strokes; seizures; mental retardation; psychiatric manifestations;
microcephaly; and vasculopathy. Megaloblastic anemia is uncommon in patients with
this disease because reduced folates are still available for purine and pyrimidine syn-
thesis. MTHFR deficiency results in elevated plasma homocysteine and homocystin-
uria and decreased plasma methionine levels because levels of methyltetrahydrofolate
serve as one of three methyl donors for the conversion of homocysteine to methionine.

Pathologic findings in patients with severe MTHFR deficiency include vascular
changes such as thrombosis of both cerebral arteries and veins, dilated cerebral ves-
sels, internal hydrocephalus, microgyria, perivascular changes, demyelination,
macrophage infiltration, gliosis, astrocytosis, and subacute combined degeneration
of the spinal cord. By interfering with methylation, methionine deficiency may cause
demyelination.

Diagnosis

MTHEFR deficiency can be diagnosed by measuring enzyme activity in liver, white
blood cells, and cultured fibroblasts. In fibroblasts, the specific activity of MTHEFR is
dependent on the stage of the culture cycle. A rough correlation exists between the
degree of enzyme deficiency and clinical severity. The proportion of total folate in
fibroblasts that is methyltetrahydrofolate and the extent of labeled formate incorpo-
rated into methionine are better indicators of clinical severity.

Prognosis

Prognosis is poor in early-onset severe MTHFR deficiency.

Treatment

MTHEFR deficiency is resistant to treatment. Regimens have included folic acid,
methyltetrahydrofolate, methionine, pyridoxine, various cobalamins, carnitine, and
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betaine. Betaine therapy after prenatal diagnosis has resulted in the best outcome to
date since it has the theoretical advantage of both lowering homocysteine levels and
supplementing methionine levels.

Prenatal diagnosis is possible by enzyme assay in amniocytes, chorionic villus
biopsy samples, or cultured chorionic villus cells. The phenotypic heterogeneity in
MTHER deficiency is reflected by genotypic heterogeneity.

Glutamate Formiminotransferase Deficiency (OMIM 229100)

Glutamate formiminotransferase and formiminotetrahydrofolate cyclodeaminase
are involved in the transfer of a formimino group to tetrahydrofolate followed by the
release of ammonia and the formation of 5,10-methyltetrahydrofolate. These activi-
ties are found only in the liver and kidneys and are performed by a single octameric
enzyme. It is not clear that glutamate formiminotransferase deficiency is associated
with disease, even though FIGLU acid excretion is the one constant finding. Twenty
patients have been described, with ages ranging from 3 months to 42 years at diag-
nosis. Some have been asymptomatic and several patients have macrocytosis and
hypersegmentation of neutrophils.

Mild and severe phenotypes have been described. Patients with severe form show
mental and physical retardation, abnormal EEG activity, and dilatation of the cere-
bral ventricles with cortical atrophy. In the mild form, there is no mental retardation
but massive excretion of FIGLU acid.

Liver-specific activity ranges from 14% to 54% of control values. It is not possible
to confirm the diagnosis using cultured cells because the enzyme is not expressed.
There is dispute as to whether the enzyme is expressed in red cells.

Patients may have elevated to normal serum folate levels and elevated FIGLU acid
levels in the blood and urine after a histidine load. Plasma amino acid levels are usu-
ally normal, but hyperhistidinemia, hyperhistidinuria, and hypomethioninemia have
been found. The excretion of hydantoin-5-propionate, the stable oxidation product of
the FIGLU precursor, 4-imidazolone-5-propionate, and 4-amino-5-imidazolecarbox-
amide, an intermediate in purine synthesis, has been seen in some patients.

Autosomal recessive inheritance is the probable means of transmission because
there have been affected individuals of both sexes with unaffected parents.

Functional Methionine Synthase Deficiency (OMIM 250940)

Functional methionine synthase deficiency due to the cblE and cblG mutations is
characterized by homocystinuria and defective biosynthesis of methionine. Most
patients have presented in the first few months of life with megaloblastic anemia and
developmental delay. The distribution of cobalamin derivatives was altered in cul-
tured cells, with decreased levels of methylcobalamin as compared with normal
fibroblasts. The cblE mutation is associated with low methionine synthase activity
when the assay is performed with low levels of thiol, whereas the cbIG mutation is
associated with low activity under all assay conditions. cbIE and cblG represent dis-
tinct complementation classes. Both diseases respond to treatment with hydroxo-
cobalamin (OH-cbl).

Other Megaloblastic Anemias

Thiamine-Responsive Anemia in DIDMOAD (Wolfram) Syndrome:
Autosomal Recessive Inheritance

Megaloblastic anemia and sideroblastic anemia with ringed sideroblasts may be
present. Neutropenia and thrombocytopenia are present. It is accompanied by dia-
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betes insipidus (DI), diabetes mellitus (DM), optic atrophy (OA), and deafness (D)
(hence, the term DIDMOAD). It is due to a defect in thiamine transport, possibly
deficient thiamine pyrophosphokinase activity.

Treatment

Anemia responds to 100 mg thiamine daily but megaloblastic changes persist.
Insulin requirements decrease.

Orotic Aciduria

Orotic aciduria is a rare autosomal recessive defect of pyrimidine synthesis with fail-
ure to convert orotic acid to uridine and excretion of large amounts of orotic acid in
the urine, sometimes with crystals. It is associated with severe megaloblastic anemia,
neutropenia, and failure to thrive, and physical and mental retardation are fre-
quently present.

Treatment

Treatment is with oral uridine (1-1.5 g/day). The anemia is refractory to vitamin B,,
and folic acid.

Lesch-Nyhan Syndrome

In Lesch-Nyhan syndrome, mental retardation, self-mutilation, and choreoathetosis
result from impaired synthesis of purines due to lack of hypoxanthine phosphoribo-
syltransferase. Some patients have megaloblastic anemia.

Treatment

Megaloblastic anemia responds to adenine therapy (1.5 g/day).

CLINICAL FEATURES OF COBALAMIN
AND FOLATE DEFICIENCY

1. Insidious onset: Pallor, lethargy, fatigability, and anorexia; sore red tongue and
glossitis; episodic or continuous diarrhea.

2. History: Similarly affected sibling or a sibling who died; maternal vitamin B,
deficiency or poor maternal diet.

3. Vitamin B,, deficiency: All infants show signs of developmental delay, apathy,
weakness, irritability, or evidence of neurodevelopmental delay, loss of devel-
opmental milestones, particularly motor achievements (head control, sitting,
and turning). Athetoid movements, hypotonia, and loss of reflexes occur. In
older children signs of subacute dorsolateral degeneration of the spinal cord
may occur. The usual symptoms are paresthesias in the hands or feet and diffi-
culty in walking and use of the hands. Symptoms arise because of a peripheral
neuropathy (especially paresthesias and numbness) associated with degenera-
tion of posterior and lateral tracts of the spinal cord. Loss of vibration and posi-
tion sense with an ataxic gait and positive Romberg’s sign are features of
posterior column and peripheral nerve loss. Spastic paresis may occur, with
knee and ankle reflexes increased because of lateral tract loss, but flaccid weak-
ness may also occur when these reflexes are lost but the Babinski sign remains
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extensor. MRI findings include increased signals on T,-weighted images of the
spinal cord, brain atrophy, and retarded myelination.

4. Deleterious effect of cobalamin or folate deficiency apart from neurologic
complications are increased risk of vascular thrombosis due to hyperhomocys-
teinemia.

5. Maternal folate deficiency results in neural tube defects, prematurity, fetal
growth retardation, and fetal loss.

6. Inborn errors of metabolism of cobalamin and folate result in failure to thrive,
neurologic disorders, unexplained anemias, or cytopenias. Plasma levels of
methylmalonic acid and homocysteine should be determined in these cases to
elucidate the precise diagnosis. Elevation of these levels reflects a functional
lack of cobalamin and/or folate by tissues even when plasma vitamin levels are
at the lower level of normal.

DIAGNOSIS

The age of presentation may help to focus on the most likely diagnosis (Table 4-8).

1. Red cell changes:

a. Hemoglobin: Usually reduced, may be marked.

b. Red cell indices: MCV increased for age and may be raised to levels of 110-140
fL; MCHC normal.

c. Red cell distribution width (RDW): Increased.

d. Blood smear: Many macrocytes* and macro-ovalocytes; marked anisocytosis
and poikilocytosis; presence of Cabot rings, Howell-Jolly bodies, and punc-
tate basophilia.

2. White blood cell count: Reduced to 1500-4000/mm?; neutrophils show hyperseg-
mentation, that is, nuclei of more than five lobes.

3. Platelet count: Moderately reduced to 50,000-180,000/mm?.

4. Bone marrow: Megaloblastic appearance.

a. The cells are large, and the nucleus has an open, stippled, or lacy appear-
ance. The cytoplasm is comparatively more mature than the nucleus, and
this dissociation (nuclear-cytoplasmic dissociation) is best seen in the later
cells. Orthochromatic cells may be present with nuclei that are still not fully
condensed.

b. Mitoses are frequent and sometimes abnormal’; nuclear remnants,
Howell-Jolly bodies, bi- and trinucleated cells, and dying cells are evidence
of gross dyserythropoiesis.

c. The metamyelocytes are abnormally large (giant) and have a horseshoe-
shaped nucleus.

d. Hypersegmented polymorphs may be seen, and the megakaryocytes show
an increase in nuclear lobes.

5. Serum vitamin B, level: Normal values 200-800 pg/mL (levels <80 pg/mL are
almost always indicative of vitamin B, deficiency).

6. Serum and red cell folate levels: Wide variation in normal range; serum levels less
than 3 ng/mL = low, 3-5 ng/mL = borderline, and >5-6 ng/mL = normal. Red
cell folate levels 74-640 ng/mL.

7. Urinary excretion of orotic acid to exclude orotic aciduria.

*Macrocytosis can be masked by associated iron deficiency and thalassemia.

*Megaloblastic cells exhibit increased frequency of chromosomal abnormalities, especially random
breaks, gaps, and centromere spreading. A rare case of nonrandom, transient 7q- has been described in
acquired megaloblastic anemia.
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Table 4-8. Disorders Giving Rise to Megaloblastic Anemia in Early Life and Their

Likely Time of Presentation

Likely time of presentation (months)

Disease 2-6 7-24 >24

Folate deficiency
Inadequate supply
Prematurity +
Dietary (e.g., goat’s milk) +
Chronic hemolysis +
Defective absorption
Celiac disease/sprue +
Anticonvulsant drugs +
Congenital +

Cobalamin deficiency
Inadequate supply
Maternal cobalamin deficiency +

Nutritional

+

Defective absorption

Juvenile pernicious anemia
Congenital malabsorption +
Congenital absence of intrinsic factor +

Ho o+

Defective metabolism
Transcobalamin II deficiency +
Inborn errors of cobalamin utilization +

Thiamine responsive +
Orotic aciduria +
Lesch-Nyhan syndrome +

8.

Deoxyuridine suppression test: This test can discriminate between folate and
cobalamin deficiencies.

If vitamin B,, deficiency is suspected proceed as follows:

1.
2.

Obtain a detailed dietary history and history of previous surgery.

Conduct a Schilling urinary excretion test.* This test measures both intrinsic fac-
tor availability and intestinal absorption of vitamin B,

If the Schilling test is abnormal, repeat with commercial intrinsic factor. If absorp-
tion occurs, abnormality is due to lack of intrinsic factor. If no absorption occurs
then there is specific ileal vitamin B,, malabsorption (Imerslund-Grdsbeck) or
transcobalamin II deficiency. When bacterial competition (blind-loop syndrome)
is suspected, the test may be repeated after treatment with tetracycline and will
often revert to normal.

Gastric acidity after histamine stimulation, intrinsic factor content in gastric
juice, serum antibodies to intrinsic factor, and parietal cells and gastric biopsy
help to establish a precise diagnosis.

*The Schilling test is performed by administering 0.5-2.0 pg of radioactive vitamin B,, PO. This is
followed in 2 hours by an intramuscular injection of 1000 ug nonradioactive vitamin B,, to saturate the
B,,-binding proteins and allow the subsequently absorbed oral radioactive vitamin B,, to be excreted in
the urine. All urine is collected for 24 hours and may be collected for a second 24 hours, especially if renal
disease is present. Normal subjects excrete 10-35% of the administered dose; those with severe malab-

sorption of vitamin B

1o» because of lack of intrinsic factor or intestinal malabsorption, excrete less than 3%.
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5. Measure serum holo-transcobalamin II (cobalamin bound to transcobalamin II).

In patients with vitamin B,, deficiency, holo-translocation II falls below the nor-

mal range before total serum cobalamin does.

Ileal disease should be investigated by barium studies and small-bowel biopsy.

7. Disorders of vitamin B,, metabolism should be excluded by serum and urinary
levels of excessive methylmalonic acid and homocysteine as well as by other
sophisticated enzymatic assays. In folate deficiency, serum methylmalonic acid
is normal whereas homocysteine is increased. Therefore, evaluation of both
methylmalonic acid and total homocysteine is helpful in distinguishing
between folate and vitamin B, deficiency.

8. Persistent proteinuria is a feature of specific ileal vitamin B, malabsorption.

o

If folic acid deficiency is suspected, proceed as follows:

1. Detailed dietary and drug history (e.g., antibiotics, anticonvulsants) and gas-
troenterologic symptoms (e.g., malabsorption, diarrhea, dietary history)
2. Tests for malabsorption:

a. Oral doses of 5 mg pteroylglutamic acid should yield a plasma level in
excess of 100 ng/mL in 1 hour. If there is no rise in plasma level, congenital
folate malabsorption should be considered.

b. A 24-hour stool fat and blood D-xylose test should be done to exclude gen-
eralized malabsorption.

3. Upper gastrointestinal barium study and follow-through

Upper gut endoscopy and jejunal biopsy

5. Sophisticated enzyme assays to diagnose congenital disorders of folate metab-
olism.

b

TREATMENT
Vitamin B,, Deficiency

Prevention

In conditions in which there is a risk of developing vitamin B, deficiency (e.g., total
gastrectomy, ileal resection), prophylactic vitamin B,, should be prescribed.

Active Treatment

Once the diagnosis has been accurately determined, several daily doses of 25-100 ug
may be used to initiate therapy as well as potassium supplements.* Alternatively, in
view of the ability of the body to store vitamin B, for long periods, maintenance
therapy can be started with monthly intramuscular injections in doses between 200
and 1000 pg. Most cases of vitamin B,, deficiency require treatment throughout life.

Patients with defects affecting the intestinal absorption of vitamin B,, (abnormali-
ties of IF or of ileal uptake) will respond to parenteral B,,. This bypasses the defec-
tive step completely.

Patients with complete TC II deficiency respond only to large amounts of vitamin
B,, and the serum cobalamin level must be kept very high. Doses of 1000 ug IM two
or three times weekly are required to maintain adequate control.

Patients with methylmalonic aciduria with defects in the synthesis of cobalamin
coenzymes are likely to benefit from massive doses of vitamin B,,. These children

*Hypokalemia has been observed during B,, initiation treatment in adults.
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may require 1-2 mg vitamin B,, parenterally daily. However, not all patients in this
group benefit from administration of vitamin B,,.

It may be possible to treat vitamin B ,-responsive patients in utero. Congenital
methylmalonic aciduria has been diagnosed in utero by measurements of methyl-
malonate in amniotic fluid or maternal urine.

In vitamin B ,-responsive megaloblastic anemia, the reticulocytes begin to increase
on the 3rd or 4th day;, rise to a maximum on the 6th to 8th day, and fall gradually to
normal by about the 20th day. The height of the reticulocyte count is inversely pro-
portional to the degree of anemia. Beginning bone marrow reversal from mega-
loblastic to normoblastic cells is obvious within 6 hours and is complete in 72 hours.
Neurologically, the level of alertness and responsiveness improves within 48 hours
and developmental delays may catch up in several months in young infants.
Permanent neurologic sequelae often occur. Prompt hematologic responses are
also obtained with the use of oral folic acid, but it is contraindicated because it
has no effect on neurologic manifestations and may precipitate or accelerate their
development.

Folic Acid Deficiency
Successful treatment of patients with folate deficiency involves:

1. Correction of the folate deficiency

2. Treatment of the underlying causative disorder

3. Improvement of the diet to increase folate intake

4. Follow-up evaluations at intervals to monitor the patient’s clinical status.

Optimal response occurs in most patients with 100200 pug folic acid per day.
Because the usual commercially available preparations include a tablet (0.3-1.0 mg)
and an elixir (1.0 mg/mL), these available preparations are utilized. Before folic acid
is given, it is necessary to exclude vitamin B,, deficiency.

The clinical and hematologic response to folic acid is prompt. Within 1-2 days, the
appetite improves and a sense of well-being returns. There is a fall in serum iron
(often to low levels) in 24-48 hours and a rise in reticulocytes in 2—4 days, reaching a
peak at 4-7 days, followed by a return of hemoglobin levels to normal in 2-6 weeks.
The leukocytes and platelets increase with reticulocytes and the megaloblastic
changes in the marrow diminish within 24-48 hours, but large myelocytes,
metamyelocytes, and band forms may be present for several days.

Folic acid is usually administered for several months until a new population of red
cells has been formed. Folinic acid is reserved for treating the toxic effects of dihy-
drofolate reductase inhibitors (e.g., methotrexate, pyrimethamine).

It is often possible to correct the cause of the deficiency and thus prevent its recur-
rence, for example, improved diet, a gluten-free diet in celiac disease, or treatment of
an inflammatory disease such as tuberculosis or Crohn’s disease. In these cases, there
is no need to continue folic acid for life. In other situations, it is advisable to continue
the folic acid to prevent recurrence of, for example, chronic hemolytic anemia such
as thalassemia or in patients with malabsorption who do not respond to a gluten-free
diet.

Cases of hereditary dihydrofolate reductase deficiency respond to N-5-formyl
tetrahydrofolic acid and not to folic acid.
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HEMATOLOGIC MANIFESTATIONS
OF SYSTEMIC ILLNESS

A variety of systemic illnesses including acute and chronic infections, neoplastic
diseases, connective tissue disorders, and storage diseases are associated with hema-
tologic manifestations. The hematologic manifestations are the result of the follow-
ing mechanisms:

1.

@

Bone marrow dysfunction

a. Anemia or polycythemia

b. Thrombocytopenia or thrombocytosis
c. Leukopenia or leukocytosis
Hemolysis

Immune cytopenias

Alterations in hemostasis

a. Acquired inhibitors to coagulation factors
b. Acquired von Willebrand disease

c¢. Acquired platelet dysfunction
Alterations in leukocyte function.

HEMATOLOGIC MANIFESTATIONS OF DISEASES
OF VARIOUS ORGANS

Heart

The major hematologic complications of cardiac disease are discussed in the follow-
ing subsections.

Hemolysis

Hemolysis occurs with prosthetic valves or synthetic patches utilized for correction
of cardiac defects (particularly when there is failure of endothelialization). It has the
following characteristics:

Hemolysis is secondary to fragmentation of the red cells as they are damaged
against a distorted vascular surface.

Hemolysis is intravascular and may be associated with hemoglobinemia and
hemoglobinuria.

71
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e Iron deficiency occurs secondary to the shedding of hemosiderin within renal
tubular cells into the urine.

e Thrombocytopenia secondary to platelet adhesion to abnormal surfaces also
occurs.

¢ Autoimmune hemolytic anemia may occasionally occur after cardiac surgery
with the placement of foreign material within the vascular system.

Coagulation Abnormalities

* A coagulopathy exists in some patients with cyanotic heart disease. The coagula-
tion abnormalities correlate with the extent of the polycythemia. Hyperviscosity
may lead to tissue hypoxemia, which could trigger disseminated intravascular
coagulation (DIC).

e Marked derangements in coagulation (such as disseminated intravascular coag-
ulation, thrombocytopenia, thrombosis, and fibrinolysis) can accompany surgery
involving cardiopulmonary bypass. Heparinization must be strictly monitored.

Platelet Abnormalities

Quantitative and qualitative platelet abnormalities are associated with cardiac dis-
ease:

e Thrombocytopenia occurs secondary to microangiopathic hemolysis associated
with prosthetic valves.

 Cyanotic heart disease can produce prolonged bleeding time and abnormal
platelet aggregation.

Polycythemia

» The hypoxemia of cyanotic heart disease produces a compensatory elevation in
erythropoietin and secondary polycythemia.

o Patients are at increased risk for cerebrovascular accidents secondary to hyper-
viscosity.

Gastrointestinal Tract
Esophagus

¢ Iron-deficiency anemia may occur as a manifestation of gastroesophageal reflux.
» Endoscopy may be required in unexplained iron deficiency.

Stomach

* The gastric mucosa is important in both vitamin B, and iron absorption.

o Chronic atrophic gastritis produces iron deficiency. There may be an associated
vitamin B,, malabsorption.

* Gastric resection may result in iron deficiency or in vitamin B,, deficiency due to
lack of intrinsic factor.

¢ Zollinger-Ellison syndrome (increased parietal cell production of hydrochloric
acid) may cause iron deficiency through mucosal ulceration.

Small Bowel

* Celiac disease or tropical sprue may cause malabsorption of iron and folate.
¢ Inflammatory bowel disease may cause iron deficiency from blood loss.
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» Eosinophilic gastroenteritis can produce peripheral eosinophilia.
* Diarrheal illnesses of infancy can produce life-threatening methemoglobinemia.

Lower Gastrointestinal Tract

o Ulcerative colitis is often associated with iron-deficiency anemia.

 Peutz—Jeghers syndrome (intestinal polyposis and mucocutaneous pigmenta-
tion) predisposes to adenocarcinoma of the colon.

e Hereditary hemorrhagic telangiectasia (Osler-Weber—Rendu disease) may pro-
duce iron deficiency, platelet dysfunction, and hemostatic defects.

Pancreas

» Hemorrhagic pancreatitis produces acute normocytic, normochromic anemia. It
may also be associated with DIC.

e Shwachman-Diamond syndrome is characterized by congenital exocrine pan-
creatic insufficiency, metaphyseal bone abnormalities, and neutropenia. There
may also be some degree of anemia and thrombocytopenia.

« Cystic fibrosis produces malabsorption of fat-soluble vitamins (e.g., vitamin K)
with impaired prothrombin production.

 Pearson syndrome is characterized by exocrine pancreatic insufficiency and
severe sideroblastic anemia.

Liver Disease
Anemia

Anemias of diverse etiologies occur in acute and chronic liver disease. Red cells are
frequently macrocytic (mean corpuscular volume [MCV] of 100-110 fl). Target cells
and acanthocytes (spur cells) are frequently seen. Some of the pathogenetic mecha-
nisms of anemia include:

1. Shortened red cell survival and red cell fragmentation (spur cell anemia) in cir-
rhosis

2. Hypersplenism with splenic sequestration in the presence of secondary portal
hypertension

3. Iron-deficiency anemia secondary to blood loss from esophageal varices in por-
tal hypertension

4. Chronic hemolytic anemia in Wilson’s disease secondary to copper accumula-
tion in red cells

5. Aplastic anemia resulting from acute viral hepatitis (particularly hepatitis B) in
certain immunologically predisposed hosts

6. Megaloblastic anemia secondary to folate deficiency in malnourished individuals.

Coagulation Abnormalities

The liver is involved in the synthesis of most of the coagulation factors. Liver dys-
function can be associated with either hyper- or hypocoagulable states because both
procoagulant and anticoagulant synthesis is impaired.

Factor I (fibrinogen)
Fibrinogen levels are generally normal in liver disease. Low levels may be seen in
fulminant acute liver failure.

Factors 11, V1I, IX, and X (vitamin K—dependent factors)
These factors are reduced in liver disease secondary to impaired synthesis. Factor VII
is the most sensitive.
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Factor V

Levels generally parallel factors II and X. If there is associated DIC, factor V level is
markedly depressed. In cholestatic liver disease, factor V may be markedly elevated
as an acute-phase reactant.

Factor VIII
Procoagulant activity is generally normal in liver disease. If there is associated DIC,
factor VIII will be markedly depressed.

Plasminogen and antithrombin
Levels are depressed in acute and chronic liver disease. Liver disease results in a
hypercoagulable state and may be associated with an increased incidence of DIC.

o,,-Macroglobulin and plasmin

Inhibitor of thrombin o,-macroglobulin and plasmin is elevated in cirrhosis. Tests for
coagulation disturbances prothrombin time (PT) is the most convenient test for mon-
itoring liver function.

Kidneys

Renal disease may affect red cells, white cells, platelets, and coagulation. Severe renal
disease with renal insufficiency is frequently associated with chronic anemia (and
sometimes pancytopenia). This type of anemia is characterized by:

1. Hemoglobin as low as 4-5 g/dL

2. Normochromic and normocytic red cell morphology unless there is associated
microangiopathic hemolytic anemia (as in the hemolytic uremic syndrome), in
which case schistocytes and thrombocytopenia are seen

3. Low reticulocyte count

4. Decreased erythroid precursors in bone marrow aspirate.

The following mechanisms are involved in the pathogenesis of this type of anemia:

1. Erythropoietin deficiency is the most important factor (90% of erythropoietin
synthesis occurs in the kidney).

2. Shortened red cell survival is secondary to uremic toxins or in hemolytic ure-
mic syndrome (HUS) secondary to microangiopathic hemolysis.

3. Uremia itself inhibits erythropoiesis and in conjunction with decreased eryth-
ropoietin levels produces a hypoplastic marrow.

4. Increased blood loss from a hemorrhagic uremic state and into a hemodialysis
circuit causes iron deficiency.

5. Dialysis can lead to folic acid deficiency.

Treatment

1. Recombinant human erythropoietin (rHuEPO)*:

a. Determine the baseline serum erythropoietin and ferritin levels prior to
starting rHUEPO therapy. If ferritin is less than 100 ng/mL, give ferrous sul-
fate 6 mg/kg/day aimed at maintaining a serum ferritin level above 100
ng/mL and a threshold transferrin saturation of 20%.

b. Start with rHUEPO treatment in a dose of 150 units/kg/day SC three times
a week.

¢. Monitor blood pressure closely (increased viscosity produces hypertension
in 30% of cases) and perform complete blood count (CBC) weekly.

*Thrombosis of vascular access occurs in 10% of cases treated with rHuEPO.
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d. Titrate the dose:
(1) If no response, increase rtHUEPO to 300 units/kg/day SC three times a
week.
(2) If hematocrit (Hct) reaches 40%, stop rHUEPO until Hct is 36% and then
restart at 25% dose.
(3) If Hct increases very rapidly (>4% in 2 weeks), reduce dose by 25%. The
potential benefits of rTHUEPO are listed in Table 5-1.
2. Folic acid 1 mg/day is recommended because folate is dialyzable.
3. Packed red cell transfusion is rarely required.

Endocrine Glands
Thyroid

Anemia is frequently present in hypothyroidism. It is usually normochromic and
normocytic. The anemia is sometimes hypochromic because of associated iron defi-
ciency, and occasionally macrocytic because of vitamin B,, deficiency. The bone mar-
row is usually fatty and hypocellular, and erythropoiesis is usually normoblastic.
The finding of a macrocytic anemia and megaloblastic marrow in children with
hypothyroidism should raise the possibility of an autoimmune disease with anti-
bodies against parietal cells as well as against the thyroid, leading to vitamin B , defi-
ciency (juvenile pernicious anemia with polyendocrinopathies).

Adrenal Glands

» Androgens stimulate erythropoiesis.

» Conditions of androgen excess such as Cushing syndrome and congenital adre-
nal hyperplasia can produce secondary polycythemia.

» In Addison disease, some degree of anemia is also present but may be masked
by coexisting hemoconcentration. The association between Addison disease and
megaloblastic anemia raises the possibility of an inherited autoimmune disease
directed against multiple tissues, including parietal cells (juvenile pernicious
anemia with polyendocrinopathies).

Lungs

» Hypoxia secondary to pulmonary disease results in secondary polycythemia.
* Idiopathic pulmonary hemosiderosis is a chronic disease characterized by recur-
rent intra-alveolar microhemorrhages with pulmonary dysfunction, hemoptysis,

Table 5-1. Potential Benefits of Recombinant Human Erythropoietin in Children
with Renal Disease

1. Elimination of transfusion dependency, including;:
Decreased risks of transfusion
Elimination of chronic iron overload
Reduced sensitization to histocompatibility locus antigen (HLA)—easier to transplant
2. Increased energy and activity levels
. Better appetite, resulting in better nutrition (dietary potassium and phosphate restrictions
must be observed)
. Improved growth
. Improved cognition
. Healthier psychosocial development
. Improved cardiac function
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and hemosiderin-laden macrophages, resulting in iron-deficiency anemia. A pre-
cise diagnosis can be established by the presence of siderophages in the gastric
aspirate. A lung biopsy may be necessary.

Treatment is controversial and may involve:

e Corticosteroids
o Withdrawal of cow’s milk
e Packed red cell transfusions when indicated.

Skin
Mast Cell Disease

Mast cell disease or mastocytosis is associated with abnormal accumulation of mas-
tocytes (closely related to monocytes or macrophages rather than to basophils) that
occur in the dermis (cutaneous mastocytosis) or in internal organs (systemic masto-
cytosis). The systemic form is rare in children. In children, this condition is more
common under 2 years of age. It usually presents either as a solitary cutaneous mas-
tocytoma or, more commonly, as urticaria pigmentosa. Involvement beyond the skin
is unusual in children; bone lesions are the most common, but bone marrow involve-
ment is rare.

Eczema and Psoriasis

Patients with extensive eczema and psoriasis commonly have a mild anemia. The
anemia is usually normochromic and normocytic (anemia of chronic disease).

Dermatitis Herpetiformis

e Macrocytic anemia secondary to malabsorption
e Hyposplenism: Howell-Jolly bodies maybe present on blood smear.

Dyskeratosis Congenita

This disease is characterized by ectodermal dysplasia and aplastic anemia (also see pages
112-114). The aplastic anemia is associated with high MCV, thrombocytopenia, and
elevated fetal hemoglobin. This may occur before the onset of the skin manifestations.

Hereditary Hemorrhagic Telangiectasia

This autosomal dominant disorder is associated with bleeding disorder. Easy bruis-
ability, epistaxis, and respiratory and gastrointestinal bleeding may be caused by
telangiectatic lesions.

Ehlers—Danlos syndrome

This condition may be associated with platelet dysfunction: reduced aggregation
with ADP, epinephrine, and collagen. An unusual sensitivity to aspirin is described
in type IV syndrome (see page 291).

CHRONIC ILLNESS

Chronic illnesses such as cancer, connective tissue disease, and chronic infection
are associated with anemia. The anemia has the following characteristics:
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» Normochromic, normocytic, occasionally microcytic

 Usually mild, characterized by decreased plasma iron and normal or increased
reticuloendothelial iron

» Impaired flow of iron from reticuloendothelial cells to the bone marrow

* Decreased sideroblasts in the bone marrow.

Treatment involves treating the underlying illness. Iron is of little value because
the iron is cleared by the reticuloendothelial system.

Connective Tissue Diseases
Rheumatoid Arthritis

» Anemia of chronic illness (normocytic, normochromic)

» High incidence of iron deficiency

» Leukocytosis and neutropenia common in exacerbations of juvenile rheumatoid
arthritis (JRA)

» Thrombocytosis associated with a high level of interleukin 6 (IL-6) occurs in
many patients, although there may be transient episodes of thrombocytopenia

Felty’s Syndrome

* Triad of rheumatoid arthritis, splenomegaly, and neutropenia
» Granulocyte colony-stimulating factor (G-CSF) is effective treatment in some
cases

Systemic Lupus Erythematosus

» Two types of anemia are common: anemia of chronic illness (normocytic, nor-
mochromic) and acquired autoimmune hemolytic anemia (Coombs’ positive).

» Neutropenia is common as a result of decreased marrow production and
immune mediated destruction.

» Lymphopenia with abnormalities of T-cell function occurs.

» Immune thrombocytopenia occurs.

* A circulating anticoagulant (antiphospholipid antibody) may be present and is
associated with thrombosis.

Polyarteritis Nodosa

* Microangiopathic hemolytic anemia, possibly associated with renal disease or
hypertensive crises
» Prominent eosinophilia.

Wegener Granulomatosis

This autoimmune disorder is rare in children. Hematologic features include:

* Anemia: normocytic; RBC fragmentation with microangiopathic hemolytic
anemia

» Leukocytosis with neutrophilia

* Eosinophilia

» Thrombocytosis.

Kawasaki Syndrome

» Mild normochromic, normocytic anemia with reticulocytopenia
* Leukocytosis with neutrophilia and toxic granulation of neutrophils and vacuoles
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Decreased T-suppressor cells

 High C, levels

Increased cytokines IL-1, IL-6, IL-8, interferon-a, and tumor necrosis factor (TNF)
Marked thrombocytosis (mean platelet count of 700,000/ mm?)

« DIC.

Henoch-Schoénlein Purpura

Henoch-Schonlein purpura (HSP) is called anaphylactoid purpura, which is associ-
ated with systemic vasculitis characterized by unique purpuric lesions, transient
arthralgias or arthritis (especially affecting knees and ankles), colicky abdominal
pain, and nephritis (see page 293).

¢ Anemia occasionally occurs as a result of GI bleeding or decreased RBC produc-
tion caused by renal failure.

+ Transient decreased F XIII activity may occur.

e Vitamin K deficiency from severe vasculitis-induced intestinal malabsorption
has been reported.

Infections
Anemia

¢ Chronic infection is associated with the anemia of chronic illness.

* Acute infection, particularly viral infection, can produce transient bone marrow
aplasia or selective transient erythrocytopenia.

» Parvovirus B19 infection in people with an underlying hemolytic disorder (such
as sickle cell disease, hereditary spherocytosis) can produce a rapid fall in hemo-
globin and an erythroblastopenic crisis marked by anemia and reticulocytope-
nia. There may be an associated neutropenia.

* Many viral and bacterial illnesses may be associated with hemolysis.

White Cell Alterations

* Viral infections can produce leukopenia and neutropenia. Neutrophilia with an
increased band count and left shift frequently results from bacterial infection.
» Neonates, particularly premature infants, may not develop an increase in white
cell count in response to infection.
* Eosinophilia may develop in response to parasitic infections.
Clotting Abnormalities

Severe infections, for example, gram-negative sepsis, can produce DIC.

Thrombocytopenia

Infection can produce thrombocytopenia through decreased marrow production,
immune destruction, or DIC.

Viral and Bacterial llinesses Associated
with Marked Hematologic Sequelae

Parvovirus

Parvovirus B19 has a peculiar predilection for rapidly growing cells, particularly red
cell precursors in the bone marrow. It has a preference for the red cell precursors
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because it uses P antigen as a receptor. This viral infection is associated with a tran-
sient erythroblastopenic crisis, particularly in individuals with an underlying
hemolytic disorder. In addition, it can produce thrombocytopenia, neutropenia, and
a hemophagocytic syndrome. In immunocompromised individuals, parvovirus B19
infection can produce prolonged aplasia.

Epstein—Barr Virus

Epstein-Barr virus (EBV) infection is associated with the following hematologic
manifestations:

* Atypical lymphocytosis

» Acquired immune hemolytic anemia
» Agranulocytosis

» Aplastic anemia

» Lymphadenopathy and splenomegaly
» Immune thrombocytopenia.

EBV infection also has immunologic and oncologic associations (see Chapter 13):

* X-linked lymphoproliferative syndrome associated with fatal EBV infection,
acquired hypogammaglobulinemia, and lymphoma

* Clonal T-cell proliferations

» Hemophagocytic syndrome

» Endemic form of Burkitt’s lymphoma in Africa.

Human Immunodeficiency Virus

The main pathophysiology of human immunodeficiency virus (HIV) infection is a
constant decline in CD4+ lymphocytes, leading to immune collapse and death. The
other bone marrow cell lines also decline in concert with CD4+ cell numbers as HIV
disease (acquired immunodeficiency syndrome [AIDS]) progresses.

HIV infection has the hematologic manifestations discussed next.

Thrombocytopenia

Thrombocytopenia occurs in about 40% of patients with AIDS. Initially, the clinical
findings resemble those of immune thrombocytopenic purpura (ITP). Some degree
of splenomegaly is common and the platelet-associated antibodies are often in the
form of immune complexes that may contain antibodies with anti-HIV specificity.
Megakaryocytes are normal or increased, and production of platelets is reduced in
the bone marrow. Thrombotic thrombocytopenic purpura (TTP) is also associated
with HIV disease. This occurs in advanced AIDS.

Anemia and Neutropenia

HIV-infected individuals develop progressive cytopenia as immunosuppression
advances. Anemia occurs in approximately 70-80% of patients and neutropenia in
50%. Cytopenias in advanced HIV disease are often of complex etiology and include
the following:

» A production defect appears to be most common.

» Antibody and immune complexes associated with red and white cell surfaces
may contribute. Up to 40% have erythrocyte-associated antibodies. Specific anti-
bodies against i and U antigens have occasionally been noted. About 70% of
patients with AIDS have neutrophil-associated antibodies.
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The pathogenesis of the hematologic disorders includes:

o Infections: Myelosuppression is frequently caused by involvement of the bone
marrow by infecting organisms (e.g., mycobacteria, cytomegalovirus [CMV],
parvovirus, fungi, and, rarely, Pneumocystis carinii).

 Neoplasms: Non-Hodgkin lymphoma (NHL) in AIDS patients is associated with
infiltration of the bone marrow in up to 30% of cases. It is particularly prominent
in the small noncleaved histologic subtype of NHL.

o Medications: Widely used antiviral agents in AIDS patients are myelotoxic; for
example, zidovudine (AZT) causes anemia in approximately 29% of patients.
Ganciclovir and trimethoprim/sulfamethoxazole or pyrimethamine/sulfadi-
azine cause neutropenia. In general, bone marrow suppression is related to the
dosage and to the stage of HIV disease. Importantly, the other nucleoside ana-
logues of anti-HIV compounds (dideoxycytidine [ddC], dideoxyinosine [ddI],
stavudine [d4T], or lamivudine [3TC]) are usually not associated with significant
myelotoxicity.

 Nutrition: Poor intake is common in advanced HIV disease and is occasionally
accompanied by poor absorption. Vitamin B,, levels may be significantly
decreased in HIV infection although vitamin B,, is not effective in treatment. The
reduction in serum vitamin B,, levels is due to vitamin B,, malabsorption and
abnormalities in vitamin B, ,-binding proteins.

Coagulation Abnormalities
The following abnormalities occur:

e Dysregulation of immunoglobulin production may affect the coagulation cas-
cade. The dysregulation of immunoglobulin production may also occasionally
result in beneficial effects, as in the resolution of anti—factor VIII antibodies in
HIV-infected hemophiliacs.

 Lupus-like anticoagulant (antiphospholipid antibodies) or anticardiolipin anti-
bodies occur in 82% of patients. This is not associated with thrombosis in AIDS
patients.

e Thrombosis may occur secondary to protein S deficiency. Low levels of protein
S occur in 73% of patients.

Role of Hematopoietic Growth Factors in AIDS

e rHuEPO results in a significant improvement in hematocrit and reduces trans-
fusion requirements while the patient is receiving zidovudine. rHUuEPO therapy
should be initiated if the erythropoietin threshold is less than 500 IU /L.

» G-CSF in a dose of 5 ug/kg/day SC is the most widely used growth factor in
neutropenia.

¢ Granulocytic-macrophage colony-stimulating factor (GM-CSF) improves neu-
trophil counts in drug-induced neutropenia. The effects of GM-CSF are seen
within 2448 hours with relatively low doses of GM-CSF (250 ug/m? 3 x week).

¢ Interleukin-3 (IL-3) given in doses of 0.5-5 mg/kg/day increases neutrophil
counts.

Cancers in Children with HIV Infection

Malignancies in children with HIV infection are not as common as those in adults.
Table 5-2 lists AIDS-related neoplasms in adults, and Table 5-3 lists AIDS-related neo-
plasms in children with HIV infection in the order of frequency.
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Table 5-2. AIDS-Related Neoplasms in Adults

Kaposi sarcoma
Non-Hodgkin lymphoma
Anogenital cancers
Cervical cancer
Epithelioid anal cancer
Hodgkin disease
Leiomyosarcoma
Testicular tumors
Conjunctival tumors
Melanoma
Renal tumors
Skin cancer
Basal cell carcinoma
Squamous cell carcinoma
Lung cancer
Adenocarcinoma

Table 5-3. AIDS-Related Neoplasms in Children

Non-Hodgkin lymphoma
Burkitt lymphoma (B-cell, small noncleaved)
Immunoblastic lymphoma (B-cell, large cell)
Central nervous system lymphomas
Mucosa-associated lymphoid tissue (MALT) type

Leiomyosarcoma and leiomyoma

Kaposi’s sarcoma

Leukemias

Non-Hodgkin lymphoma (NHL)

NHL is the most common malignancy secondary to HIV infection in children. It is
usually of B-cell origin as in Burkitt (small noncleaved cell) or immunoblastic (large
cell) NHL. The mean age of presentation of malignancy in congenitally transmitted
disease is 35 months, with a range of 662 months. In transfusion-transmitted dis-
ease, the latency from the time of HIV seroconversion to the onset of lymphoma is
22-88 months. The CD4 lymphocyte count is less than 50/mm? at the time of diag-
nosis of the malignancy.

The presenting manifestations include:

¢ Fever

» Weight loss

» Extranodal manifestations (e.g., hepatomegaly, jaundice, abdominal distention,
bone marrow involvement, or central nervous system [CNS] symptoms).

Some patients will already have had lymphoproliferative diseases such as lym-
phocytic interstitial pneumonitis or pulmonary lymphoid hyperplasia. These chil-
dren usually have advanced (stage III or IV) disease at the time of presentation.

Central nervous system lymphomas

Children with CNS lymphomas present with developmental delays or loss of devel-
opmental milestones and encephalopathy (dementia, cranial nerve palsies, seizures,
or hemiparesis).
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The differential diagnosis includes infections such as toxoplasmosis, cryptococco-
sis, or tuberculosis. Contrast-enhanced computed tomography (CT) studies of the
brain show hyperdense mass lesions that are usually multicentric or periventricular.
CNS lymphomas in AIDS are fast growing and often have central necrosis and a “rim
of enhancement” as in an infectious lesion. A stereotactic biopsy will give a defini-
tive diagnosis.

Treatment of HIV infection—related lymphomas. Treatment consists of standard proto-
cols as described in Chapter 16 on non-Hodgkin lymphoma. Treatment of CNS
lymphomas is more difficult. Intrathecal therapy is indicated even for those without
evidence of meningeal or mass lesions at diagnosis of NHL. Radiation therapy may
be a helpful adjunct for CNS involvement.

The following are more favorable prognostic features in NHL secondary to AIDS:

» CD4 lymphocyte count greater than 100/ mm?
e Normal serum LDH level

¢ No prior AIDS-related symptoms

e Good Karnofsky score (80-100).

Proliferative lesions of mucosa-associated lymphoid tissue
Mucosa-associated lymphoid tissue (MALT) shows reactive lymphoid follicles with
prominent marginal zones containing centrocyte-like cells, lymphocytic infiltration
of the epithelium (lymphoepithelial lesion), and the presence of plasma cells under
the surface epithelium. These lesions may be associated with the mucosa of the gas-
trointestinal tract, Waldeyer ring, salivary glands, respiratory tract, thyroid, and thy-
mus. Proliferative lesions of MALT can be benign or malignant (such as lymphomas).

The proliferative lesions arising from MALT form a spectrum or a continuum
extending from reactive to neoplastic lesions. The neoplastic lesions are usually low
grade but may progress into high-grade MALT lymphomas (Table 5-4). MALT lym-
phomas characteristically remain localized, but if dissemination occurs, they are usu-
ally confined to the regional lymph nodes and other MALT sites. MALT lesions
represent a category of pediatric HIV-associated disease that may arise from a com-
bination of viral etiologies, including HIV, EBV, and CMV.

Treatment of low-grade MALT lymphoma involves:

o o-Interferon: 1,000,000 units/m? SC three times a week; continue until regression
of disease or severe toxicity occurs.

e Rituxan (monoclonal antibody-anti-CD20): 375 mg/m? IV weekly for 4 weeks;
courses may be repeated as clinically indicated.

Table 5-4. Spectrum of Systemic Lymphoproliferation in Children with AIDS

Follicular hyperplasia (lymph nodes, gastrointestinal tract)

Lymphoid follicles/nodular (liver, thymus)

Thymitis and multilocular thymic cyst PLH/LIP complex, typical and atypical
Polyclonal polymorphic B-cell lymphoproliferative disorder

Myoepithelial sialoadenitis

Myoepithelial sialoadenitis with lymphoma

MALT lymphoma (involving lungs, tonsils, and salivary glands)

Non-MALT lymphoma (involving nodal and extranodal sites)

Abbreviations: PLH/LIP, pulmonary lymphoid hyperplasia/lymphoid interstitial pneumonitis; MALT,
mucosa-associated lymphoid tissue.

From McClain KL, Joshi VV. Cancer in children with HIV infection. Hematol Oncol Clin North Am
1996;10:1189, with permission.
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Some patients may not require any treatment because of the indolent nature of the
disease.

Leiomyosarcomas and leiomyomas

Malignant or benign smooth muscle tumors, leiomyosarcoma (LS) and leiomyoma
(LM), are the second most common type of tumor in children with HIV infection. The
incidence in HIV patients is 4.8% (in non-HIV children, it is 2 per million). The most
common sites of presentation are the lungs, spleen, and gastrointestinal tract.
Patients with endobronchial LM or LS often have multiple nodules in the pulmonary
parenchyma. Bloody diarrhea, abdominal pain, or signs of obstruction may signal
intraluminal bowel lesions. These tumors are clearly associated with EBV infection.
In situ hybridization and quantitative polymerase chain reaction studies of LM and
LS demonstrated that high copy numbers of EBV are present in every tumor cell. The
EBV receptor (CD21/C3d) is present on tumor tissue at very high concentrations, but
is present at lower concentrations in normal smooth muscle or control leiomy-
omas/leiomyosarcomas that had no EBV DNA in them. In AIDS patients, the EBV
receptor may be unregulated, allowing EBV to enter the muscle cells and cause their
transformation.

Treatment involves:

» Chemotherapy, including doxorubicin or o-interferon
» Radiotherapy
» Complete surgical resection prior to chemotherapy, where feasible.

Despite surgery and chemotherapy, the disease tends to recur.

Kaposi sarcoma

Kaposi sarcoma (KS) is rare in children and constitutes the third most common
malignancy in pediatric AIDS patients; it occurs in 25% of adults with AIDS. KS
occurs only in those HIV-infected children who were born to mothers with HIV. The
lymphadenopathic form of KS is seen mostly in Haitian and African children and
may represent the epidemic form of KS unrelated to AIDS. The cutaneous form is a
true indicator of the disease related to AIDS. Visceral involvement has not been
pathologically documented in children with AIDS.

Leukemias
Almost all leukemias are of B-cell origin. They represent the fourth most common
malignancy in children with AIDS. The clinical presentation and biologic features are
similar to those found in non-HIV children.

Treatment involves chemotherapy designed for B-cell leukemias and lymphomas.

Miscellaneous tumors

There is no increase of Hodgkin disease in children with AIDS as compared to adult
patients. Children with AIDS rarely develop hepatoblastoma, embryonal rhab-
domyosarcoma, fibrosarcoma, and papillary carcinoma of the thyroid. The occur-
rence of these tumors is probably unrelated to the HIV infection.

Torch Infections

This is a group of congenital infections including toxoplasma, rubella, CMV, herpes
simplex virus (HSV), and syphilis. They can all cause neonatal anemia, jaundice,
thrombocytopenia, and hepatosplenomegaly.

Bordetella Pertussis

This organism causes pertussis (whooping cough). It is invariably associated with
marked lymphocytosis (>25,000/mm?) in early stages of infection.
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Acute Infectious Lymphocytosis

Acute infectious lymphocytosis is caused by a coxsackievirus and is a rare benign,
self-limiting childhood condition. It is associated with a low-grade fever, diarrhea,
and marked lymphocytosis (50,000/mm?). Lymphocytes are mainly CD4 T cells. The
condition resolves in 2-3 weeks without treatment (page 242).

Bartonellosis

Bartonellosis is caused by a gram-negative bacillus Bartonella bacilliformis confined to
the mountain valleys of the Andes. The vector is a local sand fly. Infection from this
organism causes a fatal syndrome of severe hemolytic anemia with fever (Oroya
fever). Another species of Bartonella, B. henselae, causes “cat scratch fever.” It is associ-
ated with a regional (following a scratch by a cat) lymphadenitis. Thrombocytopenia
may occur in this condition.

Tuberculosis

Tuberculosis is caused by Mycobacterium tuberculosis. Hematologic manifestations
include leukemoid reaction mimicking CML, monocytosis, and rarely pancytopenia.

Leptospirosis (Weil Disease)

This disease is caused by Leptospira icterohaemorrhagiae. A coagulopathy occurs that is
complex and can be corrected with vitamin K administration. Thrombocytopenia
commonly occurs but DIC is rare.

Parasitic lllnesses Associated with Marked
Hematologic Sequelae

Malaria
Acute infections cause anemia which is multifactorial:

* Intracellular parasite metabolism alters negative charges on the RBC membrane,
which causes altered permeability with increased osmotic fragility. Spleen
removes the damaged RBC or the parasites are “pitted” during the passage from
the spleen, which results in microspherocytes of RBC.

» Autoimmune hemolytic anemia may also occur. An IgG antibody is formed
against the parasite and resulting immune complex attaches nonspecifically to
RBC, complement is activated, and cell destruction occurs. Positive Coombs’ test
due to IgG is found in 50% of patients with P. falsiparum malaria.

» Thrombocytopenia without DIC is common. IgG antimalarial antibody bonds to
the platelet-bound malaria antigen, and the IgG platelet parasite complex is
removed by the reticulo-endothelial (R-E) system.

Babesiosis

Babesiosis is caused by several species from the genus Babesia that colonize erythro-
cytes. It is a zoonotic disease transmitted by the Ixodes tick. The clinical features are
similar to those of malaria and include fever, myalgia, and arthralgia with
hepatosplenomegaly and hemolysis.

Leishmaniasis

The protozoal species Leishmania causes progressive splenomegaly and pancytope-
nia (anemia, neutropenia, and thrombocytopenia). The bone marrow usually is
hypercellular with hemophagocytosis. Some children may show coagulopathy.
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Hookworm
Worldwide hookworm is a major cause of anemia. Two species infest humans:

o Ancylostoma duodenale is found in the Mediterranean region, in North Africa, and
on the west coast of South America.

o Necator americanus is found in most of Africa, Southeast Asia, the Pacific islands,
and Australia.

Hookworms penetrate exposed skin, usually the soles of bare feet, and migrate
through the circulation to the right side of the heart, then lungs (causing hypereo-
sinophilic syndrome), and through the airway down to the esophagus. They mature
in the small intestine and attach their mouth parts to the mucosa. They suck blood
with each adult A. duodenale consuming about 0.2 mg/day. Heavily infested children
may present with profound iron-deficiency anemia, hypoproteinemia, and marked
eosinophilia.

Tapeworm
Diphyllobothrium latum is a fish tapeworm. It is acquired by eating uncooked fresh-
water fish. This worm infestation in the intestine results in vitamin B,, deficiency.

Trypanosomiasis

A diagnosis of trypanosomiasis can be made by finding trypanosomes in a blood and
bone marrow smear.

LEAD INTOXICATION

One of the most striking hematologic features of lead intoxication is basophilic stip-
pling of RBC (coarse basophilia). It is caused by precipitation of denatured mito-
chondria secondary to inhibition of pyrimidine-5-nucleotidase. Lead also produces
ring sideroblast in the marrow and is associated with hypochromic microcytic ane-
mia and markedly elevated free erythrocyte protoporphyrin levels.

NUTRITIONAL DISORDERS

Protein-Calorie Malnutrition

Protein deficiency in the presence of adequate carbohydrate caloric intake (kwashi-
orkor) is associated with mild normochromic, normocytic anemia secondary to
reduced RBC production despite normal or increased erythropoietin levels as well as
reduced red cell survival. Protein calorie malnutrition is also associated with
impaired leukocyte function.

Scurvy

With scurvy, mild anemia is common. There is a bleeding tendency due to loss of
vascular integrity, which may result in petechiae or subperiosteal, orbital, or sub-
dural hemorrhages. Hematuria and melena may occur.

Anorexia Nervosa

Anorexia nervosa produces the following hematologic changes in more advanced
stages:
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* Gelatinous changes of bone marrow, which may become severely hypoplastic

e Mild anemia (macrocytic), neutropenia, and thrombocytopenia

* Predisposition of infection associated with neutropenia

e Irregularly contracted red cells are seen (as in hypothyroidism) secondary to a
disturbance in the composition of membrane lipids.

BONE MARROW INFILTRATION

The bone marrow may be infiltrated by nonneoplastic disease (storage disease) or
neoplastic disease. In storage disease, a diagnosis is established on the basis of the
clinical picture, enzyme assays of white cells or cultured fibroblasts, and bone mar-
row aspiration revealing the characteristic cells of the disorder. Neoplastic disease
may arise de novo in the marrow (leukemias) or invade the marrow as metastases
from solid tumors (neuroblastoma or rhabdomyosarcoma). Table 5-5 lists the dis-
eases that may infiltrate the marrow.

Gaucher Disease

Gaucher disease is the most common lysosomal storage disease, resulting from defi-
cient activity of B-glucocerebrosidase. It is inherited in an autosomal recessive man-
ner. More than 100 mutations are now known to cause Gaucher disease in the
glucocerebrosidase gene. The degree of clinical involvement differs greatly in indi-
vidual patients, even those with the same genotype and those affected within the
same family.

Pathogenesis

Glucocerebrosidase is necessary for the catabolism of glucocerebroside. Deficiency
of glucocerebrosidase leads to accumulation of glucocerebroside in the lyso-
somes of macrophages in tissues of the reticuloendothelial system. Figure 5-1
shows a diagram of the cellular pathophysiology of Gaucher disease. Accumulation
in splenic macrophages and in the Kupffer cells of the liver produces
hepatosplenomegaly.

Table 5-5. Diseases Invading Bone Marrow

I. Nonneoplastic
A. Storage diseases
1. Gaucher disease
2. Niemann-Pick disease
3. Cystine storage disease
B. Marble bone disease (osteopetrosis)
C. Langerhans cell histiocytosis (Chapter 22)

II. Neoplastic

A. Primary

1. Leukemia (Chapter 14)

B. Secondary
. Neuroblastoma (Chapter 18)
. Non-Hodgkin lymphoma (Chapter 16)
. Hodgkin lymphoma (Chapter 15)
Wilms’” tumor (rarely) (Chapter 19)
. Retinoblastoma (Chapter 23)
. Rhabdomyosarcoma (Chapter 20)
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Fig. 5-1. Diagram of the cellular pathophysiology of Gaucher disease. Monocytes are produced in the
bone marrow and mature to macrophages in the marrow or in specific sites of distribution as liver Kupffer
cells, bone osteoclasts, and lung and tissue macrophages. Once resident, they accumulate glucosylce-
ramide by phagocytosis and become end-stage Gaucher cells. (From Grabowski GA, Leslie N. Lysosomal
storage diseases: Perspectives and principles. In: Hoffmann R, Benz EJ, Shattil SJ, Furie B, Cohen HJ,
Silberstein LE, McGlave P, editors. Hematology Basic Principles and Practice. 3rd ed. Philadelphia:
Lippincott-Raven, 2000, with permission.)
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Hypersplenism produces anemia and thrombocytopenia. Glucocerebroside accu-
mulation in the bone marrow results in osteopenia, lytic lesions, pathologic fractures,
chronic bone pain, bone infarcts, osteonecrosis, and acute excruciating bone crises.

Gaucher disease is classified into three types based on the presence and degree of
neuronal involvement. Table 5-6 outlines the clinical manifestations of the three types
of Gaucher disease.

Patients with Type 1 Gaucher disease present with:

» Hepatosplenomegaly (rarely, portal hypertension develops)

e Pancytopenia secondary to hypersplenism and rarely from infiltration of the
bone marrow with Gaucher cells

* Bone pain, osteoporosis, pathologic fractures, and bone crises

e Growth delay (Fifty percent of the symptomatic children are at or below the
third percentile for height, and another 25% are shorter than expected based on
their midparental height.)

* Typical foamy cells in the bone marrow

¢ Erlenmeyer flask deformity of the distal femora on radiographs

 Decreased glucocerebrosidase activity of white cells

e Characteristic mutations of the glucocerebrosidase gene on chromosome 1 on
DNA analysis.

Diagnosis

Glucocerebrosidase assay on leukocytes or cultured skin fibroblasts is the most effi-
cient method of diagnosis. The typical child with type 1 Gaucher’s disease will have
enzyme activity that is 10-30% of normal.

Further Evaluation

* DNA evaluation for glucocerebrosidase gene abnormalities in patient, parents,
and siblings
e Complete blood count
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Table 5-6. Clinical Classification of Gaucher Disease

Clinical features Type 1 Type 2 Type 3a Type 3b Type 3c

Onset Childhood/ Infancy Childhood  Childhood Childhood
adulthood

Hepatosplenomegaly  + to +++ + -+ +H+ +

Hypersplenism + to +++ + +++ ++ +

Bone crises/fractures  + to +++ — ++ +H+ +

Neurodegenerative — +++ ++ + +

course
Survival 6-80+ years <2 years 2nd to 4th  2nd to 4th  2nd to 4th
decade decade decade

Ethnic predilection Ashkenazi Panethnic  Northern Panethnic = Panethnic

Jewish Swedish

Note + to +++; occasionally present to commonly present; — not present

* Serum chemistry with liver function tests

¢ Acid phosphatase level

» Angiotensin-converting enzyme

* Chitotriosidase

o Liver/spleen volume with magnetic resonance imaging (MRI) or CT radi-
ographs of femora and lateral spine

* MRI of femora

* Bone density of the spine and hips (DEXA)

¢ Chest radiograph.

Treatment

Enzyme replacement therapy is recommended for the treatment of symptomatic
type 1 patients. Recombinant human macrophage-targeted human glucocerebrosi-
dase (imiglucerase, Cerezyme, manufactured by Genzyme, Cambridge, MA) is used
for enzyme replacement therapy. The initial dose is 30-60 units/kg IV every 2 weeks.
The initial dose must be individualized for each patient based on disease severity
and rate of progression. Maintenance dose is 15-60 units/kg IV every 2 weeks.
Children who require treatment need to continue therapy indefinitely to maintain
their clinical improvement. Prolonged periods off therapy are not appropriate.

Recommendations for monitoring of children with type 1 Gaucher disease receiv-
ing and not receiving enzyme replacement therapy are outlined in Table 5-7.

Iron therapy in Gaucher disease patients with anemia is not recommended
because Gaucher cells avidly take up iron, which leads to hemochromatosis and
decreased iron availability for erythropoiesis.

Response to therapy
The earliest response is an improvement in hematologic parameters. A progressive
decrease in liver/spleen size is regarded as a positive response. Skeletal response
occurs more slowly (after 24 years), along with a decrease in pain and bone crises.
Approximately 5% of patients develop hypersensitivity to enzyme replacement
therapy. These reactions respond to interruption of infusion and administration of
antihistamine and glucocorticoids. Subsequent reactions can usually be prevented by
reducing the initial rate of infusion, so that no more than 10 units/min are adminis-
tered. These reactions commonly occur during the first 12 months of treatment. For
this reason, the first year of treatment should be administered under the direct super-
vision of a physician. Following 1 year, therapy can be administered at home by
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Table 5-7. Recommendations for Monitoring Children with Type 1 Gaucher Disease (Minimal Evaluations Only)

Patients not receiving Patients receiving
enzyme therapy enzyme therapy
All patients, Every Every Every Every At time
baseline 12 months 12-24 months 3 mo” 12 mo® of dose change
Hematologic
Hemoglobin X X X X
Platelet count X X X X
Acid phosphatase (total, non-prostatic), X X X X
Angiotensin converting enzyme,
chitotriosidasc’
Visceral*
Spleen volume (volumetric MRI or CT) X X X X
Liver volume (volumetric MRI or CT) X X X X
Skeletal”
MRI (coronal; T1- and T2-weighted) of entire femora® X X X X
Radiograph: AP view of entire femora® and lateral X X X X
view of spine
Bone density (DEXA): spine and hips X X Every 12-24 mo
Quality of life/
Patient reported functional health and well-being X X X

Abbreviation: DEXA, dual energy x-ray absorptiometry.

For patients who have reached clinical goals and for whom there has been no change in dose, the frequency of monitoring can be decreased to every 12-24 months.

One or more of these markers should be consistently monitored (at least once every 12 months) in conjunction with other clinical assessments of disease activity and response to treatment.
Of the three currently recommended biochemical markers, chitotriosidasc activity, when available as a validated procedure from an experienced laboratory, may be the most sensitive indica-
tor of changing disease activity, and is therefore preferred.

‘Obtain contiguous transaxial 10-mm-thick sections for sum of region of interest.

?Additional skeletal assessments that are optional include bone age for patients <14 years old. Follow-up is recommended if baseline is abnormal.

‘Optimally, obtain hips to below knees. As an alternative, obtain hips to distal femur.

fldeally, quality of life should be assessed every 6 months using a standard and valid instrument.

From Charrow ], Anderson HC, Kaplan P, et al. Enzyme replacement therapy and monitoring for children with Type 1 Gaucher disease: Consensus recommendations. ] Pediatr
2004;144:112-20, with permission.
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home nursing services. The nonneutralizing IgG antibodies that develop in up to
13% of patients are not clinically relevant.

Niemann-Pick Disease

Niemann-Pick disease types A and B result from deficient activity of acid sphin-
gomyelinase, encoded by a gene on chromosome 11. The defect results in accumula-
tion of sphingomyelin in the monocyte-macrophage system. The progressive
deposition of sphingomyelin in the central nervous system leads to type A, and in
nonneuronal tissues leads to type B. Type C is a neuropathic form that results from
the defective cholesterol transport.

Clinical Manifestations
Depending on the type, Niemann-Pick disease has classic signs, including:

e Hepatosplenomegaly

e Cherry red spot in macula

¢ Psychomotor deterioration

e Reticular pulmonary infiltrates
e Foamy cells in the bone marrow

Table 5-8 lists the clinical features of the different types of Niemann-Pick disease.
Diagnosis

Diagnosis involves examining leukocytes or cultured fibroblasts to determine sphin-
gomyelinase activity.

Table 5-8. Classification of Niemann-Pick Disease

Type
A B C/D
(acute infantile with (chronic visceral) (chronic neuropathic)
CNS involvement)
Age of presentation ~ 3-6 months Infancy/childhood  Infancy to early
adulthood
Inheritance Autosomal recessive Autosomal recessive Autosomal recessive
Ethnicity Mainly Ashkenazi Jews Panethnic Nova Scotia (D)
Neurologic symptoms Developmental delay =~ None Psychomotor
Neurologic regression retardation
Down-gaze
paralysis
Ataxia
Hepatosplenomegaly  Present Present Present/absent
Cherry red macula 50% of cases Absent Absent
Lymphocyte vacuoles Present None Present
Niemann-Pick cells Present Present Present
in marrow
Sphingomyelinase Marked reduction Marked reduction Normal range”
activity in tissue (<10% of controls) (<10% of controls)
Storage product Sphingomyelin Sphingomyelin Sphingomyelin and
cholesterol

“Deficiency in cultured fibroblasts to esterify exogenous cholesterol.
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Treatment

There is no specific treatment for Niemann-Pick disease. Bone marrow transplanta-
tion in type B patients has been successful in reducing spleen and liver volumes, the
sphingomyelin content in the liver, the Niemann—Pick cells in the bone marrow, and
the radiologic infiltration of the lungs.

Splenectomy in Type B patients frequently causes progression of pulmonary dis-
ease and should be avoided if possible.

“Foam Cells” in Bone Marrow
Foam cells are seen in the bone marrow in the following conditions:

1. Neimann-Pick disease (types A, B, C, D)
2. Gaucher disease (types 1, 2, 3)

3. G, gangliosidosis (type 1)

4. G _, gangliosidosis (Sandhoff variant)

5. Lactosyl ceramidosis

6. Sialidosis I

7. Sialidosis II, late infantile type

8. Mucolipidosis II

9. Mucolipidosis II

10. Mucolipidosis IV

11. Fucosidosis

12. Mannosidosis

13. Neuronal ceroid-lipofuscinosis

14. Farber disease

15. Wolman disease

16. Cholesteryl ester storage disease

17. Cerebrotendinous xanthomatosis

18. Chronic hyperlipidemia

19. Chronic corticosteroid therapy

20. Hematologic malignancies (e.g., Hodgkin disease, leukemia, myeloma)
21. Hematologic disease (e.g., aplastic anemia, ITP).

A careful history (including ethnic and family history), physical examination,
examination of bone marrow using phase electron microscopy and special stains,
and liver biopsy for biochemical analysis (enzyme assays on white blood cells or
cultured skin fibroblasts) can assist in making a specific diagnosis of these storage
diseases.

Cystinosis

An autosomal recessive defect, cystinosis is associated with generalized deposits
of cystine in the tissues. Cystinosis occurs in the first year of life with the following
manifestations:

» Thermal instability, polydipsia, polyuria

Failure to thrive

» Recurrent episodes of vomiting and dehydration

» Dwarfism and rickets often prominent

* Early renal involvement with tubular dysfunction manifesting as a secondary
Fanconi syndrome, leading to chronic renal failure.
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Diagnosis

« Cystine crystals in the bone marrow
* Elevated cystine levels in leukocytes or fibroblasts.

Infantile Malignant Osteopetrosis (Marble Bone Disease)

Osteopetrosis is a hereditary disorder that may be present in either a severe or a
mild form.

Severe Form (Autosomal Recessive)

The marrow space is progressively obliterated by excessive osseous growth. The dif-
ficulty in obtaining marrow by aspiration is a diagnostic clue. Radiologic changes are
characteristic and diagnostic, consisting of generalized osteosclerosis. The cranial
foramina progressively narrow, resulting in blindness due to optic atrophy, deafness,
and other cranial nerve lesions.

The hematologic characteristics include the following:

* Progressive pancytopenia due to encroachment on the hematopoietic marrow by
the overgrowth of bone

» Compensatory extramedullary hematopoiesis with resultant leukoerythroblastic
anemia (circulating normoblasts, tear-drop-shaped poikilocytosis, and early
myelocytes), hepatosplenomegaly, and lymphadenopathy

» Bone marrow hypoplasia

» Hemolysis due to splenic sequestration of red cells and perhaps general overac-
tivity of the reticuloendothelial system.

Treatment

Allogeneic stem cell transplantation provides multipotent hematopoietic stem cells,
which serve as a source of normal osteoclasts.

Mild Form (Autosomal Dominant)

Pathologic fractures occur in sclerotic bone. Nerve entrapment syndromes may also
be present.

Neoplastic Disease
Neoplastic disease can be associated with the following hematologic alterations:

e Hemorrhage

 Nutritional deficiency states

 Dyserythropoietic anemias (including erythroid hypoplasia, sideroblastic ane-
mia, and anemia similar to that seen in chronic inflammation)

e Defect in erythropoietin production

» Hemodilution

e Hemolysis

 Pancytopenia secondary to marrow invasion or to cytotoxic therapy

 Acquired von Willebrand disease as in Wilms’ tumor

e Hypercoagulable states as in non-Hodgkin lymphoma

» Coagulopathy as in acute promyelocytic leukemia

e Leukoerythroblastic anemia and marrow

o Infiltration cytotoxic drug therapy.
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Marrow infiltration is suspected when leukoerythroblastic anemia develops. This
term signifies the presence of myelocytes and normoblasts with anemia, thrombocy-
topenia, and neutropenia. The explanation of this blood picture is that extramedullary
erythropoiesis occurs when the marrow is infiltrated, permitting the escape of early
myeloid and erythroid cells into the circulation. Normal blood findings, however, do
not exclude marrow infiltration.

Bone marrow examination frequently demonstrates infiltration with tumor cells in
the presence of pancytopenia. Because metastatic bone marrow involvement from
solid tumors may be patchy, a single aspiration is not diagnostic. At least two aspi-
rates and two biopsies should be performed.

The hematologic alterations associated with malignancy should be managed sup-
portively and should resolve if the underlying neoplasms can be successfully treated.
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BONE MARROW FAILURE

Bone marrow failure may manifest as an isolated quantitative failure of one cell
line, a single cytopenia (e.g., erythroid, myeloid, or megakaryocytic), or as pancy-
topenia, an acquired or inherited failure of all three cell lines with a hypoplastic or
aplastic marrow (Table 6-1) or it may be due to an inherited qualitative failure of the
bone marrow (e.g., congenital dyserythropoietic anemia). Bone marrow failure may
also be due to invasion of the bone marrow by nonneoplastic (e.g., storage cells) or
neoplastic conditions, primary or metastatic.

Table 6-2 lists the inherited bone marrow failure syndromes with their known and
presumed genes. The inherited bone marrow failure syndromes had usually been
divided into those resulting in pancytopenia (Fanconi anemia and dyskeratosis con-
genita) and those apparently restricted to a single hematopoietic lineage
(Diamond-Blackfan anemia, congenital neutropenia [Kostmann syndrome, cyclic
neutropenia, Shwachman Diamond syndrome], congenital amegakaryocytic throm-
bocytopenia, and thrombocytopenia absent radii [TAR] syndrome). However, it has
become evident that most of these “single-cell cytopenias” may manifest abnormal-
ities in other hematopoietic cell lines; for example, in Shwachman Diamond syn-
drome and congenital amegakaryocytic thrombocytopenia, pancytopenia is fairly
common (Table 6-1).

DIAMOND-BLACKFAN ANEMIA (CONGENITAL
PURE RED CELL APLASIA)

Pathophysiology

Diamond-Blackfan anemia (DBA) is a rare, pure red cell aplasia predominantly of
infancy and childhood resulting from an intrinsic hematopoietic cell defect in which
erythroid progenitors and precursors are highly sensitive to death by apoptosis.

Genetics

1. Dominant inheritance:

a. The first DBA gene, DBA1, has been cloned and identified as RPS 19, a gene
that codes for a ribosomal protein, located at chromosome 19q13.2. Studies
show that RPS 19 mutations account for only 20-25% of both sporadic and
familial cases. The function of this protein is not fully understood.

94
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Table 6-1. Causes of Single Cell Line Failure and Generalized Bone Marrow Failure

Failure of single cell line (single cytopenia)
Red cells
Inherited
Diamond-Blackfan anemia (pure red cell aplasia)
Congenital dyserythropoietic anemia (CDA)
Pearson syndrome
Acquired
Idiopathic
Transient erythroblastopenia of childhood (TEC)
Secondary
Drugs
Infection
Malnutrition
Thymoma
Hematologic conditions
Chronic hemolytic anemia (with associated parvovirus B19 infection)
Chronic parvovirus B19 infection
White blood cells (Chapter 9)
Shwachman Diamond syndrome
Severe congenital neutropenia (Kostmann syndrome)
Reticular dysgenesis (congenital aleukosis)
Platelets (Chapter 10)
Congenital amegakaryocytic thrombocytopenia
Thrombocytopenia absent radii (TAR) syndrome

Failure of all three cell lines (generalized pancytopenia)
Inherited
Fanconi anemia (associated with chromosomal breakages induced by clastogens, e.g.,
diepoxybutane [DEB])
Familial aplastic anemia (not associated with clastogen-induced chromosomal
breakages, DEB negative, no abnormal physical stigmata)
Dyskeratosis congenita
Shwachman Diamond syndrome (predominantly neutropenia)’
Congenital amegakaryocytic thrombocytopenia (predominantly thrombocytopenia)®
Diamond-Blackfan anemia (predominantly anemia)”
Aplastic anemia with constitutional chromosomal abnormalities
Dubowitz syndrome (congenital abnormalities, mental retardation, aplastic anemia)
Acquired
Idiopathic
Secondary (see Table 6-17)

“Can have reduction in other cell lines.

A second gene, DBA2, has been localized by linkage analysis to chromo-
some 8p22-23. This second locus may account for 40-45% of patients.

More than 30% of families are inconsistent for linkage to either 19q or 8p,
strongly suggesting further genetic heterogeneity. Approximately 10% of fam-
ilies have more than one clearly affected individual. The vast majority of these
cases appear to be of dominant inheritance. Within these pedigrees there exists
considerable heterogeneity in the expression of the DBA phenotype.

b. Laboratory studies used for identification of dominant inheritance in family
members of a proband with DBA include hemoglobin level, mean corpuscu-
lar volume (MCV), and erythrocyte adenosine deaminase activity. Note,
however, that the absence of these markers clearly does not exclude domi-
nant inheritance. By carefully evaluating families, it appears that at least
40-50% of cases of DBA are dominantly inherited.
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Table 6-2. Inherited Bone Marrow Failure Syndrome Genes, Known and Presumed

Disorder Gene Locus Genetics Gene product
Fanconi anemia FANCA 16q24.3 Autosomal recessive FANCA
FANCB Xp22.31 X-linked recessive FANCB
FANCC 9g22.3 Autosomal recessive FANCC
FANCD1 13q12.3 Autosomal recessive BRCA2
FANCD?2 3p25.3 Autosomal recessive FANCD2
FANCE 6p21.3 Autosomal recessive FANCE
FANCF 11p15 Autosomal recessive FANCF
FANCG 9p13 Autosomal recessive FANCG
FANCI/] ?/? Autosomal recessive ?/?
FANCL 2pl6.1 Autosomal recessive FANCL
Dyskeratosis congenita DKC(C1 Xq28 X-linked recessive Dyskeratin
hTR (DKC2) 3q Autosomal dominant Telomerase RNA
DKC3 ? Autosomal recessive ?
Shwachman Diamond syndrome SBDS 7ql1 Autosomal recessive SBDS
Diamond-Blackfan anemia RPS19 (DBA1) 19q13.2 Autosomal dominant RPS19
DBA2 8p23.3-p22 Autosomal dominant ?
DBA3 ? Autosomal dominant ?
? ? ? ?
Kostmann syndrome (SCN) ELA2 19p13.3 Autosomal dominant Neutrophil elastase
? ? Autosomal recessive ?
Amegakaryocytic thrombocytopenia c-mpl 1p34 Autosomal recessive Thrombopoietin receptor
? ? Autosomal recessive ?

Thrombocytopenia absent radii (TAR) syndrome

Abbreviation: SCN, severe congenital neutropenia.
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Recessive inheritance: This is suggested in some instances but has not been con-
firmed.

To provide meaningful genetic counseling, it is important to perform the previ-
ously mentioned laboratory studies to reduce the possibility of missing dominant
inheritance in presumed recessive or sporadic cases. It is also important to perform
these laboratory studies in potential family stem cell donors to increase the likeli-
hood of detection of a silent phenotype.

Clinical Features

The following clinical features include findings of the DBA Registry (DBAR) of
North America.

1.

2.

AR

Rare disorder; autosomal dominant and possible autosomal recessive mode of
inheritance.

The median age at presentation of anemia is 2 months and the median age at
diagnosis of DBA is 3 months. More than 90% of the patients present during the
first year of life.

Platelet and white cell counts are usually normal; thrombocytosis occurs rarely;
neutropenia and/or thrombocytopenia may occur. Instances of significant
cytopenias including aplastic anemia are emerging.

Physical anomalies, excluding short stature, are found in 47% of the patients. Of
these, 50% are of the face and head, 38% upper limb and hand, 39% genitouri-
nary, and 30% cardiac. Twenty-one percent of the patients have more than one
anomaly.

Karyotype generally normal.

No hepatosplenomegaly.

Malignant potential; DBA has been recognized as a cancer predisposition syn-
drome. The precise incidence of cancer is unknown. Of the approximately
30 reported cases of malignancy, the most common have been hematopoietic
(acute myeloid leukemia [AML], myelodysplastic syndrome [MDS], lym-
phoma). Osteogenic sarcoma is next most common and cases of breast, colon,
and other solid tumors have been reported.

Diagnosis

Elevated erythrocyte adenosine deaminase (eADA) activity is found in approx-
imately 85% of patients. Macrocytosis and an elevated fetal hemoglobin are
supportive but not diagnostic of DBA. These parameters may be useful in
avoiding potential matched related hematopoietic stem cell transplant (HSCT)
donors with genotypic DBA and have been helpful in distinguishing DBA from
transient erythroblastopenia of childhood (TEC) (Table 6-3).

Bone marrow with virtual absence of normoblasts, in some cases with relative
increase in proerythroblasts or normal number of proerythroblasts with a mat-
uration arrest; normal myeloid and megakaryocytic series.

Table 6-4 lists the diagnostic criteria for Diamond-Blackfan anemia.

Differential Diagnosis

This condition must be differentiated from:

* Transient erythroblastopenia of childhood: Table 6-3 differentiates TEC from DBA.

Congenital hypoplastic anemia due to transplacental infection with B19
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Table 6-3. Differentiating Transient Erythroblastopenia from Diamond-Blackfan

Anemia

Feature

Transient erythroblastopenia

DBA (pure red cell aplasia)

Frequency

Age at diagnosis

Common (? increasing)
6 months—4 years,
occasionally older

Rare (5-10 per 10° live births)
90%, by 1 year
25%, at birth or within first 2 months

Etiology Acquired (viral, idiopathic) ~ Genetic

Familial No Yes (in at least 10-20% of cases)

Antecedent history ~ Viral illness None

Congenital Absent Present ~50% cases (heart, kidneys,
abnormalities musculoskeletal system)

Course Spontaneous recovery in Prolonged, 20% actuarial probability

weeks to months of remission

Transfusion Not dependent Transfusion or steroid dependent
dependence

MCYV (for age) Normocytic Macrocytic

Hemoglobin F Normal Elevated
(for age)

i Antigen Usually normal Elevated

Erythrocyte Not elevated Elevated (~85% of cases)
adenosine
deaminase
activity

Treatment Packed cell transfusion, Packed red cell transfusion.

if required

Prednisone 2 mg/kg/day and taper
to lowest effective dose
Stem cell transplantation

Table 6-4. Diagnostic Criteria for Diamond-Blackfan Anemia

Diagnostic criteria:

Normochromic, usually macrocytic anemia, relative to patient’s age and occasionally
normocytic anemia developing in early childhood

Reticulocytopenia

Normocellular marrow with selective paucity of erythroid precursors
Normal or only slightly decreased granulocyte count
Normal or slightly increased platelet count

Supportive criteria:
Typical physical abnormalities
Increased fetal hemoglobin
Increased erythrocyte adenosine deaminase (eADA) activity

parvovirus can be differentiated from DBA by performing reverse transcriptase
polymerase chain reaction (RT-PCR) for B19 parvovirus on a bone marrow sam-
ple. Parvovirus may result in a transient or more chronic red cell failure in a
patient with underlying hemolytic anemia or in a patient with underlying
immune deficiency, respectively.

* Late hyporegenerative anemia due to Rh or ABO hemolytic disease of the new-
born. This may rarely last for a few months and should be considered in the
differential diagnosis of DBA.

¢ Pearson syndrome.
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e Thymoma, not described in infancy but has been reported in a 5-year-old.
e Viral infections.
e Medications.

Treatment

1. Packed red cell transfusion, as required: Leukocyte-depleted packed red cells
reduce the incidence of nonhemolytic, febrile transfusion reactions, as well as
the risk of transmission of cytomegalovirus (CMV) and the risk of human
leukocyte antigen (HLA) alloimmunization. Patients who have previously been
treated with immunosuppressive drugs should receive irradiated blood prod-
ucts. Patients in whom stem cell transplantation is contemplated should receive
CMV-negative blood products.

2. Prednisone: In a dose of 24 mg/kg/day given in 3 or 4 divided doses.
Reticulocytosis usually occurs in 1-2 weeks but may take slightly longer. When
the hemoglobin level reaches 10.0 g/dL, reduce the dose to the minimum nec-
essary to maintain a reasonable hemoglobin level in order to obtain an effective
alternate-day schedule. Any patient who experiences significant steroid-related
side effects including growth failure should have steroid medication temporar-
ily discontinued and should be placed on a red cell transfusion regimen.
Patients with DBA on low-dose alternate-day therapy of long duration, starting
in early infancy, may manifest significant steroid toxicity. Steroid-related side
effects have been observed in most patients, with 40%, 12%, and 6.8% mani-
festing cushingoid features, pathologic fractures, and cataracts, respectively. It
is recommended that corticosteroids be withheld for the first year of life to
reduce these side effects and to allow for safe and effective immunization.

3. Hematopoietic stem cell transplantation: Although somewhat controversial, HLA-
matched sibling donor transplantation should be considered for any patient
with DBA. Consideration should be given to the fact that 20% of all patients
attain remission, balanced by the risk of hematologic malignancy, myelodys-
plasia, or severe aplastic anemia. A family marrow donor must be tested for the
presence of a “silent phenotype.” Matched unrelated or incompletely matched
related donor transplants have proven to be very risky and should be reserved
for patients with leukemia, MDS, severe aplastic anemia, or clinically signifi-
cant neutropenia or thrombocytopenia.

4. Alternative therapy: A number of treatments, including erythropoietin,
immunoglobulin, megadose corticosteroids, and androgens, have been utilized
in DBA patients with little success. Cyclosporine, interleukin-3 (IL-3), and meto-
clopramide have resulted in occasional responses in DBA. The toxicity of
cyclosporine and the lack of availability of IL-3 exclude their use for most
patients. A more extensive trial with metoclopramide is required to determine
whether it has a place in the treatment of DBA. These agents should be explored
on a case-by-case basis as an alternative to corticosteroids, transfusion, or stem
cell transplantation when the risk associated with these proven modalities war-
rants the treatment.

Prognosis

1. Approximately 80% of DBA patients respond initially to corticosteroid therapy.
The remaining 20% require transfusion therapy.

2. Remission may occur actuarially in 20% of patients by age 25, irrespective of
their pattern of response to treatment, with 77% remitting during the first
decade.
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The major complication of transfusion is iron overload, the consequences of
which include diabetes mellitus, cardiac and hepatic dysfunction, growth fail-
ure, and endocrine dysfunction. Iron chelation with deferoxamine is therefore
an essential component of a transfusion program. New oral iron chelators are
under development; however, the oral chelator deferiprone (L1) has caused sig-
nificant neutropenia in DBA and should not be used. Many patients, however,
find nearly daily subcutaneous chelation therapy onerous and compliance is
often poor. Sustained hematologic remissions defined as stable hemoglobin lev-
els without transfusion or steroid requirement for 6 months may occur. Only
about half of steroid-responsive patients remain on prednisone for long periods
of time. In summary, both chronic corticosteroid therapy and chronic transfu-
sion therapy may lead to a number of significant immediate and long-term
complications, supporting a role for HSCT. Survival of patients into adulthood
in remission or sustainable on steroids is in the range of 85-100%. Only about
60% of transfusion-dependent patients survive to middle age.
HLA-matched-sibling stem cell transplantation patients have long-term sur-
vival of about 80%, whereas unrelated or partially matched related transplants
yield survivals under 20%. Favorable transplantation outcomes are most likely
if the patient is in good health at the time of HSCT without complications of
iron overload and allosensitization. Improvements in supportive care, graft ver-
sus host disease (GVHD) prophylaxis, and infection control have resulted in a
marked decrease in HLA-matched related HSCT transplant-related morbidity
and mortality. Sibling HSCT is recommended for young DBA patients, prior to
development of significant allosensitization or iron overload, when there is an
available HLA-matched related donor.

Patients with DBA who become pregnant may develop either an increased
requirement for steroid therapy or red cell transfusions due to worsening ane-
mia and should be considered high risk and require appropriate follow-up. This
appears to be a hormonally induced problem because oral contraceptives may
cause the same problem in patients with DBA.

Fetal hydrops secondary to fetal DBA has been reported.

CONGENITAL DYSERYTHROPOIETIC ANEMIAS

The congenital dyserythropoietic anemias (CDAs) are a group of conditions char-
acterized by ineffective erythropoiesis (intramedullary red cell death, i.e., anemia
with reticulocytopenia and marrow erythroid hyperplasia) and by specific morpho-
logic abnormalities in the bone marrow consisting of increased numbers of multinu-
cleated red cell precursors. There are 3 major types of CDA (I, II, and III).

Clinical Manifestations

CDA has the following clinical manifestations:

Chronic mild anemia (red cells have nonspecific abnormalities; basophilic stip-
pling, occasional normoblasts, suboptimal reticulocyte count for degree of ane-
mia in the context of erythroid hyperplasia in marrow), usually presenting in
childhood

Granulopoiesis and thrombopoiesis normal

Chronic or intermittent mild jaundice

Splenomegaly

High plasma iron turnover rate and low iron utilization by erythrocyte (ineffec-
tive erythropoiesis) resulting in hemosiderosis
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* Red cell survival time shortened
» Progressive iron overload leading to hemosiderosis.

Marrow findings tend to distinguish the three types from one another. Other clin-
ical manifestations of CDA include the following;:

» CDA associated with atypical hereditary ovalocytosis

» CDA of neonatal onset (with severe anemia at birth, hepatosplenomegaly, jaun-
dice, syndactyly, and small for gestational age)

» CDA associated with hydrops fetalis and hypoproteinemia.

Table 6-5 lists the clinical features of congenital dyserythropoietic anemia, types
I-III. Cases with clinical manifestations that do not fit the classical categories of CDA
have been described. Table 6-6 lists the clinical features of so-called types IV-VL
Table 6-7 lists the myeloid/erythroid (M/E) ratios and percentages of erythroblasts
showing various dysplastic changes in 10 healthy adults and 12 patients with CDA
type L. Table 6-8 lists the diagnostic tests necessary when CDA is suspected. The diag-
nosis of CDA can only be made after the exclusion of other causes of congenital
dyserythropoiesis such as thalassemia syndromes and hereditary sideroblastic ane-
mias. Recently, familial dyserythropoietic anemia with thrombocytopenia has been
shown to be associated with mutations in GATA-1.

Treatment

» Splenectomy performed in severely affected patients results in moderate to
marked improvement, with CDA type I having the poorest response.

Table 6-5. Clinical and Laboratory Features of Congenital Dyserythropoietic Anemia,

Types I-III
Feature Typel Type II (HEMPAS)” Type III
Inheritance Autosomal recessive Autosomal recessive  Autosomal dominant
Clinical Hepatosplenomegaly Hepatosplenomegaly Hepatosplenomegaly
Jaundice Variable jaundice Hair-on-end
Some patients respond Gallstones appearance on skull
to o-interferon 2a Hemochromatosis radiograph
treatment Increased prevalence
of lymphoprolifera-
tive disorders
Gene locus (in 15q15.1-15.3 20q11.2 15q21-25°
some cases)
Red cell size Macrocytic Normo or macrocytic Macrocytic
Anemia Mild to moderate Moderate Mild to moderate
Hemoglobin Hemoglobin Hemoglobin
8-12 g/dL 6-7 g/dL 7-8.5g/dL
Reticulocytes 1.5% 2% 2-4%
Smear Macrocytic: Normocytic: Macrocytic:

Marked anisocytosis Anisocytosis and Anisocytosis and
and poikilocytosis; poikilocytosis; poikilocytosis;
basophilic stippling basophilic basophilic

stippling; “tear- stippling
drop” cells;

irregular

contracted cells;

occasionally,

normoblasts

(Continues)



102

Hematology and Oncology

Table 6-5. (Continued)

Feature Typel Type II (HEMPAS)” Type III
Marrow Megaloblastoid: Normoblastic: Megaloblastic:
normoblasts Binucleated, 2-5%; Bi- and multi- Multinuclearity (up
internuclear nucleated, to 12 nuclei
chromatin bridges, 10-50%; gigantoblasts),
1-2% binuclearity 10-50%
predominates
Serology:
Ham test Negative Positive Negative
Anti-i agglu-  Normal Strong Normal
tinability
Marrow iron Scant increase Increased Increased
Serum bilirubin  Elevated Elevated Elevated
and urine
urobilinogen

"Pathognomonic finding in CDA type Il is that the patient’s red cells are lysed by approximately 30% of acid-
ified sera from normal individuals, but not from patient’s own acidified serum. The red cells contain a specific
HEMPAS (hereditary erythroblastic multinuclearity associated with a positive acidified-serum test) antigen;
many normal sera contain an IgM that is anti-HEMPAS.

"May apply only to a proportion of cases.

Table 6-6. Clinical Features of Congenital Dyserythropoietic Anemia, Types IV-VI
Type IV Type V Type VI
Clinical Mild to Spleen palpable in few cases Spleen not palpable
moderate Unconjugated hyperbilirubinemia
splenomegaly due to intramedullary
destruction of morphologically
normal, but functionally
abnormal erythroblasts/marrow
reticulocytes
Hemoglobin Very low, Normal or near normal Normal or near
transfusion normal
dependent
MCV Normal or Normal or mildly elevated Very high (119-125)
mildly without vitamin
elevated B,,, folic acid, or
other causes of
megaloblastic
anemia
Erythropoiesis Normoblastic Normoblastic Grossly
or mildly to megaloblastic
moderately
megaloblastic
Nonspecific Present Absent or little Present
erythroblast

dysplasia
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Table 6-7. M/E Ratios and Percentages of Erythroblasts Showing Various Changes in
10 Healthy Adults and 12 Patients with CDA Type I

Healthy volunteers CDA typel
Mean Range Mean Range
M/E ratio 3.1 2-8.3 054  0.20-1.30
Cytoplasmic stippling (%) 0.24 0-0.91 710  1.02-15.04
Cytoplasmic vacuolation (%) 0.39 0-0.70
Intererythroblastic cytoplasmic bridges (%) 2.38 0.72-4.77
Markedly irregular or karyorrhectic nuclei (%) 0.22 0-0.55 3.00 1.32-5.03
Howell-Jolly bodies (%) 0.18 0-0.39 097  0.41-1.58
Binuclearity (%) 0.31 0-0.57 487  3.50-7.02
Internuclear chromatin bridges (%) 0 0 1.59 0.60-2.83

Number of erythroblasts assessed per subject 713 548-1022 817 500-1185

From Wickramasinghe SN. Dyserythropoiesis and congenital dyserythropoietic anemias. Br ] Haematol
1997;98:785-97, with permission.

Table 6-8. Diagnostic Tests for Congenital Dyserythropoietic Anemia

Complete blood count, including MCV, red cell distribution width (RDW), blood smear
examination

Absolute reticulocyte count

Quantitative light and if needed electron microscope analysis of the bone marrow

Serum vitamin B,, and red cell folate measurements

Parvovirus B19

Serum bilirubin levels

Hemoglobin (Hb) electrophoresis: Hb A2, Hb F assays

Red cell enzyme assays (pyruvate kinase, glucose-6-phosphate dehydrogenase)

SDS polyacrylamide gel electrophoresis of red cell membranes

Acidified serum lysis test

Sucrose lysis test

Serum ferritin level

Test for urinary hemosiderin

Cytogenetic studies of bone marrow cells

Mutation analysis for known CDA genes

Studies of globin chain synthesis

Studies of globin gene analysis

Abbreviation: SDS, sodium dodecyl sulfate.

* Prophylactic phlebotomy when the hemoglobin level permits and/or deferox-
amine (newer oral iron chelators when available) iron chelation should be
administered to ameliorate the effects of iron overload.

« Folic acid, 1 mg per week, should be administered. Iron therapy is contraindi-
cated.

« Vitamin E has been used in the treatment of CDA type II, with an apparent
improvement in red cell survival and a reduction in serum bilirubin and reticu-
locyte count.

e Recombinant a-interferon 2a has been used in CDA type I, resulting in an
increase in hemoglobin level, a decrease in MCV and red cell distribution width
(RDW), a reduction in serum bilirubin and lactic dehydrogenase (LDH) levels,



104  Hematology and Oncology

an improvement in morphology of erythroblasts, and a reduction in ineffective
erythropoiesis.
e Successful stem cell transplant has been performed in type I CDA.

TRANSIENT ERYTHROBLASTOPENIA

Transient erythroblastopenia of childhood must be differentiated from Diamond-
Blackfan anemia in order to avoid unnecessary corticosteroid use (Table 6-3). TEC has
the following features:

1. Pathophysiology: The following clinical and laboratory observations have shed

light on the basic mechanisms of the pathogenesis of TEC:

a. Virus: There is usually a history of a preceding nonspecific viral illness 1-2
months prior to TEC.

b. Erythropoietin levels: Serum erythropoietin levels are high in keeping with the
degree of anemia.

c. CFU-E and BFU-E: Both are decreased in 30-50% of patients, suggesting that
the defect might be at the CFU-E and BFU-E levels.

d. Serum inhibitors of erythropoiesis: Immunoglobulin G (IgG) inhibitors of nor-
mal progenitor cells have been found in 60-80% of patients with TEC.

e. Cellular inhibitors of erythropoiesis: Inhibitory mononuclear cells have been
observed in approximately 25% of patients with TEC.

On the basis of the preceding observations, it has been speculated that a non-
specific virus is cleared as the host develops IgG antibody. This IgG antibody
probably recognizes shared viral and erythroid progenitor epitopes.

2. Age: Usually between 6 months and 4 years of age. With more children attend-
ing day care programs, younger patients with TEC are being identified.

3. Sex: Equal frequency in boys and girls.

4. Hematologic values:

a. Hemoglobin falls to levels ranging from 3 to 8 g/dL.

b. Reticulocyte count is 0%.

c. White blood cell and platelet count are usually normal.
Note, however, that approximately 10% of patients may have significant
neutropenia (absolute neutrophil count [ANC], <1000/mm?) and 5% have
thrombocytopenia (platelet count, <100,000/mm?). (Table 6-3 lists the hema-
tologic characteristics.) An analysis of 50 patients presenting with TEC at our
institution revealed a high incidence of neutropenia (64% with an ANC of
<1500/mm?3).

5. Bone marrow: Absence of red cell precursors, except when the diagnostic bone
marrow is performed during early recovery (prior to a reticulocytosis) when
variable degrees of erythroid maturation may be observed.

6. Prognosis: Spontaneous recovery occurs within weeks to months with the vast
majority of patients recovering within 1 month. Recurrent TEC occurs only rarely.

7. Treatment: Transfusion of packed red blood cells if there is impending cardio-
vascular compromise. Because recovery is usually prompt, restraint should be
exercised with regard to red cell transfusions.

Other instances of transient red cell failure may occur secondary to:

e Drugs: chloramphenicol, penicillin, phenobarbital, and diphenylhydantoin

e Infections: viral infections (e.g., mumps, EBV, parvovirus B19, atypical pneumo-
nia) and bacterial sepsis

* Malnutrition: kwashiorkor and other disorders
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* Chronic hemolytic anemia: hereditary spherocytosis, sickle cell anemia, 3-thalassemia,
and other congenital or acquired hemolytic anemias. The etiologic agent is human
parvovirus B19.

APLASTIC ANEMIA

Aplastic anemia is a physiologic and anatomic failure of the bone marrow charac-
terized by a marked decrease or absence of blood-forming elements in the marrow
and peripheral pancytopenia (decreased red cells, white blood cells, and platelets).
Splenomegaly, hepatomegaly, and lymphadenopathy are not characteristic of this
condition. Aplastic anemia may be congenital or acquired.

Figure 6-1 delineates in schematic form an approach to the differential diagnosis
of pancytopenia, and Table 6-9 lists the investigations to be carried out in a patient
with pancytopenia.

CONGENITAL APLASTIC ANEMIAS
Fanconi Anemia

Fanconi anemia (FA) is a rare (heterozygote frequency in the general population of
1/300; 1/100 in Ashkenazi Jews and South African Afrikaners due to “founder
effect”) autosomal recessive inherited bone marrow failure syndrome generally asso-
ciated with multiple congenital anomalies. Very rarely (FANCB) the disease may be
transmitted as an X-linked recessive (Table 6-2).

HEMOGLOBIN, HEMATOCRIT, WBC, AND PLATELET COUNT

Pancytopenia
|
Splenomegaly No splenomegaly
Bone marrow aspiration Bone marrow aspiration and biopsy
Abnormal Normal Abnormal Hypocellular Acellular
Leukemia/MDS Lymphoma Leukemia Early Aplastic
Storage diseases Hypersplenism aplastic anemia
Gaucher disease Connective tissue disorder anemia |
Niemann—Pick disease Portal hypertension
Prehepatic |
Hepatic Congenital Acquired
Primary splenic disease Fanconi anemia
Cyst ) Dyskeratosis congenita
Granulomata: Sarcoid, TB Familial aplastic anemia

Shwachman Diamond syndrome
Congenital amegakaryocytic

thrombocytopenia
Idiopathic Secondary

MDS Drugs

PNH Toxins
Radiation
Immunologic
Infections

HIV

Fig. 6-1. Approach to the differential diagnosis of pancytopenia.
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Table 6-9. Investigations in Patients with Pancytopenia

1. Detailed drug history, toxin and radiation exposure, family history of aplastic anemia,
physical examination for congenital anomalies

2. Blood count: absolute reticulocyte count, granulocyte count, Hb, Hct, MCV, platelet
count

. ANA and DNA titer, Coombs’ test, rheumatoid factor, liver function tests, tuberculin test

. Viral serology: HIV, EBV, parvovirus, hepatitis A, B, C. PCR for virus when indicated

. Serum vitamin B,,, red cell, and serum folate levels

. Bone marrow aspirate and trephine biopsy (Because of patchiness of bone marrow
involvement, biopsy at multiple sites may be required.)

7. Chromosome breakage assay on blood lymphocytes or skin fibroblasts using clastogen
stimulation (e.g., diepoxybutane or mitomycin C) to diagnose Fanconi anemia (Skeletal
radiographs, renal, cardiac, abdominal ultrasound, chest x-ray to determine congenital
anomalies in Fanconi anemia.)

8. Cytogenetic studies on bone marrow to exclude myelodysplastic syndromes

9. Flow cytometric immunophenotypic analysis of erythrocytes for deficiency of GPI-
linked surface protein (e.g., CD55/59) to exclude paroxysmal nocturnal hemoglobinuria

10. Diagnostic tests to rule out Shwachman Diamond syndrome (see Chapter 9) such as
skeletal radiograph, chest radiograph, pancreatic ultrasound, serum trypsinogen, and
isoamylase

11. Mutation analysis for inherited bone marrow failure syndromes when suspected.

N Ul = W

Abbreviations: Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; HIV, human immunodefi-
ciency virus; EBV, Epstein-Barr virus; PCR, polymerase chain reaction.

Pathophysiology of Fanconi Anemia

Somatic cell hybridization studies have thus far defined 11 FA complementation
groups. Of these, nine FA genes have been cloned (Table 6-10). The gene products of
these nine genes have been shown to cooperate in a common pathway. Six of the FA
proteins (FANCA, C, E, F, G, and L) assemble in a nuclear complex that is required
to monobuiquinate and activate FANCD?2. Ubiquinated FANCD?2 is translocated to a
nuclear focus containing BRCA1. Recently FANCD1 has been identified as BRCA2.
The exact mechanism of FANCD2 monobuiquitination and the role of FANCD?2,
BRCA2 (FANCD1), and BCRA1 in DNA repair are yet to be unraveled. Despite the
identification of this pathway, the manner in which disruption in this cascade of
events results in a faulty DNA-damaged response and genomic instability leading to
hematopoietic failure and cancer predisposition remains to be determined.

Fanconi anemia cells are characterized by hypersensitivity to chromosomal break-
age as well as hypersensitivity to G,/M cell cycle arrest induced by DNA cross-link-
ing agents. In addition there is sensitivity to oxygen-free radicals and to ionizing
radiation.

Clinical Features

1. FA is inherited as an autosomal recessive disorder in over 99% of cases and is
the most frequently inherited aplastic anemia. Recently FANCB has been found
to be inherited by an X-linked recessive. Of the 11 defined FA complementation
groups, with 9 genes cloned thus far (Table 6-10), FANCA is the most com-
mon complementation group, representing about 70% of cases. FANCC may have
an earlier onset of pancytopenia and shorter survival. However, genotype-
phenotype correlation is complex and probably relates as much to the nature of
the gene product and other factors as to the specific complementation group.

2. All racial and ethnic groups are affected.

3. Pancytopenia is the usual finding.
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Table 6-10. Complementation Groups of Fanconi Anemia

Complementation Percentage of Gene Product
Group/Gene FA Patients” Locus (M.W. kDa)
FANCA 66% 16q24.3 FANCA (163)
FANCB <1% Xp22.31 FANCB (95)
FANCC 9.5% 9q22.3 FANCC (63)
FANCD1 3.3% 13q12.3 BRCA2 (380)
FANCD?2 3.3% 3p25.3 FANCD?2 (155, 162)
FANCE 2.5% 6p21.3 FANCE (60)
FANCF 2.1% 11p15 FANCEF (42)
FANCG 8.7% 9p13 FANCG (68)
FANCI/] 1.6%/1.6% ?/? ?/?

FANCL <1% 2pl6.1 FANCL (43)

“Data derived from European Fanconi Anemia Research Programme (1994-2003), Levitus M et al. Heterogeneity
in Fanconi anemia: evidence for 2 new genetic subtypes. Blood 2004;103:2498-2503.

a. The median age at hematologic presentation of patients is approximately
7 years. The actuarial risk of developing bone marrow failure is 90% by
40 years of age.

b. Hematologic dysfunction usually presents with macrocytosis, followed by
thrombocytopenia, often leading to progressive pancytopenia and severe
aplastic anemia (SAA). FA frequently terminates in MDS and /or AML.

c. FA cells are hypersensitive to chromosomal breaks induced by DNA cross-
linking agents. This observation is the basis for the commonly used chromo-
some breakage test for FA. The clastogens diepoxybutane (DEB) and
mitomycin C (MMC) are the agents most frequently used in vitro to induce
chromosome breaks, gaps, rearrangements, quadriradii, and other structural
abnormalities. Clastogens also induce cell cycle arrest in G,/M. The hyper-
sensitivity of FAlymphocytes to G,/M arrest, detected using cell cycle analy-
sis by flow cytometry either de novo or clastogen induced, has more recently
been used as a screening tool for FA.

4. Bone marrow examination reveals hypocellularity and fatty replacement con-
sistent with the degree of peripheral pancytopenia. Residual hematopoiesis
may reveal dysplastic erythroid (megaloblastoid changes, multinuclearity) and
myeloid (abnormal granulation) precursors and abnormal megakaryocytes.

5. Congenital anomalies include increased pigmentation of the skin along with
café au lait and hypopigmented areas, short stature (impaired growth hormone
secretion), skeletal anomalies (especially involving the thumb, radius, and long
bones), male hypogenitalism, microcephaly, abnormalities of the eyes
(microphthalmia, strabismus, ptosis, nystagmus) and ears including deafness,
hyperreflexia, developmental delay, and renal and cardiac anomalies. Forty
percent lack obvious physical abnormalities. There is great clinical heterogene-
ity even within a genotype (sibling may be phenotypically different).

6. The actuarial risks of developing hematologic (AML/MDS) and nonhematologic
(e.g., squamous cell carcinoma of the head and neck, cancer of the breast, kid-
ney, lung, colon, bone, retinoblastoma, and female gynecologic) tumors are 33%
and 28%, respectively, by 40 years of age. Androgen-related, usually benign
liver neoplasia may also occur. The risk of solid tumors may become even
higher as death from aplastic anemia is reduced and as post-HSCT patients sur-
vive longer. These data must be considered in the context of HSCT, in particu-
lar when the risk of nonhematologic malignancy is likely to increase as a result
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of HSCT conditioning regimens and chronic GVHD. Treatment for cancer is
generally ineffective.

7. Prenatal diagnosis is possible in amniotic fluid cell cultures and chorionic villus
biopsy.

Complications

Table 6-11 describes the complications of malignancy and liver disease associated
with Fanconi anemia.

Differential Diagnosis

1. The differential diagnosis of FA generally includes acquired aplastic anemia,
congenital amegakaryocytic thrombocytopenia (CAT), TAR syndrome as well
as VATER/VACTRL (vertebral anomalies, anal atresia, cardiac anomalies, tra-
cheoesophageal fistula, renal anomalies, limb anomalies) syndromes. FA is eas-
ily distinguished from TAR syndrome (Table 6-12). There is an intercalary
defect in TAR consisting of absent radii with normal thumbs, whereas in FA the
defect is terminal, an abnormal radius always being associated with anomalies
of the thumb. FA testing is warranted in any child who presents with hemato-
logic cytopenias, unexplained macrocytosis, aplastic anemia or AML, as well as
representative congenital abnormalities or solid tumors typical of FA such as
head and neck, esophageal, or gynecologic tumors presenting at an early age
(Table 6-13).

2. The critical investigations are aspiration and biopsy of the bone marrow and
demonstration in peripheral blood of increased chromosomal fragility or G,/M
arrest induced by clastogens (e.g., DEB, MMC). Complementation group analysis
and/or mutation analysis may be helpful after the demonstration of a positive
screening test.

Table 6-11. Malignancy and Liver Disease in Fanconi Anemia

Myelodysplastic Liver
Leukemia syndrome (MDS) Cancer” disease
Number of patients (%) 84 (9) 32 (3) 47 (5) 37 (4)
Male:female 1.3:1 1.1:1 0.3:1 l1.6:1
Age (in years) at diagnosis
Mean 10 13 13 9
Median 9 12 10 6
Range 0.1-28 1-31 0.1-34 1-48
Percentage >16 years old 20 32 31 11
Age (in years) at complication
Mean 14 17 23 16
Median 14 17 26 13
Range 0.1-29 5-31 0.31-38 3-48
Number without pancytopenia (%) 21 (25) 14 (44) 8 (17) 1(3)
Number died (%) 40 (48) 20 (63) 18 (38) 1(3)
Number reported deceased (%) 66 (79) 24 (75) 28 (60) 32 (86)

Note: 150 patients had one or more malignancies; the number of malignancies was 157. MDS cases included
seven who developed leukemia.

"More recent data describe an actuarial risk of hematologic and non-hematologic cancer of 33% and 28%
respectively by 40 years of age.

From Alter BP. Arms and the man or hands and the child: congenital anomalies and hematologic syndromes.
J Pediatr Hematol Oncol 1997;19:287-91, with permission.
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Table 6-12. Features Differentiating Fanconi Anemia from Amegakaryocytic
Thrombocytopenic Purpura (TAR Syndrome)

Feature Fanconi anemia TAR
Age at onset of hematologic Median of 7 years Birth to infancy
symptoms
Low birth weight ~10% ~10%
Stature Short Short
Skeletal deformities 66% 100%
Absent radii with fingers and 0% 100%
thumbs present
Other hand deformities ~40% ~40%
Lower extremity deformities ~40% <10%
Cardiovascular anomalies 5-10% 5-10%
Anomalous pigmentation of skin 77% 0%
Hemangiomas 0% ~10%
Mental retardation 17% 7%
Peripheral blood Pancytopenia Thrombocytopenia,
Macrocytosis eosinophilia, leukemoid
(high MCV) reactions, anemia
Bone marrow Aplastic Absent or abnormal
megakaryocytes, normal
myeloid and erythroid
precursors
Marrow CFU-GM, CFU-E Decreased Normal (decreased
CFU-megakaryocytes)
HbF Increased Normal
Hexokinase in blood cells Decreased in some ?
Chromosomal breaks in leukocytes Present None
Malignancy Common Rare (leukemia only)
Sex ratio (male/female) ~1:1 ~1:1
Inheritance pattern Autosomal recessive Autosomal recessive
Associated leukemia Yes Rare
Prognosis Poor Good if patient survives

first year when platelet
count improves

Modified from Hall JG, Levin J, Kuhn JP, et al. Thrombocytopenia with absent radius (TAR). Medicine
(Baltimore) 1969;48:411, with permission.

3. FA somatic mosaics with DEB-positive and DEB-negative (double population)
cells belong to distinct groups based on the degree of mosaicism and may pre-
sent diagnostic problems. Mosaicism leading to a “normal” T cell that is resis-
tant to the less dose-intense HSCT conditioning, used for FA, may result in graft
rejection.

Table 6-13 lists the indications for Fanconi anemia screening studies, Table 6-14
lists the laboratory studies required to make the diagnosis of Fanconi anemia, and
Table 6-15 lists the initial and follow-up investigations to be performed in a patient
with an established diagnosis of Fanconi anemia.

Management

Serial assessment of the bone marrow should be performed to provide evidence of
progression and the development or evolution of cytogenetic abnormalities:
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Table 6-13. Indications for Fanconi Anemia Screening Studies

All children with unexplained cytopenias
All children with MDS or AML
Patients with classic birth defects suggestive of FA
VATER/VACTRL (vertebral anomalies, anal atresia, cardiac anomalies, tracheoesophageal
fistula, renal anomalies, and limb anomalies)
Structural anomalies of the upper extremity and/or genitourinary system
Patients with:
Excessive café au lait spots
Microcephaly
Micro-ophthalmia
Growth failure
Development of squamous cell carcinoma at a young age in esophagus, head, neck, or
female genitalia and liver tumors
Patient with leukemia with unusual sensitivity to chemotherapy
Karyotype with spontaneous chromosome breaks
Patients with unexplained macrocytosis and an elevated HbF
Males with unexplained infertility

Table 6-14. Laboratory Studies for Diagnosis of Fanconi Anemia

1. Screening tests:

a. Demonstration of the presence of increased chromosomal breakage in T-lymphocytes
cultured in the presence of DNA cross-linking agents such as mitomycin C (MMC) or
diepoxybutane (DEB). DEB test is used more widely.

b. Flow cytometry study: A flow cytometric technique for the analysis of alkylating
agent-treated cells can determine the percentage of cells arrested in G,M because a
characteristic distribution clearly distinguishes FA cells from normal cells.

2. Definitive test:

a. Mutation analysis (see Table 6-10 for cloned FANC genes)"

b. Western blot for D2-L (long protein formed by ubiquitination of FANC D2)

3. Prenatal diagnosis of FA: DEB test can be used in either chorionic villus or amniocentesis-
derived samples.

4. Detection of carrier state: In an FA family, if proband has been identified to have a defect
in one of the nine cloned genes, molecular testing is available for the extended family
members.

Population-based screening is done only in the at-risk Askenazi Jewish population (FANCC).

Note: Some patients with FA may have two populations of cells exhibiting either a normal or an FA pheno-
type. Such mosaicism may result in a false-negative chromosome breakage study if the percentage of normal cells
is high. The study of fibroblasts are useful in this circumstance.

"Done only in specialized laboratories

¥Currently available only as a research study

e Bone marrow aspiration should be performed for cytology, cytogenetics with
FISH analysis for cytogenetic abnormalities that may be predictive of leukemia
(e.g., 3q gain, 1q gain, 7q deletion, 5q deletion).

» Bone marrow biopsy should be done for cellularity.

The patient’s complete blood counts should be monitored. The degree of cytope-
nia guides management as follows:

Mild Moderate Severe
Hemoglobin level >8.0 gm/dL <8.0 gm/dL <8.0 gm/dL
ANC >1000/mm? <1000/mm? <500/mm?

Platelet count >50,000/mm?3 <50,000/mm? <30,000/mm?3
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Table 6-15. Diagnostic Investigations to Be Performed in a Patient with Established
Diagnosis of Fanconi Anemia

Endocrine studies for:
Short stature (growth hormone deficiency)
Glucose intolerance
Hypothyroidism
Pubertal delay
Evaluation of undescended testes
Imaging studies’ and evaluation of:
Orthopedic anomalies
Genitourinary abnormalities
Hepatic ultrasound every 6 months while taking androgens
Serum chemistries for:
Liver function
Kidney function
Hearing test
Monitoring for iron overload for patients on red cell transfusion therapy
1. Ferritin
2. Liver enzymes
3. Liver biopsy
4. Superconductivity quantum interference device-biosuseptometry (SQUID)
Survey of family members:
1. To exclude diagnosis of FA in any other family members
2. To type family members to determine the potential availability of an HLA-matched
sibling for future consideration of bone marrow transplant
3. To provide genetic counseling to parents and patient
Prospective counseling and screening;:
1. Avoid exposure to potential mutagens or carcinogens (e.g., insecticides, organic
solvents, hair dye, papillomavirus)
2. Cancer surveillance:
a. Examine bone marrow yearly with histologic and cytogenetic studies for evidence of
myelodysplasia or leukemia
b. Yearly head and neck examination over age 7 years
c. Yearly gynecologic examination beginning at age 16 years
d. Breast self-examination beginning at age 16 years
Mutation analysis:
These studies are performed in specialized laboratories only. Mutation analysis may help
predict the phenotype as more data become available.

“Limit exposure to radiation by using appropriate restraint and nonradiologic imaging studies.

When cytopenias are in the mild to moderate range and in the absence of cytogenetic
abnormalities, counts should be monitored every 3-4 months and bone marrow aspi-
ration should be performed yearly. Monitoring of blood counts and bone marrow
should be increased for mild cytopenia in the presence of cytogenetic abnormalities
without frank MDS. With falling (or in some cases rising) counts, surveillance must
be increased.

Other management modalities include:

 Androgen and cytokine therapy: Androgen therapy (oxymetholone 2-5 mg/kg/day
and tapered to the lowest effective dose) and cytokines (granulocyte colony-stim-
ulating factor [G-CSF] or granulocyte-macrophage colony-stimulating factor
[GM-CSF]) should be administered when moderate to severe cytopenia is pres-
ent. Approximately 50% of patients will respond to androgens.

e Transfusions: Treatment with packed red blood cells and platelets should be min-
imized and reserved for patients who fail androgen therapy. Blood products
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should be irradiated, leukocyte depleted, and of single donor origin, when pos-
sible. Blood relatives should not be used as blood donors until a matched allo-
geneic related donor transplant is ruled out. Iron status should be monitored at
regular intervals to determine the degree of iron overload and the institution of
chelation treatment in chronically transfused patients.

o Allogeneic hematopoietic stem cell transplantation: HLA typing should be done at
diagnosis to facilitate therapeutic planning. Evidence of true MDS (as opposed
to benign clonal abnormalities) or evolution to leukemia are clear indications for
transplant. The sensitivity of FA patients to traditional transplant conditioning
regimens requires the use of lower doses of chemotherapy and radiation therapy
(page 677). Before a family member is used as a donor, the donor should be eval-
uated to exclude a diagnosis of Fanconi anemia.

e Endocrine follow-up: Patients should be periodically evaluated. The majority of
patients with FA have short stature. Up to 50% of them are deficient in growth
hormone. Because of a theoretical association of growth hormone and leukemia,
growth hormone should be used with that understanding in patients with FA.
Patients should be evaluated for the relatively common findings of hypothy-
roidism, diabetes mellitus, and reduced fertility.

e Gene therapy: This approach is experimental and will only be performed in
approved clinical trials.

Prognosis

Current results of matched sibling transplantation prior to development of overt
leukemia show a long-term disease-free survival of 80-90%. However, the long-term
risks of late sequelae from hematopoietic stem cell transplantation, although not suf-
ficiently understood, probably include an increase in cancer risk. Unrelated donor
transplant should be reserved for androgen refractory patients and those with MDS
or leukemia.

Dyskeratosis Congenita

Dyskeratosis congenita (DC) is characterized by ectodermal dysplasia and
hematopoietic failure. The classic triad of ectodermal dysplasia consists of abnormal
skin pigmentation, dystrophic nails, and leukoplakia of mucous membranes. In
addition to the classic triad, there are a number of other somatic findings in DC. The
most common of these are epiphora (tearing due to obstructed tear ducts), develop-
mental delay, pulmonary disease, short stature, esophageal webs, dental caries, tooth
loss, premature gray hair, and hair loss. Other ocular, dental, skeletal, cutaneous,
genitourinary, gastrointestinal, and CNS abnormalities have also been reported.

The median age for the onset of mucocutaneous abnormalities is 6-8 years. Nail
changes occur first. The median age for the onset of pancytopenia is 10 years.
Approximately 50% of patients develop severe aplastic anemia and greater than 90%
develop at least a single cytopenia by 40 years of age. The anemia is associated with
a high MCV and elevated fetal hemoglobin. In a number of cases, aplastic anemia
precedes the onset of abnormal skin, dystrophic nails, or leukoplakia. As with FA it
is the nonhematologic manifestations of DC that are of particular concern especially
when hematopoietic stem cell transplantation for bone marrow failure is considered.

Pathophysiology

Recent evidence establishes DC to be the result of deficient telomerase activity.
Telomerase adds DNA sequence back to the ends of chromosomes that are eroded
with each DNA replication. Telomerase activity is found in tissues with rapid
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turnover such as the basal layer of the epidermis, squamous epithelium of the oral
cavity, hematopoietic stem cells and progenitors, and in other tissues affected in DC.
The lack of telomerase activity also gives rise to chromosome instability resulting in
the high rate of premature cancer observed in these tissues. Epithelial malignancies
develop at or beyond the third decade of life. About one in five patients will develop
progressive pulmonary disease characterized by fibrosis, resulting in diminished dif-
fusion capacity and/or restrictive lung disease. Of note, type 2 alveolar epithelial
cells express telomerase. It is likely that more pulmonary disease would be evident
if patients did not succumb earlier to the complications of severe aplastic anemia and
cancer.

Genetics

Dyskeratosis congenita is most commonly inherited as an X-linked recessive gene
with 86% of patients being male, although some of these represent autosomal domi-
nant or recessive inheritance. The gene responsible for the X-linked form was
mapped to Xq28 and subsequently identified as DKC1. DKC1 codes for dyskerin, a
nucleolar protein associated with nucleolar RNAs. Dyskerin is also associated with
the telomerase complex. This later function appears to be the one involved in the
pathophysiology of DC, as the dominant form has recently been mapped to a gene
that encodes telomerase RNA (hTR). Autosomal recessive forms have been inferred
from pedigrees, in particular those described with brother—sister pairs in consan-
guineous families. All three genetic subtypes have many common features; however,
autosomal recessive patients appear to have a more severe phenotype. Affected
members within the same family may exhibit wide variability in clinical presenta-
tion, suggesting the influence of modifying genes and environmental factors.

Clinical Course

 Bone marrow failure: Sixty-seven percent of the deaths are a consequence of bone
marrow failure, and 9% die of lung disease with or without HSCT.

» Malignancy: Almost 9% of patients develop cancer (MDS, Hodgkin disease, and
carcinoma). The degree of predisposition to leukemia is yet to be clearly defined.

 Immunodeficiency: Significant progressive immunodeficiency occurs in DC. The
vast majority of patients (80%), with or without neutropenia, die from infection,
some opportunistic, usually before 30 years of age. Although DC is predomi-
nantly a cellular immune defect, it is reasonable to assume that immunodefi-
ciency as well as neutropenia play a significant role in the infectious morbidity
and mortality in DC.

 Outcome: Median survival of approximately 35 years for both X-linked and auto-
somal recessive forms of DC. There are too few autosomal dominant cases for
such an analysis. The prognosis for patients with DC is poor.

Therapy

Responses to androgens, G-CSF or GM-CSE, as well as erythropoietin and rarely
splenectomy, have been documented. However, for the most part these responses
have been transient. Inmunomodulatory therapy is ineffective. Supportive care with
blood products, antibiotics, and antifibrinolytic agents is similar to that used for idio-
pathic aplastic anemia. Once these measures are required, HSCT should be consid-
ered for those patients with an HLA-matched related donor or an acceptable
alternative donor and no DC-related contraindications. The results have been poor
with failure due predominantly to pulmonary complications. All DC patients are at
a high risk of interstitial pulmonary disease when undergoing HSCT. Unfortunately,
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there have been too few transplant survivors to determine whether an increase in the
prevalence of cancer will follow as a consequence of HSCT. An immunoablative
rather than a myeloablative approach may reduce the incremental risk of pulmonary
toxicity as well as the potential for nonhematologic cancer risk.

Aplastic Anemias with Constitutional Chromosomal Abnormalities

Rare cases of aplastic anemia have been associated with Down syndrome; congenital
trisomy-8 mosaicism; familial Robertsonian translocation (13;14); nonfamilial transloca-
tion in a male with t(1,20); (p22;q13.3) and cerebellar ataxia; bone marrow monosomy-
7 manifesting prior to pancytopenia (familial ataxia—pancytopenia syndrome); and
increased spontaneous chromosomal breakage without further increase in breakage
with mitomycin C as well as other very rare cases with familial associations.

ACQUIRED APLASTIC ANEMIA
Pathophysiology

The effectiveness of immunosuppressive therapy implies that in many patients
with acquired aplastic anemia, bone marrow failure results from an immunologically
mediated, tissue-specific, organ-destructive mechanism. The fact that 50% of identi-
cal twins with severe aplastic anemia will not engraft with no conditioning after the
infusion of syngeneic stem cells supports this notion in at least half the cases. A rea-
sonable theory suggests that exposure to an inciting antigen, cells, and cytokines of
the immune system destroys stem cells in the marrow, resulting in pancytopenia.
Treatment with immunosuppressive modalities leads to marrow recovery.

Clinical and laboratory studies have suggested that interferon y (IFN-y) plays a
central role in the pathophysiology of aplastic anemia. In vitro studies show that the
T cells from aplastic anemia patients secrete IFN-y and tumor necrosis factor (TNF).
Long-term bone marrow cultures (LTBMCs) have shown that IFN-y and TNF are
potent inhibitors of both early and late hematopoietic progenitor cells. Both of these
cytokines suppress hematopoiesis by their effects on the mitotic cycle and, more
importantly, by the mechanism of cell killing. The mechanism of cell killing involves
the pathway of apoptosis (i.e., IFN-y and TNF unregulate each other’s cellular recep-
tors, as well as the Fas receptors in hematopoietic stem cells). Cytotoxic T cells also
secrete interleukin-2 (IL-2), which causes polyclonal expansion of the T cells.
Activation of the Fas receptor on the hematopoietic stem cell by the Fas ligand pres-
ent on the lymphocytes leads to apoptosis of the targeted hematopoietic progenitor
cells. Additionally, IFN-y mediates its hematopoietic suppressive activity through
interferon regulatory factor 1 (IRF-1), which inhibits the transcription of cellular
genes and their entry into the cell cycle. IFN-y also induces the production of the
toxic gas nitric oxide, diffusion of which causes additional toxic effects on the
hematopoietic progenitor cells. Direct cell-cell interactions between effective lym-
phocytes and targeted hematopoietic cells probably also occur.

In vivo observation in aplastic anemia patients supports the following in vitro
findings:

1. IFN-y messenger RNA, which is undetectable in normal marrow, is detectable
in most patients with aplastic anemia.

2. Hematopoietic cells of patients with aplastic anemia express Fas receptors and,
as a result, their marrow contains an increased number of apoptotic cells.

3. An increased number of activated cytotoxic lymphocytes are present in the
blood and bone marrow of these patients.
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4. Successful treatment with antithymocyte globulin and cyclosporine results in a
decrease in the number of these cytotoxic cells.

5. The importance of immunosuppressive therapy was recognized when (a) an
unexpected improvement in pancytopenia was observed in aplastic anemia
patients following failure of engraftment in allogeneic bone marrow transplan-
tation and (b) the need for immunosuppressive preparative therapy was real-
ized for successful engraftment in about half of hematopoietic stem cells in
identical twin bone marrow transplantation performed for aplastic anemia.

Table 6-16 shows an etiologic classification of aplastic anemia, and Table 6-17 lists
the various causes of acquired aplastic anemia.

Table 6-16. An Etiologic Classification of Aplastic Anemia

Direct toxicity

Radjiation”

Chemotherapy”

Benzene*

Intermediate metabolites of some common drugs
Immune-mediated causes

Iatrogenic causes’

Transfusion-associated graft versus host disease”

Eosinophilic fasciitis”

Hepatitis-associated disease”

Pregnancy

Intermediate metabolites of some common drugs

Idiopathic aplastic anemia

“Indicates relatively well-established mechanism.
From Young NS, Macijewski J. The pathophysiology of acquired aplastic anemia. N Engl ] Med
1997,336:1365-72, with permission.

Table 6-17. Causes of Acquired Aplastic Anemia”

I. Idiopathic (70% or more of cases)

II. Secondary
A. Drugs’
1. Predictable, dose dependent, rapidly reversible (affects rapidly dividing maturing
hematopoietic cells rather than pluripotent stem cells)
a. 6-Mercaptopurine
b. Methotrexate
c. Cyclophosphamide
d. Busulfan
e. Chloramphenicol
2. Unpredictable, normal doses (defect or damage to pluripotent stem cells)
a. Antibiotics: chloramphenicol, sulfonamides
b. Anticonvulsants: mephenytoin (Mesantoin), hydantoin
c¢. Antirheumatics: phenylbutazone, gold
d. Antidiabetics: tolbutamide, chlorpropamide
e. Antimalarial: quinacrine
B. Chemicals: insecticides (e.g., DDT, Parathion, Chlordane)
C. Toxins (e.g., benzene, carbon tetrachloride, glue, toluene)
D. Irradiation
E. Infections
1. Viral hepatitis (hepatitis A, B, and C and non-A, non-B, non-C, and non-G
hepatitis)
2. HIV infection (AIDS)
3. Infectious mononucleosis (Epstein-Barr virus)

(Continues)
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Table 6-17. (Continued)

. Rubella“
. Influenza“
. Parainfluenza“
. Measles*
. Mumps*
. Venezuelan equine encephalitis
10. Rocky Mountain spotted fever®
11. Cytomegalovirus (in newborn)
12. Herpes virus (in newborn)
13. Chronic parvovirus
F. Immunologic disorders
Graft versus host reaction in transfused immunologically incompetent subjects
X-linked lymphoproliferative syndrome (Chapter 13)
. Aplastic anemia preceding acute leukemia (hypoplastic preleukemia)
. Myelodysplastic syndromes (Chapter 13)
. Thymoma
. Paroxysmal nocturnal hemoglobinuria
. Malnutrition
1. Kwashiorkor
2. Marasmus®
3. Anorexia nervosa‘
L. Pregnancy

O 0 N O Ul =

AR =IO

“For an etiologic classification of aplastic anemia, see Table 6-16.
"Partial listing.
‘Pancytopenia with temporary marrow hypoplasia.

The immune mechanism plays a central role in the pathophysiology of aplastic

anemias caused by a variety of agents. For example:

Antigenetic stimulus (e.g., hepatitis virus, drug causing
idiosyncratic reaction, aberrantly expressed gene and its
protein product in a hematopoietic progenitor cell)

\J

Aberrant cellular protein expression by hematopoietic progenitor (in hepatitis
viral protein expression, in idiosyncratic drug reaction expression of altered
cellular protein due to binding of drug/its products, or in hematopoietic
malignancy expression of genetically altered cellular protein)

\J

Uptake of these aberrant proteins by antigen-presenting cells, which
process them into peptides. These peptides form cellular complexes
with major histocompatibility-complex molecules

\J

Presentation of complexed peptides to naive T cells

\J

Immune response

\J

Destruction of aberrant antigen-expressing hematopoietic progenitor cells
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Clinical Findings

Acquired aplastic anemia may be idiopathic or secondary. About 70% of cases are
considered idiopathic, without an identifiable cause. The onset of acquired aplas-
tic anemia is usually in retrospect gradual, and the symptoms are related to the
pancytopenia:

1.
2.

3.

SANCAN- i

10.
11.
12.

13.
14.

15.

Anemia results in pallor, easy fatigability, weakness, and loss of appetite.
Thrombocytopenia leads to petechiae, easy bruising, severe nosebleeds, and
bleeding into the gastrointestinal and renal tracts.

Leukopenia leads to increased susceptibility to infections and oral ulcerations
that respond poorly to antibiotic therapy.

Hepatosplenomegaly and lymphadenopathy do not occur; their presence sug-
gests an underlying leukemia.

Hyperplastic gingivitis is also a symptom of aplastic anemia.

Laboratory Investigations

Anemia: Normocytic or macrocytic normochromic.

Reticulocytopenia: Absolute count more reliable.

Leukopenia: Granulocytopenia often less than 1500/mm?.

Thrombocytopenia: Platelets often less than 30,000/ mm?®.

Fetal hemoglobin: May be slightly to moderately elevated.

Bone marrow:

a. Marked depression or absence of hematopoietic cells and replacement by
fatty tissue-containing reticulum cells, lymphocytes, plasma cells, and usu-
ally tissue mast cells.

b. Megaloblastic changes and other features indicative of dyserythropoiesis
frequently seen in the erythroid precursors present.

c. Bone marrow biopsy essential for diagnosis to exclude the possibility of
poor aspiration technique or poor bone marrow sampling; additionally,
rules out granulomas, myelofibrosis, or leukemia.

d. Chromosomal analysis normal; rules out Fanconi anemia and myelodys-
plastic syndromes.

e. Bone marrow cultures for infectious agent and/or DNA; antigen-based
evaluation for infectious agent when indicated.

Chromosome breakage assay: Performed on peripheral blood to rule out Fanconi

anemia.

Flow cytometry (CD55/59): Performed to exclude paroxysmal nocturnal hemo-

globinuria.

Physical examination, appropriate laboratory and imaging studies and if warranted

mutation analysis: Performed to rule out other inherited bone marrow failure

syndrome (DC, DBA, SDS, CAT)

Liver function chemistries: Performed to exclude hepatitis.

Renal function chemistries: Performed to exclude renal disease.

Viral serology testing: Hepatitis A, B, and C antibody panel; Epstein—Barr virus

antibody panel; parvovirus B19 and IgG and IgM antibodies; varicella anti-

body titer; cytomegalovirus antibody titer, etc.

Quantitative immunoglobulins, C3, C4, and complement.

Autoimmune disease evaluation: Antinuclear antibody (ANA), total hemolytic

complement (CH50), Coombs’ test.

HLA typing: Patient and family done at the time of diagnosis of severe aplastic

anemia to ensure a timely transplant.
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16. Blood group typing: On the patient.
17. Clotting profile: Prothrombin time (PT), activated partial thromboplastin time
(APTT), fibrinogen.

Severity

Severe aplastic anemia is defined as a bone marrow cellularity of less than 25% and
at least two of the following findings: granulocyte count, <500/mm? (<200/mm? in
very severe aplastic anemia); platelet count, <20,000/mm?3; and reticulocyte count,
<40,000/mm?3. The definition of mild and moderate aplastic anemia varies among
researchers and institutions.

Table 6-18 lists the recommendations for the treatment of moderate and severe
aplastic anemia. Table 6-19 lists the favorable and unfavorable prognostic factors in
acquired aplastic anemia.

Treatment
Supportive Care

1. Avoid exposure to hazardous drugs and toxins.
2. The risk of serious bleeding and symptomatic anemia must be balanced against
the risk of transfusion sensitization and iron overload. Unless symptomatic,

Table 6-18. Recommendations for Treatment of Aplastic Anemia

1. Moderate aplastic anemia:

Observe with close follow-up and supportive care

If the patient develops:

a. Severe aplastic anemia
and/or

b. Severe thrombocytopenia with significant bleeding
and/or

c. Chronic anemia requiring transfusion treatments
and/or

d. Serious infections

Then treat with the same recommended therapy for severe aplastic anemia

2. Severe aplastic anemia:

Allogeneic bone marrow transplantation when HLA-matched sibling donor available

In the absence of an HLA-matched sibling marrow donor:

Treat the patient with ATG, cyclosporine A (CSA), methylprednisolone, and growth
factors such as G-CSF or GM-CSF

If no response or waning of response and recurrence of severe aplastic anemia, a second
course of immunosuppressive therapy is not recommended since the use of a second
course is controversial. The following is recommended:

a. HLA-matched (genotypic matched preferred) unrelated bone marrow, peripheral
blood or umbilical cord blood transplant if a suitable donor is available. In the absence
of availability of such a donor an HLA-mismatched (1 antigen) bone marrow or
mismatched (1-2 antigens) umbilical cord transplant is recommended

b. High-dose cyclophosphamide and cyclosporine therapy without stem cell transplant is
carried out in some institutions

Notes: Partial response: absence of infections and transfusion dependency and sustained increase in all cell
counts as follows: reticulocyte count, 220,000/mm?; platelet count, >20,000/mm?; absolute neutrophil count,
>500/mm3. Complete response: Normal counts. Partial response and complete response are considered as
responses for the evaluation of the success of immunosuppressive therapy.
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Table 6-19. Prognostic Factors in Acquired Aplastic Anemia

Factor Favorable Unfavorable
Granulocyte count >500/mm? <500/mm? (<200/mm?3 is more
unfavorable)

Platelet count >20.000/mm3 <20.000/mm?

Bone marrow Retained cellular Totally aplastic with <20%
elements hematopoietic cells remaining

Age Younger Older

Hemorrhagic manifestations Absent Present

Infection Absent Present

transfusions of red cells and platelets should be reserved for patients with

hemoglobin levels and platelet counts of around 7 g/dL and 10,000/ mm?,

respectively. Performance of HSCT as rapidly as is feasible minimizes trans-

fusions in patients undergoing histocompatible HSCT. To avoid sensitization
to transplant antigens, there should be no transfusions from blood relatives
and transfusions should be restricted, if possible, to single unrelated donors
to decrease the likelihood of sensitization to donor antigens. In all patients
blood products should be leukocyte depleted to reduce the risk of sensitiza-
tion and CMV infection. CMV-negative blood products should be used when
patients have negative serology for CMV and are potential candidates for

HSCT.

Patients receiving chronic red cell transfusion should be followed for evi-
dence of iron overload and chelated appropriately. The use of single donor
platelets, when available, is recommended. In females, menses should be sup-
pressed by the use of oral contraceptives. Drugs that impair platelet function,
such as aspirin, should be avoided. Intramuscular injections should be given
carefully, followed by ice pack application to injection sites.

The antifibrinolytic agent epsilon aminocaproic acid (Amicar) can be used

to reduce mucosal bleeding in thrombocytopenic patients with good hepatic

and renal function. Hematuria is a contraindication to its use. A dose of

100 mg/kg/dose every 6 hours is used. The maximum daily dose is 24 grams.

Teeth should be brushed with a cloth or soft toothbrush.

Avoid infection. Keep patients out of the hospital as much as possible. Good

dental care is important. Rectal temperatures should not be taken, and the rec-

tal areas should be kept clean and free of fissures. If a patient is febrile:

a. Culture possible sources, including blood, sputum, urine, stool, skin, and
sometimes spinal fluid and bone marrow for aerobes, anaerobes, fungi,
viruses, and tubercle bacilli.

b. Patients with fever and neutropenia should be treated with broad-spectrum
antibiotic coverage (Chapter 26). The specific therapy depends on the clini-
cal status of the patient, the presence of indwelling vascular access devices,
and knowledge of the local flora pending specific culture results and antibi-
otic sensitivities. In patients who remain febrile 4-7 days in the face of broad
antibacterial coverage, antifungal therapy with amphotericin B should be
started empirically. Therapy should be continued until the patient is afebrile
and cultures are negative or a specific organism is identified. An appropriate
course of therapy is administered if an organism is identified. In the presence
of perirectal infection, clindamycin or Flagyl should be added for anaerobic
coverage.
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5. Maintain hemoglobin level. Prior to any transfusion, perform complete blood
group typing to minimize the risk of sensitization to minor blood group anti-
gens and to permit identification of antibodies should they subsequently
develop.

6. Patients who were previously treated with immunosuppressive therapy should
receive irradiated cellular blood products to prevent complications of GVHD.
Patients receiving immunosuppressive therapy should also receive
Pneumocystis carinii prophylaxis with trimethoprim and sulfamethoxazole
(Bactrim/Septra). No antibacterial prophylaxis should be administered to
afebrile, neutropenic patients.

Patients with mild to moderate aplastic anemia should be observed for sponta-
neous improvement or complete resolution. The treatment of choice for SAA, for
patients who have an HLA-matched related donor, is hematopoietic stem cell trans-
plantation. An increasing number of centers are treating moderate aplastic anemia in
a fashion similar to SAA.

Specific Therapy
Hematopoietic Stem Cell Transplantation

As soon as the diagnosis of SAA is suspected in children, HLA typing should be per-
formed where potential donors exist. Patients with related histocompatible donors
(complete HLA match or a mismatch at a single HLA-A or -B locus) should have an
HSCT as soon as possible (complete investigations to exclude FA, paroxysmal noc-
turnal hemoglobinuria (PNH), or other inherited bone marrow failure syndromes
should be carried out) because the risk of transplant-related morbidity and mortal-
ity increases with increasing age, an increasing interval from diagnosis to transplant,
multiple transfusions, and the occurrence of serious infections.

Because graft rejection is the major cause of morbidity and mortality in HSCT for
SAA, the pretransplantation preparative regimen of cyclophosphamide (Cytoxan)
and antithymocyte globulin, ATG (ATGAM/thymoglobulin) with the inclusion of
cyclosporin A (CSA [Sandimmune]) in the GVHD prophylaxis regimen is designed
to be highly immunosuppressive. Table 6-20 lists the HSCT preparative regime for
SAA. Even when an identical twin donor is used, a similar preparatory regimen is
recommended. Long-term survival in the range of 90% can be expected with
HSCT using histocompatible related donors. The overall risk of unrelated or mis-
matched related donor transplantation precludes its use as a front-line therapy for
SAA at this time. However, as improved HLA typing, preparative regimens, and

Table 6-20. Hematopoietic Stem Cell Transplantation Preparative Regimen
for Severe Aplastic Anemia

Day -5 Morning: Cyclophosphamide, 50 mg/kg IV over 1 hour.
Afternoon: ATG, 30 mg/kg IV. First dose of ATG is given over 8 hours;
subsequent doses are given over 4 hours.

This is repeated on Day —4 and Day -3.

Day -2 Morning: Cyclophosphamide, 50 mg/kg IV over 1 hour.
Day -1 Rest, cyclosporine A, 10 mg/kg/day PO daily adjusted for serum levels.
Day 0 Marrow infusion

Abbreviation: ATG = antithymocyte globulin.
From Vlachos A, Lipton JM. In: Conn’s Current Therapy, WB Saunders Company, 2002, with permission.
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GVHD prophylaxis are utilized, HSCT will become available to a wider group of
patients with SAA.

Immunosuppressive Therapy

Patients unable to undergo HSCT (because no suitable donor is present) should have
immunosuppressive therapy based on ATG and CSA, which have become the treat-
ment of choice for these patients. In addition to ATG and CSA corticosteroids,
methylprednisolone (Solu-Medrol) or prednisolone (prednisone) is added to prevent
serum sickness. GM-CSF (Leukine) or G-CSF (Neupogen) is used to achieve a more
rapid increment in the granulocyte count. Short term, the survival using this
approach is in the range of 85%.

The regimen of ATG, methylprednisolone, GM-CSF, and CSA treatment for severe
aplastic anemia is listed in Table 6-21.

The following criteria are used for exclusion of treatment of patients with
immunosuppressive drugs:

1. Serum creatinine, >2 mg%

2. Concurrent pregnancy

3. Sexually active females who refuse contraceptives

4. Patients with concurrent hepatic, renal, cardiac, or metabolic problems of such
severity that death is likely to occur within 7-10 days or moribund patients.

Antithymocyte globulin

Test dose. An intradermal ATG test dose should be carried out prior to ATG treat-
ment. The skin test procedure consists of injection of 0.1 mL of a 1:1000 dilution of
ATG in 0.9% sodium chloride solution for injection (5 ug equine IgG). A control using
0.9% sodium chloride injection is administered on the contralateral side. Allergy is
indicated by erythema greater than 5 mm compared to the saline control, developing

Table 6-21. Immunosuppressive Therapy for Severe Aplastic Anemia

1. Antithymocyte globulin: ATGAM antithymocyte globulin (equine) (Pharmacia)

20 mg/kg/day IV once daily, or thymoglobulin (antithymocyte globulin [rabbit], Sang
stat) 2.0 mg/kg/day IV once daily days 1 to 8. Diphenhydramine (Benadryl) and
Acetominophen (Tylenol) are given as premedication to ATG.

2. Methylprednisolone, 2 mg/kg/day IV days 1 to 8. Divide into 0.5 mg/kg/dose IV every
6 hours.

3. Prednisone taper following an 8-day course of IV methylprednisolone. On days 9 and 10,
prednisone, 1.5 mg/kg/day PO to be divided into two equal daily doses. On days 11 and
12, prednisone, 1 mg/kg/day PO to be divided into two equal daily doses. On days 13
and 14, prednisone, 0.5 mg/kg/day PO to be divided into two equal daily doses. On day
15, prednisone, 0.25 mg/kg/day PO to be given in one dose.

4. G-CSF, 5 ug/kg/day, or GM-CSF, 250 ug/m?/day SC once daily before bedtime starting
on day 5. G-CSF or GM-CSF is to be continued until an absolute neutrophil count of
> 1000/mm?is reached. G-CSF or GM-CSF should then be tapered.

5. CSA, 10 mg/kg/day PO initially starting on day 1. Divide into two equal daily
doses. Serum drug levels should be monitored as needed with the first level at 72 hours
after initiation of therapy. CSA dose to be adjusted to keep serum trough levels
between 100 and 300 ng/mL. CSA should be continued until patient is transfusion
independent and GM-CSF has been discontinued; then decrease the dose by 2.0 mg/kg
every 2 weeks.

Abbreviations: CSA, cyclosporine (formerly cyclosporin A); GM-CSF, granulocyte-macrophage colony-
stimulating factor.
Modified from Vlachos A, Lipton JM. In: Conn’s Current Therapy. Philadelphia: WB Saunders, 2002.
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within the first hour of the skin test. The patient should also be observed for signs
and symptoms of systemic allergic reaction. ATG doses are listed in Table 6-21.

Usual adverse reactions to ATG.

o Thrombocytopenia: All patients should receive a daily platelet transfusion on a
prophylactic basis to maintain a platelet count of more than 20,000/ mm? (during
administration of ATG). Only irradiated and leukocyte-filtered cellular blood
products should be used.

e Headache, myalgia.

o Arthralgia, chills, and fever: Treatment with an antihistamine and a corticosteroid
is indicated.

o Chemical phlebitis: A central line (high flow vein) for infusion of ATG should be
used and peripheral veins should be avoided.

o Itching and erythema: Treatment with an antihistamine with or without cortico-
steroids is indicated.

e Leukopenia.

 Serum sickness: Many patients develop serum sickness approximately 7-10 days
following ATG administration. This should be treated by increasing the daily
dose of Solu-Medrol until the symptoms abate.

Uncommon adverse reactions to ATG. Dyspnea, chest/back/flank pain, diarrhea, nau-
sea, vomiting, hypertension, herpes simplex infection, stomatitis, laryngospasm, ana-
phylaxis, tachycardia, edema, localized infection, malaise, seizures, gastrointestinal
bleeding/perforation, thrombophlebitis, lymphadenopathy, hepatosplenomegaly,
renal function impairment, liver function abnormalities, myocarditis, and congestive
heart failure.

CSA preparations
CSA preparations include:

 Neoral oral solution, 100 mg/mL
¢ Neoral capsule or Sandimmune capsule, 25 mg and 100 mg/capsule.

Oral CSA solution may be mixed with milk, chocolate milk, or orange juice prefer-
ably at room temperature. It should be stirred well and drunk at once.

Cyclosporine levels should be performed once a week for the first 2 weeks and
then once every 2 weeks for the remainder of the treatment or as necessary to main-
tain a whole-blood CSA level between 200 and 400 ng/mL. Changes in serum crea-
tinine levels are the principal criteria for dose change. An increase in creatinine level
of more than 30% above baseline warrants a reduction in the dose of CSA by
2 mg/kg/day each week until the creatinine level has returned to normal. A serum
CSA level of less than 100 ng/mL is evidence of inadequate absorption, and a CSA
level above 500 ng/mL is considered an excessive dose. If the CSA level is greater
than 500 ng/mL, CSA should be discontinued. Levels should be repeated daily or
every other day. When the level returns to 200 ng/mL or less, CSA should be
resumed at a 20% reduced dose.

Principal side effects of CSA. Renal dysfunction, tremor, hirsutism, hypertension,
and gum hyperplasia.

Uncommon side effects of CSA. Significant hyperkalemia, hyperuricemia, hypomag-
nesemia, hepatotoxicity, lipemia, central nervous system toxicity, and gynecomastia.
An increase of more than 100% in the bilirubin level or of liver enzymes is treated in
the same way as an increase of more than 30% in creatinine and warrants a reduction
in the dose of CSA by 2 mg/kg/day each week until the bilirubin and/or liver
enzymes return to the normal range.

Contraindications to the use of CSA. Hypersensitivity to CSA.
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Pharmacokinetic interactions with CSA.

1. Carbamazepine, phenobarbital, phenytoin, rifampin: Decreases half-life and blood
levels of CSA.

2. Sulfamethazine/trimethoprim IV: Decreases serum levels of CSA.

Erythromycin, fluconazole, ketoconazole, nifedipine: Increases blood levels of CSA.

4. Imipenem-cilastatin: Increases blood levels of CSA and central nervous system

toxicity.

Methylprednisolone (high dose), prednisolone: Increases plasma levels of CSA.

6. Metoclopramide (Reglan): Increases absorption and increases plasma levels of
CSA.

®

o1

Pharmacologic interactions with CSA.

1. Aminoglycosides, amphotericin B, nonsteroidal anti-inflammatory drugs, trimetho-
prim/sulfamethoxazole: Nephrotoxicity.

2. Melphalan, quinolones: Nephrotoxicity.

3. Methylprednisolone: Convulsions.

4. Azathioprine, corticosteroids, cyclophosphamide: Increases immunosuppression,
infections, malignancy.

5. Verapamil: Increases immunosuppression.

6. Digoxin: Elevates digoxin level with toxicity.

7. Nondepolarizing muscle relaxants: Prolongs neuromuscular blockade.

Hematopoietic growth factors

The addition of human recombinant G-CSF or GM-CSF to a regimen of ATG,
cyclosporine, and corticosteroids provides improved protection from infectious com-
plications by stimulating granulopoiesis. The regimen we recommend uses GM-CSF
and G-CSF interchangeably.

Treatment Choices and Long Term Follow-Up

Although the short-term outcome with immunosuppressive therapy is comparable
to that obtained with HLA-matched related HSCT, the decision to choose HSCT for
younger patients who have a histocompatible donor is based on the result of long-
term follow-up. Although there is some late mortality, due to chronic GVHD and
therapy-related cancer, in patients undergoing HSCT for SAA, the survival curves
are relatively flat. Improved GVHD prophylaxis and safer preparative regimens
should further improve these results. In contrast, the risk of clonal hematopoietic
disorders such as MDS, AML, and PNH is unacceptably high relative to both the
short- and long-term risks of HSCT. Those undergoing immunomodulation must
be closely followed for the development of clonal disorders. In terms of unrelated
or poorly matched related donor HSCT, current risks favor the use of immunomod-
ulatory therapy in those patients with SAA who cannot receive a matched related
HSCT.

Salvage Therapy

For the patient who fails HSCT, has a partial response (ANC >500/mm?, but still is
red cell and platelet transfusion dependent), or relapses following immunomodula-
tory therapy, management choices include alternative donor HSCT or further
immunosuppressive therapy. These choices are under evaluation.

Children and teenagers for whom a fully HLA-matched unrelated donor, deter-
mined by high-resolution typing, exists are good candidates for an alternative donor
HSCT. A delay in transplantation, along with the associated risk of infection and
additional transfusions attendant to a second course of immune therapy, seems
unwarranted in this setting. For older patients and those without a good alternative
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donor, preliminary data suggest that high-dose cyclophosphamide may be more
effective than a second course of ATG/CSA/G-CSE. Androgens and alternative
cytokines are being evaluated and should be considered experimental.

High-Dose Cyclophosphamide Therapy

Complete remission in severe aplastic anemia after high-dose cyclophosphamide
therapy without bone marrow transplantation has been reported. The use of high-
dose cyclophosphamide is controversial due to considerable toxicity reported by
some investigators. The rationale for the use of high-dose cyclophosphamide is as
follows:

1. The majority of patients with severe aplastic anemia lack an HLA-identical sib-
ling for treatment with bone marrow transplantation.

2. Although the majority (80%) of children with severe aplastic anemia benefit
from the use of treatment with ATG and cyclosporine, many do not attain com-
pletely normal counts and some patients treated successfully with immuno-
suppressive therapy either relapse or develop late clonal diseases such as
paroxysmal nocturnal hemoglobinuria, myelodysplastic syndrome, or acute
leukemia.

3. After preparation with cyclophosphamide, most allografts persist indefinitely;
however, in several cases, a complete autologous reconstitution of hematopoiesis
has occurred.

4. Patients with very severe aplastic anemia (i.e., severe aplastic anemia patients
with an absolute neutrophil count of less than 200/mm? at diagnosis) respond
to immunosuppressive therapy, but have greater morbidity and mortality due
to the profound neutropenia.

On this basis, patients with severe aplastic anemia who lack an HLA-identical sib-
ling donor have been treated by some clinicians on high-dose cyclophosphamide as
a single course. Table 6-22 lists the high-dose cyclophosphamide therapy regimen for
severe aplastic anemia.

Long-Term Sequelae and Outcomes for Severe Aplastic Anemia

Table 6-23 lists the long-term sequelae following treatment of aplastic anemia.
Outcomes for both immunosuppressive therapy and HSCT have improved consid-
erably.

1. Survival rates of greater than 80% have been realized with both immunosup-
pressive therapy or stem cell transplantation. Stem cell transplantation is cura-
tive for most patients.

Table 6-22. High-Dose Cyclophosphamide Therapy for Severe Aplastic Anemia

1. Cyclophosphamide,” 45 mg/kg/day IV x 4 days

2. Mesna (Mesnex),” 360 mg/m?/dose IV with cyclophosphamide, as a 3-hourly infusion
after cyclophosphamide, and as bolus at hours 6, 9, and 12 hours following
cyclophosphamide

3. GM-CSF, 250 pg/M?/day SC starting 24 hours after fourth dose of cyclophosphamide and
to continue until absolute neutrophil count >1000/mm?

Abbreviation: GM-CSF, granulocyte-macrophage colony-stimulating factor.
“Not FDA approved for this indication.
From Vlachos A, Lipton JM. In: Conn’s Current Therapy. Philadelphia: WB Saunders, 2002, with permission.
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Table 6-23. Long-Term Sequelae Following Treatment of Aplastic Anemia“

Type of therapy and incidence
of complications

Immunosuppressive  Bone marrow

Sequelae therapy (%) transplantation (%)
10-Year cumulative cancer incidence 18.8 3.1
10-Year cumulative myelodysplastic syndrome 9.6 0.0
(MDS) incidence
10-Year cumulative acute leukemia (AL) 6.6 0.25
incidence
10-Year cumulative solid tumor (ST) incidence 2.2 29

Conclusion: Survivors of aplastic anemia are at high risk of developing late malignancies.
Incidence of MDS and AL is higher in patients treated with immunosuppressive therapies;
however, the incidence of ST is the same in both transplantation and immunosuppressive
treated patients.

“Report of European Bone Marrow Transplantation Working Party on severe aplastic anemia.

2. Immunosuppressive therapy improves hematopoiesis and achieves transfusion
independence in the majority of patients, but the time to response is long,
hematopoietic response may be partial, and relapses are relatively common.

3. Clonal hematopoietic disorders including PNH, myelodysplasia, and leukemia
may develop in up to 10% of patients treated with immunosuppressive therapy
(IST). An analysis of 1765 patients with acquired aplastic anemia treated with
either sibling transplant (n = 583) or IST (n = 1182) produced the following
results:

a. Matched sibling donor HSCT is always superior in young patients (<20
years of age) at any neutrophil count.

b. Immunosuppression is superior in older patients (41-50 years) with a neu-
trophil count greater than 0.5 x 10°/L.

c. For the 21- to 40-years-of-age group, the differences are less clear.

d. In all age groups there is a higher percentage of late failures for the immuno-
suppression-treated patients.

e. The difference in survival between patients treated with HSCT and immuno-
suppression is not linear, but increases with time. For the younger group of
patients, a 10% advantage in favor of HSCT at 1 year became a 19% advan-
tage at 5 years.

f. There is a higher risk of late death in patients treated with immunosuppres-
sive therapy due to complications, including relapse and evolution to clonal
disorders.

The European Bone Marrow Transplantation Working Party compared the rate of
secondary malignancies following HSCT and IST. Forty-two malignancies devel-
oped in 860 patients receiving IST, compared to 9 in 748 patients who underwent
HSCT. In this study, acute leukemia and myelodysplasia were seen exclusively in IST-
treated patients, whereas the incidence of solid tumors was similar in the two groups
of patients.

Treatment of Moderate Aplastic Anemia

The natural history of moderate aplastic anemia is uncertain and clinical experience
varies widely. For this reason, it is generally thought that these patients should be
treated initially with supportive therapy with very close follow-up. Those patients
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who progress to develop severe aplastic anemia and/or significant and severe
thrombocytopenia and bleeding, serious infections, or a chronic red blood transfu-
sion requirement should be treated with the same treatment options as described for
severe aplastic anemia.

SIDEROBLASTIC ANEMIAS (MITOCHONDRIAL DISEASES
WITH BONE MARROW FAILURE SYNDROMES)

The sideroblastic anemias are a heterogeneous group of mitochondrial disorders
characterized by:

* Anemia that may be normocytic, normochromic or microcytic, and hypochromic
except in Pearson syndrome, which is characterized by macrocytic anemia prob-
ably due to fetal-like erythropoiesis

* Reticulocytopenia

* Ineffective erythropoiesis (i.e., erythroid hyperplasia in bone marrow despite
anemia)

* Presence of iron-loaded normoblasts demonstrated as ring sideroblasts (greater
than 10% of erythroid precursor) by Pearls’ Prussian blue stain (This stain serves
as a surrogate technique for electron microscopy or energy dispersive x-ray
analysis used for the demonstration of iron-loaded mitochondria in nor-
moblasts.)

» Mild to moderate hemolysis due to peripheral red blood cell destruction of
unknown etiology

The sideroblastic anemias can arise from the primary or secondary defects of mito-
chondria. In congenital sideroblastic anemias, iron rings are predominantly seen in
late normoblasts (i.e., orthochromatic and polychromatophilic normoblasts),
whereas they are seen in earlier erythroid cells (i.e., basophilic normoblasts) in the
acquired form. Table 6-24 shows a classification of the sideroblastic anemias.

Table 6-24. Classification of Sideroblastic Anemias

I. Primary mitochondrial defects (i.e., involving 2.7 to 7.767 kb deletional lesion of
mitochondrial DNA)
A. Pearson syndrome (refractory sideroblastic anemia with vacuolization of bone
marrow precursors and exocrine pancreatic dysfunction) characterized by:
Refractory aregenerative macrocytic sideroblastic anemia; thrombocytopenia and
neutropenia less significant
Increased fetal hemoglobin
Vacuolization of marrow precursors (erythroid and granulocytic series)
Low birth weight
Exocrine pancreatic dysfunction
Hepatic failure, chronic diarrhea
Severe lactic acidosis
Diabetes mellitus
Renal tubular dysfunction
No reported disease in siblings
B. Expanded Pearson syndrome:
Pearson syndrome with Kearns-Sayre syndrome (myopathy, pigmentary
retinopathy, cardiac conduction defects, ophthalmoplegia). A mother of a patient
with Pearson syndrome has been described to have Kearns-Sayre syndrome.
C. Wolfram syndrome, also known by the acronym DIDMOAD (diabetes insipidus,
diabetes mellitus, optic atrophy, and deafness) (Chapter 4 pages 64—65).

(Continues)
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Table 6-24. (Continued)

II. Secondary involvement of mitochondria

A. Congenital sideroblastic anemia due to mutations of nuclear DNA

1. X-linked recessive defect due to point mutation in the gene for erythroid-specific
d-aminolevulinic acid synthase (ALA-S2)

2. Autosomal dominant sideroblastic anemia
3. Autosomal recessive sideroblastic anemia

B. Acquired sideroblastic anemias
1. Drugs and toxins:

Chloramphenicol—inhibits mitochondrial protein necessary for normal electron
transfer and energy generation

Isoniazid—inhibits ALA-S

Cycloserine—inhibits ALA-S

Lead—inhibits ALA-S, ferrochelatase, §-aminolevulinic acid dehydratase

Ethanol—inhibits multiple aspects of mitochondrial function

2. Sideroblastic anemia of myelodysplastic syndromes:

In some patients with refractory anemia with ringed sideroblasts (RARS),
heteroplastic mutations of mitochondrial DNA affecting subunit 1 of
cytochrome C oxidase

3. Sideroblastic anemias of systemic (theumatoid arthritis, polyarteritis nodosa),
metabolic (pyridoxine responsive anemia), and malignant disorders (leukemia,
carcinoma)

4. Idiopathic sideroblastic anemias

5. Pyridoxine—responsive anemia

Pathophysiology

Heme biosynthesis involves eight enzymes, four of which are cytoplasmic and
four of which are localized in the mitochondria.

There are two distinct types of §-aminolevulinic acid synthase (ALA-S): ALA-S1
(housekeeping form) occurs in nonerythroid cells and its gene maps on the auto-
some, and ALA-S2 (erythroid-specific form) occurs in erythroid cells and its gene
maps on the X chromosome. Distinct aspects of heme synthesis regulation in non-
erythroid and erythroid cells are related to the differences between these two ALA-S
enzymes. In nonerythroid cells, the synthesis and activity of ALA-S1 is subject to
feedback inhibition by heme, thus making ALA-S1 the rate-limiting enzyme for the
heme pathway. In erythroid cells, heme does not inhibit either the activity or the syn-
thesis of ALA-52, but it does inhibit cellular iron uptake from transferrin without
affecting its utilization for heme synthesis.

Table 6-25 shows the distinct features of iron and heme metabolism in erythroid
and nonerythroid cells. These differences explain the large amount of heme produc-
tion by erythroid cells compared to the low amount produced by non-erythroid cells.
They also explain the mitochondrial deposition of iron in iron-loaded erythroid pre-
cursors.

Sideroblastic anemias result from injury to the mitochondria. Defects attributed to
the mitochondrial pathways of heme synthesis result in sideroblastic anemias.
Mitochondrial injury results from:

¢ Defective heme synthesis and the accumulation of iron, especially in erythroid pre-
cursors. This iron accumulation causes oxidative damage to the mitochondrial
machinery through a Fenton reaction (i.e., the formation of a hydroxyl radical cat-
alyzed by iron and reactive oxygen species damaging mitochondrial DNA by cross-
linking DNA strands or by promoting the formation of DNA protein cross links).

» Congenital deletions of mitochondrial DNA.
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Table 6-25. Iron and Heme Metabolism: Distinct Features in Erythroid Cells

Erythroid

Nonerythroid"

Iron
Iron Source
Tf receptors

Exclusivity Tf
Differentiation T
Proliferation T
Differentiation

Tf + non-Tf Fe

+Fe Little change W
Regulation Transcriptional Primary mRNA stability
Effect of heme on FE uptake from Tf Inhibits No Effect
Fe overload Mitochondria Cytosol ferritin (never
mitochondria)
Heme Non Covalent assoc. Covalent binding to
with globin cytochromes
Content Very high Trace
Major function O, transport e~ transport
Control of Synthesis Fe from Tf ALA-S
Effect of ALA-S Translational Feedback repression by
induction by Fe heme (no IRE)
: (IRE in 5" UTR)
Heme Oxygenase mRNA/ during Induced by heme
erythroid
differentiation

“Nonerythroid” cells, in this context, are represented by transformed cells grown in tissue cultures and hepatocytes;
it is possible that some specialized cells (eg, macrophages) have other specific iron/heme metabolism characteristics.

Abbreviation: Tf, transferrin; ALA-S, aminolevulinic acid Synthase; IRE, iron-responsive element; 5'UTR,
5" untranslated region.

From Ponka P. Tissue-specific regulation of iron metabolism and heme synthesis: distinct control mechanism
in erythroid cells. Blood 1997;89:1-25, with permission.

Toxins or drugs responsible for causing sideroblastic anemia should be eliminated. Oral pyridoxine is used in
some patients with either congenital or acquired sideroblastic anemia with partial response.

As a result of mitochondrial damage, there is increased deposition of iron in heme-
containing cells (e.g., erythroid cells). Additionally, there is decreased oxidative
phosphorylation and decreased adenosine triphosphate (ATP) synthesis in many
organs as observed in Pearson syndrome. Figure 6-2 shows a simplified view of the
pathophysiologic relationship of various mitochondrial diseases in the context of
sideroblastic anemias, bone marrow failure, and/or mitochondrial cytopathies.

Sideroblastic anemia in children is often secondary to defects in the enzymes of the
heme biosynthetic pathway, namely, ALA-S deficiency. Impaired production of heme
resulting from defects in these enzymes results in mitochondrial iron accumulation,
damage to the mitochondrial machinery, and formation of ring sideroblasts.
Porphyrias, however, do not display sideroblastic anemia because they are charac-
terized by defects in the cytoplasmic steps of heme synthesis.

Toxins or drugs responsible for causing sideroblastic anemia should be eliminated.
Oral pyridoxine is used in some patients with either congenital or acquired siderob-
lastic anemia with partial response.

Treatment
Treatment of Pearson Syndrome

1. Correction of the metabolic acidosis (e.g., avoidance of fasting, administration
of thiamine, riboflavin, carnitine, and coenzyme Q to bypass deleted respira-
tory enzymes).
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ERYTHROID CELL NONERYTHROID CELL
NORMOBLAST

Damaged mitochondria due to
Damaged mitochondria, e.g., as a mitochondrial DN A mutation
result of mitochondrial DNA
damage, ALAS deficiency, Decreased ATP production

antibiotic toxin
Damage to cellular organelles
Increased accumulation of and cell membranes
nonutilized iron B

Formation of hydroxyl radical
through Fenton reaction

Cross-linking of OH radical
to DNA, proteins, and lipids

Damage to cellular organelles
and cell membranes
A

Involvement of A alone: Sideroblastic anemia without mitochondrial cytopathy

Involvement of B alone: Mitochondrial cytopathies without sideroblastic anemia
Involvement of A and B: Sideroblastic anemias with mitochondrial cytopathies, e.g., Pearson
syndrome, Pearson syndrome with Kearns—Sayre syndrome, Wolfram syndrome

Fig. 6-2. Simplified view of pathophysiologic consequences of mitochondrial diseases.

2. Removal of the reactive oxygen radical by the use of ascorbate, vitamin E, or
lipoic acid.

3. The diagnosis of anemia occurs between 1 and 6 months in the majority of
patients. Patients can be supported with red cell transfusions. G-CSF may be
used to support clinically significant neutropenia. If patients do not succumb to
metabolic acidosis and organ failure, the majority will improve within the first
decade of life.

4. Patients who survive and have resolution of their anemia are at risk of devel-
oping Kearns-Sayre syndrome.

5. No experience exists with HSCT or solid organ transplantation.

Note that the efficacy of therapies 1 and 2 listed above is not clear at this time.

PAROXYSMAL NOCTURNAL HEMOGLOBINURIA

PNH is a condition in which hemolytic anemia results from an acquired abnor-
mality of the red blood cell membrane that increases its sensitivity to complement-
induced hemolysis.

Pathogenesis

Patients with PNH have a somatic mutation in the PIG-A gene (phosphatidylinos-
itol glycan complementation group A). This mutation occurs in primitive
hematopoietic stem cells.

A protein product (probably o-1,6N-acetylglucosamine transferase) of the PIG-A
gene is normally responsible for the transfer of N-acetylglucosamine to phos-
phatidylinositol. In patients with PNH, there is a mutation in the PIG-A gene, which
results in a decrease in its protein product and leads to a metabolic block in the
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biosynthesis of the glycolipid (i.e., glycosyl phosphatidylinositol [GPI]) anchor. This
anchoring molecule is required for several surface proteins of the hematopoietic
cells.

Table 6-26 lists the surface proteins missing on PNH blood cells as a result of a defi-
ciency in the GPI anchor. Thus, the primary defect in PNH resides in the deficient
assembly of the GPI anchor and, as a result, all GPI-linked antigens are absent on the
surface of PNH cells.

Table 6-26. Surface Proteins Missing on Paroxysmal Nocturnal Hemoglobinuria

Blood Cells
Antigen Expression pattern
Enzymes
Acetylcholinesterase (AChE) Red blood cells
Ecto-5-nucleotidase (CD73) Some B and T lymphocytes
Neutrophil alkaline phosphatase (NAP) Neutrophils
Adhesion molecules
Blast-1/CD48 Lymphocytes

Lymphocyte function-associated antigen-3 (LFA-3 or CD58) All blood cells”
Complement regulating surface proteins

Decay accelerating factor (DAF or CD55) All blood cells’
Homologous restriction factor (HRF or C8bp) All blood cells*
Membrane inhibitor of reactive lysis (MIRL or CD59) All blood cells
Receptors
Fcy receptor III (Fey III or CD16) Neutrophils, NK cells,
Macrophages,? some
T lymphocytes?
Monocyte differentiation antigen (CD14) Monocytes, macrophages,
granulocytes
Urokinase-type plasminogen activator receptor (u-PAR) Monocytes, granulocytes
Blood group antigens
Comer antigens (DAF) Red blood cells
Yt antigens (AChE) Red blood cells
Holley Gregory antigen Red blood cells
John Milton Hagen antigen (JMH) Red blood cells, lymphocytes
Dombrock residue Red blood cells
Neutrophil antigens
NA1/NA2 (CD16) Neutrophils
NB1/NB2 Neutrophils
Other surface proteins of unknown functions
CD52 (CAMPATH) All blood cells
CD24 B lymphocytes, neutrophils,
eosinophils
CD48
CD66¢
CDé67

JMH-bearing protein

“On lymphocytes expressed in GPI-linked and transmembrane form.

YLevel of expression on T lymphocytes varies.

‘Expression of C8bp on human blood cells is controversial (personal communication. Taroh Kinoshita)

Expressed in a transmembrane form.

From Young NS, Bressler M, Casper JT, Liu J. Biology and therapy of aplastic anemia. In: Schacter GP,
McArthur TR, editors. Hematology 1996. American Society of Hematology, 1996; with permission; and Ware RE.
Autoimmune hemolytic anemia. In: Nathan DG, Orkin SH, Ginsburg D, Look TA, editors. Nathan and Oski’s
Hematology of Infancy and Childhood. 6th ed. Philadelphia: WB Saunders, 2003, with permission.
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Mechanism of Hemolysis and Hemoglobinuria
in Paroxysmal Nocturnal Hemoglobinuria

The absence of surface complement-regulatory proteins, namely, CD55 and CD59,
allows deposition of complement factors and C3 convertase complexes, which leads to
chronic complement-mediated intravascular hemolysis, resulting in hemoglobinuria.

Mechanism of Hypercoagulable State

The mechanism of a hypercoagulable state in PNH is not well understood.
Complement deposition on platelets results in vesiculations of their plasma mem-
branes, which leads to increased procoagulant activity of the platelets. The mono-
cytes and granulocytes of PNH cells lack the receptor for the GPI-linked urokinase
plasminogen activator and this deficiency may lead to impaired fibrinolysis.

The antithrombin (AT), protein C, and protein S levels are normal in PNH patients.

Mechanism of Defective Hematopoiesis

The mechanism of defective hematopoiesis (macrocytosis with bone marrow eryth-
roid dysplasia) evolving to severe aplastic anemia in some patients is not well under-
stood. However, the following explanations have been considered:

* The initial step is the development of the PIG-A mutation. This is followed by a
bone marrow insult.

* Resistance of PNH clones to injury by the insulting agents compared with sus-
ceptibility of normal hematopoietic stem cells.

* The intrinsic proliferation advantage of PNH stem cells compared with normal
hematopoietic stem cells results in selection of abnormal stem cells followed by
clonal expansion.

* Suppression of normal hematopoietic stem cells by PNH cells and evolution to
MDS or AML

In the preceding list, it is assumed that two populations of stem cells normally
reside in bone marrow: (1) a large population of normal stem cells and (2) a minor
population of PNH stem cells.

Clinical Manifestations

The three main clinical features of PNH are (1) intravascular hemolysis, (2) bone mar-
row failure (macrocytosis, pancytopenia to severe aplastic anemia), and (3) the tendency
to venous thrombosis. PNH can present as a primary “classic” hemolytic syndrome or
it may arise during the course of aplastic anemia (AA) as AA-PNH syndrome. The
nature of the pathogenetic link between the two conditions remains unknown. They
may be differentiated from each other by the following clinical findings:

Findings Classic PNH syndrome Aplastic anemia-PNH syndrome
Hemolysis Chronic with acute exacerbation. Hemolysis clinically subtle.
Thrombotic More often present. Acute hemolysis Occurs less frequently.
complications may be preceded by abdominal pain, Bone marrow failure
thought to be due to temporary predominantly the picture.

occlusion of the gastrointestinal
veins. Thrombosis of larger
abdominal veins may be present.

Abnormal Positive from the time of diagnosis. Positive in 20-50% of
erythrocyte or patients with SAA. May
granulocyte evolve post immuno-

CD55/CD59 suppressive therapy.
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Many patients have an overlap of the aforementioned findings and do not fit pre-
cisely into one of these two groups.

Course of the Disease

The onset of PNH is insidious. There is no familial tendency. Venous thrombosis is
more often responsible for death than bone marrow failure in patients with PNH. Spon-
taneous long-term remission or leukemia transformation may occur in some patients.

Patients with classic PNH may have cytopenia of one or all blood cell lineages and
the degree of bone marrow failure may vary from mild to severe. About 15% of
patients with aplastic anemia develop overt PNH; however, 35-50% of aplastic ane-
mia patients may have flow cytometric evidence of deficiency of GPI-linked mole-
cules at some stage of their disease as evidence of subclinical PNH.

Complications
Intravascular hemolysis:

Hemoglobinuria (dark urine)
Iron deficiency
Acute renal failure.

Venous thrombosis:

Peripheral veins

Superior and inferior vena cava
Hepatic veins (Budd—Chiari syndrome)
Mesenteric veins

Sagittal sinus

Splenic vein

Abdominal wall veins

Intrathoracic veins.

Defective hematopoiesis:

Pancytopenia
Macrocytosis
Aplastic anemia
Evolution to AML.

Infectious:

Sinopulmonary
Blood borne.

Diagnosis
Table 6-27 lists the laboratory findings in PNH.

Flow Cytometric Analysis of GPI-Linked Molecules

Flow cytometric analysis of blood cells with the use of monoclonal antibodies to GPI-
linked surface antigens is a very sensitive method for the diagnosis of PNH and has
replaced the Ham test.

All blood cell lineages (i.e., red blood cells, lymphocytes, monocytes, granulocytes) can
be analyzed by the flow cytometric technique. Heterogeneous patterns of the phenotypic
expressions of various blood cells can be identified with the flow cytometric technique.
For example, red blood cell phenotypes can be identified by their CD59 expression:
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Table 6-27. Laboratory Findings in Paroxysmal Nocturnal Hemoglobinuria

Nonspecific findings Cytopenia involving one or more cell lineages
Macrocytosis, anisocytosis, polychromasia
Reticulocytosis
Decreased neutrophil alkaline phosphatase
Increased level of lactate dehydrogenase
Decreased haptoglobin
Hemoglobinuria, hemosiderinuria
Iron deficiency, folate deficiency
Bone marrow findings Varies from hyperplastic with predominant erythropoiesis to
hypoplastic with little or patchy hematopoiesis
Hypoplasia or aplasia of one or more hematopoietic lineages
Increased number of mast cells
Cytogenesis Usually normal
Specific test for PNH Flow cytometric analysis glycosyl phosphatidylinositol
(GPI)-linked cell surface proteins (CD55/59) on peripheral
blood or bone marrow cells.

Adapted from Young NS, Bressler M, Casper JT, Liu J. Biology and therapy of aplastic anemia. In: Schacter
GP, McArthur TR, editors. Hematology 1996. American Society of Hematology, 1996; with permission.

PNH type I Normal expression of CD59
PNH type Il = Partially deficient or residual expression of CD59
PNH type III = Complete absence of expression of CD59.

The proportion of the three different phenotypes may vary from patient to patient.
Because other blood cell lineages can be analyzed, the transfusion of red blood cells
to a patient does not interfere with the diagnosis of PNH.

The percentage of granulocytes with a PNH phenotype is usually higher than the
percentage of red cells lacking CD59. Thus, flow cytometric analysis of the granulo-
cytes increases sensitivity in the diagnosis of PNH.

Treatment
Hematopoietic Stem Cell Transplantation

HSCT is the only curative treatment for PNH. If a fully matched family donor is
available, then HSCT is the treatment of choice, especially for patients who develop
bone marrow failure.

Immunosuppressive Therapy

Therapy with cyclosporine and ATG is indicated in the setting of PNH-associated
aplastic anemia. This treatment may lead to improvement in aplastic anemia but not
in the hemolysis of PNH.

Use of Hematopoietic Growth Factor

The use of G-CSE, GM-CSF, and erythropoietin may be attempted in the setting of
pertinent cytopenia.

Supportive Therapy

Long-term anticoagulant therapy (e.g., with warfarin) is indicated for patients with
venous thrombosis. Iron and folate supplements are indicated due to chronic hemo-



134  Hematology and Oncology

globinuria accompanied by iron loss and chronic hemolysis with increased erythroid
marrow activity requiring supplementation of additional folate. Red blood cell trans-
fusion as needed.
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An essential feature of hemolytic anemia is a reduction in the normal red cell sur-
vival of 120 days. Premature destruction of red cells may result from corpuscular
abnormalities (within the red cell corpuscle), that is, abnormalities of membrane,
enzymes, or hemoglobin; or from extracorpuscular abnormalities, that is, immune or
nonimmune mechanisms. Tables 7-1 and 7-2 list the causes of hemolytic anemia due

HEMOLYTIC ANEMIA

APPROACH TO DIAGNOSIS

to corpuscular and extracorpuscular defects, respectively.
The approach to the diagnosis of hemolytic anemia should include:

1. Consideration of the clinical features suggesting hemolytic disease
2. Laboratory demonstration of the presence of a hemolytic process

3. Determination of the precise cause of the hemolytic anemia by special hemato-
logic investigations.

Clinical Features

The following clinical features suggest a hemolytic process:

1.

Ethnic factors: Incidence of sickle gene carrier in the African-American popula-
tion (8%), high incidence of thalassemia trait in people of Mediterranean
ancestry, and high incidence of glucose-6-phosphate dehydrogenase (G6PD)

deficiency among Sephardic Jews

. Age factors: Anemia and jaundice in an Rh-positive infant born to a mother
who is Rh negative or a group A or group B infant born to a group O mother

(setting for a hemolytic anemia)

. History of anemia, jaundice, or gallstones in family
. Persistent or recurrent anemia associated with reticulocytosis

Anemia unresponsive to hematinics

. Intermittent bouts or persistent indirect hyperbilirubinemia

. Splenomegaly

. Hemoglobinuria

. Presence of multiple gallstones

. Chronic leg ulcers

. Development of anemia or hemoglobinuria after exposure to certain drugs
. Cyanosis without cardiorespiratory distress

. Polycythemia

. Dark urine due to dipyrroluria.

136
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Table 7-1. Causes of Hemolytic Anemia Due to Corpuscular Defects

I. Membrane defects
A. Primary membrane defects with specific morphologic abnormalities
1. Hereditary spherocytosis
2. Hereditary elliptocytosis/pyropoikilocytosis
3. Hereditary stomatocytosis with:
a. Increased osmotic fragility (high Na*, low K*)
b. Decreased osmotic fragility (high Na*, low K*)
c. Normal osmotic fragility
d. Rhnull
4. Congenital hemolytic anemia with dehydrated red cells (high Na*, low K*,
decreased osmotic fragility)
B. Secondary membrane defects: abetalipoproteinemia

II. Enzyme defects
A. Energy potential defects (Embden-Meyerhof: anaerobic; ATP-producing pathway
deficiencies)
1. Hexokinase
. Glucose phosphate isomerase
. Phosphofructokinase
. Triosephosphate isomerase
. Phosphoglycerate kinase
. 2,3-Diphosphoglyceromutase (polycythemia and no hemolysis)
7. Pyruvate kinase
B. Reduction potential defects (hexose monophosphate: aerobic; NADPH-producing
pathway deficiencies)
1. G6PD”
2. 6-Phosphogluconate dehydrogenase (6PGD)
3. Glutathione reductase
4. Glutathione synthetase
5. 2,3-Glutamyl-cysteine synthetase
C. Abnormalities of erythrocyte nucleotide metabolism
1. Adenosine triphosphatase deficiency
2. Adenylate kinase deficiency
3. Pyrimidine 5"-nucleotidase (P5N) deficiency
4. Adenosine deaminase excess

N U= W

III. Hemoglobin defects
A. Heme: congenital erythropoietic porphyria
B. Globin
1. Qualitative: hemoglobinopathies (e.g., Hb S, C, H, M)
2. Quantitative: o- and B-thalassemias

IV. Congenital dyserythropoietic anemias
A. Typel
B. Type II
C. Type III
D. Type IV

Abbreviations: ATPase, adenosine triphosphatase; G6PD, glucose-6-phosphate dehydrogenase.

"World Health Organization (WHO) classification of G6PD variant: Class I variant: Chronic hemolysis due to
severe G6PD deficiency, e.g., G6PD deficiency Harilaou. Class II variant: Intermittent hemolysis in spite of severe
G6PD deficiency, e.g., GOPD Mediterranean. Class III variant: Intermittent hemolysis associated usually with
drugs/infections and moderate G6PD deficiency, e.g., GOPDA variant. Class IV variant: No hemolysis, no G6PD
deficiency, e.g., normal G6PD (B variant).
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Table 7-2. Causes of Hemolytic Anemia Due to Extracorpuscular Defects

I. Immune
A. Isoimmune
1. Hemolytic disease of the newborn
2. Incompatible blood transfusion
B. Autoimmune: IgG only; complement only; mixed IgG and complement
1. Idiopathic

a. Warm antibody

b. Cold antibody

c. Cold—warm hemolysis (Donath-Landsteiner antibody)

2. Secondary

a. Infection, viral: infectious mononucleosis—Epstein—-Barr virus (EBV),
cytomegalovirus (CMV), hepatitis, herpes simplex, measles, varicella, influenza
A, coxsackie virus B, human immunodeficiency virus (HIV); bacterial:
streptococcal, typhoid fever, Escherichia coli septicemia, Mycoplasma pneumoniae
(atypical pneumonia)

b. Drugs and chemicals: quinine, quinidine, phenacetin, p-aminosalicylic acid,
sodium cephalothin (Keflin), penicillin, tetracycline, rifampin, sulfonamides,
chlorpromazine, pyradone, dipyrone, insulin; lead

c. Hematologic disorders: leukemias, lymphomas, lymphoproliferative syndrome,
associated idiopathic thrombocytopenic purpura (Evans syndrome), paroxysmal
cold hemoglobinuria, paroxysmal nocturnal hemoglobinuria

d. Immunopathic disorders: systemic lupus erythematosus, periarteritis nodosa,
scleroderma, dermatomyositis, theumatoid arthritis, ulcerative colitis,
agammaglobulinemia, Wiskott-Aldrich syndrome, dysgammaglobulinemia, IgA
deficiency, thyroid disorders, giant cell hepatitis, Evans syndrome, autoimmune
lymphoproliferative syndrome (ALPS), common variable immune deficiency

e. Tumors: ovarian teratomata, dermoids, thymoma, carcinoma, lymphomas

II. Nonimmune
A. Idiopathic
B. Secondary
1. Infection, viral: infectious mononucleosis, viral hepatitis; bacterial: streptococcal, E.
coli septicemia, Clostridium perfringens, Bartonella bacilliformis; parasites: malaria,
histoplasmosis
2. Drugs and chemicals: phenylhydrazine, vitamin K, benzene, nitrobenzene,
sulfones, phenacetin, acetinalimide; lead
3. Hematologic disorders: leukemia, aplastic anemia, megaloblastic anemia,
hypersplenism, pyknocytosis
4. Microangiopathic hemolytic anemia: thrombotic thrombocytopenic purpura,
hemolytic uremic syndrome, chronic relapsing schistocytic hemolytic anemia,
burns, post cardiac surgery, march hemoglobinuria
5. Miscellaneous: Wilson disease, erythropoietic porphyria, osteopetrosis,
hypersplenism

Laboratory Findings
Laboratory findings of hemolytic anemia consist of:
1. Reduced red cell survival and evidence of accelerated hemoglobin catabolism
2. Evidence of increased erythropoiesis.
Accelerated Hemoglobin Catabolism
Accelerated hemoglobin catabolism varies with the type of hemolysis as follows:

 Extravascular hemoglobin catabolism (see Figure 7-1)
e Intravascular hemoglobin catabolism (see Figure 7-2).
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Signs of extravascular hemolysis:

1. Increased unconjugated bilirubin
2. Increased fecal and urinary urobilinogen
3. Increased rate of carbon monoxide production.

Signs of intravascular hemolysis:

1. Raised plasma hemoglobin level (normal value <1 mg hemoglobin/dL plasma,
visibly red plasma contains >50 mg hemoglobin/dL plasma)

Hemoglobinuria (Table 7-3 lists the causes of hemoglobinuria)
Hemosiderinuria (due to sloughing of iron-laden tubular cells into urine)

Low or absent plasma haptoglobin (normal level, 128 + 25 mg/dL)

Raised plasma methemalbumin (albumin bound to heme; unlike haptoglobin,
albumin does not bind intact hemoglobin)

Raised plasma methemoglobin (oxidized free plasma hemoglobin) and raised
levels of hemopexin-heme complex in plasma.

Ol W

o

Increased Erythropoiesis

Erythropoiesis increases in response to a reduction in hemoglobin and is manifested by:

1. Reticulocytosis: Frequently up to 10-20%; rarely, as high as 80%

2. Increased mean corpuscular volume (MCV) due to the presence of reticulocyto-
sis and increased red cell distribution width (RDW) as the hemoglobin level falls

3. Increased normoblasts in peripheral blood

4. Specific morphologic abnormalities: Sickle cells, target cells, basophilic stippling,
irregularly contracted cells (schistocytes), and spherocytes

Table 7-3. Causes of Hemoglobinuria

I

II.

Acute
A. Mismatched blood transfusions
B. Drugs and chemicals
1. Regularly causing hemolytic anemia
a. Drugs: phenylhydrazine, sulfones (dapsone), phenacetin, acetanilid (large
doses)
b. Chemicals: nitrobenzene, lead, inadvertent infusion of water
c. Toxins: snake and spider bites
2. Occasionally causing hemolytic anemia
a. Associated with G6PD deficiency: antimalarials (primaquine, chloroquine),
antipyretics (aspirin, phenacetin), sulfonamides (Gantrisin, lederkyn),
nitrofurans (Furadantin, Furacin), miscellaneous (naphthalene, vitamin K,
British antilewisite [BAL], favism)
b. Associated with Hb Ziirich: sulfonamides
c. Hypersensitivity: quinine, quinidine, para-aminosalicylic acid (PAS), phenacetin
C. Infections
1. Bacterial: Clostridium perfringens, Bartonella bacilliformis (Oroya fever)
2. Parasitic: malaria
D. Burns
E. Mechanical (e.g., prosthetic valves)
Chronic
A. Paroxysmal cold hemoglobinuria; syphilis; idiopathic
B. Paroxysmal nocturnal hemoglobinuria
C. March hemoglobinuria
D. Cold agglutinin hemolysis
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5. Erythroid hyperplasia of the bone marrow: Erythroid:myeloid ratio in the marrow
increasing from 1:5 to 1:1
. Increased red cell creatine levels
. Erythroid hyperplasia in bone marrow
8. Expansion of marrow space in chronic hemolysis resulting in:
a. Prominence of frontal bones
b. Broad cheekbones
c. Widened intratrabecular spaces, hair-on-end appearance of skull radiographs
d. Biconcave vertebrae with fish-mouth intervertebral spaces
9. Decreased red cell survival demonstrated by >'Cr red cell labeling.

NSO

Table 7-4 lists the investigations used to demonstrate the presence of a hemolytic
process.

Determination of Cause

Once the presence of a hemolytic process has been established, the precise cause of
the hemolytic anemia must be determined. Table 7-5 lists the tests used to establish
the cause of hemolytic anemia.

CORPUSCULAR HEMOLYTIC ANEMIAS
Membrane Defects

Hereditary spherocytosis, elliptocytosis, stomatocytosis, acanthocytosis, xerocyto-
sis, and pyropoikilocytosis can be diagnosed on the basis of their characteristic mor-
phologic abnormalities. Spectrin is responsible for maintaining red cell shape and is
composed of two subunits, o- and B-spectrin, which are structurally distinct and are
encoded by separate genes. A variety of mutations in - and B-spectrin have been
reported. Spectrin regulates the lateral mobility of integral membrane proteins
and provides structural support for the lipid bilayer. Disruption of spectrin self-
association leads to disorders characterized by abnormally shaped red cells. Enzyme
defects and many hemoglobinopathies have nonspecific morphologic abnormalities.

Table 7-4. Tests Used to Demonstrate a Hemolytic Process

Accelerated hemoglobin catabolism

Serum bilirubin level

Urinary urobilinogen excretion

Fecal urobilinogen excretion

Haptoglobin level

Plasma hemoglobin level

Methemoglobin level

Methemalbumin level

Carboxyhemoglobin

Urinalysis for hemoglobinuria and hemosiderinuria

Blood smear: red cell fragments (schistocytes), spherocytes

Red cell survival studies: >'Cr, difluorophosphate-32 (*DFP)
Increased erythropoiesis

Reticulocyte count/reticulocyte index

Macrocytosis

Normoblastemia

Bone marrow examination for erythroid hyperplasia

Radiography: hair-on-end appearance
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Table 7-5. Tests Used to Establish a Specific Cause of Hemolytic Anemia

Corpuscular defects
Membrane
Blood smear: spherocytes, ovalocytes, pyknocytes, stomatocytes”
Osmotic fragility (fresh and incubated)"
Autohemolysis”
Cation permeability studies
Membrane phospholipid composition
Scanning electron microscopy
Hemoglobin defects
Blood smear: sickle cells, target cells (Hb C)"
Sickling test?
Hemoglobin electrophoresis”
Quantitative fetal hemoglobin determination”
Kleihauer—Betke smear”
Heat stability test for unstable hemoglobin
Oxygen dissociation curves
Rates of synthesis of polypeptide chain production
Fingerprinting of hemoglobin
Enzyme defects
Heinz-body preparation”
Osmotic fragility”
Autohemolysis test”
Screening test for enzyme deficiencies”
Specific enzyme assays”
Extracorpuscular defects
Coombs’ test: IgG (gamma), C'3 (complement), broad-spectrum (both gamma and
complement)”
Acidified serum lysis (Ham’'s) test”
Donath-Landsteiner test’
Flow cytometric analysis of red cells with monoclonal antibodies to GP1-linked surface
antigens (for PNH)

“Tests commonly employed and most useful in establishing a diagnosis.

Hereditary Spherocytosis
Genetics

1. Autosomal dominant inheritance (75% of cases). The severity of anemia and the
degree of spherocytosis may not be uniform within an affected family.

2. No family history in 25% of cases. Some show minor laboratory abnormalities,
suggesting a carrier (recessive) state. Others are due to a de novo mutation.

3. Most common in people of northern European heritage, with an incidence of
1 in 5000.

Pathogenesis

In hereditary spherocytosis (HS), the primary defect is membrane instability due to
dysfunction or deficiency of a red cell skeletal protein. A variety of membrane skele-
tal protein defects have been found in different families. These include:

1. Ankyrin mutations: Account for 50-67% of HS. In many patients, both spectrin
and ankyrin proteins are deficient. Mutations of ankyrin occur in both domi-
nant and recessive forms of HS. Clinically, the course varies from mild to severe.
Red cells are typically spherocytes.
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o-Spectrin mutations occur in recessive HS and account for less than 5% of HS.
Clinical course is severe. Contracted cells, poikilocytes, and spherocytes are
seen.

B-Spectrin mutations occur in dominant HS and account for 15-20% of HS.
Clinical course is mild to moderate. Acanthocytes, spherocytic elliptocytes, and
spherocytes are seen.

Protein 4.2 mutations occur in the recessive form of HS and account for less than
5% of HS. Clinical course is mild to moderate. Spherocytes, acanthocytes, and
ovalocytes are seen.

Band 3 mutations occur in the dominant form of HS and account for 15-20%
of HS. Clinical course can be mild to moderate. Spherocytes are occasionally
mushroom-shaped or pincered cells.

Deficiency of these membrane skeletal proteins in HS results in vertical defect,
which causes progressive loss of membrane lipid and surface area. The loss of sur-
face area results in characteristic microspherocytic morphology of HS red cells.

The sequelae are as follows:

1.

Sequestration of red cells in the spleen (due to reduced erythrocyte deforma-
bility)

2. Depletion of membrane lipid

3. Decrease in membrane surface area relative to volume, resulting in a decrease
in surface area-to-volume ratio

4. Tendency to spherocytosis

5. Influx and efflux of sodium increased; cell dehydration

6. Rapid adenosine triphosphate (ATP) utilization and increased glycolysis

7. Premature red cell destruction.

Hematology

1. Anemia: Mild to moderate in compensated cases. In erythroblastopenic crisis,
hemoglobin may drop to 2-3 g/dL.

2. MCV usually decreased; mean corpuscular hemoglobin concentration (MCHC)
raised and RDW elevated.*

3. Reticulocytosis (3-15%).

4. Blood film: Microspherocytes' (vary in number); hyperdense cells,* polychro-
masia.

5. Coombs’ test negative.

6. Increased red cell osmotic fragility (spherocytes lyse in higher concentrations of
saline than normal red cells) occasionally only demonstrated after incubation of
blood sample at 37°C for 24 hours. In spite of normal osmotic fragility, increased
MCHC or an increase of hyperdense red cells is highly suggestive of HS.

7. Autohemolysis at 24 and 48 hours increased, corrected by the addition of glu-
cose.

8. Survival of 3!Cr-labeled cells reduced with increased splenic sequestration.

9. Marrow: Normoblastic hyperplasia; increased iron.

*The MCHC is only raised in hereditary spherocytosis, hereditary xerocytosis, hereditary pyropoikilo-
cytosis, and cold agglutinin disease. The presence of elevated RDW and MCHC (performed by aperture
impedance instruments, e.g., Coulter) makes the likelihood of hereditary spherocytosis very high, because
these two tests used together are very specific for hereditary spherocytosis.

*The percentage of microspherocytes is the best indicator of the severity of the disease but not a good
discriminator of the HS genotype.

tHyperdense cells are seen in HbSC disease, HbCC disease, and xerocytosis. In HS, hyperdense cells are
a poor indicator of disease severity but an effective discriminating feature of the HS phenotype.
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Biochemistry

1.
2.

Raised bilirubin, mainly indirect reacting
Obstructive jaundice with increased direct-reacting bilirubin; may develop due
to gallstones, a consequence of increased pigment excretion.

Clinical Features

1. Anemia and jaundice: Severity depends on rate of hemolysis, degree of com-
pensation of anemia by reticulocytosis, and ability of liver to conjugate and
excrete indirect hyperbilirubinemia.

2. Splenomegaly.

3. Presents in newborn (50% of cases) with hyperbilirubinemia, reticulocytosis,
normoblastosis, spherocytosis, negative Coombs’ test, and splenomegaly.

4. Presents before puberty in most patients.

5. Diagnosis sometimes made much later in life by chance.

6. Co-inheritance of HS with hemoglobin S-C disease may increase the risk of
splenic sequestration crisis.

7. Co-inheritance of B-thalassemia trait and HS may worsen, improve, or have no
effect on the clinical course of HS.

8. Iron deficiency may correct the laboratory values but not the red cell life span
in HS patients.

9. HS with other system involvement:

a. Interstitial deletion of chromosome 8p11.1-8p21.1 causes ankyrin deficiency,
psychomotor retardation, and hypogonadism.
b. HS may be associated with neurologic abnormalities such as cerebellar dis-
turbances, muscle atrophy, and a tabes-like syndrome.
Classification

Table 7-6 lists a classification of hereditary spherocytosis in accordance with clinical
severity and indications for splenectomy.

Diagnosis

1.
2.

Clinical features and family history
Hematologic features.

Complications

1.

2.

Hemolytic crisis: With more pronounced jaundice due to accelerated hemolysis
(may be precipitated by infection)

Erythroblastopenic crisis: Dramatic fall in hemoglobin level (and reticulocyte count);
usually due to maturation arrest and often associated with giant pronormoblasts
in the recovery phase; usually associated with parvovirus B19 infection*

Folate deficiency: Caused by increased red cell turnover; may lead to superim-
posed megaloblastic anemia. Megaloblastic anemia may mask HS morphology
as well as its diagnosis by osmotic fragility

*Parvovirus B19 infects developing normoblasts, causing a transient cessation of production. The virus
specifically infects CFU-E and prevents their maturation. Giant pronormoblasts are seen in bone marrow.
Diagnosis is made by increased IgM antibody titer against parvovirus and PCR for parvovirus on bone
marrow.



14

Table 7-6. Classification of Spherocytosis and Indications for Splenectomy

Classification Trait Mild spherocytosis Moderate spherocytosis Severe spherocytosis”
Hemoglobin (g/dL) Normal 11-15 8-12 6-8
Reticulocyte count (%) <3 3.1-6 >6 >10
Bilirubin (mg/dL) <1.0 1.0-2.0 >2.0 >3.0
Reticulocyte production index <1.8 1.8-3 >3
Spectrin per erythrocyte’ (percentage of normal) 100 80-100 50-80 40-60
Osmotic fragility
Fresh blood Normal Normal to slightly Distinctly increased Distinctly increased
increased
Incubated blood Slightly increased Distinctly increased Distinctly increased Distinctly increased
Autohemolysis
Without glucose (%) >60 >60 0-80 50
With glucose (%) <10 >10 >10 >10
Splenectomy Not necessary Usually not necessary Necessary during Necessary, not before
during childhood school age before 3 years of age
and adolescence puberty
Symptoms None None Pallor, erythroblastopenic  Pallor, erythroblastopenic

crises, splenomegaly,
gallstones

crises, splenomegaly,
gallstones

"Value before transfusion.
"Normal (mean+SD): 226 + 54 x 10° molecules per cell.

From Eber SW, Armburst R, Schroter W. J Pediat 1990;117:409.



Hemolytic Anemia 147

4. Gallstones: In approximately one-half of untreated patients; increased incidence
with age. Occasionally, HS may be masked or improved in obstructive jaundice
due to increase in surface area of red cells and formation of targets cells

5. Hemochromatosis: Rarely.

Treatment

1. Folic acid supplement (1 mg/day)

2. Leukocyte-depleted packed red cell transfusion for severe erythroblastopenic
crisis

3. Splenectomy* for moderate to severe cases. Most patients with less than 80% of
normal spectrin content require splenectomy. Splenectomy should be carried
out early in severe cases but not before 5 years of age, if possible. The manage-
ment of the splenectomized patient is detailed in Chapter 26. Although sphero-
cytosis persists postsplenectomy, the red cell life span becomes essentially
normal and complications are prevented, especially transient erythroblastope-
nia and persistent hyperbilirubinemia, which leads to gallstones

4. Ultrasound should be carried out before splenectomy to exclude the presence
of gallstones. If present, cholecystectomy is also indicated.

Hereditary Elliptocytosis

Hereditary elliptocytosis (HE) is clinically and genetically a heterogeneous disorder.

Pathogenesis

HE is due to various defects in the skeletal proteins, spectrin, and protein 4.1. The
basic membrane defects consist of:

1. Defects of spectrin self-association involving the a-chains
2. Defects of spectrin self-association involving the -chains
3. Deficiency of protein 4.1

4. Deficiency of glycophorin.

Deficiencies of these skeletal proteins result in decreased horizontal stability and
reduced pliability of red blood cells. Thus, a red blood cell is unable to regain its
biconcave shape after its distortion in the microcirculation.

The membrane defect results in decreased cellular deformability as a result of
increased membrane rigidity, which is a consistent feature in all cases. In addition,
cell dehydration is present. In HE, cell fragmentation is the result of the loss of
mechanical integrity of the skeleton. The cell remnants contain a full complement of
various membrane proteins and represent a true fragmentation process in which
microcytic red blood cells with decreased hemoglobin content are generated. In HS,
however, continuous loss of the lipid-rich and skeleton-free domains of the
membrane during the red cell life span results in spherocytic red cells with near-
normal hemoglobin content and the absence of fragmented cells with markedly
decreased hemoglobin content.

*Laparoscopic splenectomy is safe in children. Although it requires more operative time than open
splenectomy;, it is superior with regard to postoperative analgesia, smaller abdominal wall scars, duration
of hospital stay, and more rapid return to a regular diet and daily activities. It is not known if accessory
spleens are readily identified with the laparoscope although the magnification afforded by the laparo-
scope might be advantageous in some cases.
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Genetics

HE is characterized by an autosomal dominant mode of inheritance (with variable
penetrance), affecting about 1 in 25,000 of the population. Two types of inheritance
occur:

1. Non-Rh-linked, associated with a high incidence of severe anemia in the
homozygote
2. Rh-linked, usually associated with a milder disorder.

Clinical Features

1. Varies from patients who are symptom free to severe anemia requiring blood
transfusions. The percentage of microcytes best reflects the severity of the dis-
ease.

2. About 12% have symptoms indistinguishable from hereditary spherocytosis.

3. The percentage of elliptocytes varies from 50% to 90%. No correlation has been
established between the degree of elliptocytosis and the severity of the anemia.

4. HE has been classified into the following clinical subtypes:

a. Common HE, which is divided into several groups: silent carrier state, mild
HE, HE with infantile pyknocytosis

b. Common HE with chronic hemolysis, which is divided into two groups: HE
with dyserythropoiesis and homozygous common HE, which is clinically
indistinguishable from hereditary pyropoikilocytosis (see later discussion)

c. Spherocytic HE, which clinically resembles HS; however, a family member
usually has evidence of HE

d. Southeast Asian ovalocytosis, in which the majority of cells are oval; how-
ever, some red cells contain either a longitudinal or transverse ridge.

Laboratory Findings

1. Blood smear: 25-90% of cells elongated oval elliptocytes

2. Osmotic fragility normal or increased

3. Autohemolysis usually normal but may be increased and usually corrected by
the addition of glucose or ATP.

Treatment

The indications for transfusion, splenectomy, and prophylactic folic acid are the
same as for hereditary spherocytosis.

Hereditary Pyropoikilocytosis

Definition

Hereditary pyropoikilocytosis (HPP) is a congenital hemolytic anemia associated
with in vivo red cell fragmentation and marked in vitro fragmentation of red cells at

45°C. Because of the similarities in the membrane defect in this condition and HE, it
is viewed as a subtype of HE.

Genetics and Etiology

1. Homozygous or doubly heterozygous for the spectrin chains (e.g., Sp-o!/7*
and Sp-a.1/4%). The spectrin chain defects found in HPP are similar to those found
in HE.
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2. Increased ratio of cholesterol to membrane protein.
3. Decreased cell deformability.

Clinical Features

1. Anemia characterized by extreme anisocytosis and poikilocytosis

a. Red cell fragments, spherocytes, and budding red cells (the red cells are
exquisitely sensitive to temperature and fragment after 10 minutes of incu-
bation time at 45-46°C in vitro; heating for 6 hours at 37°C explains in vivo
formation of fragmented red cells and chronic hemolysis)

b. Hemoglobin level, 7-9 g/dL

c. Marked reduction in MCV and elevated MCHC

Jaundice

Splenomegaly

Osmotic fragility and autohemolysis increased

Mild HE present in one of the parents or siblings.

Ol W

Differential Diagnosis

Similar cells are seen in microangiopathic hemolytic anemias, after severe burns or
oxidant stress, and in pyruvate kinase deficiency.

Treatment

Patients respond well to splenectomy with a rise in hemoglobin to 12 g/dL.
Following splenectomy, hemolysis is decreased but not totally eliminated.

Hereditary Stomatocytosis

Definition and Genetics

The stomatocyte has a linear slit-like area of central pallor rather than a circular area.
When suspended in plasma, the cells assume a bowl-shaped form. This hereditary
hemolytic anemia of variable severity is characterized by an autosomal dominant
mode of inheritance.

Etiology

The cells contain high Na* and low K* concentrations. The disorder is probably due
to a membrane and protein defect. The cells are abnormally rigid and poorly
deformable, contributing to their rapid rate of destruction. There are many bio-
chemical variants.

Clinical Features

1. Very variable
2. Jaundice at birth
3. Pallor: marked variability depending on severity of anemia
4. Splenomegaly
5. Hematology
a. Anemia
b. Smear, 10-50% stomatocytes
c. Reticulocytosis
d. Increased osmotic fragility and autohemolysis.
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Differential Diagnosis

Stomatocytosis may occur with thalassemia, some red cell enzyme defects (glu-
tathione peroxidase deficiency, glucose phosphate isomerase deficiency), Rh_ , red
cells, viral infections, lead poisoning, some drugs (e.g., quinidine and chlorpro-
mazine), some malignancies, liver disease, and alcoholism.

Treatment

Splenectomy may be beneficial if hemolysis is severe.

Hereditary Acanthocytosis
Definition

Acanthocytes have thorn-like projections that vary in length and width and are irreg-
ularly distributed over the surface of red cells.

Genetics

The mode of inheritance is autosomal recessive.

Clinical Features

1. Steatorrhea: Only fat malabsorption

2. Neurologic symptoms: Weakness, ataxia and nystagmus, atypical retinitis pig-
mentosa with macular atrophy, blindness

3. Anemia: Mild hemolytic anemia; 70-80% acanthocytes; slight reticulocytosis.

Diagnosis

1. Clinical syndrome
2. Absent B-lipoprotein in plasma
3. Diagnostic findings on small intestine biopsy.

Differential Diagnosis

During the neonatal period, hereditary acanthocytosis may have to be distinguished
from the benign nonhereditary disorder of infantile pyknocytosis. Acquired acan-
thocytosis occurs under the following conditions: renal failure, cirrhosis, microangio-
pathic hemolytic anemia, hypothyroidism, pyruvate kinase deficiency, and in
association with some neoplasms.

Hereditary Xerocytosis

Definition

Hereditary xerocytosis is a familial condition characterized by red cells that appear
to be shrunken, with hemoglobin puddled at the periphery or center of the cell. The
defect in these cells permits increased permeability of univalent cations Na* and K*.

The accompanying cell water loss results in dehydrated red cells. There is an
increased proportion of phosphatidylcholine in the membrane.

Genetics

The mode of inheritance of this rare condition is autosomal dominant.
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Clinical Features

1. Few symptoms, moderate anemia; red cell morphology, stomatocytic
Elevated reticulocytes

Splenomegaly and gallstones

MCHC elevated, MCV increased

Osmotic fragility reduced

Increased heat stability (46 and 49°C for 60 minutes).

SANCAN R

Treatment

Transfusions are generally not required. The benefit of splenectomy is slight.

Enzyme Defects

There are two major biochemical pathways in the red cell: the Embden—-Meyerhof
anaerobic pathway (energy potential of the cell) and the hexose monophosphate shunt
(reduction potential of the cell). Figure 7-3 illustrates the enzyme reactions in the red cell.

Glucose y -Glut-Cyst + Gly
................. ATP
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e DEHYOROGENASE Mo+ SYNTHETASE
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F-1.6-P AN co, /\, NADPH GSSG H,0
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Fig. 7-3. Enzyme reactions of Embden—Meyerhof and hexose monophosphate pathways of metabolism.
Documented hereditary deficiency diseases are indicated by enclosing dotted lines.
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Pyruvate Kinase Deficiency

Pyruvate kinase (PK) is an enzyme active in the penultimate conversion in the
Embden—Meyerhof pathway. Although deficiency is rare, it is the most common
enzyme abnormality in the Embden—-Meyerhof pathway.

Genetics

1. Autosomal recessive inheritance

2. Significant hemolysis seen in homozygotes

3. Found predominantly in people of northern European origin

4. Deficiency not simply quantitative; probably often reflects the production of PK
variants with abnormal characteristics.

Pathogenesis

1. Defective red cell glycolysis with reduced ATP formation

2. Red cells rigid, deformed, and metabolically and physically vulnerable (reticu-
locytes less vulnerable because of ability to generate ATP by oxidative phos-
phorylation).

Hematology

1. Features of nonspherocytic hemolytic anemia: macrocytes, oval forms, poly-
chromatophilia, anisocytosis, occasional spherocytes, contracted red cells with
multiple projecting spicules, rather like acanthocytes or pyknocytes

2. Erythrocyte PK activity decreased to 5-20% of normal; 2,3-diphosphoglycerate
(2,3-DPG) and other glycolytic intermediary metabolites increased (because of
two- to threefold increase in 2,3-DPG, there is a shift to the right in P, *)

3. Autohemolysis markedly increased, showing marked correction with ATP but
not with glucose.

Clinical Features

1. Variable severity; can cause moderately severe anemia (not drug induced)
Usually presents with neonatal jaundice

Splenomegaly common but not invariable

Late: gallstones, hemosiderosis (from multiple transfusions), bone changes of
chronic hemolytic anemia

5. Erythroblastopenic crisis due to parvovirus B19 infection.

Ll

Treatment

1. Folic acid supplementation

2. Transfusions as required

3. Splenectomy (if transfusion requirements increase); splenectomy does not
arrest hemolysis, but decreases transfusion requirements.

Other Enzyme Deficiencies

1. Hexokinase deficiency, with many variants
2. Glucose phosphate isomerase deficiency

*Because of the right shift of P
to the degree of anemia.

- Patients do not exhibit fatigue and exercise intolerance proportionate
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Phosphofructokinase deficiency, with variants

Aldolase

Triosephosphate isomerase deficiency

Phosphoglycerate kinase deficiency

2,3-DPG deficiency due to deficiency of diphosphoglycerate mutase
Adenosine triphosphatase deficiency

Enolase deficiency.

0N ®

These enzyme deficiencies have the following features:

1. General hematologic features:
a. Autosomal recessive disorders except phosphoglycerate kinase deficiency,
which is sex linked
b. Chronic nonspherocytic hemolytic anemias (CNSHAs) of variable severity
c. Osmotic fragility and autohemolysis normal or increased
d. Improvement in anemia after splenectomy
e. Diagnosed by specific red cell assays
2. Specific nonhematologic features:
a. Phosphofructokinase deficiency associated with type VII glycogen storage
disease and myopathy
b. Triosephosphate isomerase deficiency associated with progressive debilitat-
ing neuromuscular disease with generalized spasticity and recurrent infec-
tions (some patients have died of sudden cardiac arrest)
c. Phosphoglycerate kinase deficiency associated with mental retardation and
a behavioral disorder.

Note the three exceptions to the general hematologic features listed above:
(1) Adenosine deaminase excess (i.e., not an enzyme deficiency) is an autosomal
dominant disorder. (2) Pyrimidine 5’-nucleotidase deficiency is characterized by
marked basophilic stippling, although the other chronic nonspherocytic hemolytic
anemias lack any specific morphologic abnormalities. (3) Deficiency of diphospho-
glycerate mutase results in polycythemia.

Glucose-6-Phosphate Dehydrogenase Deficiency

Glucose-6-phosphate dehydrogenase (G6PD) is the first enzyme in the pentose phos-
phate pathway of glucose metabolism. Deficiency diminishes the reductive energy of
the red cell and may result in hemolysis, the severity of which depends on the quan-
tity and type of G6PD and the nature of the hemolytic agent (usually an oxidation
mediator that can oxidize NADPH, generated in the pentose phosphate pathway in
red cells).

Genetics

1. Sex-linked recessive mode of inheritance by a gene located on the X chromo-
some (similar to hemophilia).

2. Disease is fully expressed in hemizygous males and homozygous females.

3. Variable intermediate expression is shown by heterozygous females (due to
random deletion of X chromosome, according to Lyon hypothesis).

4. As many as 3% of the world’s population is affected; most frequent among
African Americans and those of Mediterranean origin.

The molecular basis of G6PD deficiency and its clinical implications follow:

1. Deletions of G6PD genes are incompatible with life because it is a housekeep-
ing gene and complete absence of G6PD activity, called hydeletions, will result
in death of the embryo.



154 Hematology and Oncology

2. Point mutations are responsible for G6PD deficiencies. They result in:

a. Sporadic mutations: They are not specific to any geographic areas. The same
mutation may be encountered in different parts of the world that have no
causal (e.g., encountering G6PD Guadalajara in Belfast) relationship with
malarial selection. These patients manifest with chronic nonspherocytic
hemolytic anemia (CNSHA WHO Class I).

b. Polymorphic mutations: These mutations have resulted from malaria selection;
hence, they correlate with specific geographic areas. They are usually WHO
Class II or III and not Class I.

The World Health Organization (WHO) classification of G6PD variants on the
basis of magnitude of the enzyme deficiency and the severity of hemolysis are shown
here:

WHO Class  Variant Magnitude of enzyme deficiency = Severity of hemolysis

I Harilaou, Tokyo, 2% of normal activity Chronic
Guadalajara, nonspherocytic
Stonybrook, hemolytic anemia
Minnesota

I Mediterranean 3% of normal activity Intermittent hemolysis

I A~ 10-60% of normal activity Intermittent hemolysis

usually associated
with infections or
drugs

v B (Normal) 100% of normal activity No hemolysis

Pathogenesis

1. Red cell G6PD activity falls rapidly and prematurely as red cells age
Decreased glucose metabolism

Diminished NADPH/NADP and GSH/GSSG ratios

Impaired elimination of oxidants (e.g., H,0,)

Oxidation of hemoglobin and of sulthydryl groups in the membrane

Red cell integrity impaired, especially on exposure to oxidant drugs and chem-
icals.

AN

Clinical Features
Episodes of hemolysis may be produced by:

* Drugs (Table 7-7)

 Fava bean (broad bean, Vicia fava): ingestion or exposure to pollen from the
bean’s flower (hence favism)

* Infection (in more susceptible subjects).

1. Drug-induced hemolysis
a. Typically in African Americans but also in Mediterranean and Canton types
b. List of drugs (see Table 7-7); occasionally need additional stress of infection

or the neonatal state

Acute self-limiting hemolytic anemia with hemoglobinuria

. Heinz bodies in circulating red cells

Blister cells, fragmented cells, and spherocytes

Reticulocytosis

Hemoglobin normal between episodes

® -0 0
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Table 7-7. Agents Capable of Inducing Hemolysis in G6PD-Deficient Subjects®

Clinically significant hemolysis

Usually not clinically significant hemolysis

Analgesics and antipyretics
Acetanilid

Antimalarial agents
Pentaquine
Pamaquine
Primaquine
Quinocide

Sulfonamides
Sulfanilamide
N-Acetylsulfanilamide
Sulfapyridine
Sulfamethoxypyridazine (Kynex)
Salicylazosulfapyridine (Azulfidine)

Nitrofurans
Nitrofurazone (Furacin)
Nitrofurantoin (Furadantin)
Furaltadone (Altafur)
Furazolidone (Furoxone)

Sulfones
Thiazolsulfone (Promizole)
Diaminodiphenylsulfone (DDS, dapsone)

Miscellaneous
Naphthalene
Phenylhydrazine
Acetylphenylhydrazine
Toluidine blue
Nalidixic acid (NegGram)
Neoarsphenamine (Neosalvarsan)
Infections
Diabetic acidosis

Acetophenetidin (phenacetin)
Acetylsalicylic acid (large doses)
Antipyrine®

Aminopyrine?
p-Aminosalicyclic acid

Quinacrine (Atabrine)
Quinine®

Chloroquine®
Pyrimethamine (Daraprim)
Plasmoquine

Sulfadiazine
Sulfamerazine
Sulfisoxazole (Gantrisin)*
Sulfathiazole
Sulfacetamide

Sulfoxone sodium (Diasone)

Menadione
Dimercaprol (BAL)
Methylene blue
Chloramphenicol”
Probenecid (Benemid)
Quinidine®

Fava beans®

“Many other compounds have been tested but are free of hemolytic activity. Penicillin, the tetracyclines, and

erythromycin, for example, will not cause hemolysis, and the incidence of allergic reactions in G6PD-deficient
persons is not any greater than that observed in others. Any drug, therefore, not included in the list of those

known to cause hemolysis may be given.
YHemolysis in Caucasians only.

‘Mild hemolysis in African Americans, if given in large doses.

2. Favism

a. Acute life-threatening hemolysis, often leading to acute renal failure caused

by ingestion of fava beans

b. Associated with Mediterranean and Canton varieties

c. Blood transfusion required
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3. Neonatal jaundice
a. Usually associated with Mediterranean and Canton varieties
b. Infants may present with pallor, jaundice (can be severe and produce ker-
nicterus*), and dark urine.

Often no exposure to drugs; occasionally exposure to naphthalene (mothballs),
aniline dye, marking ink, or a drug. In a majority of neonates, the jaundice is not
hemolytic but hepatic in origin.

4. Chronic nonspherocytic hemolytic anemia

a. Occurs mainly in people of northern European origin

b. Hematologic picture
(1) Chronic nonspherocytic anemia
(2) Reticulocytosis
(3) Shortened red cell survival
(4) Increased autohemolysis with only partial correction by glucose
(5) Slight jaundice
(6) Mild splenomegaly.

Treatment

1. Avoidance of agents that are deleterious in G6PD deficiency
2. Indication for transfusion of packed red blood cell in children presenting with
acute hemolytic anemia:
a. Hemoglobin (Hb) level below 7 g/dL
b. Persistent hemoglobinuria and Hb below 9 g/dL
3. Chronic nonspherocytic hemolytic anemia (NSHA):
a. In patients with severe chronic anemia: transfuse red blood cells to maintain
Hb level 8-10 g/dL and iron chelation, when needed
b. Indications for splenectomy
(1) Hypersplenism
(2) Severe chronic anemia
(3) Splenomegaly causing physical impediment
c. Genetic counseling and prenatal diagnosis for severe CNSHA if the mother
is a heterozygote.

Other Defects of Glutathione Metabolism

Glutathione Reductase

In this autosomal dominant disorder, hemolytic anemia is precipitated by drugs hav-
ing an oxidant action. Thrombocytopenia has occasionally been reported. Neurologic
symptoms occur in some patients.

Glutamyl Cysteine Synthetase

In this autosomal recessive disorder, there is a well-compensated hemolytic anemia.

Glutathione Synthetase

In this autosomal recessive disorder, there is a well-compensated hemolytic anemia,
exacerbated by drugs having an oxidant action.

*The excessive jaundice is not only due to hemolysis but may be due to reduced glucuronidation of
bilirubin caused by defective G6PD activity in the hepatocytes.
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Glutathione Peroxidase

In this autosomal recessive disorder, acute hemolytic episodes occur after exposure
to drugs having an oxidant action.

HEMOGLOBIN DEFECTS
Sickle Cell Disease

Incidence

Sickle hemoglobin is the most common abnormal hemoglobin found in the United
States (approximately 8% of the African-American population has sickle cell trait).
The expected incidence of sickle cell disease (SCD) at birth is 1 in 625.

Genetics

1. Sickle cell disease is transmitted as an incomplete autosomal dominant trait.

2. Homozygotes (two abnormal genes) do not synthesize hemoglobin A (HbA);
red cells contain 90-100% hemoglobin S (HbS).

3. Heterozygotes (one abnormal gene) have red cells containing 20-40% HbS.

4. HbS arises as a result of spontaneous mutation and deletion of the B-globin
gene on chromosome 11, which results in selective advantage against
Plasmodium falciparum malaria in carriers (balanced polymorphism).

5. a-Thalassemia (frequency of 1-3% in African Americans) may be co-inherited
with sickle cell trait or disease. Individuals who have both o-thalassemia and
sickle cell anemia are less anemic than those who have sickle cell anemia alone.
However, a-thalassemia trait does not appear to prevent frequency or severity
of vaso-occlusive complications.

Results of DNA polymorphism linked to the * gene suggest that it arose from
three independent mutations in tropical Africa:

1. Benin—Central West African haplotype (the most common haplotype)
2. Senegal-African West Coast haplotype
3. Bantu—Central African Republic (CAR) haplotype

The Benin type is also found in Ibadan, Algeria, Sicily, Turkey, Greece, Yemen, and
southwest Saudi Arabia. In Caribbean and North American patients of African her-
itage with SCD, 50-70% of chromosomes are Benin, 15-30% are Bantu-CAR, and
5-15% are Senegal. The Benin and Senegalese patients have higher levels of fetal
hemoglobin (HbF) and fewer dense cells compared with Bantu-CAR patients.
Patients with Senegal haplotype have the least severe disease, whereas patients with
Bantu-CAR haplotype have most severe disease.

Pathophysiology

Figure 7-4 depicts the pathophysiology of sickle cell disease.
A single amino acid substitution (valine for glutamic acid) occurs in the B-polypeptide
chain. This simple alteration has the following consequences:

1. Hemoglobin S has a higher net electrical charge than that of hemoglobin A and
hence a different electrophoretic mobility.

2. Hemoglobin S in the reduced form (deoxygenated) is less soluble than hemo-
globin A. The molecules form rod-like tactoids; these in turn distort the red cell,
which takes on the sickle form (Figure 7-4).
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DNA mutation
GAG ————GUG

Substitution of valine for glutamic acid
in the number 6 position of the B-chain

Abnormal hemoglobin |

Fever
Hypoxia
Acidosis
Dehydration
Infection

| Polymerization; in vivo sickling |

o

Shortened red cell survival;
hemolysis Vaso-occlusion

Anemia Painful crisis of bone, muscle,
Jaundice abdomen — Psychological dysfunction
Gallstones Acute chest syndrome
Cardiomegaly; congestive  Strokes
heart failure Eye damage
Leg ulcers Functional hyposplenism and
Marrow hyperplasia autosplenectomy — Susceptibility to bacterial infections
Poor physical Chronic organ failure
development

Delayed maturation
Subjective symptoms

Fig. 7-4. Pathophysiology of sickle cell disease. (From Pearson, HA. Sickle cell disease and its crisis. In:
Dickerman JD, Lucey JF, editors. Smith’s the Critically Ill Child. Philadelphia: WB Saunders, 1985;229,
with permission.)

3. Sickle cells are prematurely destroyed, causing a hemolytic anemia (Figure 7-4).

4. Sickle cells result in increased blood viscosity and impaired blood flow and ini-
tiate thrombi.

5. Hemoglobin F effects HbS by decreasing polymer content in cells. The effect of
HbF on HbS may have direct and indirect effects on other RBC characteristics
(i.e., percentage of HbF affects the RBC adhesive properties in patients with
SCD). The higher the HbF concentration in cells, the milder the clinical severity
of sickle cell anemia.

Clinical Features

Figure 7-5 displays the clinical problems of sickle cell disease by age.

Hematology

1. Anemia: Moderate to severe normochromic, normocytic

Sickle cell preparation: Reducing agent (e.g., sodium metabisulfite) positive

Reticulocytosis

Neutrophilia common

Platelets often increased

Blood smear: Sickle cells, increased polychromasia, nucleated red cells, and tar-

get cells (Howell-Jolly bodies may indicate hyposplenism)

Erythrocyte sedimentation rate (ESR): Low (sickle cells fail to form rouleaux)

8. Hemoglobin electrophoresis: Hemoglobin S migrates slower than hemoglobin A,
giving the diagnostic SS pattern.

AN AN RSN
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Fig. 7-5. The clinical problems of sickle cell disease by age. (From Davies SC, Wonke B. The manage-
ment of hemoglobinopathies. In: Hann IM, Gibson ES, guest editors. Bailliere’s Clinical Hematology.
London: Bailliere Tindall, 1991;361, with permission).

Crises

1. Vaso-occlusive or symptomatic crisis (see Table 7-8)

2. Splenic sequestration crisis:

Uncommon, but may be rapidly fatal

Occurrence between 5 and 24 months of age

Splenomegaly due to pooling of large amounts of blood in the spleen
Abdominal pain of sudden onset accompanied by nausea and vomiting
Hemoglobin level: may drop precipitously, followed by hypovolemic shock
and death

3. Erythroblastopenic (aplastic) crisis:

a. Cessation of red cell production that may persist for 10-14 days with pro-
found drop in hemoglobin (as low as 1 g/dL)

b. Reticulocyte count and the number of nucleated red cells in the marrow
sharply decrease; platelet and white blood cell counts are generally unaf-
fected

¢. May occur in several members of a family and can occur at any age

d. Almost invariably associated with infection (the most common cause is par-
vovirus B19, which causes fifth disease in normal people)

a0 T
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Table 7-8. Symptomatology and Clinical Manifestations of Vaso-occlusive Crisis

Symptomatology Manifestations
Hand—foot syndrome Under 5 years of age; painful swelling of the hands and
(dactylitis) feet
Bone crises Painful bone crises usually beginning at age 3 or 4 years;
must be distinguished from osteomyelitis (Table 7-9)
Abdominal crises (sickle Related to sickle cell vaso-occlusion of mesenteric blood
cell girdle syndrome) supply and infarction in the liver, spleen, or lymph nodes

that results in capsular stretching. Table 7-10 lists the
differentiation between painful abdominal crisis and
acute abdomen.

CNS crises May include convulsions, meningeal signs, blindness,
radiculopathy, vertigo and acute mental syndrome,
cerebral infarction. Incidence: 7-29%; mean age of onset:
7.7 years and increased incidence of subarachnoid
hemorrhage. Figure 7-6 depicts the investigations and
treatment of neurologic deficit

Pulmonary crises (acute Presents with chest pain that may be pleuritic, unexplained

chest syndrome) dyspnea, and fever; differential diagnosis from pneumonia
may be difficult (Table 7-11); it may be associated with
full-blown sickle cell girdle syndrome

Priapism Predisposing factors: sexual intercourse, masturbation,
infection, and local trauma; impotence in many cases
Hematuria Painless and usually mild; defect is papillary necrosis
Intrahepatic vaso-occlusive Sudden, painful enlargement of liver; massive rise in bilirubin
crisis (hepatic (mostly direct) and liver enzymes; it may occur at any age
sequestration) once the spleen has atrophied and fibrosed

Table 7-9. Differentiation between Bone Infarction and Osteomyelitis

Features Favoring osteomyelitis Favoring vaso-occlusion

History No previous history Preceding painful crisis

Pain, tenderness, Single site Multiple sites

erythema, swelling

Fever Present Present

Leukocytosis Elevated band count (>1000/mm?) Present

ESR Elevated Normal to low

o-HBD Normal Elevated

Radiograph Abnormal Abnormal

Bone scan Abnormal *™Tc-diphosphonate Abnormal %™ Tc-
diphosphonate

Normal #Te-colloid marrow uptake Decreased *™Te-colloid

marrow uptake

Blood culture Positive (Salmonella, Staphylococcus) Negative

Recovery Only with appropriate antibiotic therapy =~ Spontaneous

Abbreviation: o-HBD, a-hydroxybutyric dehydrogenase.

e. Terminates spontaneously usually after about 10 days (recovery occurs with
reticulocytosis and nucleated red cells in the blood; reticulocyte count may
reach 50-60%, with hemoglobin returning to precrisis level)

f. Folate supplementation required to prevent development of megaloblastic
anemia
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Table 7-10. Differentiation between Painful Abdominal Crisis and Acute Abdomen

Features Painful crisis Acute abdomen

History of previous episodes Present Absent

Abdominal pain and distention Present Present

Signs of peritoneal irritation Absent Present

Decreased peristalsis Present Present

o-HBD Elevated Normal

Leukocytosis Present Elevated band count (>1000/mm?)
Response to symptomatic treatment Present Absent

Table 7-11. Differentiation between Pneumonia and Pulmonary Infarction

Favoring pulmonary

Feature Favoring pneumonia infarction
Chest pain, fever, hypoxia Present Present
Age <5 years >5 years
Associated painful crisis Absent May be present
Chills Present Absent
Leukocytosis Elevated band count Present
(>1000/mm3)
Blister cells on smear Absent Present
ESR Elevated Low
o-HBD Normal Elevated
Chest radiograph Upper lobe infiltrate Normal
VQ scan Normal Positive
Cultures Positive blood and sputum or cold Negative

agglutinins and Mycoplasma titers

4. Hyperhemolytic crisis:
a. Very unusual; may ensue in association with certain drugs or acute infec-
tions; G6PD deficiency is a possible contributing cause
b. Patient begins to feel weak, looks paler, and shows more scleral icterus; may
have abdominal pain
c. Hematocrit falls to 15% or less in a few days; reticulocyte count rises; after
several days, excessive hemolysis gradually subsides.

Organ dysfunction

Central nervous system

Acute infarction of the brain can result in a stroke, which occurs in approximately
7% of children with SCD. The incidence is 0.7% per year during the first 20 years of
life, with the highest rates in children 5-10 years of age. An additional 20% of
patients with sickle cell disease have evidence of asymptomatic cerebral infarction
on MRI of the brain. These individuals may have significant neuropsychological
deficit. The most common underlying lesion is intracranial arterial stenosis or
obstruction, usually in the internal carotid, often in the proximal middle cerebral or
anterior cerebral arteries. Chronic injury to the endothelium of vessels by sickled
red blood cells (SRBCs) results in changes in the intima with proliferation of fibro-
blasts and smooth muscle; the lumen is narrowed or completely obliterated, which
progresses to moyamoya. Acute sickling may result in acute cerebral infarction,
manifesting as:
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Motor disabilities (e.g., hemiparesis, gait dysfunction)

Focal seizures

Speech defects

Deficit in IQ

Cortical atrophy and ventricular dilatation on computed tomography (CT).

In untreated patients, the mortality rate is approximately 20%, with about 70% of
patients experiencing a recurrence within 3 years.

Patients at high risk for first stroke include those with a high white cell count and
those with a low borderline hematocrit. Note that coexistent o-thalassemia may
reduce the risk of a stroke.

Figure 7-6 depicts the investigations and treatment of neurologic deficit in sickle
cell disease.

Diagnosis
e Head CT scan: May not be positive for infarction within the first 6 hours of the
episode.
e Brain MRI: May become abnormal in 2—4 hours in about 90% of patients.
o Magnetic resonance arterial angiography (MRA): Very useful in the early evaluation
of the patient with new symptoms.

NEUROLOGIC DEFICIT
immediate

Hydration with
alkalinization

urgent

| Exchange transfusion |

at 1-4 weeks

Scan (CT/MRI/MRA)
Doppler ultrasound
(carotid artery)

Angiogram
No vessel obliteration 4 N Vessellobliteration
Prophylactic transfusions
(regular/exchange);
Monitor +/— chelation
/S \ at 3 years
same/improved deterioration ———— .| re-assess

Smooth luminal

No improvement
surfaces

Consider stopping Continue transfusion
transfusion

N \

No treatment Monitor Deterioration

Fig. 7-6. The investigations and treatment of neurologic deficit in sickle cell disease. (Modified from
Davies SC, Wonke B. The management of hemoglobinopathies. In: Hann IM, Gibson BES, guest editors.
Bailliere’s Clinical Hematology. London: Bailliere Tindall, 1991;361.)
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Transcranial Doppler (TCD) measurement: TCD measurements record the highest
time-averaged mean blood flow velocity in 2-mm increments in the middle cere-
bral artery, the distal internal carotid artery, the anterior or posterior cerebral
arteries, and the basilar artery. The results are categorized as normal (velocity
<170 cm/sec); conditional (170-200 cm/sec); and abnormal (>200 cm/sec). It is
a noninvasive assessment of brain blood flow identifying children with SCD at
high risk for stroke and “asymptomatic” brain disease. TCD can be used
as a screening tool in children as young as 2 years of age and should be per-
formed yearly. If the results are conditional (170-200 cm/sec), then the patient
should have an examination every 2 months. Patients with abnormal velocities
(>200 cm/sec) need to have repeat TCD to ensure that they do not progress to
abnormal within 2-8 weeks. In patients with an abnormal TCD, a chronic trans-
fusion regime reduces the risk of stroke by >90%.

Treatment

Exchange transfusion: This limits the amount of acute sickling in poorly perfused
areas of the brain. Patients usually show marked improvement in motor func-
tion. After initial exchange, a maintenance exchange transfusion program should
be carried out (for about 4 years). A regular program designed to keep HbS less
than 20% lowers the recurrence rate of stroke to less than 10%.

Fetal hemoglobin stimulating agents (e.g., hydroxyurea): These may prevent further
stroke.

Nitric oxide (NO): This is a potent vasodilator. Inhaled NO in SCD patients with
acute chest syndrome produces a dramatic improvement in oxygenation.

Stem cell transplantation.

Cardiovascular system
Abnormal cardiac findings are present in most patients and are primarily a result of
chronic anemia and the compensatory increased cardiac output.

1.

Cardiomegaly: Found in most patients. Left ventricular hypertrophy occurs in
about 50% of patients. Decreased left ventricular contractility occurs in one
third of SCD patients.

Myocardial dysfunction: Secondary to fibrosis and hemosiderosis.

Heart sounds: Moderate intensity murmur, blowing in character with wide split-
ting of second heart sound.

Electrocardiogram (ECG) abnormalities: Sinus tachycardia; left ventricular hyper-
trophy; left axis deviation; inverted T waves; sinus arrhythmia.

Radiologic findings: Cardiac enlargement involving all chambers; prominent pul-
monary artery segment.

Echocardiographic findings: Both left and right ventricular dilatation; increased
stroke volume; abnormal septal motion.

Pulmonary hypertension and cor pulmonale: Usually occurs in older patients and
may be related to previous repeated chest syndromes.

Lungs

1.
2.
3.
4.

Reduced PaO,.

Reduced PaO, saturation.

Increased pulmonary shunting.

Acute chest syndrome (ACS): This is the most common cause of death and the
second most common cause of hospitalization. Distinguishing ACS from infec-
tious and noninfectious causes is often difficult (see Table 7-11). The incidence
is about 24 events per 100 patients in young children. The incidence in other
sickle cell genotypes is lower (SS > SB’-thalassemia > SC > SB*-thalassemia),
and concomitant o-thalassemia does not appear to affect ACS rates. Fetal



164

Hematology and Oncology

hemoglobin (HbF) levels are inversely proportional to the frequency of ACS,
and an increase in HbF (10-15%) decreases the incidence of ACS by about 50%
in all age groups. This may also explain why patients with the homozygous
CAR haplotype have ACS more commonly and severely than do those with
either homozygous Benin or Senegal haplotypes.

The incidence of ACS has been shown to be inversely proportional to the
degree of anemia and directly proportional to the white blood cell count;
increased levels of cytokines and/or white cell adhesion to the endothelium
may play a role in this. ACS has a striking association with vaso-occlusive
crisis (VOC). About 30% of all ACS events are preceded or accompanied by
a pain crisis. About 50% of ACS events are associated with infections.
Streptococcus pneumoniae is the most common causative organism in ACS in
young children. Mycoplasma and Chlamydia are two common organisms that
may be related to severe ACS. Parvovirus infection can also result in ACS not
only by direct infection, but also by causing bone marrow necrosis with sub-
sequent pulmonary fat embolism (PFE) syndrome. The frequency of PFE in
patients with SCD is not uncommon (15%). It usually follows a VOC.
Pulmonary infarction is usually due to obstruction of small or medium-sized
vessels and is possibly secondary to occlusion from adhesion of sickled RBCs
to endothelial cells.

The treatment for ACS is:

Intravenous (IV) antibiotics.

Hydration with alkalinization (hydration: IV plus oral fluids at one time main-
tenance are sufficient). Overhydration may result in pulmonary edema
because patients with ACS are particularly susceptible.

Pain control: nonsteroidal agents (narcotic sparing effect) and narcotics. Careful
monitoring is required to reduce the risk of hypoventilation.

Adrenergic bronchodilators (to improve peak expiratory flow rates).

Oxygen therapy (in hypoxemic patients).

Exchange transfusions (in severe hypoxemia: PaO, <70 mmHg in room air);
prophylactic transfusions (in recurrent ACS).

Hydroxyurea (in recurrent ACS).

Stem cell transplantation (in recurrent ACS).

Pulmonary fibrosis—chronic lung disease: Early identification of progressive
lung disease using pulmonary function testing is imperative. Aggressive treat-
ment has little benefit in end-stage lung disease and this should be avoided by
prophylactic transfusions.

Kidney

1.
2.
3.

4.

Increased renal flow.

Increased glomerular filtration rate.

Enlargement of kidneys; distortion of collecting system on intravenous pyelo-
gram.

Hyposthenuria (urine concentration defect): Hyposthenuria is the first manifes-
tation of sickle cell-induced obliteration of the vasa recta of the renal medulla.
Edema in the medullary vasculature is followed by focal scarring, interstitial
fibrosis, and destruction of the countercurrent mechanism. Hyposthenuria
results in a concentration capacity of more than 400450 mOsm/kg and an
obligatory urinary output as high as 2000 mL/m?/day, causing the patient to be
particularly susceptible to dehydration. The increased urine output is associated
with nocturia, often manifesting as enuresis. Treatment of enuresis includes
imipramine (adolescents) at a starting dose 25 mg/day, increasing to a maxi-
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mum of 100 mg/day; intranasal 1-deamino-8-D-arginine vasopressin (DDAVP)
(0.01%): 1040 pg at bedtime.

5. Hematuria: Papillary necrosis is usually the underlying anatomic defect.

Treatment of papillary necrosis is aggressive IV hydration. Frank hematuria

usually resolves, although bleeding can be prolonged.

Renal tubular acidification defect.

Increased urinary sodium loss (may result in hyponatremia).

8. Hyporeninemic hypoaldosteronism and impaired potassium excretion are
results of renal vasodilating prostaglandin increase in patients with SCD.

9. Proteinuria: Persistent increasing proteinuria is an indication of glomerular insuf-
ficiency, perihilar focal segmental sclerosis, and renal failure. Intraglomerular
hypertension with sustained elevations of pressure and flow is the prime etiol-
ogy of the hemodynamic changes and subsequent proteinuria. If proteinuria per-
sists for more than 4-8 weeks, angiotensin-converting enzyme (ACE) inhibitors
(i.e., enalapril) are recommended.

10. Nephrotic syndrome: A 24-hour urine protein of more than 2 g/day, edema,
hypoalbuminemia, and hyperlipidemia may indicate progressive renal insuf-
ficiency. The efficacy of steroid therapy in the management of nephrotic syn-
drome in SCD is not clear. Carefully monitored use of diuretics is indicated to
control edema.

11. Chronic renal failure—uremia. Renal failure can be managed with peritoneal
dialysis, hemodialysis, and transplantation.

N

Liver and biliary system
1. Chronic hepatomegaly.

2. Liver function tests: Increased serum glutamic-oxaloacetic transaminase
(SGOT) and serum glutamic pyruvic transaminase (SGPT).
3. Cholelithiasis (incidence):

a. 2—4 years: 12%

b. 15-18 years: 42%

All patients with SCD should have periodic routine sonographic examina-

tions of the gallbladder. Even if patients have asymptomatic cholelithiasis,

laparoscopic cholecystectomy is recommended. Children tolerate elective
cholecystectomy well with little morbidity if prepared properly for surgery.

Operating during the acute phase, however, carries a significant risk of

complications. Persistent Salmonella bacteremia is also an indication for elec-

tive cholecystectomy in a patient with gallstones.

Transfusion-related hepatitis.

5. Intrahepatic crisis: Intrahepatic sickling can result in massive hyperbilirubine-
mia, elevated liver enzyme values, and a painful syndrome mimicking acute
cholecystitis or viral hepatitis. Fulminant hepatic failure, massive cholestasis,
hepatic encephalopathy, and shock are rare complications and require
exchange transfusion.

6. Hepatic necrosis, portal fibrosis, regenerative nodules, and cirrhosis are com-
mon postmortem findings that may be a consequence of recurrent vascular
obstruction and repair.

-

Bones
Skeletal changes in SCD are common because of expansion of the marrow cavity,
bone infarcts, or both.

1. Dactylitis: First few years of life. Dactylitis usually is not seen in older children
because as the child ages, the sites of hematopoiesis move from a peripheral
location such as the fingers and toes to more central locations such as the arms,
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legs, ribs, and sternum. Infants with dactylitis often tolerate these episodes very
well and may require only acetaminophen or nonsteroidal inflammatory agents
(NSAIDs).

Avascular necrosis (AVN): The most common cause of AVN of the femoral head
is sickle cell disease. The incidence is much higher with coexistent o-
thalassemia in patients who have frequent painful crises and in those with the
highest hematocrits. The pathophysiology is sludging in marrow sinusoids,
marrow necrosis, healing with increased intramedullary pressure, bone resorp-
tion, and eventually collapse. About 50% of patients are asymptomatic.
Symptomatic patients have significant chronic pain and limited joint mobility.
The diagnosis is made radiographically and shows subepiphyseal lucency and
widened joint space and flattening or fragmentation and scarring of the epiph-
ysis. On MRI, avascular necrosis of femoral head can be detected before defor-
mities are apparent on radiograph.

Treatment: Therapy for AVN is largely supportive, with bed rest, NSAIDs, and
limitation of movement during the acute painful episode. Transfusion therapy
does not seem to delay progression of AVN. Core decompression of the affected
hip has been reported to reduce pain and stop progression of the disease. In this
procedure, avascularized bone is removed to decompress the area with the
potential for subsequent new bone formation. This procedure seems to be ben-
eficial only in the early stages of AVN and before loss of the integrity of the
femoral head. AVN of the hip may have its onset in childhood, so thorough
musculoskeletal examination with concentration on the hips should be per-
formed at least yearly in children with SCD. This ensures that AVN is detected
early when it is in its most treatable form. Total hip replacement may be the
only option for severely compromised patients; 30% of replaced hips require
surgical revision within 4.5 years, and more than 60% of patients continue to
have pain and limited mobility postoperatively. Avascular necrosis of the
humeral head is uncommon. Patients are less symptomatic, and arthroplasty is
exceedingly rare.

Widening of medullary cavity and cortical thinning: Hair-on-end appearance of
skull on radiograph.
Fish-mouth vertebra sign on radiograph.

. Retinopathy: Sickle retinopathy is common in all forms of SCD, but particularly

in those patients with hemoglobin SC disease.

Nonproliferative retinopathy: Occlusion of small blood vessels of the eye and
retinal neovascularization are very common (30% as young as 5-7 years of age)
and are usually not associated with defects in visual acuity.

Treatment: Hydroxyurea therapy may slow or prevent further vaso-occlu-
sion. This in turn may have a favorable effect by reducing subsequent neovas-
cularization.

Proliferative retinopathy: Occlusion of small blood vessels in the peripheral
retina may be followed by enlargement of existing capillaries or development
of new vessels. Clusters of neovascular tissue “sea fans” grow into vitreous and
along the surface of the retina. Sea fans may cause vitreous hemorrhage, which
results in transient or prolonged loss of vision. Small hemorrhages resorb, but
repeated leaks cause formation of fibrous strands. Shrinkage of these strands
can cause retinal detachment.

Treatment: Photocoagulation may be effective in retinal detachment.

With proper screening and new methods such as laser surgery most of the
complications of retinopathy can be avoided. Annual ophthalmologic examina-
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tions including inspection of the retina are indicated for children older than
5 years of age.

2. Angioid streaks: These are pigmented striae in the fundus caused by abnormali-
ties in Baruch’s membrane due to iron or calcium deposits or both. They usu-
ally produce no problems for the patient, but occasionally they can lead to
neovascularization that can bleed into the macula and decrease vision.

3. Hyphema: Blood in the anterior chamber (hyphema) rarely occurs secondary to
sickling in the aqueous humor, because of its low pH and PaO,. Anterior cham-
ber paracentesis may be performed if pressure is increased.

4. Conjunctivae: Comma-shaped blood vessels, seemingly disconnected from other
vasculature, can be seen in the bulbar conjunctiva of patients with SCD and
variants (SS > SC > SB-thalassemia). These produce no clinical disability. Their
frequency may be related to the number of irreversibly sickled cells in the
blood. This abnormality can be identified by using the +40 lens of an ophthal-
moscope.

Ears

Twelve percent of patients have high-frequency sensorineural hearing loss. The
pathophysiology of the auditory apparatus appears to be sickling in the cochlear vas-
culature with destruction of hair cells.

Adenotonsillar hypertrophy

Adenotonsillar hypertrophy giving rise to upper airway obstruction can become a
problem from the age of 18 months. The marked hypertrophy is compensation for
the loss of lymphoid tissue in the spleen. It occurs in at least 18% of patients. In
severe cases, this can cause hypoxemia at night with consequent sickling. Early ton-
sillectomy may be indicated in these patients.

Skin

Cutaneous ulcers of the legs occur over the external or internal malleoli. Leg ulcers
usually do not occur in childhood. Ulceration may result from increased venous
pressure in the legs caused by the expanded blood volume in the hypertrophied
bone marrow. The incidence is higher in patients with low steady-state hemoglobin
values or low fetal hemoglobin production.

Treatment

Rest; elevation of the leg

Protection of the ulcer by the application of a soft sponge-rubber doughnut

Debridement and scrupulous hygiene

Iodosorb wound dressing to induce localized proinflammatory cytokines such as
tumor necrosis factor (TNF) and interleukin-6 (IL-6)

Low-pressure elastic bandage and above-the-knee elastic stockings to improve
venous circulation

Exchange transfusion therapy if ulcers persist despite optimal care

Antistaphylococcal antibiotic treatment if skin colonized with Staphylococcus aureus

Oral administration of zinc sulfate (220 mg three times a day) to promote healing of
leg ulcers

Split-thickness skin grafts.

Genitourinary-priapism

Priapism is marked by a painful failure of detumescence of the penis. Mean age of pri-
apism in patients with SCD is about 12 years. Priapism usually occurs at early morn-
ing hours, probably related to sleep acidosis. The normal slow blood flow pattern in the
penis is similar to the blood flow in the spleen and renal medulla. Failure of detumes-
cence is due to venous outflow obstruction or to prolonged smooth muscle relaxation,
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either singly or in combination. Postpubertal patients tend to have prolonged and
recurrent episodes. With repeated episodes, the cavernosa is fibrosed and hyalinized
and blood no longer flows. Treatment decisions must be made and implemented
promptly within 12 hours, because the time the patient has been in the priapismic state
correlates with the presence of irreversible infarction and future dysfunction.

A history should be obtained as to the precise timing of the onset and the state of
recurrence. If the shaft of the penis is hard and painful in the area of the cavernosa
but the glans is soft and the patient is able to urinate, there is relatively little
involvement of the spongiosa. Urinary obstruction is the clinical hallmark, along
with engorgement of the glans, of secondary involvement of the corpora spongiosa.
An MRI scan of the penis can determine if the obstruction is confined to the corpora
cavernosa (bicorporal) or if there is involvement of the spongiosa (tricorporal).
Involvement of the spongiosa is indicative of cavernosa infarction.

Treatment:

Hydration

Partial exchange transfusion (most effective within 24 hours from the onset)
Analgesia (i.e., morphine sulfate)

Sedation (i.e., hydroxyzine pamoate [Vistaril])

Oxygen

Sitz bath or hot compresses.

Surgical procedures for acute episodes:

Corporal aspiration and irrigation (repeat, if necessary)
Cavernoglans shunt
Cavernosaphenous shunt.

Surgical procedures for impotence:
Insertion of penile prosthesis.

Prevention of priapism. For recurrent priapism, prophylactic exchange transfusion
is very effective. In children (Tanner 1, 2, 3) and adolescents (Tanner 4, 5) who still
retain penile function after a major episode of priapism, treatment with hydroxyurea
might be considered. Treatment for at least 2 years might allow for healing and
should not interfere with normal sexual activity.

Growth and Development

1. Birth weight is normal. However, by 2-6 years of age, the height and weight are
significantly delayed. The weight is more affected than the height, and patients
with sickle cell anemia and SB’-thalassemia experience more delay in growth than
patients with HbSC disease and SP*-thalassemia. In general, by the end of adoles-
cence, patients with sickle cell disease have caught up with controls in height but
not weight. The poor weight gain is likely to represent increased caloric require-
ments in anemic patients with increased bone marrow activity and cardiovascu-
lar compensation. Zinc deficiency may be a cause of poor growth. In these
patients, zinc supplementation (dose of 220 mg three times a day) at about 10
years of age should be administered. Growth hormone levels and growth hor-
mone stimulation studies appear to be normal in children who have impaired
growth.

2. Delayed sexual maturation: Tanner 5 is not achieved until the median ages of 17.3
and 17.6 years for girls and boys, respectively. In males, decreased fertility with
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abnormal sperm motility, morphology and numbers is prominent. Zinc sulfate
220 mg three times a day may be effective for sexual maturity in these patients;
females are more responsive than males.

Functional Hyposplenism

1.

By 6 months of age, significant splenomegaly is apparent and persists during
childhood, after which the spleen undergoes progressive fibrosis (autosplenec-
tomy).

Functional reduction of splenic activity precedes autosplenectomy in early life.
This is the consequence of altered intrasplenic circulation caused by intrasplenic
sickling. It can be temporarily reversed by transfusion of normal red cells.
Children with functional hyposplenia are 300-600 times more likely to develop
overwhelming pneumococcal and Haemophilus influenzae sepsis and meningitis
than are normal children; other organisms involved are gramnegative enteric
organisms and Salmonella. The period of greatest risk of death from severe infec-
tion occurs during the first 5 years of life.

. Functional hyposplenism may be demonstrated by the following:

a. Presence of Howell-Jolly bodies on blood smear

b. #mTec-gelatin sulfur colloid spleen scan: no uptake of the radioactive colloid by
enlarged spleen

c. Twenty percent (range 12-40%) pitted red cells on interference phase-contrast
microscopy (Nomarski optics).

Hemostatic Changes

Almost all of the components of hemostasis are altered, resulting in a hypercoagula-
ble state:

* Increased platelet activation and secretion: Increased sickle red blood cell (SRBC)
adhesion to endothelium

* Increased von Willebrand factor (vWF): Abnormal adherence of SRBCs to
endothelium

* Increased activated factor VII (factor V1la) and factor X (factor Xa): Increased throm-
bin formation

* Increased factor VIII and fibrinogen

* Decreased protein C and protein S: Increased risk of thrombosis.

Hemostatic changes may explain some of the clinical manifestations of SCD. It is

still difficult to prove that these changes are indeed involved in the pathophysiology
of vaso-occlusive crisis in SCD.

Therapeutic Approaches to Altering Sickle Red Blood Cell/Endothelial Cell Interaction

» Hydroxyurea: May result in reduction of adhesive receptors on SRBCs

* Nitric oxide: Inhibits platelet activation, aggregation, and secretion; inhibits SRBC
adhesion to the endothelium; reduces HbS polymerization

* Arginine: When given orally increases levels of exhaled and plasma nitric oxide
(transient effect)

* Anticoagulants: (1) Minidose heparin (S5C): reduces in-hospital stay; (2) low-inten-
sity coumadin: reduces thrombin generation; and (3) low-molecular-weight
heparin (LMWH): has specific activity against factors VIla and Xa

* Antiplatelet agents: (1) Acetylsalicylic acid (ASA): no significant effect on pain
crises; and (2) ASA plus dipyridamole: modest benefit.
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Diagnosis

1. In utero: Sickle cell disease can be diagnosed accurately in utero by restriction
endonuclease analysis of DNA prepared from fetal fibroblasts (obtained by
amniocentesis). Chorionic villus biopsy offers an alternative to amniocentesis.
With the advent of PCR amplification of specific DNA sequences, sufficient
DNA can be obtained from a very small number of fetal cells, thereby eliminat-
ing the necessity of culturing fetal fibroblasts from amniotic fluid. These tech-
niques should be employed before 10 weeks’ gestation.

2. During newborn period: The diagnosis of sickle cell disease can be established by
electrophoresis using;:

a. High-performance liquid chromatography (most commonly used)

b. Citrate agar with a pH of 6.2, a system that provides distinct separation of
hemoglobins S, A, and F

¢. Acid and alkaline electrophoresis

d. PCR amplification of DNA.

These tests can be performed on cord blood or on a dried blood specimen blot-

ted on filter paper.

3. In older children: Table 7-12 lists the diagnosis and differential diagnosis of vari-
ous sickle cell syndromes.

Prognosis

The survival time is unpredictable and is related in part to the severity of the dis-
ease and its complications (with active management, 85% survive to 20 years of

age).

Causes of Death

1. Infection (peak incidence between 1 and 3 years of age)
a. Sepsis
b. Meningitis
Infection is the most common cause of death and is due to splenic dysfunc-
tion. The risk of acquiring sepsis or meningitis is greater than 15% in chil-
dren younger than 5 years, with a mortality rate of 30%.
2. Organ failure
a. Heart
b. Liver
c. Kidney.
3. Thrombosis of vessels supplying vital organs
a. Lungs: most common cause in adults
b. Brain: most common cause in adolescents.

Ameliorating Factors

1. Persistent production of HbF into adolescence and adulthood
a. Alevel of more than 10% HbF offers protection against stroke and avascular
necrosis.
b. Alevel of more than 20% HbF offers protection from episodic manifestations
such as painful crises or pulmonary complications.
2. Co-inheritance of a-thalassemia, which reduces the levels of hemolysis (higher
hemoglobin and lower reticulocyte count)
3. Environmental factors (i.e., socioeconomic status).



Table 7-12. Differential Diagnosis in Sickle Cell Syndromes

Mean Mean
Clinical Spleno- hematocrit  corpuscular  Reticulocytes Red cell

Syndrome” severity megaly (%) volume (fL) (%) morphology Electrophoresis

AS Asymptomatic =) Normal Normal Normal Few target cells 35-45% S; 55-60% A; F

SS Severe YC (+) 22 85 5-30 Many target cells, ISCs 80-96% S; 2-20% F¢

OoC (-) (4+), and NRBCs

SC Mild/moderate  (+) 33 80 2-6 Many target cells, few 50-55% S; 45-50% C; F¥
ISCs (1+)

S/B-thalassemia Moderate/severe (+) 28 65 3-20 Marked hypochromia 50-85% S; 2-30% F?;
and microcytosis; >3.5% A2
many target cells,
ISCs (3+), and NRBCs

S/B*-thalassemia Mild /moderate (+) 32 72 2-6 Mild microcytosis and 50-80% S; 10-30% A;
hypochromia; many 0-20% F¥; <3.5% A2
target cells, few
ISCs (1+)

SS/o-thalassemia-1 Mild/moderate  (+) 27 70 5-10 Mild hypochromia 80-100% S; 0-20% F®
and microcytosis;
few ISCs (2+)

S/HPFH Asymptomatic =) 40 85 1-3 Occasional target cells, ~ 60-80% S; 15-35% F¢

no ICSs

Abbreviations: HPFH, high persistent fetal hemoglobin; ISC, irreversible sickle cell; NRBC, nucleated red blood cell; OC, older child; YC, young child (-) absent, (+) present.
?All syndromes have positive sickle preparations.
"Hemoglobin F distribution; heterogeneous.
‘Hemoglobin F distribution; homogeneous.
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Management

1. Comprehensive care: Prevention of complications is as important as treatment.
Optimal care is best provided in a comprehensive setting.
2. Infection: Because of a marked incidence of bacterial sepsis and meningitis and
fatal outcome under 5 years of age, the following management is recommended:
All children with sickle cell disease should receive oral penicillin prophylaxis
starting at 3-4 months of age:
62.5 mg bid (up to 1 year)
125 mg bid (1-3 years)
250 mg bid (3-6 years)
In patients allergic to penicillin erythromycin ethyl succinate 10 mg/kg orally
twice a day should be prescribed.
All children with SCD should receive a 24-valent pneumococcal vaccine at
2 years of age. Revaccination after 4 years improves the protective levels of anti-
bodies without serious adverse reactions. Conjugate Haemophilus influenzae vac-
cine should be given (three injections at 2-month intervals) between 2 and
6 months of age. Influenza virus vaccine should be given yearly, each fall.
Early diagnosis of infections requires:
 Education of the family to identify a child with fever: Families should be
instructed to call their physician immediately if their child develops a single
temperature greater than 38.5°C (by mouth) or two elevations between 38°C
and 38.5°C. The child should be seen immediately by a physician.
* Proper investigation of the patient to determine the etiology of the fever.
» Prompt antibiotic coverage.
Table 7-13 outlines the protocol to manage children under 5 years of age with fever.
3. Painful crisis: Most painful crises (mild or mild to moderate) can be treated at
home with increased fluid intake and oral analgesics. The level of o-hydroxy-
butyric dehydrogenase (o-HBD) is of great value in the clinical diagnosis of

Table 7-13. Protocol for Patients under 5 Years of Age Presenting with Fever

1. Physical examination
2. Laboratory evaluation
Blood count, band count, and reticulocyte count
Blood culture
Chest radiograph
Urinalysis, culture, and sensitivity
Mycoplasma titer
Stool culture (if diarrhea present)
Lumbar puncture: performed in all patients under 1 year of age or patients with even
minimal signs suggestive of meningitis
Evaluation for osteomyelitis (see Table 7-9)
3. All patients under age 5 with a documented temperature (by mouth) above 38.5°C should
be admitted to the hospital
4. If meningitis not suspected or ruled out, patient is placed on ceftriaxone to cover S.
pneumoniae and H. influenzae at a dose of 75 mg/kg/day; antibiotics continued until blood
cultures negative for 72 hours
5. Discharge after 72 hours on oral Ceclor or Augmentin if afebrile, nontoxic, and safe
hemoglobin level; during hospitalization, blood and reticulocyte counts ordered a
minimum of every other day
6. Reevaluation within 1 week of discharge

From Vishinsky E, Lubin BH. Suggested guidelines for treatment of children with sickle cell anemia. Hematol
Oncol Clin North Am 1987;1:483, with permission.
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vaso-occlusive crisis. It permits a distinction between true painful crises, infec-
tion, and fake symptoms. Table 7-14 lists the values of a-HBD in the steady state,
during vaso-occlusive crisis, and during infection. Moderate to severe and severe
painful episodes must be treated in the hospital in the following manner:
a. Increased hydration. 1.5 times maintenance fluid (2250 mL/m?/day with
DW/50% N sodium bicarbonate (88 mEq/L).
b. Analgesic treatment (see Table 7-15).
c. Partial exchange transfusion for refractory crisis (more than 5 days’ dura-
tion). The aim is to reduce HbS to less than 40% and keep the hemoglobin

Table 7-14. Serum o-Hydroxybutyric Dehydrogenase in Sickle Cell Disease

Steady state

Vaso-occlusive crisis

Infection

o-HBD (mU/mL)

305.4+47.0 (255-378)

517.5+86.3 (417-773)

306.6+44.8 (205-375)

Table 7-15. Recommended Initial Dose and Interval of Analgesics Necessary
to Obtain Adequate Pain Control in Sickle Cell Disease

Maximum dose (mg) Route Interval Comments
Severe pain
Morphine 0.15 mg/kg/dose SC, IM q3h Drug of choice
(max 10 mg)
Meperidine 1.5 mg/kg/dose M q3h Increased incidence of
(max 100 mg) seizures; avoid in
patients with renal
or neurologic disease
Moderate pain
Oxycodone 1-2 tabs/dose PO gq4h Patients over age 5
(Percocet or (1 tab=5 mg)
Percodan)

Methadone 0.15 mg/kg/dose PO gé6h Effective in patients
usually requiring
parenteral narcotics;
NOT FOR ROUTINE
USE

Meperidine 1.5 mg/kg/dose PO q3%h

(max 100 mg/dose)
Mild pain

Codeine 0.75 mg/kg/dose PO g4h May be effective up to
6 hours

Aspirin 1.5 g/m?/day PO gq4h May be given with a

divided into narcotic for added
6 doses analgesia
Acetaminophen 1.5 g/m?/day PO q4h May be given with a
divided into narcotic for added
6 doses analgesia
Ibuprofen 300-600 mg PO g6bh
(Motrin)

Note: The combination of continuous intravenous and oral morphine and patient education reduces hospital
stay. Undertreatment of pain leads to repeated hospitalization and conflict between patient and physician. Sickle
cell pain should be treated like cancer pain.

From Vichinsky E, Lubin BH. Suggested guidelines for treatment of children with sickle cell anemia. Hematol
Oncol Clin North Am 1987;1:483, with permission.
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level at 10-12 g/dL because of the risk of increasing whole-blood viscosity,
while maintaining a steady blood volume. In children, this is usually
achieved by exchanging 1.5 times the total calculated blood volume on three
occasions at 6-8 hourly intervals. Total volume exchanged (mL) = 35 x
weight (kg). In the author’s institution, the procedure is performed as fol-
lows: 15 mL/kg packed red cells is transfused; simultaneously, 20 mL/kg
whole blood is continuously removed (the procedure lasts from 1 to 2 hours).
The entire procedure is repeated on the following day (expected HbS level,
<40%).

Splenic sequestration crisis: Table 7-16 lists the management.

Acute chest syndrome (ACS): Table 7-17 lists the management.

Transfusion therapy: Always consider the risk of infection (hepatitis B virus, hep-

atitis C virus, HIV), iron overload, and alloimmunization. The incidence of

alloimmunization is 17.6%: mostly Kell (26%) and Rh (E [24%] and C [16%],

respectively) antibodies. Other antibodies also occur in the following order of

frequency: Jk® (10%), Fy? (6%), M (4%), Le* (4%), S (3%), Fy® (3%), e (2%), and

Jk* (2%).

All children with SCD should have a red cell phenotype identified at diag-
nosis. This allows determination of the child’s red cell antigen phenotype before
any transfusion. The patients should receive blood that is leukocyte depleted,
sickle cell negative, and phenotypically matched to the patient for the Rh and
Kell antigens. These measures decrease the incidence of transfusion reactions
and alloimmunization.

Red cell transfusions or partial exchange transfusions may be used as pri-
mary treatments for the following conditions:

Anemia

Erythroblastopenic crisis

Splenic sequestration (see Table 7-16)
Hyperhemolytic crisis

Refractory painful crisis

Acute chest syndrome (see Table 7-17)
Congestive heart failure

Priapism

Chronic leg ulcers

Cerebrovascular accidents (HbS must be reduced to less than 20% at all times)
Serious infections (i.e., sepsis, meningitis)
Pregnancy

Elective surgical procedures.

. Recombinant human erythropoietin may ameliorate the anemia of sickle cell

disease.

Table 7-18 lists routine health maintenance-related laboratory and special studies
in patients with sickle cell disease.

Table 7-16. Management of Splenic Sequestration Crisis

Treatment of acute splenic sequestration crisis

Transfuse to hemoglobin of 9-10 g/dL

Partial exchange transfusion if any signs of cardiorespiratory distress

Prophylactic exchange transfusion program until age 2 to maintain HbS at less than 30%
Indications for surgery

One major or two minor acute splenic sequestration episodes (age >2 years or patient age

<2 years and no evidence of splenic function)
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Table 7-17. Management of Acute Chest Syndrome

Investigations

Chest radiograph

Blood count, reticulocyte count

Blood culture, sputum culture (if possible)

Arterial blood gas in room air

Moycoplasma titer (acute and follow-up)

VQ scan

ECG

Viral studies

Antibiotic therapy

IV Ceftriaxone (75 mg/kg/day) started immediately; erythromycin may be added if
Mycoplasma suspected

If pleural fluid is contributing to respiratory distress, thoracentesis indicated

Arterial blood gas closely monitored; oxygen administered if the patient has hypoxia
(PaO,, <70 mmHg)

Partial exchange transfusion should be initiated for any of the following criteria:
Pa0,, <70 mmHg
25% drop in baseline PaO,
Acute congestive heart failure or acute right heart strain
Rapidly progressive pneumonia
Marked dyspnea with tachypnea

From Vichinsky E, Lubin BH with modifications. Suggested guidelines for treatment of children with sickle
cell anemia. Hematol Oncol Clin North Am 1987;1:483, with permission.

Table 7-18. Routine Health Maintenance-Related Laboratory and
Special Studies in Patients with Sickle Cell Disease

Starting age Frequency

Laboratory studies

Complete blood count At diagnosis Yearly

Red cell antigen typing At diagnosis —

Liver and renal functions At diagnosis Yearly

Urinalysis 1 year Yearly
Special studies

Pulmonary function 5 years Every 3 years

Chest x-ray 5 years Every 3 years

Eye examinations 5 years Every 3 years

Transcranial Doppler 2 years Yearly

Management of Pregnancy

In women with SCD, pregnancy may be associated with serious problems for both
the mother and the fetus. Maternal complications may include:

Increase in frequency of vaso-occlusive crises

Acute chest syndrome (specifically in third trimester)
Exaggeration of physiologic anemia

Toxemia

Death.

Because of sickling in the placenta, fetal complications may include:

Spontaneous abortion
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Prematurity
Intrauterine growth retardation.

With modern obstetric management, regular prenatal care, and better nutrition, mater-
nal mortality and perinatal death rates have been reduced (1% and 15%, respectively).
The following management is recommended:

e Complete red cell typing of both mother and father should be performed with
antibody screening in the mother.

e Iron and folate should be prescribed.

 Early stages of pregnancy should be monitored with serial ultrasonographic
studies.

 Transfusions or exchange transfusions* should be immediately initiated for
the following indications: (1) mother symptomatic with either VOC or anemia-
related problems or (2) any sign of fetal distress or poor growth.

Psychological Support

As for any chronic disease, patients require psychological support. Major problems
that occur are:

 Coping with chronic pain

e Inability to keep up with peers

e Fears of premature death

¢ Delayed sexual maturity

¢ Increased doubts about self-worth.

These concerns should be addressed openly with appropriate psychological sup-
port. Self-help groups for patients and families should be provided

New Treatment Modalities

1. Antisickling therapy:
Fetal hemoglobin production stimulating agents:
5-Azacytidine
Hydroxyurea
Recombinant human erythropoietin
Short-chain organic acids
2. Hematopoietic stem cell transplantation.

Hydroxyurea Therapy

Hydroxyurea (HU) is the most commonly used drug for HbF modulatory therapy.
HU results in the upregulation of HbF. HbF, within the red cell, interferes with poly-
merization of HbS, and therefore decreases the propensity of the red cell to sickle.
HU also increases red cell hydration and decreases the expression of red cell adhe-
sion molecules, therefore providing additional salutary effects on the red cells.
Numerous studies in adults and children have shown the beneficial effect of HU
in SCD:

e Reduces number of VOC crises.
e Reduces incidence of ACS.
e Reduces transfusion needs.

*Blood transfusion should be carefully selected to be compatible in minor group antigens for which the
mother is negative and the father positive. This approach minimizes the risk of maternal sensitization
against fetal antigens.
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HU is not yet approved by FDA for use in children. Efficiency and safety in children
as young as 2 years of age have been as good as adult experience. However, the use
of HU in children should be considered investigational, particularly because of con-
cerns regarding potential leukemogenesis, teratogenesis, and adverse effect on
growth and development.

Dose

The starting dose of HU is 15 mg/kg/day. It is increased every 6-8 weeks
by 5 mg/kg/day until a total dose of 35 mg/kg/day is reached or until a favorable
response is obtained or until signs of toxicity appear. Evidence of toxicity includes:

Neutrophil count, <2000/ mm?

Platelets, <80,000/ mm?3

Hemoglobin drop, 2 g/dL

Absolute reticulocyte count <80,000/mm?.

Clinical Response

HDbF greater than 20% and a rise in total hemoglobin of 1-2 g/dL.

Follow-Up

The patient should be monitored with a complete blood count and HbF determina-
tion by hemoglobin electrophoresis twice monthly. Once a stable and maximum tol-
erated dose is obtained, the patient can be monitored monthly.

Indications

More than three painful crises in 1 year

Cerebrovascular accident (CVA) with alloimmunization
Recurrent ACS

Chronic leg ulcers that fail conventional therapy

Persistent occurrences of priapism despite standard therapy
Creatinine levels less than or equal to 1.7 mg/dL
Reticulocyte count greater than 150,000/ mm?®.

Side Effects

Myelosuppression

Hair loss; skin pigment changes

Gastrointestinal (GI) disturbance

Birth defects (Female patient on hydroxyurea should not become pregnant or should
be on birth control because of potential for birth defects.)

Increase in GGTP

Increase in creatinine.

Contraindications

Creatinine level greater than 2.0 mg/dL

Active liver disease.

Hematopoietic Stem Cell Transplantation (HSCT)

Currently HSCT (including umbilical cord blood) is the only curative therapy. The
results of transplantation are best when performed in children with a sibling donor
who is HLA identical.
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The Eligibility criteria for HSCT for SCD:

1. Inclusions:
« Patients <16 years of age with sickle cell anemia (SCD-SS or SCD-Sf thalassemia)
 One or more of the following complications:
Stroke or CNS event lasting longer than 24 hours
Impaired neuropsychological function and abnormal MRI scan
Recurrent ACS or stage 1 or 2 sickle lung disease*
Recurrent VOC disease
Sickle nephropathy (GFR 30-50% predicted normal)
Osteonecrosis of multiple bones.

2. Exclusions:

« Patients >16 years of age

» HLA-non-identical donor

¢ One or more of the following conditions:
Lansky performance score <70%
Acute hepatitis or biopsy evidence of cirrhosis
Renal impairment (GFR <30% predicted normal)
Stage 3 or 4 sickle lung disease.*

Approximately 150 patients have undergone HSCT from HLA-identical siblings
worldwide. Transplant morbidity is about 5%, and more than 90% patients survive.
Approximately 85% survive free from SCD after HSCT. About 10% of patients expe-
rience recurrence. Neurologic complications such as seizures may occur after trans-
plantation. Patients who have stable engraftment of donor cells experience no
subsequent sickle cell-related events and experience stabilization of preexisting
organ damage. There is also splenic function recovery. Linear growth is normal or
accelerated after transplantation in the majority of patients.

About 5% of the patients develop clinical grade III acute or extensive graft versus
host disease (GVHD; see Chapter 25). The risk of secondary cancers is estimated to
be less than 5%.

Recommendations

e Children with SCD who experience significant sickle cell complications should
be considered for HSCT.

» HLA typing should be performed on all siblings.

o Families should be counseled about the collection of UCB from prospective siblings.

« For severely affected children who have HLA-identical sibling donors, families
should be informed about the benefits, risks, and treatment alternatives regard-
ing HSCT.

Sickle Cell Trait (Heterozygous Form, AS)

The concentration of HbS in red cells is low, and sickling does not occur under nor-
mal conditions.

*The staging system for chronic lung disease is based on clinical, physiological, and roentgenographi-
cal criteria. Stage 1 and 2 are characterized by a mild reduction in lung volumes (vital capacity, total lung
capacity) and FEV, /FVC ratio (defines air flow obstruction). Stage 3 is where hypoxemia is first observed
during stable periods, and a severe reduction in lung volumes and flows is seen with associated border-
line pulmonary hypertension and fibrosis on chest radiograph. Stage 4 is characterized by severe pul-
monary fibrosis and pulmonary hypertension. Patients progress from one stage to the next every 2 to
3 years. Chronic lung disease is a prime contributor to mortality in young adults with sickle cell anemia.
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Hematology

1. Indices: Usually normal

2. Blood smears: Normal with few target cells

3. Sickle cell preparation: Reducing agents (e.g., sodium metabisulfite) to induce
sickling in vitro

4. Hemoglobin electrophoresis: AS pattern (HbA, 55-60%; HbS, 35-45%).

Clinical Features

1. Usually asymptomatic
2. Hematuria rarely
3. Infarction rare, occurring during flights in unpressurized aircraft.

Significance

The genetic implications mandate counseling. Table 7-12 lists the differential diag-
nosis of sickle cell syndromes.

Hemoglobin C
Basic Features and Pathology

1. Carrier state: 2% in African Americans
2. Amino acid substitution (the same codon in the B-chain as in hemoglobin S): Lysine
for glutamic acid
3. Hemoglobin C tendency to form rhomboidal crystals with increases in osmolality: Red
cell deformability impaired and splenic sequestration increased.
Hemoglobin C Disease (Homozygous CC)
Hematology

1. Anemia: Usually mild, hemolytic

2. Blood smear: Numerous target cells, as well as some spherocytes (the result of
membrane loss in the spleen); a bar of crystalline hemoglobin across cell due to
alteration in intracellular hemoglobin is a frequent finding

3. Hemoglobin electrophoresis: CC pattern.

Clinical Features

1. Less severe than hemoglobin SS
2. Splenomegaly
3. Dehydration, leading to marked hemolysis and microcirculatory problems.

Hemoglobin C Trait (Heterozygous Form, AC)

Asymptomatic with only genetic significance.

Hemoglobin SC Disease

Combination of hemoglobin S and hemoglobin C.

Hematology

1. Anemia: If present, usually mild, hemolytic
2. Blood smear: Many target cells; sickle cells occasionally seen
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3. Sickle cell preparations: Positive
4. Hemoglobin electrophoresis: SC pattern (HbS +50%; HbC, £50%).

Clinical Features

1. Similar to, but less severe than, sickle cell anemia
2. Severe infarctions on occasion (e.g., during pregnancy or the puerperium); may
prove fatal.

Hemoglobin S/Thalassemia

1. Combination of hemoglobin S and B-thalassemia trait

2. Hematology and clinical features vary; severity depends on the amount of nor-
mal adult hemoglobin synthesized (0-30%)

3. With no hemoglobin A, disease comparable to sickle cell anemia.

Hemoglobin D and E

These B-chain variants cause relatively little morbidity; the diagnosis is made on
hemoglobin electrophoresis.

Unstable Hemoglobins

Unlike the amino acid substitutions in hemoglobin S and hemoglobin C, which
affect the polarity of the external surface of the hemoglobin molecule, resulting in
polymerization (HbS) or crystallization (HbC), the substitutions in unstable hemo-
globins occur within the heme cavity or pocket of the o- or B-polypeptide chain.
Substitution in the region of heme attachment causes gross molecular instability.

The hereditary methemoglobinopathies are closely related to the unstable hemo-
globins. The substitution in these cases is also in the region of heme attachment, but
it results in increased susceptibility to oxidation of heme Fe?* to Fe*" with consequent
methemoglobin accumulation and cyanosis rather than hemolysis. There is some
overlap between these two disorders, insofar as there is an increase in methemoglo-
bin formation in most types of unstable hemoglobinopathies.

Changes in the oxygen affinity have also been found in some of the unstable hemo-
globins and some of the M hemoglobins. An increase in oxygen affinity results in
greater tissue anoxia and greater erythropoietin stimulation for a given level of ane-
mia. In at least one hemoglobinopathy, hemoglobin Chesapeake, the only clinical
manifestation is mild polycythemia.

Table 7-19 lists the various clinical manifestations that suggest unstable hemoglo-
binopathies, and Table 7-20 presents laboratory data that suggest unstable hemoglo-
binopathies.

Table 7-19. Clinical Manifestations of Unstable Hemoglobins

Chronic nonspherocytic hemolytic anemia, varying from mild to severe

Intraerythrocyte inclusions (Heinz bodies) demonstrable by incubation of the cells with
brilliant cresyl blue or methyl violet

Urinary dipyrrolic pigment excretion

Drug-induced hemolytic anemia

Methemoglobinemia

Cyanosis

Polycythemia

Chronic hemolytic anemia with normal hemoglobin electrophoresis

Variable response of hemolytic anemia to splenectomy
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Table 7-20. Laboratory Data in Unstable Hemoglobinopathies

Chronic hemolytic anemia with normal red cell morphology, red cell enzymes, and
hemoglobin electrophoresis

Abnormal heat stability test; tendency to precipitate on heating at 50°C

Presence of Heinz bodies

Raised methemoglobin levels

Dipyrroluria

THALASSEMIAS
Basic Features

Thalassemia syndromes are characterized by varying degrees of ineffective
hematopoiesis and increased hemolysis. Clinical syndromes are divided into o- and
B-thalassemias, each with varying numbers of their respective globin genes mutated.
There is a wide array of genetic defects and a corresponding diversity of clinical
syndromes. Most -thalassemias are due to point mutations in one or both of the
two B-globin genes (chromosome 11), which can affect every step in the pathway of 3-
globin expression from initiation of transcription to messenger RNA synthesis to
translation and post translation modification. Figure 7-7 shows the organization of
the genes (i.e., € and vy, which are active in embryonic and fetal life, respectively) and
activation of the genes in the locus control region (LCR), which promote transcrip-
tion of the B-globin gene.

There are four genes for a-globin synthesis (two on each chromosome 16). Most
o-thalassemia syndromes are due to deletion of one or more of the a-globin genes
rather than to point mutations. Mutations of B-globin genes occur predomi-
nantly in children of Mediterranean, Southern, and Southeast Asian ancestry.
Those of o-globin are most common in those of Southeast Asian and African
ancestry. The main genetic variants are listed as follows.

B-Thalassemia

1. B°-Thalassemia: No detectable B-chain synthesis due to absent B-chain messen-
ger RNA (mRNA)

2. B*Thalassemia: Reduced B-chain synthesis due to reduced or nonfunctional
B-chain mRNA

3. 6B-Thalassemia: - and B-chain genes deleted

Dnase | hypersensitive sites
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B-globin gene transcription is regulated by activation of the genes of the locus
control region (LCR) and repression of the early genes

)

Fig. 7-7. The structure of the human B-globin locus in chromosome 11. (From Nathan D, Orkin S, editors.
Nathan and Oski’'s Hematology of Infancy and Childhood. 5th ed. Philadelphia: WB Saunders, 1998;817,
with permission.)
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E B-Thalassemia: Hemoglobin E (lysine — glutamic acid at 26) and -chain genes
deletion

Hb Lepore: A fusion globin due to unequal crossover of the B- and §-globin
genes (the globin is produced at a low level because it is under §-globin regu-
lation).

o-Thalassemia

In

. Silent carrier a-thalassemia: Deletion of one o-globin gene
. oThalassemia trait: Deletion of two o-globin genes

Hb Constant Spring: Abnormal a-chain variant produced in very small amounts,
thereby mimicking deficiency of the gene

HbH disease: Deletion of 3 a-globin genes, resulting in significant reduction of
o-chain synthesis

Hydrops fetalis: Deletion of all 4 o-globin genes; no normal adult or fetal hemo-
globin production.

many populations, o- and B-thalassemia and structural hemoglobin variants

(hemoglobinopathies) exist together, resulting in a wide spectrum of clinical disor-

ders.

Tables 7-21 and 7-22 list some features of the heterozygous and homozygous or

doubly heterozygous states, respectively, of B-thalassemia and its variants. Table 7-23
lists the o-thalassemia syndromes.

B-Thalassemia: Homozygous or Doubly
Heterozygous Forms (Major and Intermedia)

Pathogenesis

. Variable reduction of B-chain synthesis (B°, B*, and variants)
. Relative o-globin chain excess resulting in intracellular precipitation of insolu-

ble o-chains

. Increased but ineffective erythropoiesis with many red cell precursors prema-

turely destroyed; related to o-chain excess

. Shortened red cell life span; variable splenic sequestration.

Table 7-21. Heterozygous States of 3-Thalassemia and Variants

Type HbA, HbF

B*-Thalassemia Increased Normal to slightly increased
B°-Thalassemia Increased Normal to slightly increased
OB-Thalassemia Normal Increased (2-10%)

HPFH Normal Increased (10-40%)

Table 7-22. Homozygous or Doubly Heterozygous States of 3-Thalassemia

and Variants

5-Globin  B-Globin B-Globin

Type Anemia chain chain mRNA Gene mutation

B-Thalassemia Severe Present Decreased Decreased Point mutations or deletions

B0-Thalassemia Severe Present Absent Absent or  Point mutations or deletions
abnormal

6p-Thalassemia Mild Absent  Absent Absent Deletion mutation

HPFH None Absent  Absent Absent Point mutations or deletions
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Table 7-23. o-Thalassemia Syndromes*

Number of Newborn o/p
o-genes Hb Barts (y,) synthesis
Syndrome Genetics deleted (%) ratio Comments
Silent carrier of Heterozygous silent carrier 1 1-2 0.8-0.9 No anemia; no microcytosis; detectable by
o-thalassemia genetic interaction (i.e., two silent carriers can
produce a child with o-thalassemia trait; a
silent carrier and a person with o-thalassemia
trait can produce a child with Hb H disease);
also detectable by molecular studies
o-Thalassemia Heterozygous o-thalassemia trait 2 3-10 0.7-0.8 Microcytosis; hypochromia; mild anemia
trait OR
Homozygous silent carrier
OR
Homozygous Hb Constant Spring
Hemoglobin H Heterozygous o-thalassemia trait/ 3 25 0.3-0.6 Hemolytic anemia of variable severity; relatively
disease silent carrier little ineffective erythropoiesis; no transfusion
OR requirement; Hb H (B4) present
o-thalassemia trait/Constant Spring
Hydrops fetalis Homozygous o-thalassemia trait 4 80-100 0 Death in utero or shortly after birth

Hb Barts (y,)

*This may be associated with a syndrome known as o-Thalassemia X-linked mental retardation syndrome characterized by hemoglobin H inclusions (B-globin tetramers), distinctive cra-
nial features, genital anomalies, developmental delay with hypotonia and mental retardation.
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Sequelae

1. Hyperplastic marrow (bone marrow expansion with cortical thinning and bony
abnormalities)
2. Increased iron absorption and iron overload (especially with repeated blood
transfusion), resulting in
a. Fibrosis/cirrhosis of the liver
b. Endocrine disturbances (e.g., diabetes mellitus, hypothyroidism, hypogo-
nadism, hypoparathyroidism, hypopituitarism)
c. Skin hyperpigmentation
d. Cardiac hemochromatosis manifesting as pericarditis, arrhythmias, car-
diomegaly, pericarditis, and ultimately, cardiac failure
3. Hypersplenism
a. Plasma volume expansion
b. Shortened red cell life (of autologous and donor cells)
c. Leukopenia
d. Thrombocytopenia.

Hematology

1. Anemia: Hypochromic, microcytic

2. Reticulocytosis

3. Leukopenia and thrombocytopenia (may develop with hypersplenism)

4. Blood smear: Target cells and nucleated red cells, extreme anisocytosis, contracted
red cells, polychromasia, punctate basophilia, circulating normoblasts

5. 51Cr-labeled red cell life span reduced (but the ineffective erythropoiesis is more
important in the production of anemia)

6. Hemoglobin F raised; hemoglobin A2 increased

7. Bone marrow: May be megaloblastic (due to folate depletion); erythroid hyper-
plasia

8. Osmotic fragility: Decreased

9. Serum ferritin: Raised.

Biochemistry

1. Raised bilirubin (chiefly indirect)

2. Evidence of liver dysfunction (late, as cirrhosis develops)

3. Evidence of endocrine abnormalities, for example, diabetes (typically late),
hypogonadism (low estrogen and testosterone).

Clinical Features

Because of the variability in the severity of the fundamental defect, there is a spec-
trum of clinical severity (major to intermedia) that considerably influences manage-
ment. B-Thalassemia intermedia is defined as homozygous or doubly heterogeneous
thalassemia, which is generally not transfusion dependent. Clinical manifestations
include:

1. Failure to thrive in early childhood

Anemia

Jaundice, usually slight; gallstones

Hepatosplenomegaly, which may be massive; hypersplenism

Abnormal facies, prominence of malar eminences, frontal bossing, depression

of bridge of the nose, and exposure of upper central teeth

a. Skull radiographs showing hair-on-end appearance due to widening of
diploic spaces

Ol PN
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b. Fractures due to marrow expansion and abnormal bone structure
c. Generalized skeletal osteoporosis
6. Growth retardation, delayed puberty, primary amenorrhea in females, and
other endocrine disturbances secondary to chronic anemia and iron overload
7. Leg ulcers
8. Skin bronzing

If untreated, 80% of patients die in the first decade of life. With current management,
the life expectancy has dramatically increased. Patients now reach the fifth decade
of life and are expected to live well beyond.

Complications
Complications develop as a result of:

» Chronic anemia in patients who are undertransfused or in untransfused tha-
lassemia intermedia patients

 Chronic transfusion with resultant hemosiderosis and hemochromatosis

» Poor compliance with chelation therapy (generally).

Even in carefully managed patients, the following complications may develop:

» Endocrine disturbances (e.g., growth retardation, pituitary failure with impaired
gonadotropins, hypogonadism, insulin-dependent diabetes mellitus, adrenal
insufficiency, hypothyroidism, hypoparathyroidism)

« Cirrhosis of the liver and liver failure

* Cardiac failure due to myocardial iron overload (often associated with arrhyth-
mias and pericarditis)

» Extramedullary hematopoiesis, resulting in bony deformities

» Marked osteoporosis is nearly uniformly present by the time patients reach adoles-
cence. The causes of this include medullary expansion, deficiency of estrogen and
testosterone, nutritional deficiency, and desferrioxamine toxicity. Manifestations
include rickets, scoliosis, spinal deformities, nerve compression, fractures, and
severe osteoporosis. Osteoporosis can be delayed by the early institution of chela-
tion in childhood and sex hormone replacement early in adolescence.

Causes of Death

1. Congestive heart failure

2. Arrhythmia

3. Sepsis secondary to increased susceptibility to infection post-splenectomy
4. Multiple organ failure due to hemochromatosis.

Management
Hypertransfusion Protocol

The hypertransfusion protocol is used to maintain a pretransfusion hemoglobin
between 10.5 and 11.0 g/dL at all times using 15 cc/kg leukocyte-depleted cross-
matched packed red cells. Post-transfusion hemoglobin falls roughly 1 gram per
week, necessitating transfusions every 3—-4 weeks. Transfusion therapy should be
started when a diagnosis is made and the hemoglobin level falls below 7 g/dL.
Hypertransfusion results in:

1. Maximizing growth and development
2. Minimizing extramedullary hematopoiesis and decreasing facial and skeletal
abnormalities
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3. Reducing excessive iron absorption from gut
4. Retarding the development of splenomegaly and hypersplenism by reduc-
ing the number of red cells containing a-chain precipitates that reach the
spleen
5. Reducing and/or delaying the onset of complications (e.g., cardiac).
Chelation Therapy
The objectives of chelation therapy are:
1. To bind free extracellular iron
2. To remove excess intracellular iron
3. To attain a negative iron balance (i.e., iron excretion > iron input).

Iron overload results from:

1.
2.
3.

Ongoing transfusion therapy
Increased gut absorption of iron
Chronic hemolysis.

Chelation using desferrioxamine (Desferal) is recommended as follows:

1.

Chelation should be instituted when the ferritin level is greater than 1000
ng/mL and adequate iron is excreted into the urine with the desferrioxamine
challenge.

The desferrioxamine challenge is performed as follows:

a. A 24-hour urine collection is started.

b. Desferrioxamine 40 mg/kg is infused IV over 8 hours, starting at the begin-
ning of the collection.

c. The urine collection continues for 16 more hours, and the urine is assayed for
total iron content.

d. If the 24-hour urinary iron excretion is greater than or equal to 50% of the
daily iron overload, the patient is ready for chelation.

e. Daily iron load is calculated using roughly 1 mg iron/1 mL packed red blood
cells (PRBCs). For example, if a patient receives 210 cc PRBCs every 21 days,
the daily iron load is 10 mg. If the patient excretes 5 mg iron with the 24-hour
challenge, chelation should be started.

Desferrioxamine, 40-60 mg/kg/day, is infused subcutaneously over 8-10 hours

nightly via a portable electronic pump 4-6 nights per week, depending on iron

overload.

In selected cases, with severe iron overload, desferrioxamine is administered

IV in a high dose, maximum 10 g/day. This may be done immediately post-

transfusion to bind transiently increased free serum iron.

The aim is to maintain the serum ferritin level close to 1000 ng/mL. The ferritin

level should be monitored every 3—6 months.

The complications of desferrioxamine administration include:

Swelling at infusion site

Local reactions: pruritus, rash, and hyperemia (add hydrocortisone 2 mg/mL to the
desferrioxamine solution)

Anaphylactoid reactions (treat by desensitization)

Toxic effects on the eye; cataracts, reduction of visual fields and visual acuity, and
night blindness; occurs with prolonged or high-dose therapy or if desferrioxamine
is used without sufficient iron overload

Hearing impairment with prolonged or high-dose therapy, typically without suffi-
cient iron overload
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Metaphyseal dysplasias
Desferrioxamine toxicity exacerbated when there is insufficient excretable iron rela-
tive to the amount of desferrioxamine given.

Splenectomy

1.

Splenectomy reduces the transfusion requirements in patients with hyper-

splenism. It is usually performed in adolescents when transfusion requirements

have increased secondary to hypersplenism.

Two weeks prior to splenectomy, a polyvalent pneumococcal and meningococ-

cal vaccine should be given. If the patient has not received a Haemophilus

influenzae vaccine, this should also be given. Following splenectomy, prophy-

lactic penicillin 250 mg bid is given to reduce the risk of overwhelming post-

splenectomy infection. Management of the febrile splenectomized patient is

detailed in Chapter 26.

Indications for splenectomy include:

a. Persistent increase in blood transfusion requirements by 50% or more over
initial needs for more than 6 months

b. Annual packed cell transfusion requirements in excess of 250 mL/kg/year
in the face of uncontrolled iron overload (ferritin greater than 1500 ng/mL
or increased hepatic iron concentration)

c. Evidence of severe leukopenia and/or thrombocytopenia.

Supportive Care

1.

N

Folic acid is not necessary in hypertransfused patients; 1 mg daily orally is

given to patients on low transfusion regimens.

Hepatitis B vaccination should be given to all patients.

Appropriate inotropic, antihypertensive, and antiarrhythmic drugs should be

administered when indicated for cardiac dysfunction.

Endocrine intervention (i.e., thyroxine, growth hormone, estrogen, testos-

terone) should be implemented when indicated.

Cholecystectomy should be performed if gallstones are present.

Patients with high viral loads of hepatitis C that are not spontaneously

decreasing should be treated with PEG-interferon and ribavirin. Ribavirin

increases hemolysis and transfusion requirements typically increase during
therapy.

HIV-positive patients should be treated with the appropriate antiviral medications.

Genetic counseling and antenatal diagnosis (when indicated) should be carried

out using chorionic villus sampling or amniocentesis.

Management of osteoporosis includes:

a. Periodic screening and prevention through early hormonal replacement.

b. Yearly screening of adolescents with bone densitometry and gonadal hor-
mone evaluation.

c. Early in adolescence, patients should receive estrogen/progesterone or
testosterone replacement to prevent gonadal insufficiency-induced bone
loss, which may result in a decreased adult height due to fusion of the epi-
physes. The possible increased risk of breast cancer with hormonal replace-
ment therapy should be explained to female patients.

d. Two new agents are available to treat osteoporosis: (1) Calcitonin prevents
trabecular bone loss by inhibiting osteoclastic activity. Parenteral and
intranasal preparations are available. Miacalcin is the intranasal prepara-
tion. The dose is 1 spray into alternating nostrils daily. Miacalcin should be
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taken with calcium carbonate 1500 mg daily and vitamin D 400 units daily.
(2) Bisphosphonates (alendronate sodium) also inhibit osteoclast-mediated
bone resorption. The usual dose of Fosamax is 10 mg orally taken daily with
a full glass of water 30 minutes before breakfast.

Follow-up of patients with thalassemia includes:

Monthly: Measure the pretransfusion hemoglobin.

Every 3 months: Measure height and weight; measure ferritin; perform complete
blood chemistry, including liver function tests.

Every 6 months: Complete physical examination and dental examination.

Every year: Evaluate growth and development; evaluate iron balance; complete eval-
uation of cardiac function (echocardiograph, ECG, Holter monitor as indicated);
endocrine function (TFTs, PTH, FSH/LH, testosterone/estradiol, IGF-1, fasting
cortisol); visual and auditory acuity; viral serologies (HAV, HBV panel, HCV [or if
HCV+, quantitative HCV RNA PCR], HIV); bone densitometry; ongoing psy-
chosocial support.

Every 1-2 years: Evaluation of tissue iron burden: SQUID (superconducting quantum
interference device) measurement of liver iron; T -star measurement of cardiac iron (in
select patients with cardiac disease); liver biopsy for iron concentration and histology.

Future Directions

Ongoing research to investigate better therapies for thalassemia patients is critical.
The National Institutes of Health recently established the Thalassemia Clinical
Research Network to facilitate clinical research trials in thalassemia.

Alternative Methods of Chelation

Nightly subcutaneous administration of desferrioxamine is time consuming and
interferes in many ways with the lifestyle of the patient. For this reason, compliance
is often suboptimal and patients develop hemochromatosis.

Clinical testing of a number of oral chelating compounds is under way.
Deferiprone (L1) in a dose of 75 mg/kg/day is currently being used in Europe and
is undergoing further clinical trials for FDA approval. Controversy exists at present
about its potential toxicity, including idiosyncratic neutropenia, arthropathy, and
possible adverse redistribution of iron. Many studies find deferiprone clinically use-
ful without an unduly high risk of causing neutropenia. Preliminary data indicate
that it may be particularly useful in reducing cardiac iron overload either as a single
agent or in combination with desferrioxamine. ICL-670, a tri-dentate oral chelator,
appears clinically effective in early trials. With a relatively long half-life, early results
indicate that it may be equally as effective as desferrioxamine. A direct comparison
trial must be completed to prove this and to study long-term efficacy and toxicity.

Pharmacologic Upgrading of Fetal Hemoglobin Synthesis

High levels of HbF ameliorate the symptoms of B-thalassemia by increasing the
hemoglobin concentration of the thalassemic red cells and decreasing the accumula-
tion of unmatched o-chains, which cause ineffective erythropoiesis. Hydroxyurea
has been demonstrated to increase HbF production and mean hemoglobin levels in
patients with thalassemia intermedia or EB-thalassemia, decreasing or eliminating
the need for transfusion. Additionally, there are reports of a few -thalassemia major
patients who became transfusion free using hydroxyurea. Butyric acid analogues
and erythropoietin as well as further testing with hydroxyurea are avenues of further
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investigation. Although these agents can decrease transfusion dependence, they
have serious side effects, including neutropenia, increased susceptibility to infection,
and possible oncogenicity.

Hematopoietic Stem Cell Transplantation

1. Stem cell transplantation from an HLA-identical sibling is a curative mode of
therapy.

2. The greater the degree of hepatomegaly, hemosiderosis, and portal fibrosis of
the liver prior to transplant, the worse the outcome.

3. Stem cell transplantation is a controversial mode of therapy because its risks
must be weighed against the fact that patients who are least symptomatic have
the best transplant results.

The following information is available about transplantation:

Results are better among patients less than 3 years of age who have received few
transfusions and are without significant complications.

GVHD occurs less frequently in younger patients.

The refinement of methods of preparation for transplantation has brought about a
drastic reduction in morbidity and mortality.

Gene Therapy

Research is under way on methods of inserting a normal B-globin gene into mam-
malian cells. Ultimately, the aim is to insert the gene into stem cells and utilize these
for stem cell transplant.

Management of the Acutely Il1l Thalassemic Patient
Acute illness requiring urgent treatment occurs secondary to:

* Sepsis, usually with encapsulated organisms
» Cardiomyopathy secondary to myocardial iron overload
* Endocrine crises such as diabetic ketoacidosis.

Prevention of these crises should be the primary treatment. Preventive measures
include:

* Management of the splenectomized patient as outlined in Chapter 26
» Adequate chelation to prevent secondary hemochromatosis
* Routine monitoring of cardiac and endocrine function.

If a patient presents with signs of shock, the following measures should be instituted:

1. Determine hemoglobin, electrolyte, calcium, and glucose levels; perform urinalysis.

2. Obtain blood cultures.

3. Distinguish between cardiogenic shock and septic shock because the manage-
ment of each differs. To distinguish between the two, obtain an ECG; echocar-
diograph, looking at left ventricular contractility; and central venous pressure
(CVP).

4. If the patient is in cardiogenic shock, management includes diuretics, inotropic
support, and careful monitoring of CVP and cardiac output. Management also
includes desferrioxamine chelation as a continuous intravenous infusion at a
dose of 15 mg/kg/h. (Once cardiac iron toxicity has reached the point of car-
diac failure, it is extremely difficult to reverse; however, approximately 50% of
patients will survive if aggressive chelation and cardiac management are insti-
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tuted.) If Deferiprone is available, it may be added to desferrioxamine to further

increase iron excretion.

If the patient is in septic shock, management consists of:

Blood cultures, at least two peripheral sites

Broad-spectrum antibiotics IV (e.g., third-generation cephalosporin and an
aminoglycoside)

Fluid boluses of 10 cc/kg normal saline to restore blood pressure

Pressors such as dopamine, as indicated

Coagulation studies to evaluate for disseminated intravascular coagulation (DIC)

CVP monitoring to guide fluid management

Arterial blood gas and chest radiograph.

If the patient is in diabetic ketoacidosis, manage the ketoacidosis in the usual

manner with careful monitoring of cardiac function when the patient is being

vigorously hydrated.

B-Thalassemia Intermedia

Although patients are homozygous or doubly heterozygous, the resultant anemia
is milder than in thalassemia major.

Clinical Features

1.

2.

3.

Patients generally do not require transfusions and maintain a hemoglobin
between 7 and 10 g/dL.

Marked medullary expansion, hepatosplenomegaly, growth retardation, facial
anomalies, and hyperbilirubinemia occur if patients are not adequately transfused.
Patients are most healthy if management is as vigorous as that for thalassemia
major.

Management

1.
2.

a1

Folic acid 1 mg/day PO should be administered.

Meats, particularly those rich in iron (e.g., liver and beef), and iron-supplemented
cereals should be avoided. A cup of tea with every meal will reduce the absorp-
tion of nonheme iron.

. Chelation therapy is required at an older age than in thalassemia major because

patients have received fewer transfusions. It should be started when the serum
ferritin level has risen to more than 1000 ng/mL and the desferrioxamine chal-
lenge produces sufficient urine iron excretion.

. Transfusions generally are not required except during periods of erythro-

blastopenia (aplastic crises) or during acute infection. If hemoglobin falls below
7 g/dL, transfusion therapy should be initiated. Thalassemia intermedia
patients who are inadequately transfused show the most extreme bony abnor-
malities (worse than adequately transfused thalassemia major patients).

. Splenectomy may be required.
. Cardiac and endocrine evaluation and bone densitometry should be performed

as in thalassemia major.

B-Thalassemia Minor or Trait (Heterozygous B° or B+)

Clinical Features

1.

Asymptomatic (physical examination is normal)
a. Discovered on routine blood test: slightly reduced hemoglobin, basophilic
stippling, low MCV, normal RDW.
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b. Discovered in family investigation or family history of heterozygous or
homozygous -thalassemia.

c. Confirmed with hemoglobin electrophoresis, demonstrating slightly
decreased hemoglobin A (90-95% typically), increased hemoglobin A, (>4%);
hemoglobin F mildly elevated in 50% of cases.

2. Thalassemia trait of unusual severity. There are cases of B-thalassemia trait of
unusual severity secondary to the co-inheritance of a-gene duplication with
increased o-globin synthesis, thereby increasing o- and B-chain imbalance.

o-Thalassemias

The major syndromes resulting from decreased o-chain synthesis are listed in
Table 7-23. o-Thalassemia may present as silent carrier, thalassemia trait, hemoglo-
bin H disease, or hydrops fetalis. Hemoglobin H disease is clinically milder than
homozygous B-thalassemia and does not require a hypertransfusion protocol.
Hydrops fetalis is not compatible with life and presents with intrauterine or neona-
tal death, though some babies have survived with fetal packed red blood cell trans-
fusions when antenatal diagnosis was made. These patients should continue on
hypertransfusion regimens and be treated as if they had B-thalassemia major, or
treated with allogeneic stem cell transplant.

Differential Diagnosis

The differential diagnosis of the thalassemia syndromes and other microcytic ane-
mias is listed in Table 3-10.

EXTRACORPUSCULAR HEMOLYTIC ANEMIAS

The causes of hemolytic anemia due to extracorpuscular defects are listed in Table
7-2; they may be immune or nonimmune.

Immune Hemolytic Anemia

Immune hemolytic anemia can be either isoimmune or autoimmune. Isoimmune
hemolytic anemia results from a mismatched blood transfusion or from hemolytic
disease in the newborn. In autoimmune hemolytic anemia (AIHA), shortened red
cell survival is caused by the action of immunoglobulins, with or without the partic-
ipation of complement on the red cell membrane. The red cell autoantibodies may be
of the warm type, the cold type, or the cold-warm Donath-Landsteiner type.
Complement participation is usually confined to the IgM type of antibody; only
rarely is it associated with IgG. AIHA may be idiopathic or secondary to a number
of conditions listed in Table 7-2.

Warm Autoimmune Hemolytic Anemia

Antibodies of the IgG class are most commonly responsible for AIHA in children.
The antigen to which the IgG antibody is directed is one of the Rh erythrocyte anti-
gens in more than 70% of cases. This antibody usually has its maximal activity at
37°C, and the resultant hemolysis is called warm antibody-induced hemolytic ane-
mia. Rarely, warm reacting IgM antibodies may be responsible for hemolytic anemia.
As in all patients with AIHA, erythrocyte survival is generally proportional to the
amount of antibody on the erythrocyte surface.
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Clinical Features

1.
2.
3.
4.

Severe, life-threatening condition

Sudden onset of pallor, jaundice, dark urine

Splenomegaly

Laboratory findings

a. Hemoglobin level: very low

b. Reticulocytosis: common

c. Smear: prominent spherocytes, polychromasia, macrocytes, autoagglutina-
tion

d. Neutropenia and thrombocytopenia (occasionally)

e. Increased osmotic fragility and autohemolysis proportional to sphero-
cytes

f. Direct Coombs’ test: positive

g. Hyperbilirubinemia

h. Haptoglobin level: markedly decreased

i. Hemoglobinuria, increased urinary urobilinogen.

Management

Because this is a life-threatening condition, the following must be monitored care-
fully:

1.

AN

Hemoglobin level (q4h)
Reticulocyte count (daily)
Splenic size (daily)
Hemoglobinuria (daily)
Haptoglobin level (weekly)
Coombs’ test (weekly).

Treatment

Blood Transfusion

1.

If a specific antibody is identified, a compatible donor may be selected. The
antibody usually behaves as a panagglutinin, and no totally compatible blood
can be found.

Washed packed red cells should be used from donors whose erythrocytes show
the least agglutination in the patient’s serum.

The volume of transfused blood should only be of sufficient quantity to relieve
any cardiopulmonary embarrassment from the anemia.

. In our experience, the use of such poorly matched blood is made relatively

safe by biologic cross-matching, transfusing of relatively small volumes of
blood at any given time, and concomitant use of high-dose corticosteroid
therapy.

Corticosteroid Therapy

1.

2.

Hydrocortisone 8-40 mg/kg/day IV in divided doses (q8h) or prednisone

2-10 mg/kg/day PO is administered.

High-dose corticosteroid therapy should be maintained for several days.

Thereafter, corticosteroid therapy in the form of prednisone should be slowly

tapered off over a 3- to 4-week period.

a. The dose of prednisone should be tailored to maintain the hemoglobin at a
reasonable level; when the hemoglobin stabilizes, the corticosteroids should
be discontinued.
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b. Lack of response for 21 days should be considered a steroid failure and other
modalities should be considered.

Intravenous Gammaglobulin

Intravenous gammaglobulin (IVGG) in a dose of 5 g/kg, a much larger dose than
used in idiopathic thrombocytopenic purpura or autoimmune neutropenia, may be
effective.

Splenectomy

1. Splenectomy may be beneficial in some patients.

2. Splenectomy is indicated if the hemolytic process continues to be brisk despite
high-dose corticosteroid therapy and IVGG for 3-4 weeks and the necessity of
frequent packed red cell transfusions to maintain a reasonable hemoglobin
level.

3. The results of splenectomy are unpredictable, but it is usually beneficial.

Cytotoxic Agents

1. Antimetabolites: azathioprine, 6-mercaptopurine, and thioguanine
2. Alkylating agents: chlorambucil and cyclophosphamide
3. Mitotic inhibitors: vincristine and vinblastine.

These agents have been used with variable success, but their use has not been com-
pletely evaluated, nor do any studies indicate preference in the use of cytotoxic
agents. This type of therapy should be used only in patients refractory to steroids
and splenectomy.

Plasmapheresis

Plasmapheresis has been successful in slowing the rate of hemolysis in patients with
severe IgG-induced immune hemolytic anemia. The effect is short lived if antibody
production is ongoing, and success is limited, possibly because more than half of the
IgG is extravascular and the plasma contains only small amounts of the antibody;
most of the antibody is on the red cell surface. Plasmapheresis has been more effec-
tive in IgM-induced hemolytic anemia.

Immunosuppressive Therapy

Cyclosporine A, an immunosuppressive agent that has been used extensively in the
treatment of rejection in organ transplantation and more recently in autoimmune dis-
eases and aplastic anemia, may have a role in the treatment of immune-mediated
hemolysis, although prospective trials have not been completed. The potential role
of monoclonal antibodies (anti-Fc antibodies) in the treatment of immune-mediated
hemolysis has yet to be fully evaluated.

Hormonal Therapy

There has been recent success with danazol (synthetic androgen), which has a mas-
culinizing effect. Danazol’s early effect appears to be due to decreased expression
of macrophage Fc-receptor activity and danazol may become an alternative to
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corticosteroid therapy in some patients with IgG-induced immune hemolytic ane-
mia. The effect of these agents in I[gM-induced hemolysis is untested.

Giant Cell Hepatitis and Coombs-Positive Autoimmune Hemolytic Anemia

This is a specific rare entity of unknown etiology, although an autoimmune compo-
nent has been suggested because of the association of Coombs-positive AIHA and
response to immunosuppression.

Clinical Findings

Age: 6-24 months, occasionally older age

Fever

Pallor

Jaundice (progressing to cirrhosis and liver failure)
Firm hepatomegaly and splenomegaly

Associated convulsions

Prognosis: Poor.

Laboratory Findings

Direct Coombs’ test: mixed (IgG and complement); no evidence of other autoimmu-
nity

Hemolytic anemia

Liver function abnormality: high direct bilirubin, transaminase, and serum globulin
values; prolonged prothrombin time

Liver histology: marked lobular fibrosis, extensive necrosis with central-portal bridg-
ing, and giant cell transformation.

Treatment

The use of corticosteroids in combination with immunosuppressive therapy (e.g.,
azathioprine) has met with some success. Vincristine, a-interferon, and intravenous
immunoglobulin have also been used.

Cold Autoimmune Hemolytic Anemia

IgM antibodies are found less often in association with hemolysis in the pediatric age
group. Most IgM autoantibodies that cause immune hemolytic anemia in humans
are cold agglutinins, and cold hemagglutinin disease is almost always caused by an
IgM antibody. The destruction of red blood cells is usually triggered by cold expo-
sure. Cold hemagglutinin disease usually occurs during Mycoplasma pneumoniae
infection. It may also occur with other infections, such as infectious mononucleosis,
cytomegalovirus, and mumps. Cold hemagglutinin disease or IgM-induced hemoly-
sis is usually due to reaction with antigens of the I/i system. Anti-I is characteristic
of M. pneumoniae—associated hemolysis and anti-i cold agglutinins are usually found
in infectious mononucleosis. M. pneumoniae adherence to the red cell membrane
appears to be mediated by sialic acid—containing receptors, associated with terminal
galactose residues of the I antigen. The association of the infecting organism with the
red blood cell may alter the antigenic structure of red blood cell membrane antigen,
rendering it immunogenic. IgM antibody is usually polyclonal and immunologically
heterogeneous.
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Clinical Features

This disease may be idiopathic but is more frequently seen in conjunction with infec-
tions such as M. pneumoniae (atypical pneumonia) and less commonly with lympho-
proliferative disorders. The hematologic features in cold autoimmune hemolytic
anemia are similar to those in warm autoimmune hemolytic anemia but less marked.

Treatment

Treatment consists of control of the underlying disorder. Transfusions may be neces-
sary; again, identification of compatible blood may prove difficult. Warming the
blood to 37°C during administration by means of a heating coil or water bath is indi-
cated to avoid further temperature activation of the antibody. Efficient in-line blood
warmers (McGaw Water Bath; Fenwall Dry Heat Warmer) are designed to deliver
blood at 37°C to the patient. Unmonitored or uncontrolled heating of blood is
extremely dangerous and should not be attempted. Red cells heated too long are rap-
idly destroyed in vivo and can be lethal to the patient.

If the anemia is severe, a trial of cytotoxic drug therapy is appropriate. Alkylating
agents such as cyclophosphamide and chlorambucil may be capable of lowering the
titer of cold agglutinins and, less commonly, reducing the degree of hemolysis.
Treatment with corticosteroids or splenectomy is generally not effective.
Plasmapheresis is a valuable approach to reducing the level of cold agglutinins. If the
blood is obtained at 37°C, with the patient’s arm warmed by hot pads, the warm unit
can be separated quickly by centrifugation and the red cells returned to the patient
through an efficient in-line blood warmer.

Donath-Landsteiner Cold Hemolysin

This is an unusual IgG antibody with anti-P specificity, originally described in cases
of syphilis. This antibody, although uncommon, is most frequently found in children
with viral infections. Hemolysis in this syndrome is most commonly intravascular as
a result of the unusual complement-activating efficiency of this IgG antibody.
Hemolysis, which is usually mild, may occasionally be severe but resolves as the
infection clears.

Nonimmune Hemolytic Anemia

This group of conditions is due to extracorpuscular causes of hemolytic anemia in
which the antiglobulin (Coombs’) test is negative. The various causes are listed in
Table 7-2. Those conditions caused by various infections, drugs, and underlying
hematologic disease respond to treatment of the underlying condition, as well as the
necessary acute supportive care.

Microangiopathic Hemolytic Anemia

Microangiopathic hemolytic anemia (MAHA) is a result of diverse causes that have
in common a relatively uniform hematologic picture and in general a common
pathogenesis. Table 7-24 lists the various causes of MAHA.

Diagnosis

The blood smear is characterized by the presence of burr erythrocytes, schistocytes,
helmet cells, and microspherocytes. This occurs in association with evidence of
hemolysis and usually, but not invariably, thrombocytopenia. The severity of both
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Table 7-24. Causes of Microangiopathic Hemolytic Anemia

Renal disease
Hemolytic uremic syndrome
Renal vein thrombosis
Renal transplant rejection
Radiation nephritis
Chronic renal failure
Cardiac conditions
Malignant hypertension
Coarctation of aorta
Severe valvular heart disease
Subacute bacterial endocarditis of aortic valve
Intracardiac prosthesis
Liver disease
Severe hepatocellular disease
Infections
Disseminated herpes infection
Meningococcal septicemia
Cerebral falciparum malaria
Hematologic
Thrombotic thrombocytopenic purpura (hereditary or secondary) (Chapter 10)
Miscellaneous
Severe burns
Giant hemangioma
Disseminated intravascular coagulation of any causation; sometimes accompanied by
consumption of circulating coagulation factors (consumption coagulopathy)

the anemia and the thrombocytopenia, as well as the degree of compensatory ery-
throid response, varies greatly. Intravascular hemolysis occurs in all forms; plasma
hemoglobin levels may be elevated, haptoglobin absent, hemosiderinuria present,
and urinary iron excretion increased in the more chronic forms.

Elevated serum fibrin degradation products in some cases of MAHA may repre-
sent evidence of associated DIC. The thrombocytopenia is due to consumption of
platelets in the microthrombi and is an example of excessive platelet destruction
rather than a failure of production. The marrow, therefore, shows normal numbers of
megakaryocytes together with erythroid hyperplasia. Acute forms of MAHA are
sometimes accompanied by disseminated intravascular coagulation (DIC).

Hypersplenism

Whether splenic enlargement is caused by infection or is secondary to such diseases
as thalassemia, portal hypertension, or storage diseases, a shortened red cell survival
with excessive sequestration can be demonstrated in many patients with clinical
splenomegaly. Typically, hypersplenism is accompanied by moderate neutropenia
and thrombocytopenia with active erythropoiesis, myelopoiesis, and thrombopoiesis
in the marrow. Splenectomy is followed by the return to normal of the blood values.
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POLYCYTHEMIA

POLYCYTHEMIA IN THE NEWBORN
Definition

A venous hematocrit reading of more than 65% or a venous hemoglobin concentra-
tion in excess of 22.0 g/dL any time during the first week of life should be consid-
ered evidence of polycythemia. Capillary blood samples should not be relied on for
the diagnosis of polycythemia because they are significantly higher than venous
hemoglobin or venous hematocrit and vary with the temperature of the extremity
from where the sample is taken. Hematocrit values determined on a microcentrifuge
include a small amount of trapped plasma and have a higher value than hematocrit
values determined from automated analyzers.

A patient with a very high hematocrit should not have blood drawn into commer-
cially available tubes, because the ratio of anticoagulant to blood is inappropriate. To
adjust the anticoagulant for a known hematocrit, the proper amount of 3.2% sodium
citrate (as indicated in the following table) should be added to the test tube making
a total volume (blood and citrate) of 5 or 10 mL.

Anticoagulant required (mL)

Hematocrit % In 5mL In 10 mL
55 0.40 0.80
60 0.38 0.75
63 0.35 0.70
65 0.33 0.65

Incidence

The incidence is 0.4-4.0% of all births. Incidence of neonatal polycythemia is higher
at high altitudes than at sea level.

Etiology

The causes of neonatal polycythemia are listed in Table 8-1.

Symptoms

Symptoms are a consequence of the increase in blood viscosity. Hematocrit up to
65% has a linear correlation with viscosity, and beyond 65% it has an exponential
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Table 8-1. Causes of Neonatal Polycythemia

I. Intrauterine hypoxia
A. Placental insufficiency
1. Small-for-gestational age (intrauterine growth factor)
2. Dysmaturity
3. Postmaturity
4. Placenta previa
5. Maternal hypertension syndromes (toxemia of pregnancy)
B. Severe maternal cyanotic heart disease
C. Maternal smoking

II. Hypertransfusion
A. Twin-to-twin transfusion
B. Maternal to fetal transfusion
C. Placental-cord transfusion (delayed cord clamping, cord stripping, third stage of labor
underwater at body temperature, holding baby below mother with cord attached)

ITII. Endocrine causes
A. Congenital adrenal hyperplasia
B. Neonatal thyrotoxicosis
C. Congenital hypothyroidism
D. Maternal diabetes mellitus

IV. Miscellaneous
A. Chromosomal abnormalities

1. Trisomy 13

2. Trisomy 18

3. Trisomy 21 (Down syndrome)
. Beckwith-Wiedemann syndrome (hyperplastic visceromegaly)
. Oligohydramnios
. Maternal use of propranolol
. High-altitude conditions

High oxygen affinity hemoglobinopathies (Table 8-4)

mTmINw

relationship. Viscosity depends on a number of factors (Table 8-2). Table 8-3 lists the
symptoms, signs, and complications of neonatal polycythemia. Some of the symp-
toms may result from an underlying cause such as intrauterine hypoxia, maternal
diabetes, or placental insufficiency.

Table 8-2. Factors Increasing Viscosity

. Hematocrit >60%

Larger mean cell volume (MCV)

. Decreased deformability of fetal erythrocytes

. Plasma protein levels especially high fibrinogen

. Decreased flow rate—vessel diameter and endothelial integrity, e.g., increased levels of
erythropoietin, in addition to inducing erythrocytosis, may induce other effects such as:

. Hematocrit-independent, vasoconstriction-dependent hypertension

. Upregulation of tissue renin

. Increased endothelin production

. Stimulation of endothelial and vascular smooth muscle proliferation

Change in vascular tissue prostaglandin production

. Stimulation of angiogenesis.

T W N e
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Laboratory Findings

When polycythemia is due to maternofetal transfusion, the following laboratory
findings may be present:
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1. Increased quantities of immunoglobulin (IgA and IgM) in the infant’s serum

2. Reduction in fetal hemoglobin to less than 60%

3. The presence of red cells bearing maternal blood group antigens in the baby’s
circulation and, if the infant is a male, the presence of XX cells of maternal ori-
gin in the baby’s circulation.

Table 8-3. Symptoms, Signs, and Complications of Neonatal Polycythemia

Clinical
“Feeding problems” (60%)
Lethargy
Hypotonia
Weak suck
Difficult to arouse
Tremulousness
Easily startled
Hepatomegaly
Vomiting
Tachypnea
Tachycardia
Cardiomegaly
Plethora
Cyanosis
Jaundice

Laboratory
Venous hemoglobin >22 g/dL
Venous hematocrit >65%
Thrombocytopenia
Reticulocytosis
Normoblastemia
Increased blood viscosity (normal 12.1 cP + 3.9)
Presence of IgM or IgA in serum
Unconjugated hyperbilirubinemia
Hypoglycemia (12-40%)
Hypocalcemia (1-11%)
Hypomagnesemia
EEG abnormal
ECG abnormal
Chest radiograph
Increased vascularity
Pleural fluid
Hyperaeration
Alveolar infiltrates
Cardiomegaly

Complications
Transient tachypnea of newborn
Respiratory distress
Congestive heart failure
Convulsions
Intracranial hemorrhage
Peripheral gangrene
Priapism
Necrotizing enterocolitis
Ileus
Acute renal failure
Testicular infarction
Disseminated intravascular coagulation
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When polycythemia is due to intrauterine hypoxia it is usually accompanied by an
increase in the nucleated red blood cells (nRBCs) in the blood during the early neona-
tal period. The mean value of nRBCs in the first few hours of life in a healthy full-
term neonate is 500 nRBCs/mm? or 0-10 nRBCs/100 white blood cells (WBCs).
A value of greater than 1000 nRBCs/mm? or 10-20 nRBCs /100 WBCs is considered
abnormal. The other hematologic indices of fetal hypoxia include higher absolute
lymphocyte counts and lower platelet counts in comparison with normal full-term
neonates without hypoxia during fetal life.

Treatment

Because instruments to measure viscosity are not clinically available, neonatal hypervis-
cosity is diagnosed by a combination of symptoms and an abnormally high hematocrit.

Treatment should be reserved for infants with respiratory, cardiac, or central ner-
vous system (CNS) symptoms and a venous hematocrit of 65-69% or an asympto-
matic infant with a venous hematocrit of >70%. All polycythemic infants, however,
should be carefully monitored for evidence of hypoglycemia, hypocalcemia, and
hyperbilirubinemia. Treatment should be designed to reduce the venous hematocrit
to approximately 50-55%. This can be accomplished by a partial exchange transfu-
sion, using 5% human albumin, Ringer’s lactate, or normal saline. It is better to avoid
the use of fresh frozen plasma because it may contain infectious agents. Normal
saline or Ringer’s lactate solutions have the advantages that they are easily available
and equally effective. However, it is important to take into account the patient’s renal
status and serum sodium level when a decision is made to use albumin, Ringer’s lac-
tate, or normal saline to avoid sodium overload. Partial exchange has a favorable
effect on cerebral blood flow velocity in newborn infants with polycythemia because
it reduces the hematocrit while maintaining blood volume.

The following formula is employed to approximate the volume of exchange
required to reduce the hematocrit reading to the desired level:

Observed Hct — Desired Hct
Observed Hct

Volume of exchange (mL) = Blood volume (mL) x

Partial exchange transfusion has been shown to increase capillary perfusion, cerebral
blood flow, and cardiac function and to reduce the risk of tissue damage caused by
ischemia in various organs, resulting from severe slowing in the microcirculation
due to a high hematocrit and low shear rates. However, there is little evidence that
the long-term outcome of infants is improved by the procedure.

POLYCYTHEMIA IN CHILDHOOD

The term polycythemia applies to an increase in circulating red cell mass to above the
normal upper limits of 30 mL/kg body weight (excluding hemoconcentration
due to dehydration). For practical purposes, this means a hemoglobin level higher
than 17 g/dL or a hematocrit level of 50% or more during childhood.

Figure 8-1 depicts the pathogenesis of polycythemia, and Table 8-4 classifies
various causes of polycythemia.

Primary polycythemia results from congenital ([germline] erythropoietin receptor
mutation) or acquired ([somatic] polycythemia vera) mutations that make erythroid
progenitor cells exquisitely sensitive to circulating cytokines, resulting in increased
red cell mass. Secondary polycythemia, on the other hand, results from the action of an
excessive amount of circulating cytokines on the normal responsive erythroid pro-
genitor cells. The cytokine usually is erythropoietin. However, in some clinical con-
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Table 8-4. Classification of Polycythemia

I. Relative polycythemia (hemoconcentration, dehydration)

II. Primary polycythemia (results from somatic or germline mutations of erythroid
progenitor cells that make them exquisitely sensitive to erythropoietin or other cytokines)
A. Polycythemia vera (results from somatic mutation)
B. Erythropoietin receptor mutation (results from germline mutation)

III. Secondary polycythemia
A. Insufficient oxygen delivery (also known as appropriate polycythemia because it
results from a normal response of erythron to hypoxia)
1. Physiologic
a. Fetal life
b. Low environmental O, (high altitude)
2. Pathologic
a. Impaired ventilation: pulmonary disease, obesity
b. Pulmonary arteriovenous fistula
c. Congenital heart disease with left-to-right shunt (e.g., tetralogy of Fallot,
Eisenmenger syndrome)
d. Abnormal hemoglobins (reduced P, in whole blood)
(1) Methemoglobin (congenital and acquired)
(2) Carboxyhemoglobin
(3) Sulfhemoglobin
(4) High oxygen affinity hemoglobinopathies (hemoglobin
Chesapeake, Ranier, Yakima, Osler, Tsurumai, Kempsey, and
Ypsilanti)
(5) 2,3-DPG mutase deficiency in red cells resulting in 2-3
bisphosphoglycerate (BPG) deficiency.
B. Increase in erythropoietin (also known as inappropriate polycythemia because it
results from an aberrant production of erythropoietin or other growth factors)
1. Endogenous
a. Renal: Wilms’ tumor,’ hypernephroma, renal ischemia, e.g., renal
vascular disorder, congenital polycystic kidney, benign renal lesions
(cysts, hydronephrosis).
Post-transplant erythrocytosis (occurs in 10-15% of renal graft
recipients). Contributing factors include persistence of erythropoietin
secretion from the recipients’s diseased and ischemic kidney, and
secretion of angiotensin II, androgen, and insulin-like growth factor.
b. Adrenal: pheochromocytoma, Cushing syndrome, congenital adrenal
hyperplasia, adrenal adenoma with primary aldosteronism
c. Liver: hepatoma, focal nodular hyperplasia,” hepatocellular carcinoma,
hepatic hemangioma, Budd-Chiari syndrome (some of these patients
may have overt or latent myeloproliferative disorder)
d. Cerebellum: hemangioblastoma, hemangioma, meningioma
e. Uterus: leiomyoma, leiomyosarcoma
2. Exogenous
a. Administration of testosterone and related steroids
b. Administration of growth hormone
C. Polycythemia with characteristics of both primary and secondary polycythemias
a. Chuvashian polycythemia
b. Non-Chuvashian polycythemias

IV. Neonatal polycythemia

“Some of these are electrophoretically silent and require hemoglobin oxygen association kinetics for diagnosis.

YAssociated with male gender, low clinical stage, and usually >16 years of age. May occur with a normal
serum erythropoietin.

‘Histologically stains positively for erythropoietin by immunohistochemistry.
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ditions, nonerythropoietin growth factors (e.g., angiotensin II, androgens, and
insulin-like growth factor I in recipients of renal graft during the post-transplant
period) may also play a role in inducing erythrocytosis.

Combined Characteristics of Primary and Secondary Polycythemias

Recently, various molecular polycythemic lesions have been described. These
include von Hippel-Lindau mutations, erythropoietin receptor mutations, globin
mutations, and bisphosphoglycerate deficiency in decreasing order of frequency.

Von Hippel-Lindau Mutations Causing Polycythemia

» Chuvashian® polycythemia (familial benign polycythemia): Autosomal recessive
inheritance mutation of von Hippel-Lindau gene results in defective hypoxic
sensing by kidney cells and increased production of erythropoietin. Some
patients may have a normal level of erythropoietin. However, their erythroid
progenitors are hypersensitive to the normal levels of erythropoietin.

Clinical manifestations include varicose veins, thrombotic and hemorrhagic
complications, strokes, increased levels of vascular endothelial growth factor
and plasminogen activator inhibitor-1 but they do not develop von
Hippel-Lindau syndrome and its complications (hemangioblastomas,
pheochromocytoma, or renal cell carcinoma) and vice versa; patients with von
Hippel-Lindau syndrome do not manifest erythrocytosis.

» Non-Chuvashian polycythemias: Several patients of other than Chuvash ethnicity
have been found to have polycythemia resulting from mutations at various
regions of the von Hippel-Lindau gene. These mutations may be heterozygous
or homozygous.

Table 8-5 compares the clinical manifestations of polycythemia vera, primary
familial and congenital polycythemia and Chuvashian polycythemia. Table 8-6 lists
the criteria for a diagnosis of polycythemia vera.

Treatment

1. Erythrocytosis: Partial exchange transfusions (phlebotomy) to maintain hemo-
globin levels of 16-17 g/dL (i.e., less than 20 g/dL) are the mainstay of treat-
ment for erythrocytosis. The underlying cause, if known, should be treated.

2. Polycythemia secondary to high oxygen affinity hemoglobin or deficiency of bisphos-
phoglycerate: Phlebotomy is usually not beneficial in the treatment of poly-
cythemia secondary to high oxygen affinity hemoglobins or those conditions
resulting from deficiency of bisphosphoglycerate, because they cause a
decrease in exercise tolerance.

3. Post-transplant erythrocytosis in renal graft recipients: These patients respond to drugs
that cause inactivation of the renin-angiotensin system (e.g., captopril, enalapril,
losartan, lisinopril, and fosinopril). Patients unable to tolerate angiotensin-
converting enzyme inhibitors can be treated with an angiotensin II AT1 receptor
antagonist, losartan. Theophylline, a nonselective adenosine receptor antagonist in
low dose, has been found effective in suppression of erythropoiesis.

4. Congenital erythropoietin-dependent erythrocytosis: Successful treatment of con-
genital erythropoietin-dependent erythrocytosis, clinically similar to
Chuvashian polycythemia, has been reported with the use of theophylline.

*The Chuvash Republic is located on the west bank of the Volga River in the central part of European
Russia. The first reports of congenital polycythemia in Chuvashia appeared in the 1970s (Blood
1997;89:2148-54).
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Table 8-5. Clinical Manifestations of Polycythemia Vera (PV), Primary Familial and
Congenital Polycythemia (PFCP), and Chuvashian Polycythemia (CP)

Primary familial and

Polycythemia congenital polycythemia ~ Chuvashian

Clinical entities vera (PV) (PECP) polycythemia (CP)

Frequency Rare Unknown Unknown

Inheritance None Dominant Recessive

Underlying cause None Erythropoietin receptor ~ Functional deficiency
mutation is found only ~ of VHL
in 12%

Symptoms of Present Usually diagnosed on Present

polycythemia routine blood count

(e.g., headache,

dizziness, lethargy,

blurred vision)

Signs Plethora, Plethora, no Plethora, no
splenomegaly splenomegaly splenomegaly,

varicosities of
peripheral veins

Erythropoietin level =~ Undetectable Normal or low Increased but high

or normal in
sporadic non-CP

Course Thrombosis or Benign Thrombosis or

hemorrhage hemorrhage
(other myelo-

proliferative

disorders)

Diagnosis Molecular analysis Molecular analysis
for truncation of of VHL protein
cytosolic portion gene levels of
of ER and in vitro VEGF and PAI-1
hypersensitivity to
EPO

Treatment Phlebotomy, Phlebotomy Phlebotomy

o-IFN, ASA,
HU, Anagrelide

VHL, von Hippel-Lindau; VEGR, vascular endothelial growth factor; PAI-1, plasminogen activator inhibitor;
o-IFN, o interferon; ASA, aspirin; HU, hydroxyurea; ER, Erythropoietin receptor; EPO, Erythropoietin.

Theophylline results in the reduction of serum levels of erythropoietin and
transferrin receptor, leading to decrease in hemoglobin levels.

5. Polycythemia vera: In low-risk patients, defined as:
» Asymptomatic individuals under 40 years of age

¢ Platelet count <1.0 million/mm?3

» No comorbidities

* No history of thrombosis.
If the hematocrit is effectively controlled by phlebotomy there is no need for
cytoreduction. Low-dose aspirin is also beneficial.

In high-risk patients, defined as:

« Patients 60 years of age or older or
» Symptomatic patients or
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Table 8-6. Criteria for Diagnosis of Polycythemia Vera®

Category A
1. Increased red cell volume (male >36 mL/kg; female >32 mL/kg)
2. Arterial oxygen saturation >92%
3. Splenomegaly

Category B
1. Thrombocytosis (>400,000 cells/mm?)
2. Leukocytosis (>12,000 cells/mm?3)
3. Increased leukocyte alkaline phosphatase
4. Increased vitamin B, (>900 pg/mL) or unsaturated B, ,-binding capacity (>2200 pg/mL)
For diagnosis patient must have:
Al+A2+A3
OR
Al + A2 + any 2 from category B

“Increased expression of m-RNA of a receptor PRV-1 (polycythemia rubra vera-1) in granulocytes, but not in
their progenitors, is a useful diagnostic marker that distinguishes polycythemia vera from secondary erythrocy-
tosis. Polycythemia vera patients express significantly high amount of PRV-1. Quantitative RT-PCR assay for
PRV-1 has high sensitivity and specificity.

(Adapted from Berlin NI (1975): Diagnosis and classification of the polycythemias. Semin Hematol 12:339,
with permission.)

» Patients with platelet counts >1.0 million/mm?3 or
 Patients with comorbidities or
o Patients with a history of thrombosis.

In these cases cytoreductive therapy, preferably with o-interferon rather than
hydroxyurea, in young patients is utilized. Anagrelide is also useful to decrease
platelet counts. An induction dose of Anagrelide in children of 0.5 mg twice
daily, followed by a maintenance dose of 0.5-1.0 mg twice a day, adjusted to
maintain a platelet count within the normal range, is employed. The dosage is
adjusted to the lowest effective dosage required to reduce and maintain the
platelet count below 600,000/mm?, and ideally to maintain it in the normal
range.

In intermediate-risk patients, defined as:

 40-60 years of age and
e Platelet count of 600,000/ mm?3 to 1.0 million/mm?.

These patients are treated with phlebotomy and Anagrelide.
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DISORDERS OF WHITE
BLOOD CELLS

The total white blood cell count and the differential count are valuable guides in
the diagnosis, treatment, and prognosis of various childhood illnesses.

LEUKOCYTES

Table 9-1 lists the causes of leukocytosis. The normal leukocyte counts and the
absolute counts of different classes of leukocytes vary with age in children, and their
ranges are listed in Appendix Table A1-15. Leukocytosis may be acute or chronic and
may result from an increase in one or more specific classes of leukocytes.

Table 9-2 lists the causes of monocytosis and monocytopenia, Table 9-3 the causes
of basophilia, and Table 9-4 the causes of neutrophilia. Eosinophils and lymphocytes
are discussed later in this chapter.

For the purposes of quantitative interpretation, it is important to calculate the
absolute count of each class of white blood cell (WBC) rather than the relative per-
centage count. If nucleated red blood cells (nRBCs) are present, the total WBC count
includes the total nucleated cell count (TNCC). Under these circumstances the true
total WBC count is calculated by subtracting the absolute nRBC count from the
TNCC. This correction is generally required in the hemolytic anemias.

Blood smear examination of the white cell morphology is important in the diag-
nosis of various causes of leukocytosis; for example, in severe infections or other
toxic states, the neutrophils may contain fine deeply basophilic granules (toxic gran-
ulation) or larger basophilic cytoplasmic masses (Dohle bodies); vacuolization of
neutrophils may also occur. Déhle bodies are also found in pregnancy, burns, cancer,
May Hegglin anomaly, and many other conditions. Infants and children have a ten-
dency to release immature granulocytes into the circulation, and the WBC count may
reach very high levels (>50,000/mm?). This is called a leukemoid reaction. The shift
to the left may be so marked as to suggest myeloid leukemia. Table 9-5 lists the dis-
tinguishing features of leukemoid reaction and true leukemia.

Leukopenia

Leukopenia exists when the total WBC count is less than 4000/ mm?. Leukopenia
may result from a decrease in one or more specific classes of leukocytes. The causes
of neutropenia are listed in Table 9-6, lymphopenia in Table 9-14, and monocytope-
nia in Table 9-2. Leukopenia can result from a number of conditions. However,
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Table 9-1. Causes of Leukocytosis

Physiologic

Newborn (maximal 38,000/ mm?)

Strenuous exercise
Emotional disorders; fear, agitation
Ovulation, labor, pregnancy
Acute infections

Bacterial, viral, fungal, protozoal, spirochetal
Metabolic causes

Diabetic coma

Acidosis

Anoxia

Azotemia

Thyroid storm

Acute gout

Burns

Seizures
Drugs

Steroids

Epinephrine

Endotoxin

Lithium

Serotonin, histamine, heparin, acetylcholine
Poisoning

Lead, mercury, camphor

Acute hemorrhage
Malignant neoplasms
Carcinoma
Sarcoma
Lymphoma
Connective tissue diseases
Rheumatic fever
Rheumatoid arthritis
Inflammatory bowel disease
Hematologic diseases
Splenectomy, functional asplenia
Leukemia and myeloproliferative
disorders
Hemolytic anemia
Transfusion reaction
Megaloblastic anemia during
therapy

Table 9-2. Causes of Monocytosis and Monocytopenia

Monocytosis

Hematologic disorders
Leukemia
Acute myelogenous leukemia
Chronic myelogenous leukemia
Lymphoma (Hodgkin and non-Hodgkin)
Chronic neutropenia
Histiocytic medullary reticulosis

Connective tissue disorders
Systemic lupus erythematosus
Rheumatoid arthritis
Myositis

Granulomatous diseases
Inflammatory bowel disease
Sarcoidosis

Infections
Subacute bacterial endocarditis
Tuberculosis
Syphilis
Rocky Mountain spotted fever
Kala-azar

Malignant disease (usually carcinomas)

Miscellaneous disorders
Postsplenectomy state
Tetrachloroethane poisoning
Lipidoses (e.g., Niemann-Pick disease)

Monocytopenia
Glucocorticoid administration
Infections associated with endotoxemia
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Table 9-3. Causes of Basophilia

Hypersensitivity reactions
Drug and food hypersensitivity
Urticaria

Inflammation and infection
Ulcerative colitis
Rheumatoid arthritis
Influenza
Chickenpox
Smallpox
Tuberculosis

Myeloproliferative diseases
Chronic myeloid leukemia

Myeloid metaplasia

Table 9-4. Causes of Neutrophilia

Increased production
Clonal disease
Myeloproliferative disorders
Chronic myelogenous leukemia
Chronic neutrophilic leukemia
Juvenile myelomonocytic leukemia
Transient myeloproliferative disorder of Down syndrome
Hereditary
Autosomal dominant form of hereditary neutrophilia
Familial cold urticaria
Reactive
Chronic infection
Chronic inflammation
Juvenile rheumatoid arthritis
Inflammatory bowel disease
Kawasaki disease
Hodgkin disease
Drugs: lithium, G-CSF, GM-CSE, chronic use of corticosteroids
Leukemoid reaction
Chronic idiopathic neutrophilia

Increased mobilization from marrow storage pool
Drugs: Corticosteroids, G-CSF
Stress
Acute infection
Hypoxia

Decreased margination
Exercise
Epinephrine

Decreased egress from circulation
Leukocyte adhesion deficiency (LAD)
LAD type I: deficiency of CD 11/CD 18 integrins on leukocytes
LAD type II: absence of neutrophil sialyl Lewis X structures
Asplenia

Modified from Dinaur MC. The phagocyte system and disorders of granulopoiesis and
granulocyte function. In: Nathan and Oski’s Hematology of Infancy and Childhood. 5th ed.
Philadelphia: WB Saunders, 1998, with permission.
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Table 9-5. Features of Leukemoid Reaction and Leukemia

Feature Leukemoid reaction Leukemia

Clinical Evidence of infection Hepatosplenomegaly
Lymphadenopathy

Hematologic No anemia Anemia

No thrombocytopenia Thrombocytopenia

Bone marrow Normal, hypercellular Blasts
Decreased megakaryocytes
Decreased erythroid precursors

Leukocyte alkaline High Absent

phosphatase

Table 9-6. Causes of Neutropenia

I. Decreased production
A. Congenital

1.
2.

N OOl b= W

11.

12.

. Chronic benign neutropenia
. Reticular dysgenesis

. Cyclic neutropenia

. Neutropenia associated with agammaglobulinemia and dysgammaglobulinemia
. Neutropenia associated with abnormal cellular immunity in cartilage-hair

Neutropenia in various ethnic groups’

Hereditary

a. Severe congenital neutropenia: sporadic (most common) or autosomal
dominant or Kostmann disease—autosomal recessive

b. Familial benign chronic neutropenia—autosomal dominant
b

hypoplasia

. Neutropenia associated with pancreatic insufficiency [Shwachman-Diamond

syndrome (see page 221) and Pearson syndrome (see page 126); (Chapter 6;
Table 6-24)]

. Neutropenia associated with hyperimmunoglobulin M syndrome
. Neutropenia associated with metabolic disease

Glycogen storage disease (type IB)

Idiopathic hyperglycinemia

Isovaleric acidemia

. Methylmalonic acidemia

Propionic acidemia

Thiamine-responsive anemia in DIDMOAD syndrome (see pages 64-65)
Barth syndrome® (see page 223)

Bone marrow aplasia

a. Fanconi anemia

b. Familial congenital aplastic anemia without anomalies

c. Dyskeratosis congenita (see pages 112-114) (Chapter 6)

Bone marrow infiltration: osteopetrosis, cystinosis, Gaucher disease,
Niemann-Pick disease

Qe aan TP

B. Acquired

1.

Acute

a. Acute transient neutropenia

b. Viral infection (e.g., HIV, EBV, hepatitis A and B, respiratory syncytial virus,
measles, rubella, varicella)

c. Bacterial infection (e.g., typhoid, paratyphoid, tuberculosis, brucellosis)

d. Rickettsial infection

(Continues)
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Table 9-6. (Continued)

2. Chronic
a. Bone marrow aplasia
(1) Idiopathic
(2) Secondary: drugs, chemicals, irradiation, infection, immune reaction,
malnutrition, copper deficiency, vitamin B,, deficiency, folate deficiency
b. Bone marrow infiltration, neoplastic
(1) Primary: leukemia
(2) Secondary: neuroblastoma, lymphoma, rhabdomyosarcoma

II. Failure to release mature neutrophils from the bone marrow (myelokathexis)
(ineffective myelopoiesis)
Cortisone stimulation test (Table 9-8)

III. Increased margination of neutrophils (pseudoneutropenia)
Epinephrine stimulation test (Table 9-8)

IV. Increased destruction
A. Immune
1. Drug induced (e.g., anticonvulsants)
2. Alloimmune (isoimmune)
a. Maternofetal
b. Multitransfusion
3. Autoimmune neutropenia

a. Idiopathic*

b. Secondary: systemic lupus erythematosus, lymphoma, leukemia, rheumatoid
arthritis, HIV infection (in 20-44% of AIDS patients), infectious
mononucleosis, associated with autoimmune thrombocytopenia and/or
autoimmune hemolytic anemia

B. Nonimmune
1. Infections
2. Hypersplenism

Chronic, mild with a benign course.

Probably same condition as idiopathic autoimmune neutropenia.

‘Rare genetic disorder consisting of neutropenia, cardiomyopathy, muscle weakness, failure to thrive and
growth retardation.

isolated leukopenia resulting from a decrease in all classes of leukocytes is observed
uncommonly.

Neutropenia

Neutropenia is defined as a decrease in the absolute neutrophil count (ANC). The
ANC is calculated by multiplying the total WBC count by the percentage of seg-
mented neutrophils and bands. Neutropenia is defined as an ANC of less than
1000/mm? in infants between 2 weeks and 1 year of age and less than 1500/mm?
beyond 1 year of age.

Severity and duration of neutropenia correlate with susceptibility to developing
various types of bacterial infections. Severity of neutropenia is graded according to
ANC as follows:

Severe neutropenia: ANC less than 500/mm3
Moderate neutropenia: ANC 500-1000/ mm?
Mild neutropenia: ANC 1000-1500/mm?.

Neutropenic patients are usually infected with their own endogenous bacterial
flora that reside in the mouth, oropharynx, gastrointestinal tract, and skin. For this
reason, the frequency of gram-negative bacterial infections and Staphylococcus aureus
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infections is high in these patients. Neutropenia alone does not, per se, predispose
them to parasitic, viral, or fungal infections.

Benign ethnic neutropenia is observed in a variety of populations including
Africans, West Indians, Yemenite and Ethiopian Jews, Beduin Arabs, and
Jordanians. In these groups an ANC as low as 1000/mm?® may be considered
normal.

Clinical Features
Severe neutropenia has the following common clinical manifestations:

1. High fever, chills, severe prostration, and irritability

2. Extensive necrotic and ulcerative lesions: oropharyngeal and nasal tissues, skin,
gastrointestinal (GI) tract, vagina, and uterus

3. Gram-negative septicemia.

The risk of infection is inversely proportional to the ANC. When the ANC falls
below 1000/mm?3, stomatitis, gingivitis, and cellulitis dominate the clinical picture.
More severe infections occur when the ANC is below 500/mm? with perirectal
abscesses, pneumonia, and sepsis being common.

Granulocyte colony-stimulating factor (G-CSF) produces a sustained neutrophil
recovery in patients with severe chronic neutropenia, reduces the incidence and
severity of infection, and improves the quality of life. The drug is tolerated well and
adverse effects are transient and mild. Neutropenia can be transient (<8 weeks) or
chronic (>8 weeks). Table 9-6 lists the causes of neutropenia, and Figure 9-1 shows an
approach to the diagnosis of neutropenia.

Neutropenia
(previously normal neutrophil count)

No (congenital) Yes (acquired)
Underlying disease

Absent Present

Immune Leukemia

Drug-induced Metastic disease

|diopathic Viral/bacterial infection

Splenic sequestration
Phenotype
Abnormal Normal
Shwachman-Diamond syndrome Repeated infections
Cartilage-Hair syndrome
Dyskeratosis congenita Absent Present
Fanconi anemia Chronic benign Infantile agranulocytosis (Kostmann disease)
Osteopetrosis neutropenia Reticular dysgenesis
Familial benign T- and B-cell abnormalities
neutropenia Severe congenital neutropenia

Cyclic neutropenia

Fig. 9-1. Approach to diagnosis of neutropenia. (From Roskos RR, Boxer LA. Clinical disorders of neu-
tropenia. Pediatr Rev 1991;12:208-12, with permission.)
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DECREASED POLYMORPHONUCLEAR
LEUKOCYTE PRODUCTION

Table 9-7 summarizes the features of some of the congenital neutropenias.

Severe Congenital Neutropenia and Kostmann Disease
Epidemiology

Severe congenital neutropenia (SCN) includes a heterogeneous group of disorders
with different patterns of inheritance. Kostmann disease follows an autosomal reces-
sive pattern of inheritance. Its underlying genetic defect is unknown. Other SCN
may follow autosomal dominant or sporadic patterns of inheritance; in this group
of patients, most of them have diverse mutations in the neutrophil elastase gene
(ELA-2). These mutations affect only one allele. The majority of patients present with
a sporadic pattern, because autosomal dominant inheritance is relatively more lethal.
Some patients may exhibit germline mosaicism.

Incidence

The incidence of SCN is 2 per million population.

Clinical Manifestations

During the first year of life, omphalitis, otitis media, upper respiratory tract infec-
tions, pneumonitis, skin abscesses, and liver abscesses occur commonly with
positive cultures for staphylococci, streptococci, Pseudomonas, Peptostreptococcus,
and fungi. Splenomegaly may be present. Other manifestations include the fol-
lowing:

* Blood counts: ANC less than 200/mm?, mild anemia, thrombocytosis, moderate
eosinophilia, and marked monocytosis are present in the blood counts.

* Bone marrow: Bone marrow examination shows maturation arrest of myelopoiesis
at the promyelocyte or myelocyte stage with marked paucity of mature neu-
trophils. There is an increase in monocytes, eosinophils, macrophages, and
plasma cells.

o Pathogenesis: In vitro studies show a reduced number of formation of granulo-
cyte-macrophage colonies in SCN patients. There is also a reduced number of
CD34+/Kit+/G-CSFR+ myeloid progenitor cells in the bone marrow.

 Neutrophil elastase gene (ELA-2) mutations: It has been hypothesized that muta-
tions of ELA-2 in SCN result in a high rate of premature apoptosis in neutrophil
precursors, which results in decreased myelopoiesis. Neutrophil elastase is a ser-
ine protease localized in the granules of neutrophils and monocytes. A mutant
enzyme has a dominant negative effect on the normal wild-type elastase. This
explains the defective proteolysis in the SCN neutrophils even though half of the
normal amount of the elastase is present in the neutrophils of these patients. The
gene responsible for the autosomal recessive form of SCN in the original cases
described by Kostmann is still unknown.

Cytogenetic Evaluation

Initial cytogenetic studies of bone marrow at diagnosis are normal. However, dur-
ing the course of the disease, clonal abnormalities may emerge, 5