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Preface

This book is for all those who have contact with pediat-
ric hematology — medical students, doctors-in-training,
nurses, pharmacy staff, and patients and their families.
We, as clinicians and here as authors, spend much of
our time explaining the principles and practice of our
subject, making it easy to understand. This book sum-
marizes that teaching.

Each chapter covers a single area of our subject and
follows a standard format, including a summary of the
key disease-related points. Understanding the chapter
will allow the student or practitioner to understand
his or her patient, the family to understand better the

illness affecting their child, and the exam candidate to
deal with pediatric hematology to a postgraduate level
(with the book chapters mirroring international exam
syllabuses).

There are separate clinical scenarios that detail the
practical management of several common hematologic
situations, including newly diagnosed leukemia and its
emergency situations, the child with pancytopenia, and
the child with neutropenia and fever. These scenarios
complement the didactic chapters, encouraging readers
to manage effectively the more common problems in
both a patient- and problem-oriented manner.
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10.

11.

Cellular elements of blood are produced
predominantly in the bone marrow during
extrauterine life.

Blood cells are constantly renewed (in
predictable time frames), so the bone
marrow is very metabolically active.

The bone marrow environment is complex,
and the release of blood cells from the bone
marrow stroma is controlled by multiple
adhesion molecules.

Pluripotent stem cells are capable of self-
renewal and differentiation into all
hemopoietic cell lines.

Hematopoietic growth factors drive the
production and differentiation of all blood
cell lineages.

Iron, vitamin B;,, and folate are essential
hematinics required for blood cell
production.

Hemoglobin is the essential component
within red blood cells that carries oxygen.

The principal function of red blood cells is
oxygen delivery. Tissue oxygen delivery is a
function of cardiac output, hemoglobin

concentration, and oxygen saturation levels.

White blood cells have multiple roles in
inflammation, immunity, and wound
repair.

Platelets are predominantly involved in
primary hemostasis.

The vascular endothelium is a dynamic
interactive surface that in combination with
the blood vessel walls contributes
significantly to many aspects of blood flow
and function.
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Normal Hematopoiesis and the
Physiology of Blood

Introduction

Blood is the essential transport system that enables
life in large multicellular, multiorgan animals. With-
out blood flow, there is no life, and arguably the most
important element being transported is oxygen,
which requires hemoglobin contained within red
blood cells (RBCs). The ability to deal with infection
and make an adequate inflammatory response to
challenges depends on the white cell fraction of blood,
which can transition rapidly into specific tissues as
required. The requirement for blood to flow, and
hence remain fluid, requires significant infrastructure
and mechanisms to deal with inevitable breaches of
the vascular endothelium. The function of the hemo-
static system will be dealt with in Chapter 2. Diseases
of almost every other organ can have an impact on
blood, and conversely, diseases of blood can produce
symptoms related to almost every other organ system.
Understanding normal hematopoiesis and the physi-
ology of normal blood is therefore essential to all
healthcare professionals.

The Site of Blood Production

In the early weeks of embryonic life, blood cells are
produced within the yolk sac. From approximately
6 weeks through 7 months of gestation, the predom-
inant sites of blood production are the liver and
spleen. The bone marrow becomes the main produc-
tion site of blood from 7 months of gestation onward.
Initially, in infants, the active bone marrow is located
throughout most axial and long bones of the skeleton,
but there is progressive fatty replacement of marrow
throughout life, with constriction of the active bone
marrow toward the axial skeleton. By early adult
life, active bone marrow is mostly restricted to the
skull, sternum, vertebrae, ribs, and pelvis. Even in
sites of active hemopoiesis, the bone marrow consists
of approximately 50 percent fat spaces. Active bone
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Chapter 1: Normal Hemapoiesis and the Physiology of Blood

marrow has a relatively high blood flow and is func-
tionally in continuity with blood.

Clinical Implications

1.

The reticuloendothelial system (liver and spleen) can
be re-recruited for hemopoiesis during childhood in
cases of bone marrow replacement or clonal disease.
Hence, hepatosplenomegaly is commonly a feature
of diseases of the hemopoietic system.

Bone marrow examination is usually performed
by accessing the marrow space in the pelvis via the
posterosuperior iliac spine. However, in infants,
the tibia can be used.

The use of intraosseous injection of fluids or
drugs during acute resuscitation when
intravenous access is not attainable results in an
almost immediate impact of the fluid or drug on
the central circulation.

Amount and Rate of Blood Production

Blood volumes vary with age, from 85 ml/kg in the
neonate to 70 ml/kg in adults. Thus, the circulating
volume of a 600-g premature infant is 50 ml com-
pared to 250 ml in a 3-kg term baby, 850 ml in a 10-kg
one-year-old, and approximately 5 liters in an average
adult. The various cell counts and blood parameters
also vary considerably with age. For further discus-
sion of normal age-related values, see Chapter 3.

The total number of RBCs in circulation at any

time for a healthy person is approximately 4 to 5 x
10"*/liter, and total RBC volume is replaced every 120
days. The total white blood cell (WBC) count varies
from 2 to 8 x 10”/liter and is replaced every 3 to 5
days. The total platelet count is 150 to 400 x 10°/liter
and is replaced every 10 days.

Clinical Implications

1.

Tatrogenic blood loss (and resulting transfusion
requirements) is a major problem in managing
sick infants due to their small circulating blood
volumes. Special techniques to analyze smaller-
volume samples as well as judicious ordering of
blood tests are critical elements of successful
neonatal and pediatric centers.

RBCs predominate in peripheral blood
examinations due to their relative abundance
(three orders of magnitude more cells than WBCs
or platelets), but for bone marrow examination,
WBC precursors are dominant because their

02

comparatively shortened life span requires higher
production requirements (myeloid-to-erythroid
ratio in bone marrow is usually 2:1 to 7:1, with
granulocyte precursors making up 40 to 65
percent of counted cells).

3. The high production rates of large numbers of
blood cells required to maintain normal blood
demands considerable metabolic effort and a
constant supply of hematinics and protein. Thus,
the blood is often affected in systemic disease and
is often the dose-limiting factor in the ability to
give antimetabolic or chemotherapeutic agents.

The Bone Marrow Environment

The bone marrow stroma provides a specific micro-
environment for hematopoiesis to occur. This in-
volves many types of cells, including macrophages,
fibroblasts, endothelial cells, fat cells, and reticulum
cells. The extracellular matrix is equally important,
and key components include fibronectin, hemonectin,
laminin, collagen, and various proteoglycans. The
progression of cells through the bone marrow stroma
and their release into the circulation are usually highly
regulated by complex interaction between adhesion
molecules on the cells themselves and the bone mar-
row stroma. Thus, the presence of immature cells in
the peripheral blood is highly significant and occurs as
a physiologic response either to bone marrow stress or
to bone marrow pathology. The pattern of cell surface
markers on the cells can be used to ascertain their
maturity and place within the cell lineages.

Clinical Implications

1. When bone marrow is transplanted, it is simply
infused into the peripheral blood of the recipient,
and the blood progenitors will ‘home’ to their
preferred microenvironment within the bone
marrow, as governed by respective adhesion
molecules.

2. Immunophenotyping of WBCs is a critical part of
the classification of leukemias, which is based on
cell lineage and maturation.

3. Left shift or the presence of neutrophil precursors
in the peripheral blood is a physiologic response
to infection. The presence of nucleated RBCs in
the peripheral blood is a physiologic response to
hemolysis or blood loss but is also (to a small
degree) common in normal neonates.
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Chapter 1:

Understanding the Bone Marrow
Compartment

The bone marrow compartment and its production of
mature blood cells are best considered as three cell
populations that are linked (Figure 1.1). Other tissues

of the body are similarly organized, and malignant
tissue — including leukemia - has similar cell hier- o
archies, but they are disordered:

o The stem cell compartment. Pluripotent
hemopoietic stem cells (HSCs) have two key
properties: they are capable of self-renewal and
thus form a self-perpetuating pool, and they give
rise to progeny that are capable — on demand - of

Normal Hemapoiesis and the Physiology of Blood

restricted. Their survival and proliferation are
supported by cytokines and growth factors, and
they are recognizable in short-term in vitro
clonogenic assays, where these growth factors are
added to medium. Such cells will not rescue a
lethally irradiated individual because their
replicative and differentiation potential is limited.
Mature cells. These are the cells of the blood. They
are single-lineage only, for example, RBCs or
neutrophils, and these cells have zero replicative
potential. However, some cells can replicate; for
example, antigen-specific T cells can expand in
response to infection.

multilineage differentiation into all cell lineages of Clinical Implications

the blood, including lymphocytes and osteoclasts. 1.

Their proliferative rate is low - they check and

repair DNA rigorously - but their proliferative

capacity is large because of this self-renewal

ability. They cannot be identified visually on

morphologic examination of the bone marrow but

have been proven to exist in small numbers by 2.

their ability to initiate and sustain long-term in

vitro hematopoiesis and their ability to repopulate

hematopoiesis and rescue a lethally irradiated

immunodeficient mouse model. 3.
e Hemopoietic progenitor cells. These cells have a

high replicative rate and are derived from HSCs.

Their replicative potential is limited, and their

differentiation potential is increasingly lineage

Pluripotent
stem cell

Clinical bone marrow transplant currently
involves the transfer of many donor cells that will
not contribute to the reconstitution of the
recipient bone marrow, but we are limited by our
inability to recognize and isolate pluripotent
stem cells.

Our understanding of the pathophysiology of
bone marrow failure syndromes is somewhat
limited by our difficulty in identifying stem cells
to enable specific study of functional relationships.
This cell hierarchy can be considered a
mechanism for preventing malignancy. The
longer-lived cells have a lower proliferative rate,
and DNA mistakes and mutations are more likely
to arise in those cells with a limited replicative

Figure 1.1 Cells produced in the bone
marrow move sequentially through three
| cell ‘compartments’ that are functionally
separate. The stem cells, hemopoietic

I progenitor cells, and mature blood cells

| constitute three distinct cell populations,
although this is not obvious from visual

. | examination of bone marrow aspirates or

| trephines.
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Chapter 1: Normal Hemapoiesis and the Physiology of Blood

potential (and so the mistake dies with the death
of the cell).

4. Accumulating mistakes in the HSC pool will
lead to cell-cycle exit and to aplastic anemia.
This is more pronounced in disorders of
DNA repair such as Fanconi anemia. Clonal
escape and leukemia are also features of this
disease.

5. In malignant disease, this hierarchy - albeit
disorganized - is replicated. In chronic leukemia,
there are more mature cells, whereas in acute
leukemia, there is less differentiation and a higher
proliferative rate. However, there are leukemia
stem cells, and only these cells are capable of
establishing the leukemia within an
immunodeficient animal model.

Hematopoietic Growth Factors

Hemopoietic growth factors are predominantly glyco-
protein hormones that have both local and circulating
actions via specific surface receptors. There is con-
siderable redundancy in the system, with multiple
growth factors affecting different lineages, whereas
others are quite specific, for example, erythropoietin
(Figure 1.2).

The effects of the growth factors vary at different
levels of maturation such that the same growth

Monocytes

Red cells Platelets

02

Neutrophils

hormone might promote survival and replication in
an immature progenitor and functional activation in
a mature cell. Hemopoietic growth factors are pro-
duced by numerous cells involved in the inflamma-
tory, immune, and wound-repair pathways and are
integral to these pathways as well as normal blood
cell production. Erythropoietin is produced predom-
inantly (90 percent) in the kidneys, and tissue oxy-
genation is the most essential regulator of RBC
production.

Clinical Implications

1. Strong clinical stimulus to produce a specific
blood cell often may produce some collateral
increase in other cell lineages due to the
nonspecificity of some hematopoietic growth
factors.

2. Erythropoietin has established clinical use in
anemia of renal failure and may be of benefit in
other clinical situations.

3. Granulocyte colony stimulating factor (G-CSF)
has enabled significant intensification of
chemotherapy regimes by providing the ability to
restore neutrophil counts rapidly and hence
reduce septic deaths.

4. Thrombopoietin has recently been introduced for
the management of thrombocytopenia in specific
circumstances, including idiopathic
thrombocytopenic purpura (ITP).

Figure 1.2 The hemopoietic growth
factors exhibit redundancy and
considerable overlap in their effects.

Eosinophils
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Chapter 1: Normal Hemapoiesis and the Physiology of Blood

Specific Hematinics

While general nutritional status is important for
adequate hematopoiesis because of the high rate of
production, vitamin By,, folate, and iron are specific-
ally required in considerable amounts to adequately
support hematopoiesis. Both vitamin By, (found in
animal products such as meat, fish, and dairy) and
folate (found in green leafy vegetables) are essential
for the synthesis of DNA. In this regard, they are
crucial for all cellular growth and development, but
given that the bone marrow is one of the most rapidly
growing and reproducing tissues in the body, the
effects of deficiencies of these two elements are fre-
quently first seen in the blood. Further detail of the
pathophysiology and clinical consequences of vitamin
B,, or folate problems is given in Chapter 17.

Iron is crucial for the formation of hemoglobin
and so is particularly relevant for RBC production.
Approximately 65 percent of total-body iron is in
hemoglobin, and a further 15 to 30 percent is stored
in the form of ferritin. Iron stores are transferred
from mother to fetus predominantly in the third tri-
mester, so premature infants will readily become iron
deficient if not appropriately supplemented. In con-
trast, term infants are almost never iron deficient
during the first six months in the absence of blood
loss (iatrogenic or pathologic). Most infant formulas
are iron fortified, as are many early infant foods such

as cereals. Further discussion of iron and iron defi-
ciency is given in Chapter 18.

Hemoglobin

Hemoglobin is the core element of the RBCs and is
responsible for carrying oxygen. Hemoglobin com-
prises four chains, predominantly two alpha (a) chains
and two nonalpha (non-a) chains. The predominance
of the hemoglobin chains varies with age (Figure 1.3).
The two a genes are located on chromosome 16, as
is the zeta ({) gene. The beta () gene is located on
chromosome 11, as is the epsilon( €), delta (§), and two
gamma (y) genes. The embryonic hemoglobins con-
sist of Gower-1 ((,&,), Gower-2 (a,¢,), Portland-1
(€2y2), and Portland-2 ((,f3,). Fetal hemoglobin com-
prises a,y,, whereas the adult hemoglobins, hemo-
globin A and A,, are a,p, and a,0,, respectively.

Clinical Implications

1. B-Chain switch does not occur until 6 months of life,
so B-chain abnormalities such as sickle cell disease
or B-thalassemia do not present before that time.

2. Microcytosis in the first months of life for term
babies must represent alpha-thalassemia in the
absence of blood loss.

3. Hemolysis in the newborn period rarely relates
to abnormal fetal hemoglobin but will be

Megaloblast Macrocyte .

Figure 1.3 The globin chain changes
with age.
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Chapter 1: Normal Hemapoiesis and the Physiology of Blood

self-limiting, and a conclusive diagnosis is usually
difficult and not required.

RBCs and Oxygen Delivery

The physiology of oxygen delivery is important. The
oxygen dissociation curve is frequently discussed, but
actually just as important in terms of daily clinical
practice is the tissue oxygen delivery equation:

Tissue oxygen delivery(ml/min) =
cardiac output(liters/min) x Hb(g/liter) x
oxygen saturation(%) x 1.34 ml/g(constant:
amount of oxygen per gram of normal Hb)

Cardiac output is the product of heart rate and
stroke volume, and given that stroke volume rarely
changes acutely, the cardiac compensation for rapid
loss of Hb is reflected in the heart rate.

Clinical Implications

1. Transfusion decisions (the decision to transfuse or
not, as well as the urgency of transfusion) should
never be based on the Hb concentration alone but
rather on an understanding of the ability of the
patient to deliver oxygen and the ability to cope
with the additional demands being made on
cardiac output.

2. The equation involves oxygen saturation and not
PaO,. Thus, oxygen therapy is of little use to a
patient who has reduced Hb because the Hb the
patient does have is usually 100 percent saturated
in the absence of concurrent lung disease.

3. In the absence of fever (which will increase the
heart rate), the heart rate is very effective for
monitoring anemic patients’ progress acutely
because it will increase or decrease in an inverse
linear relationship with the Hb. Thus, knowing
the vital signs is a mandatory part of the clinical
assessment of any patient suspected of anemia,
especially acute blood loss or hemolysis.

Vascular Endothelium

The vascular system is not an inert series of tubes but
an active, dynamic organ that is fundamentally differ-
ent in different parts of the body. Overall, the vascular
system can be described as three separate entities:
the arterial system, the venous system, and the micro-
vascular or capillary system. However, each of these

02

components also differs in specific organ sites in
terms of their ability to regulate blood flow, vascular
resistance, and pressure. In addition, there may be
variation in endothelial cell expression and secretion
of adhesion molecules, coagulation-related factors,
and soluble proteins, which fundamentally change
the local response to blood cells. There is animal
model data to confirm that there are age-related dif-
ferences in the function of the vascular endothelium
in both venous and arterial systems, although this
remains a poorly studied organ in humans. Disturb-
ances of the vascular endothelium appear to be critical
in the development of atherosclerosis and vascular
disease, both of which cause enormous morbidity
and mortality in the adult population. The origins of
these disturbances are identifiable during childhood,
and perhaps even fetal life, and a better understanding
of developmental changes in the vascular endothe-
lium may provide the answers to enable prevention
of cardiovascular disease in adults.

Clinical Implications

1. Disseminated intravascular coagulation (DIC) is
a disease of the vascular endothelium that usually
is measured by the impact on the coagulation
system.

2. The pathophysiology of arterial thrombosis and
venous thrombosis is usually different, and this
needs to be considered when determining
treatment, including the agents used and their
intensity and duration of administration.

3. There are no clinically useful tests for measuring
the integrity of the vascular endothelium or its
function despite the obvious clinical importance.

4. A number of clinically relevant vasculitides have
their primary presentations during infancy and
childhood.

Conclusions

Understanding normal hematopoiesis and the phy-
siology of blood is important, but in pediatric hema-
tology it is crucial to understand the age-related
differences in normal quantities and function. There
are rapid changes in the hematologic system during
childhood, but especially after birth and during early
infancy. There remains lots to be learned about
these developmental changes, and our current lack
of knowledge impairs our ability to understand dis-
eases of both childhood and adult life.
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The hemostatic or coagulation system is a
complex homeostatic system that is essential
for maintaining healthy life.

Disturbances of the hemostatic system
account for a large proportion of the
noninfectious morbidity and mortality in
westernized societies.

Rudolf Virchow, in the mid-1800s, described
the critical components of hemostasis as
being the blood vessel wall, blood
composition, and blood flow (Virchow’s
triad), and clinically, this is still probably the
most important way to think of the system.

The hemostatic system interacts with other
physiologic systems such as wound repair,
inflammation, immunity, and angiogenesis in
a complex and as yet incompletely understood
manner. The impact of hemostatic agents on
these parallel systems, especially in children,
remains largely unknown.

Hemostasis is a dynamic, evolving process
that is age dependent and begins in utero. The
evolution of the hemostatic system continues
throughout life, as evidenced by studies of the
coagulation system in centenarians. However,
the changes are most marked during
childhood and hence are of most clinical
relevance during this time.

. The term developmental hemostasis was
coined in the late 1980s by Dr. Maureen
Andrew to describe this phenomenon.
Understanding developmental hemostasis is
critical to the appropriate diagnosis and
treatment of infants and children with
hemostatic disorders.

. No currently available test of the hemostatic
system considers true physiology, that is, the

.003

The Coagulation System

combination of platelets and plasma proteins
interacting with vascular endothelium under
variable-flow conditions, and as such, all tests
should be considered surrogate measures of
various components of the system. Thus,
studies providing clinical outcome data should
be considered to validate the use of any test
used in clinical practice. Sadly, such studies,
especially in children, are often not yet done.

8. Our knowledge of the hemostatic system is
rapidly expanding, especially in children, so
the physiology that we describe today will
likely be modified substantially even in a
further five years.

9. While division of the plasma coagulation
proteins into the extrinsic, intrinsic, and
common pathways is helpful to understanding
the meaning of routine coagulation tests such
as the activated partial thromboplastin time
(APTT) and the prothrombin time (PT), this
division is totally nonphysiologic. The
hemostatic system’s response to vessel injury is
best considered under the headings of primary
hemostasis, secondary hemostasis, and
fibrinolysis. The plasma coagulation proteins
are best considered as having initiation,
amplification, and propagation phases.

Introduction

The coagulation system is a fundamental biological
system integral to survival for large multicellu-
lar organisms. The terminology is often confusing.
Terms such as coagulation system and hemostatic
system are often used interchangeably without clear
definition. Conceptually, blood must stay in fluid
form to function as a transport system, and hence,
there must be a defense mechanism to deal with
breaches of the vascular system at any level. Thus, in
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Chapter 2: The Coagulation System

its broadest sense, the hemostatic system refers to
the complex interplay of the vascular endothelium,
blood cellular elements (especially platelets), and
plasma proteins, all working together to promote an
appropriate response to vascular injury, minimizing
blood loss while maximizing ongoing flow through-
out the vascular system. The term coagulation system
is often used to describe the specific plasma proteins
that are identified as being part of the plasma coa-
gulation cascade, which results in the conversion of
prothrombin into thrombin and the subsequent con-
version of fibrinogen into fibrin, the basic framework
of a blood clot. This terminology is further confused
by the fact that the laboratory tests often referred to
as coagulation studies are in fact tests of the plasma
proteins in isolation from all other hemostatic com-
ponents. Traditionally, this terminology has excluded
the proteins that form the fibrinolytic system and that
subsequently break down formed thrombus. How-
ever, with time, the interplay between the coagulation
and fibrinolytic systems is becoming increasingly rec-
ognized. Global hemostatic tests are also now poten-
tially available that consider the multiple components
of the hemostatic system (e.g. thromboelastography
or rotational thromboelastometry [ROTEM]) and are
performed with whole blood.

However, the fundamental problem remains. All
tests of the hemostatic system are surrogate measures
that assess various components of the hemostatic
system under artificial conditions. For example, the
temperature is uniformly controlled, and there are no
flow conditions, let alone the ability to account for
arterial versus venous flow or flow conditions in sick
patients versus healthy patients. The tests occur in the
absence of interactions with the vascular endothelium.
In this context, no hemostatic test should be con-
sidered a true reflection of physiology or pathophy-
siology but rather a surrogate measure, the value of
which depends on the extent to which studies have
demonstrated the ability of the test result to predict
the behavior of the patient. For some tests, for ex-
ample, the International Normalized Ratio (INR) in
warfarinized patients, there are relatively good data
that demonstrate a linear relationship between the
INR and the risk of bleeding such that rational, clinical
decisions can be made based on the level of the INR.
Sadly for many other tests in a wide range of clinical
situations (especially in children and neonates), such
data relating laboratory tests to clinical outcomes are
lacking. While there is some relationship between the
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test result and the behavior of the patient, accurate
predictions of patient behavior remain impossible.
Specific hemostatic tests and their interpretation will
be discussed in Chapter 3.

Virchow’s Triad

Virchow’s triad (Figure 2.1) was originally used to
describe the factors that lead to thrombosis, but in
fact it is a useful paradigm for thinking about all
disturbances of the hemostatic system. The presence
of abnormal bleeding or clotting is the result of
the interplay between the blood vessel wall, blood
flow, and the blood constituents (cellular elements
and plasma proteins). In fact, this interplay can often
explain why patients, for example, with liver disease,
can be bleeding and clotting in different vascular beds
at the same time as blood flow and blood vessel wall
damage exert their local effects. Indeed, it is often the
impact of changes in flow or blood vessel wall damage
that explain why a patient with an abnormal coagula-
tion profile bleeds or clots at a particular point in
time. This is important to remember because man-
agement of flow (by avoiding hypotension/dehydra-
tion, or controlling blood pressure) particularly at the
time of vessel wall damage (e.g. central line insertion)
is often underestimated in terms of usefulness in pro-
tecting against potential clotting or bleeding com-
plications. The old adage that bleeding only occurs
when there is a hole in the blood vessel wall remains
true, and no amount of coagulopathy leads to bleed-
ing without a vessel wall breach of some degree.

The Hemostatic System

Primary hemostasis describes the cellular interaction
of platelets and the endothelium and the initiation of
the platelet plug that is localized to the point of injury
at the vessel wall. Secondary hemostasis describes the
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INJURY Figure 2.2 The

hemostatic
Primary Haemostasis system response
- Vasoconstriction (immediately) to injury.

- Platelet adhesion (seconds)
- Platelet aggregation (minutes)

Secondary Haemostasis
- Activation of coagulation factors (minutes)
- Formation of fibrin (minutes)

Tertiary Haemostasis
- Activation of fibrinolysis (minutes)
- Lysis of the clot (hours)

activation of the coagulation system that is initiated,
amplified, and prolonged in a sequence of activations
of coagulation proteins and regulated by a series of
positive- and negative-feedback mechanisms. Tertiary
hemostasis is a description of the fibrinolytic system
that regulates the breakdown of blood clots as healing
vessels regain vascular integrity. In reality, none of
these components acts in isolation. Nor do these
processes act in perfectly sequential time frames, as
their names would suggest. However, such termin-
ology is useful in allowing an incredibly complex
and interwoven system to be considered in a way that
helps us to understand the pathophysiology of dis-
eases, explain clinical presentations, and direct our
currently available therapies (Figure 2.2).

The Coagulation System

In the plasma, a series of cascades involving coagula-
tion proteins and enzymes, as well as cell surfaces
(platelets and endothelial cells), work together to gen-
erate thrombin, the key enzyme in coagulation, sub-
sequently leading to the formation of a fibrin clot.
However, there also exist direct and indirect inhibi-
tors of thrombin to ensure that clot formation does
not go uncontrolled.

The initial descriptions of the coagulation cascade
in the 1930s involved just four factors (Figure 2.3).
Over the next 30 years, as more components of the
system were discovered, the terminology of intrinsic,
extrinsic, and common pathways came into vogue (Fig-
ure 2.4), and while this representation is very useful
for interpreting a number of commonly used coagula-
tion tests (e.g. APTT, PT, thrombin time [TT], ecarin
time, dilute Russell viper venom time [DRVVT], and
so on) it is not so useful in understanding the physio-
logic relationships of the in vivo coagulation system,
nor the response of coagulation tests to a variety of
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Figure 2.3 The
four-factor theory.
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anticoagulant drugs. Recognition of the critical nature
of cellular blood components as activating surfaces,
recognition of positive- and negative-feedback loops,
increased understanding of thrombin inhibitors, and
recognition of crosstalk between the fibrinolytic and
coagulation systems (e.g. via thrombin-activated fibri-
nolysis inhibitor [TAFI]) have only served to further
illustrate the complexity of hemostasis in reality. A full
exposition of the hemostatic pathway is beyond the
scope of this book. However, a useful principle to
remember is that the discovery of new components
and new relationships within the hemostatic system
continues. In particular, the relationships with other
biological systems critical to survival - such as wound
repair, inflammation, and angiogenesis, just to name a
few - is expanding rapidly. Thus the likelihood that
our understanding of the hemostatic system will con-
tinue to evolve and change over the coming years is
high. Very little of our current teaching on the work-
ings of the hemostatic system should be viewed as
absolute truth, and as clinicians, we should continue
to question our interpretation of mechanisms of dis-
eases related to hemostasis and our interpretation of
hemostatic tests.

In physiologic terms, the coagulation system is
probably better considered in terms of phases rather
than pathways. Blood vessel wall injury leads to con-
tact between the blood and subendothelial compon-
ents that activates tissue factor. Tissue factor binds to
factor VII, converting it to factor VIIA, which subse-
quently activates factors IX and X to factors IXa and
Xa, respectively. Factor Xa binds to factor Va on
cellular surfaces. This phase is collectively described
as the initiation phase (Figure 2.5).

During the amplification phase, the activated
tenase complex (factors Xa and Va) converts small
amounts of prothrombin (factor II) to thrombin
(factor ITa). Positive-feedback loops activate factors
XI, VIIL, and V, which are then bound to activated -
platelets (Figure 2.6).
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Figure 2.4 The coagulation cascade,
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Figure 2.5 Initiation of coagulation.

Finally, in the propagation phase, The factor
VIIIa/IXa complex activates factor X on the surfaces
of activated platelets. Factor Xa in association with
factor Va converts large amounts of prothrombin into
thrombin, creating a thrombin burst. The thrombin
burst leads to the formation of a stable fibrin clot
(Figure 2.7).

In summary, the hemostatic system is a critical
homeostatic system. Failure of the hemostatic system
to be able to effectively plug holes in blood vessel walls
leads to bleeding. Activation of the hemostatic system
to create intravascular blood clots in the absence of
blood vessel wall breaches leads to pathologic throm-
bosis. Collectively, abnormalities of bleeding and
clotting constitute an enormous healthcare burden
in Western society. For example, in the United States,
bleeding accounts for approximately 40 percent of
trauma mortality. On admission, approximately 35
percent of trauma patients present with coagulopathy,
which is associated with a several-fold increase in

Fibrin clot

Prothrombin /

\ Fibrinogen

Activated
platelet

) —>

)
Platelet

Figure 2.6 The amplification phase of coagulation.

morbidity and mortality. Bleeding-related complica-
tions are common in surgical hospitalization, where
the associated incremental cost per hospitalization is
between $2,805 and $17,279 per patient. At the other
end of the spectrum, cardiovascular disease is the
number one cause of death globally, accounting for
17.3 million deaths, or 34 percent of all deaths in
2008. The common final mechanism of almost all
related diseases (i.e. ischemic heart disease, stroke,
deep venous thrombosis, and pulmonary embolism)
is blood vessel occlusion by thrombosis. Venous
thromboembolism (VTE) is a common cause of mor-
bidity and one of the most common preventable
causes of in-hospital deaths. Outcomes for those
affected by VTE include death (30 percent of individ-
uals die within 30 days), recurrence (30 percent
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Figure 2.7 The propagation phase of coagulation resulting in
a fibrin clot. Physiologically, the fibrin clot has red cells and
other cells captured within the mesh to further enhance the
impermeability of the repair.

within 10 years), and major bleeding due to treatment
with anticoagulants. Understanding hemostasis is fun-
damental to the care of critically ill and hospitalized
patients.

Developmental Hemostasis

The term developmental hemostasis was first intro-
duced by Maureen Andrews in the 1980s to describe
the age-related physiologic changes of the coagulation
system  (predominantly secondary hemostasis)
observed progressively over time from fetal, neonatal,
pediatric to adult life. Subsequently, the evolution of
the hemostatic system was shown to continue
throughout life, as evidenced by studies of the coagu-
lation system in centenarians. However, the changes
are most marked during childhood and hence are of
most clinical relevance during this time. Our under-
standing of hemostatic physiology in neonates and
infants remains poor compared with our knowledge
of this subject in adults. The reasons for this are
multiple: in neonates and infants, multiple reference
ranges are required because these patients have rap-
idly changing systems, blood sampling in the young is
technically difficult, only small blood volumes can be
obtained, microtechniques are required, and greater
interindividual variability in plasma concentrations of
coagulation proteins makes interpretation of mechan-
istic studies difficult.

The fundamental principle underlying develop-
mental hemostasis is that the functional levels of
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coagulation proteins change in a predictable way with
changes in age. While the absolute values of these
changes are reagent and analyzer dependent, the
trends observed are consistent across a number of
studies. These changes in functional protein levels
lead to corresponding changes in global tests of
coagulation such as the APTT. Other global measures
of hemostasis may be more or less sensitive to age-
related changes. For example, there is little difference
in normal thromboelastography (TEG) with age.
Studies to date have predominantly involved func-
tional assays of the coagulation proteins due to the
fact that these assays are commonly used in clini-
cal practice. Whether these changes represent true
changes in plasma protein concentrations, functional
changes associated with posttranslational protein
modifications, or the presence or absence of other as
yet unidentified cofactors remains unknown. Initial
studies also suggest that there are age-related changes
in vascular endothelial function as well as platelet
structure and function.

Despite the changes in individual protein levels
and in global tests of coagulation, the hemostatic
system in neonates and children does not seem disad-
vantageous compared with the ‘normal’ coagulation
system as measured in adults. There are no data to
support either an increased bleeding or thrombotic
risk during infancy and childhood for any given
stimulus, and on the contrary, one could argue that
the hemostatic system in neonates and children is
protective against bleeding and thrombotic compli-
cations compared with adults. This is despite the fact
that when considering individual proteins, many pro-
teins exist at levels during stages of infancy that would
be associated with disease in adults. The absolute
levels of hemostatic proteins as measured by the cur-
rently available functional assays are clearly not the
key factor in determining clinical phenotype, and
there remains much research to be performed to
better understand the relationships between levels of
hemostatic proteins and functional outcomes of the
hemostatic system.

Developmental hemostasis has a number of spe-
cific implications for managing bleeding and clott-
ing disorders in neonates and children. Arguably,
the most important implication is the definition of
normal age-related reference ranges. This will be dis-
cussed in detail in Chapter 4. The diagnosis of disease
is even more complex. The level at which results
define clinically relevant disease probably differs from
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the results that are outside the 95 percent confidence
limits of the healthy population. To date, there have
been no specific studies in children that address this
issue. Correlation of phenotype and genotype, as well
as longitudinal studies mapping the hemostatic pro-
tein changes in a cohort of patients in conjunction
with their clinical outcomes, would be most helpful.
One must always consider that a positive diagnosis
of a hemostatic disorder should include the presence
of a family history, a positive clinical phenotype, and
reproducible abnormal laboratory results.

The introduction of all new assays into clinical use
in children should be based on specific clinical studies
in children that confirm the clinical predictive value
of the assays or at the very least should be based on
a thorough understanding of the developmental
changes in the hemostatic system. Similar critical
thinking must be applied to clinical decision-making
algorithms. Risk stratification for treatment or pro-
phylaxis often depends on clinical algorithms that
involve the results of laboratory assays. Algorithms
that use the p-dimer in determining the likelihood
of pulmonary embolism have rarely been clinically
tested in children, and the only studies addressing
this issue have reported that the algorithms are not
valid in children. The reasons for the lack of validity
may include the age-related variation in the normal
hemostatic system, uncertainties about the ability to
truly diagnose asymptomatic hemostatic disease, and
probably the pathophysiologic differences in bleeding
and thrombosis development. However, the evidence
to date would suggest that this and similar algorithms
used in adults are unlikely to be valid in children
without modifications that need to be specifically
tested in the pediatric population. This poses a con-
stant dilemma for clinicians, who in the absence of
specific pediatric data often look to adult practice for
guidance, and yet the basic principles on which the
guidance is based are likely flawed.

Developmental hemostasis likely has an impact on
anticoagulant therapy in numerous ways. This is dis-
cussed in more detail in Chapter 36. There have been
no studies to determine target therapeutic ranges for
any anticoagulant drug in children based on the ‘gold
standard’ of clinical outcome. The only studies per-
formed to date have reported the doses required
in children to achieve the therapeutic ranges deter-
mined for given indications in adults. The likelihood
that these therapeutic ranges are correct in children
seems small. First, given that the reference ranges for

coagulation assays in healthy children are different
from those in healthy adults, then, for example, in
the case of APTT monitoring of unfractionated hep-
arin, the incremental increase in APTT to achieve
the therapeutic range is clearly different. Second, the
impact on thrombin generation for identical doses of
anticoagulants in children versus adults has been
shown to be different, suggesting that the target thera-
peutic ranges likewise will be different. Third, and
perhaps most important, adult target therapeutic
ranges for anticoagulation are based on clinical stud-
ies confirming that the target range provides the
optimal therapeutic benefit for the least risk (of bleed-
ing). The different biology of thrombosis (related in
part to developmental hemostasis) and the different
risk of bleeding (related to the clinical state of the
children) make it unreasonable to assume that the
target ranges will be identical for such vastly different
patient populations. In addition, there are consider-
able data to show that there is a lack of correlation of
related monitoring assays, for example, APTT versus
anti-factor Xa assays for monitoring unfractionated
heparin in children compared with adults, and that
the ability to distinguish ‘therapeutic’ from ‘nonther-
apeutic’ is reduced.

Perhaps the most intriguing aspect of develop-
mental hemostasis is understanding the rationale for
such marked age-related changes. One can hypothe-
size that the hemostatic system is so dramatically
different in neonates and children for reasons unre-
lated to hemostasis. There is increasing evidence that
the proteins involved in the hemostatic system have
multiple functions in multiple physiologic systems
within the body, such as angiogenesis, inflammation,
and wound repair. One theory is that it is these sys-
tems drive the developmental changes in the hemo-
static system, which are therefore seen as necessary
compensations to allow normal hemostatic function.

Given the limitations of our testing constructs and
the difficulties of performing this research in chil-
dren, much about the true nature of developmental
hemostasis remains to be determined. Further re-
search is required not only to improve our clinical
understanding of hemostatic disorders in children but
also to improve our understanding of the basic physi-
ology of human growth and development. In the
meantime, we must manage our patients clinically in
the context of this lack of knowledge, and certainly
carefully detailed outcome studies are going to be vital
in improving clinical decision making.
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Interpret Them

Patient identification errors cause more
harm than lack of understanding about
laboratory tests in children. All healthcare
workers should be absolutely pedantic
about patient identification for any
laboratory test, not just transfusion-related
tests, which tend to engender more care.

Sample integrity is a fundamental issue for all
laboratory testing but is particularly relevant
in pediatrics because of the difficulty in
obtaining samples, the small volumes
obtained, and the amount of distress collecting
blood samples can cause for children, their
parents, and healthcare professionals.

In general, it is better to make a clinical
decision based on no laboratory data than
to make a decision based on erroneous data.
Hence, particular attention must be paid to
Key Messages 1 and 2 at all times. Sources
of preanalytical error (e.g. identification,
sample integrity) and analytical error must
always be considered when results do not
match clinical expectations.

Alllaboratory tests have limitations. Frequent
consultation with laboratory specialists is
advised to assist in interpretation, especially
in neonates and children.

All laboratory tests have optimal collection
methodologies (e.g. venous versus capillary,
type of anticoagulant in collection tube),
collection volumes, optimal storage, and
allowable times until processing. In general,
cell counting is more robust than
coagulation testing.

Interpretation of any laboratory tests is
impossible without knowledge of normal
values and the potential impact of disease.

10.

11.

Common Laboratory Tests Used
in Hematology and How to

Age-related reference ranges are discussed
in Chapter 4.

Laboratory tests are reported in specific
units, and these may vary from laboratory
to laboratory despite the convention that
diagnostic laboratories should use Systéme
International (SI) units for all clinical tests.
Clinicians must understand and not
confuse the units for any parameter.

Laboratories must have active and well-
maintained quality-assurance and quality-
control systems to ensure that test results are
accurate and reliable. Even automated tests
that clinicians take for granted are subject to
many causes of error, and constant
monitoring of test performance is required.

Different methodologies can give entirely
different results even for the same test.
Careful consideration must be given
whenever test results from different
laboratories are being compared or results
from different time frames. Appropriate
calibration is an essential consideration
whenever analyzers are changed or replaced.

The clinical relevance of any test result
should be determined by studies showing a
direct correlation between test results and
clinical behavior of the patient.
Unfortunately in pediatrics, such studies
have often not been performed. Therefore,
test interpretation must be guarded in a
variety of clinical situations.

Understanding the principles of laboratory
tests helps clinicians to interpret test results
in settings of reduced clinical outcome data
and also to anticipate patients in whom
analytical and some causes of preanalytical
sources of error might occur.
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12.  Full blood examination (FBE), full blood
count (FBC), and complete blood count
(CBC) are all names for a series of tests that
count blood cells and determine useful
parameters related to RBCs. Blood film
morphology is a critical adjunct to
interpretation of FBE results.

13.  Common coagulation tests include the
prothrombin time (PT), the activated partial
thromboplastin time (APTT), the thrombin
time (TT), and fibrinogen and D-dimers.
The international normalized ratio (INR) is
a mathematical manipulation of the PT that
is useful for monitoring patients on warfarin
therapy.

14. There are a wide range of general hemostatic
tests used predominantly as near-patient
tests that have variable clinical utility
depending on the clinical situation, for
example, thromboelastography (TEG) and
rotational thromboelastometry (ROTEM).

15. There are many other tests of specific aspects
of the coagulation system, including factor
assays, inhibitor assays, and platelet function
assays, to name a few. Functional assays are
prone to error, so one should never label a
patient with a hemostatic disease based on
the results of one assay. Personal history,
family history, and repeated consistently
abnormal laboratory tests across at least
3 months are required for the diagnosis of
most bleeding or clotting disorders.

Introduction

Modern medicine depends on laboratory testing to
diagnose and exclude disease states, as well as to
monitor response to and toxicity of therapy. For
many clinicians, thinking about laboratory tests stops
with completion of the request slip and recommences
with reading of the test results without any consider-
ation of the multitude of steps in between and the
multiple sources of error. For effective clinical hema-
tology practice, a deeper understanding of at least the
common hematologic tests is essential.

Correct patient identification is the cornerstone of
almost all laboratory quality systems. Simple adminis-
trative errors are responsible for too many lives lost
in our current healthcare systems. Many laboratories
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now have a zero-tolerance policy for errors of labeling
and patient identification, and while this often frus-
trates clinicians who can only think of the difficult
conversations in explaining the need for rebleeding
to parents or indeed the pragmatic difficulty in ob-
taining another sample, time and time again investi-
gation of serious adverse events has justified the need
for strict adherence to such policies.

The most common cause of error when collecting
blood for hematologic tests in children is sample
activation or clotting during the collection process.
This may relate to prolonged attempts at drawing
the blood, high suction pressures due to small-gauge
needles, failure to mix the blood with the anticoagu-
lant in the tube adequately on collection, or overfilling
of the tubes such that there is inadequate anticoagula-
tion of the blood. Similar processes may lead to cell
hemolysis within the sample. Blood clots may or may
not be visible to the naked eye on initial inspection.
Blood clots will lead to erroneous cell counts, espe-
cially platelet counts, but all cell lines can be falsely
reduced. In coagulation testing, clots commonly lead
to prolongation of clotting times due to factor con-
sumption, but occasionally times are shortened.
Another frequent problem is contamination of the
samples, most frequently with heparin, as samples
are collected from previously inserted vascular access
devices. This will invalidate all coagulation studies
and, depending on the heparin concentration, may
induce platelet and leukocyte clumping that affect cell
counting. Finally, capillary collections are not pure
blood and contain small amounts of interstitial and
intracellular fluids. Excessive squeezing of the skin or
poor peripheral blood flow can result in significantly
wrong results through a variety of mechanisms. Capil-
lary cell counts may be slightly different from venous
collections even with optimal collection techniques,
and from a coagulation perspective, most tests, with
the exception of specific point-of-care PT/INR tests,
cannot be reliably performed on capillary samples.

Hematologic tests are usually performed on whole
blood (cell counting), for which ethylenediaminete-
traacetic acid (EDTA) is the usual anticoagulant,
or plasma (coagulation tests) separated from the cel-
lular component by centrifugation of whole-blood
samples, for which trisodium citrate is the usual
anticoagulant. This is specifically platelet-poor pla-
sma (requires more centrifugation, as distinct from
platelet-rich plasma) as the ongoing presence of plate-
lets will interfere not only with coagulation through
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phospholipid surfaces but also with a number of clot-
detection methods. Serum, which is the supernatant
after blood has clotted, lacks fibrinogen and some
clotting factors and is usually collected in tubes with-
out anticoagulant, can be used for antibody testing
but mostly is useful for biochemical tests. Heparin is
rarely used for hematologic tests but is the anticoagu-
lant of choice for blood gas analysis.

EDTA irreversibly binds calcium and is usually a
dry-powder coat on the inside of collection tubes.
Hence, immediate inversion and mixing are critical
to avoid blood clotting. In excess, it causes RBC and
leukocyte shrinkage and degenerative changes, as well
as platelet destruction. Blood counts are best per-
formed within 2 to 4 h of collection if the sample is
kept at room temperature, but at 4°C, accurate results
can be maintained for up to 24 h. Freezing will des-
troy the cells. Occasional patients’ platelets clump
whenever they are exposed to EDTA, and in such
patients, cell counting may need to be done on a citrate
sample and then manually adjusted for the change in
volume (citrate being a liquid).

Trisodium citrate at 32 g/liter (109 mmol/liter) is
ideal for coagulation studies because the calcium
chelation is reversible, so the coagulation system
can regain activity (which is required for measure-
ment) on recalcification. The ratio of plasma to citrate
must be 9:1 for coagulation test results to be accurate.
Thus, in patients with high or low hematocrit, an
adjusted tube will need to be made manually by the
laboratory with the correct amount of citrate. Coagu-
lation tests are time and temperature critical, and
optimal results are obtained with testing within 2 h
for samples stores at room temperature, 4 h for those
stores at 4°C, 2 weeks for those stores at -20°C, and
6 months for those stored at —=70°C. Plasma must be
separated from cells by centrifugation prior to
freezing.

The volumes required for hematologic testing
vary with the test, the analyzer, and the method being
used. In general, the limiting factor for cell counting
is the dead space of the analyzer and the volume
required to actually perform the test, so <0.5 ml will
often suffice, whatever the size of the collection tube.
Small samples, however, may be not suitable for auto-
mated analysis and may require manual loading into
the machine. Pediatric samples need to be dealt with
differently in the laboratory. Smaller-volume samples
increase the impact of the EDTA artifact and so
reduce the time between sample collection and when
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adequate blood films for morphology can be made.
In contrast, coagulation samples must be matched to
the amount of citrate in the collection tube and hence
must be within £10 percent of the designated collec-
tion volume.

Full Blood Examination

Full blood examination (FBE) is arguably the most
commonly performed hematologic test. The test is
easily accessible from venous, arterial, or capillary
blood with good reproducibility. The hemoglobin
and RBC indices, white blood cell (WBC) and platelet
count, and differential are useful in diagnosis, assess-
ing severity, and monitoring of many diseases, not
just those of the hematologic system. The automated
analyzers of today provide an enormous amount of
information, but one should never underestimate the
value of blood film morphology as an integral com-
ponent of the FBE.

The principles of how the various components of
the FBE are determined are useful for the clinical
hematologist to understand to the extent that they
explain some of the potential sources of error that
may occur in specific patient populations and disease
situations. Table 3.1 lists the usual parameters
obtained from an automated FBE, as well as the rele-
vant SI units, relevant methodologic points, and some
important situations that lead to abnormal results.
Perhaps most important, adequate mixing of the
sample immediately prior to processing is important
to avoid settling of the cellular elements in the tube
and hence erroneous sampling.

Hemostatic Testing

As explained in Chapter 2, there are multiple com-
ponents to the hemostatic system, and yet our ability
to test the system remains very limited, as indicated in
Table 3.2.

Within the coagulation system, there has been a
rapid increase in the number of tests available over
recent years. The available tests can be divided into
general tests that assess multiple parts of the system,
but for the most part, these are only useful in predict-
ing bleeding behavior. There are no tests that reliably
predict overall thrombotic tendency; rather, only tests
that measure specific abnormalities known to be asso-
ciated with increased clotting risk, for example,
antithrombin levels. Genetic tests remain of limited
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Table 3.1 The Full Blood Examination

Parameter Sl units Methodology

Gold standard is the
cyanmethemoglobin
method. Key feature is
that the RBCs are
lysed, and the Hb is
converted to
HBcyanide before
absorbance is
recorded at 540 nm in
very dilute sample via
spectrophotometry or
photoelectric
colorimetry.

Hemoglobin
(Hb)

g/liter*

Hematocrit Ratio
(Hct) or packed
cell volume

(PCV)

Can be measured directly
by microhematocrit
method
(centrifugation in
standard microtube)
and then direct
measure of packed
cells to plasma ratio.
Most analyzers
measure as a derived
value utilizing the
measured RBC count
and mean corpuscular
volume. Effective
calibration of the
analyzer is critical.

x 10'%/
liter

Red cell
count (RCQO)

RBCs are measured by
impedance counting
or optical detection.
The principles are
similar: cells are passed
in single file through
the detector, and each
electrical pulse
(impedence) or
interruption of light
detection (optical) is
counted as a cell. RBCs
are discriminated from
platelets based on size.
Number of cells per
volume is calculated.

Mean corpuscular  pg MCH = Hb/RCC
16 hemoglobin

(MCH)
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Key clinical utility

Major measure of oxygen-
carrying capacity of
blood, used to determine
presence or absence of
anemia of any cause

Has been used as a
transfusion trigger in
neonates

More useful than Hb in
determining polycythemia

Used to determine other RBC
indices.

Used to assess suitability of
blood samples for
coagulation testing

An important input for some
ventricular-assist device
settings

Critical for calculation of
MCV and MCH.

Useful but not diagnostic in
distinguishing iron-
deficiency microcytosis
(low RCQ) from
thalassemia (normal/high
RCQ).

Hypochromia
seen in iron deficiency

19:04:08,

Sources of error

Multiple preanalytical errors
can lead to falsely low
result.

Brisk intravascular
hemolysis can lead to
falsely high result
because cells lysed in
vivo still contribute to
measured Hb despite
not effectively carrying
oxygen. Observation of
sample for plasma
discoloration and
correlation with RBC
count is helpful.

By microtube method,
plasma trapping may
lead to falsely elevated
results, as will as delays in
reading the result.

In analyzers where it is a
derived value, severe
microcytosis and
spherocytosis may lead
to false results, as may
RBC agglutination, for
example, secondary to
cold agglutinins.

Rarely affected by high
platelet counts because
of orders of magnitude
difference in counts.

Elevated in spherocytosis



Table 3.1 (cont)
Parameter

Mean corpuscular
volume (MCV)

Red cell
distribution
width (RDW)

Platelets

White cell count
(WCQO)

Automated
differential
white cell count

Chapter 3: Common Laboratory Tests Used in Hematology and How to Interpret Them

Sl units

fl

% or fl

x 107/
liter

x 107/
liter

x 10%/
liter

Methodology

Measured
directly as mean of
size of impedance or
light impulses as RBCs
are counted

Can be derived by
dividing Hct by RCC

The coefficient of
variation of the
measured RBC
volumes during cell
counting. If expressed
as standard deviation
is in fl.

Similar to RBC counting
but distinguished on
size (2-20 fl)

Counting of WBCs by
impedance or optical
counting or both in
sample that has RBCs
lysed

Five-part differential
(segmented
neutrophils, monocytes,
lymphocytes,
eosinophils, basophils)
is performed by a
variety of technologies
that use either forward
and side-scatter light
characteristics of WBCs
counted after RBC lysis
or impedance with
differing frequencies or,
alternatively, direct
flow-cytometry
methods
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Key clinical utility

Normochromic, microcytic,
macrocytic are important
in classification and
diagnosis of anemia.

Useful in distinguishing iron
deficiency (increased)
from thalassemia (normal)

As well as megaloblastosis
(increased ) from other
causes macrocytosis
(normal)

Key hemostatic parameter

White cell count for
detection infection,
hematologic malignancy,
and monitoring response
of bone marrow to
chemotherapy etc.

Differential count critical for
determining neutropenia
or neutrophilia or
lymphocytosis or
lymphopenia etc with
relevant clinical significance

19:04:08,

Sources of error

RBC agglutination will
falsely elevate, as will
severe rouleaux.

Increased if significant
reticulocytosis as new
RBC are larger.

Severe hyperglycemia may
falsely elevate result.

Falsely elevated if severe
microcytosis

Loss of accuracy at very
low counts

Normal West Indians and
Africans may have lower
counts than Caucasians.
Large platelets may be
counted as RBCs, falsely
reducing the platelet
count.

Presence of nucleated
RBCs will falsely elevate
automated count. Can
be corrected by manual
counting on blood film.

Automated counts often
struggle in infants, and
manual differential
counting on blood film
is required. Beware of
making decisions about
recovery of neutrophil
counts on interim
(automated results)
because final results
(confirmed by blood film
examination) often differ
in low-count states.

Automated counts cannot
distinguish left shift and
so determination of
band (and earlier) 17
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Table 3.1 (cont)

Parameter Sl units Methodology Key clinical utility Sources of error

neutrophil forms, and

hence determination of
IT ratio requires manual
blood film cell counting.

Manual differential ~ x 10%/ Consecutive counting of ~ Gold standard Operator dependent

WCC liter 100 to 200 nucleated determination of white
cells on blood film and cell differential and
then multiply percents separation of nucleated
of each type of WBC RBCs. Can also comment
counted by the total on toxic changes, left
WCC to give the actual shift, and morphology of
counts of the cells.
differential

Blood film - Manual microscopic RBC morphology. Delays in making slide can

examination of

appropriately stained
blood sample

Confirmation of platelet

number and morphology.

May determine fibrin
strands that could have

negatively affect
morphology. Water
artefact in hot ambient
temperatures. Operator

caused errors in dependent.

automated counting.
WBC morphology

* Hb should be reported in g/liter; however, some laboratories persist in reporting in g/dl. This is of real clinical relevance. Normal adult
range of Hb is ~120-140 g/liter, which is 12-14 g/dI. For example, if the patient has a Hb of 10, in g/liter, this is a life-threatening severe
anemia; however, in g/dl, this would be a mild anemia that may or may not cause symptoms. Multiple cases are reported where laboratories
have rung clinicians to report a Hb of 10 g/liter, and the clinician has assumed the result was in g/dl and not acted appropriately.
Clarification and understanding of the units being reported are essential, especially when results are being taken verbally or come from a
different laboratory with which the clinician is not used to working.

Table 3.2 The Tests Available for Different Components of the Hemostatic System

Hemostatic component Tests available

Blood vessel wall Skin bleeding time no longer used: no effective tests

Number
Function (aggregometry)
Appearance (electron microscopy)

Platelets

Coagulation system Range of tests

(including fibrinolytic system)

Table 3.3 Types of Tests Available Depending on Purpose of Testing

Risk of bleeding Risk of clotting Monitor anticoagulant drugs

Global tests No global tests Global tests

Specific assays Specific assays Specific assays

Genotype for specific disorders Genotype for specific disorders Genotype to predict responsiveness

19:04:08,
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value. For bleeding disorders, functional tests remain
more important, although genotype may be useful in
predicting, for example, risk of developing inhibitors
in hemophiliacs. Genetic tests are more specific for
the risk of thrombosis, to the extent that the factor
V Leiden mutation and prothrombin gene mutation
are assessed by genetic tests rather than functional
assays (Table 3.3).

Coagulation Testing

Coagulation assays also can be described in terms of the
type of methodology involved. Immunologic assays
measure the amount of protein actually present but
make no comment about the functionality of the pro-
tein. They are used often in conjunction with functional
assays to determine the subtype of a given abnormality.
Functional assays may be chromogenic, in which a
light-emitting substrate to a specific enzyme reaction
is incubated with the patient’s plasma, and then the
emitted light is measured using a luminometer.
True coagulation (clot)-based functional assays meas-
ure the potential for clot formation within the plasma
under a variety of conditions. The results from immun-
ologic, chromogenic, and coagulation-based assays are
not directly comparable (Table 3.4).

Coagulation (clot)-based assays all work on a
similar principle. The coagulation system in the
patient sample is in limbo owing to the chelation of
calcium. Recalcification of the sample occurs at the
same time as an activator (variable depending on the
test being performed) is added, and the time to clot
formation is measured. The assays are all performed
at 37°C, and all require a calibrator, which usually
needs to be made from a pool of at least 20 donors to
minimize the impact of individual differences in pro-
tein levels. This usually needs to be validated against
a reference standard material. In addition, control
samples are usually run with each batch of assays,
and many assays are run in duplicate. Intralaboratory
variation will still exist, likely related to dilution

Table 3.4 Types of Assays Used to Assess the Coagulation System
Assay Type Advantage
Functional clot-based assays

Chromogenic assays

Immunologic assays

.004

Reflect physiology better

More reproducible
Technically easier

Measure amount of protein

and pipeting variability. Acceptable coefficients of
variation can be as high as 10 percent for some
functional assays. Interlaboratory variation is large
and reflects differences in methods, analyzers, and
reagents. This is particularly important if laboratories
are interchanging point-of-care methods (e.g. for INR
testing) with laboratory assays, and correlation stud-
ies must be performed regularly.

Coagulation assays themselves do not take much
time to perform, but sample preparation does. Ade-
quate centrifugation to properly separate platelet-poor
plasma from the cellular elements takes at least 15
minutes, and combined with specimen reception,
sample identification, sample warming and assay per-
formance, verification, and control checking, turn-
around times on laboratory coagulation tests remain
approximately 20 to 30 minutes, even with the best of
good will.

Coagulation assays depend on clot detection,
and there are three main methods for detecting clot.
While manual visual clot detection (operator
observing the reaction in duplicate test tubes in a
water bath) is still used in World Health Organiza-
tion (WHO) calibration schemes, it is rarely used in
routine diagnostic laboratories except for verifica-
tion of results where automated technology results
are questioned. Automated analyzers detect clot by
either electromechanical or optical methods. In
electromechanical detection, a steel ball is dropped
into the cuvette containing the patient sample,
which is within a strong magnetic field. Once the
coagulation assay is begun, the formation of fibrin
either causes or stops movement of the ball, which
is then detected by motion sensor or change in the
magnetic field, and the time to clot formation is
recorded. In optical methods, as the clot forms, the
transmission of light (usually 660 nm) through the
sample will be changed, and clot is detected when a
preset calibrated endpoint of light detection is
reached. There are a variety of methods for

Disadvantage
Technically difficult

Physiologic relevance
Limited scope

Do not tell you functional capacity

19:04:08,
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determining the endpoint. The key clinical implica-
tion of these methods relates to possible causes of
interference. Jaundice and lipemia will both interfere
with optical detection and hence many pediatric
hospitals, with large neonatal populations prefer
electromechanical detection methods which are not
influenced by these variables.

The most commonly used coagulation tests are
the prothrombin time (PT), the activated partial
thromboplastin time (APTT), the thrombin time
(TT), and the fibrinogen assay. All these tests com-
bined are often referred to as a coagulation or clotting
screen and, in conjunction with the platelet count, are
used to assess the risk of bleeding. Clinicians should
order the individual tests rather than a clotting screen
to avoid interlaboratory variation in what actually
constitutes a clotting screen. Individual assays also
may be used specifically to monitor anticoagulant
therapy (APTT for heparin therapy, PT converted to
INR for warfarin therapy). The fact that other anti-
coagulants, with target proteins within the scope of
these tests, cannot be monitored reliably by them is a
constant reminder that the tests are artificial con-
structs that generate a number that has little to do
with physiology and can only be useful in situations
for which clinical outcome data have shown benefit of
knowing the test result.

Prothrombin Time

Prothrombin time (PT) uses thromboplastin to acti-
vate the extrinsic clotting system at the time of
recalcification and measures, in seconds, the time
until fibrin clot formation. As with all clot-based
assays, it does not measure cross-linking of fibrin,
just fibrin formation, so it is impervious to the
activity of factor XIII. The PT can be converted
to a PT ratio by dividing the patient result by
the laboratory mean PT value, in which case it is
reported as a ratio (no units). Thromboplastins
were originally extracted from animal brains but
are now made mostly recombinantly. Each throm-
boplastin is assigned an international sensitivity
index (ISI) based on a comparison with a WHO
reference standard. The ISI will be different for each
different analyzer on which the reagent may be
used. The ISI also may vary from batch to batch
and needs to be constantly reaffirmed. The INR is the
PT ratio raised to the power of the ISI of the reagent
being used. The INR was specifically developed
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and is only validated for use in monitoring stable
warfarin therapy, although pragmatically many lab-
oratories use it interchangeably with the PT in many
circumstances.

INR = (PTpatient/PTnormal)ISI

The PT is responsive to abnormalities in factor VII,
the common pathway, and responsive to warfarin
therapy, where the use of the INR obviates
the interlaboratory variation and makes results
across laboratories comparable. Because factor VII
has a shorter half-life than the other vitamin K-
dependent factors, the PT is often more sensitive in
liver disease or vitamin K deficiency and will there-
fore prolong before the APTT. This is similar, but
not as reliably, in disseminated intravascular coa-
gulation (DIC).

Activated Partial Thromboplastin Time

The APTT uses a variety of activators to activate the
clotting system via the contact factors of the intrinsic
pathway in conjunction with phospholipid at the time
of recalcification. The time to clot formation is meas-
ured in seconds. Unlike the PT, no correlation has
ever been able to be formulated between the various
APTT reagents (>300) available on the market, and
direct comparisons between laboratories and reagents
remain impossible. The APTT is responsive to factor
deficiencies within the intrinsic pathway (factors XII,
XI, IX, VIII) as well as the common pathway (factors
X, V, II), as well as heparin therapy and lupus anti-
coagulants. Each reagent may have a different level of
sensitivity to these three problems (factor deficiency,
heparin, and lupus anticoagulant detection), and
laboratories usually choose reagents that are most
sensitive to the problems most relevant to the patient
population. For example, maternity hospitals need
good sensitivity to lupus anticoagulants, cardiac cen-
ters usually need good heparin sensitivity, and pediat-
ric centers will demand sensitivity for congenital
factor deficiencies. Today, there are many reagents
available with good sensitivity across all three aspects.
The APTT will usually be mildly prolonged with Von
Willebrand disease (VWD) but not always, and if
there is clinical suspicion, specific tests for VWD
must be performed to exclude the diagnosis. Other
coagulopathies to be considered in the setting of
normal PT/APTT/platelet count include FXIII
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deficiency and platelet function defects. Factor XII
deficiency will prolong APTT despite not being asso-
ciated with a risk of bleeding.

If the APTT is prolonged, the next step is to
determine whether it is due to factor deficiency or
an inhibitor (heparin or lupus anticoagulant). The
most common cause of an isolated prolonged APTT
in the community is lupus anticoagulant, and the
most common cause of an isolated prolonged APTT
in hospitalized patients is heparin contamination. To
determine the presence of an inhibitor or not, we use
a mixing test, where the patient sample is mixed in
a 1:1 ratio with normal plasma, and the APTT is
repeated. The APTT now should be normal (full
correction) if the problem is factor deficiency. This
is because all APTT reagents are calibrated to not
prolong until less than 50 percent of any given factor
is present. Mixing 1:1 with normal plasma (by defin-
ition, each factor is 100 percent) means the resulting
mixture must contain more than 50 percent activity
of any given factor even if the patient’s starting point
was zero (e.g. severe hemophilia). Thus, anything less
than full correction indicates an inhibitor, and then
further tests can determine whether this is heparin
related or a lupus anticoagulant.

Thrombin Time

The thrombin time uses bovine thrombin to convert
fibrinogen to fibrin at the time of recalcification of
the sample and records the time to clot formation in
seconds. As such, it measures the integrity of fib-
rinogen and the presence of thrombin inhibitors
such as heparin. In the setting of prolonged APTT
and PT, this is very useful to identify where the
problem is in the common pathway. Remember that
the final common step of all clot-based tests is the
conversion of fibrinogen to fibrin, so an acquired or
congenital absence or dysfunction of fibrinogen will
affect all tests.
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Fibrinogen

Fibrinogen can be measured in many ways, and most
coagulation analyzers provide a derived result calculated
from the PT. The gold standard remains the Clauss
technique, in which thrombin is used to activate fibrino-
gen, and the clotting time is compared to a calibration
curve of a plasma with a known fibrinogen calibrated
against an international reference standard. Fibrinogen is
an important part of any coagulations screen in the
bleeding patient because in terms of replacement ther-
apy, alow fibrinogen usually indicates that cryoprecipiate
is required compared to fresh-frozen plasma if there is
coagulopathy but the fibrinogen is adequate.

Further Coagulation Assays

Most factor assays are based on the APTT or PT and
involve the use of serial dilutions with factor-deficient
plasmas in either one- or two-stage assays. They are
complex and should be performed in experienced, spe-
cialized laboratories. Other tests involve activating the
coagulation pathways at different points; for example,
dilute Russell viper venom activates at factor X
(dRVVT) and is particularly useful in determining
presence of lupus anticoagulants. Specific chromogenic
assays are useful in monitoring anticoagulants; for
example, the anti-factor Xa assay is useful in monitor-
ing heparin and low-molecular-weight heparin activity.
It is important to remember that all these assays are
subject to the sources of error discussed earlier and that
preanalytical errors, as well as laboratory variation, are
critical to consider in the interpretation of any results.
While in acutely unwell patients clinical decisions must
be made based on correlation of results and clinical
details, in nonacute patients, much comfort is derived
from seeing reproducible, consistent results, preferably
with appropriate equally positive family testing over a
prolonged time frame, before patients are labeled with
any hemostatic abnormality.

19:04:08,
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All laboratory parameters are only of value
in distinguishing health from disease if the
clinician knows what is normal for that
particular patient and whether or not the
parameter is affected by the disease in
question.

Normal may vary with gender, ethnicity,
comorbidities, and certainly age.

A reference range is usually the 95 percent
confidence interval for the specific analyte
in a specific population.

The reference-range determination requires
some statistical assumptions about the
distribution of normal values.

Normally distributed and skewed variables
will require different methodologies in
calculating accurate reference ranges.

By definition, 2.5 percent of subjects will be
below a reference range and 2.5 percent will
be above the reference range and yet be
normal. These subjects may have results
within the ranges that signify disease in
other subjects.

Multiple methodologies are used in
determining reference ranges, including
testing relatively small numbers of healthy
patients (presumed to be representative of a
given population) versus determining means
and standard deviations from very large
numbers of clinically collected samples.

Most reference ranges will vary with the
methodology (reagents and analyzer) used
to determine the analyte, as well as the
method used to collect the blood sample.
The significance of this variation and the
impact on clinical comparability of results

10.

11.

12.

13.

14.
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Reference Ranges in Children

vary according to the analyte in question,
but reagent and analyte specificity is very
pronounced for most coagulation assays.

Reference ranges are population measures,
and as such, individuals may have
significant disease and still be within the
reference range for a relevant analyte.
Knowledge of previous results and changes
over time, even within the reference range,
is often helpful.

Some analytes undergo minimal variation
over time, and hence individuals are
remarkably constant in their measured
values when they are healthy, whereas other
analytes have significant diurnal and even
seasonal variations.

Some diseases are defined in relationship to
the reference range of a single analyte (e.g.
anemia by definition is a hemoglobin [Hb]
concentration below the population-specific
reference range), whereas other diseases
are not.

In some cases, the trigger for clinical
investigation or clinical intervention is far
removed from the boundaries of the
reference range.

Reference ranges are different from
therapeutic ranges. Therapeutic ranges are
target ranges for drug therapy that should
correlate with clinical outcome data that
support maximum efficacy for minimal side
effects of the drug being monitored.

The failure to recognize the need for
specific reference ranges for children of
different ages has led many children to be
misdiagnosed and poorly managed
medically.
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Introduction

The interpretation of any laboratory test depends on
an understanding of what is normal for the parameter
in question and what the significance of deviation
from normal is in terms of disease processes. Gender
differences for many parameters have long been
understood, and increasingly, ethnic differences are
being realized, especially in full blood examination
(FBE) parameters such as Hb and platelet counts.
Pregnancy, life at altitude, and extreme fitness are also
well known to modify many hematologic param-
eters. However, age is arguably the most important
modifying factor for hematologic measurements,
and while the variation attributable to age continues
throughout the entire life cycle, it is most marked
and most clinically relevant during fetal, neonatal,
and childhood. Of importance, many of these differ-
ences continue to evolve throughout adolescence so
that it is true that even teenagers are not just little
adults and should not be compared with adults when
determining normality.

The age variations for hematologic parameters
should be viewed as physiologic, and while the ration-
ale for some of the physiologic changes (e.g. transition
of postbirth Hb) are well understood, there are mul-
tiple other parameters, especially in the coagulation
system, for which the physiologic significance of age-
related change remains unknown. There are many
parameters for which true age-related reference ranges
spanning the entire pediatric age group, especially
when one considers premature infants, are yet to be
determined. Some of these parameters are very difficult
to determine for a variety of reasons related to access to
adequate blood volumes from healthy children (Are
very premature infants ever actually healthy?). Another
difficulty is that the natural transition of physiologic
variables will vary from child to child (ie. a value
doesn’t automatically flip to the next reference range
on a child’s birthday), so there will always be some
blurred margins that will make clinical interpretation
difficult because laboratories are bound to express
variables with concrete boundaries. The appropriate
interpretation of hematologic parameters in children
often requires repeated tests over time to observe the
pattern of change and whether it is consistent with the
age-expected trend. Moreover, it often requires experi-
ence, an understanding of the underlying physiology
and pathophysiology, and an ability to logically correl-
ate clinical and laboratory data.
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Clinical Significance of Reference
Ranges in Children

The clinical significance of any parameter, whether
within or outside the designated age-appropriate ref-
erence range, will depend on the parameter involved
and the clinical situation. Take, for example, an APTT.
In a critically ill child in pediatric intensive care, a
result that is 1 or 2 seconds above the upper limit of
the reference range is of no particular consequence.
The rationale for doing a coagulation screen in the
child was to determine the presence or absence of
coagulopathy and the need for intervention, and in a
nonbleeding child, a result that is slightly abnormal
will not change the clinical decision process.

However, the implication of a result 1 to 2 seconds
above the designated reference range has totally differ-
ent consequences if the test was performed in an other-
wise well child from the community in whom the
question of a bleeding disorder has been raised. This
could easily signify clinically significant Von Willeb-
rand disease (VWD), and an accurate diagnosis is
essential. Use of the wrong reference range could have
adverse consequences for the child.

If we extend our example and say our community-
based child is 4 years of age and our laboratory is using
the PTT-A reagent (Diagnostica Stago, France) on an
STA Compact Max analyzer (Diagnostica Stago), the
95 percent confidence interval for APTT results in this
age group is 33 to 44 seconds (rounded to whole sec-
onds). However, if the reagent being used for the
APTT assay is CK-PREST (Diagnostica Stago), even
using the same analyzer, the reference range encom-
passing 95 percent of the population is 30 to 35 sec-
onds. Therefore, if one used the published reference
range based on a CK-PREST analysis but the labora-
tory used the PTT-A reagent, then over 30 percent of
children (assuming a normal distribution) in this age-
group would be labeled as having a prolonged APTT
when in fact they were perfectly healthy. Alternatively,
if the laboratory used the adult reference range for an
APTT (using the PTT-A reagent) and a STA Compact
Max analyzer, which is 27 to 38 seconds (95 percent
confidence interval rounded to whole seconds), once
again, approximately 30 percent of children aged 1 to 5
years would be classified as abnormal if they were
compared with this adult-specific reference range, even
if their samples were analyzed using the same reagent
and analyzer combination.

15:04:58,
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The true cost of this misclassification is startling.
Children commonly have coagulation studies ordered
because they are preoperative, and the surgeon is con-
cerned about the past history (‘My child bruises easily
or has nose bleeds’), or because of a positive family
history. Erroneous interpretation of an APTT as pro-
longed as a result of use of an inappropriate reference
range leads to cancellation of surgery, multiple investi-
gations, referral to specialist hematologists, and often
overtreatment of the child - even blood product use
to correct the ‘prolonged APTT’ - during the proced-
ure. Similarly, children often have coagulation studies
because of a positive family history of a bleeding dis-
order. Misclassification of the child due to nonspecific
reference ranges can lead to a child being mislabeled as
having a bleeding or thrombotic disorder when, in
reality, he or she does not. This can have significant
lifestyle and other implications for the child and family
that can be problematic for many years to come. Re-
versing an already made ‘diagnosis’ is never easy.
Finally, children thought to be at risk from physical or
mental abuse will often have coagulation studies as part
of their workup if they present with unusual bruising or
injuries. Forensic medicine requires exact and explain-
able answers if justice is going to be achieved and ‘atrisk’
children protected.

Many clinical laboratories have not adequately
determined age-related reference ranges specific to
their analyzer-reagent combination, mostly because
of cost and ethical difficulties, and this continues to
support misdiagnoses and mistreatment of children.

However, interpretation of laboratory data in chil-
dren is not as straightforward as just having deter-
mined age-appropriate reference ranges. There is
often a second step in diagnosing disease. For ex-
ample, if the lower limit of the reference range for
factor VIII in a child is 59 percent based on a popula-
tion study and a patient of appropriate age presents
who, when using the same analyzer and reagent, has
a factor VIII level of 50 percent, then it is unlikely
that the patient has even mild hemophilia. This is so
because, by definition, we define hemophilia by arbi-
trary plasma levels (<30 percent for mild hemophilia)
or at least plasma levels that are thought to be associ-
ated with an increased risk of bleeding. In the absence
of genetic studies, a definition of heterozygote states
remains difficult. The dilemma is that for the labora-
tory tests to be clinically useful, we need to under-
stand the level at which results define clinically
relevant disease probably more so than the levels
at which the results are outside the 95 percent
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confidence limits of the healthy population. The issue
of results being outside the reference range versus
being indicative of clinical disease is most problematic
when considering the procoagulant proteins. One
must always remember that a positive diagnosis of a
hemostatic disorder should include the presence of a
family history, a positive clinical phenotype, and
reproducible abnormal laboratory results. The prob-
lem is that the clinical phenotype is much more diffi-
cult to define given the infrequency of thrombotic
events, the family history is often equivocal in terms
of the role of clinical precipitants of thrombosis, and
yet the labeling of children as having a thrombophilic
condition can have a significant impact.

For other parameters, optimal use of data can be
even more confusing. Take, for example, mean corpus-
cular volume (MCV). Again, by convention, a MCV
greater than the reference range may well signify sig-
nificant disease (e.g. vitamin B;, or folate deficiency)
or reflect an important change in the blood picture
(e.g. reticulocytosis). However, age-related variation
aside, our MCV is usually very constant for any given
individual. So, if the appropriate reference range is 75 to
88 fl for a given analyzer and a patient who has previ-
ously had an MCV of 76 fl (tested on the same analyzer)
now has an MCV of 86 fl, then this would signify a
significant change for that person, even though both
results are within the designated age-appropriate refer-
ence range. Early folate or B, deficiency may well be
present, and an appropriate clinical response would
be to investigate further and manage appropriately.
The response would be identical with movement of
the MCYV in the other direction, from 86 to 76 fl, which
could signify developing iron deficiency. Alternatively,
such a result might lead to the question of whether the
two samples indeed came from the same individual or
one was a case of ‘wrong blood in the tube’” A high
degree of suspicion is required to detect such errors.

In contrast, fluctuations of platelet counts within
the spectrum of 150 to 400 x 10”/liter are rarely of
clinical significance, even if their magnitude represents
an almost doubling (or halving) of the initial result.
Strenuous exercise can cause a 30 to 40 percent fluctu-
ation in platelet count, and it can vary by 20 percent
across a normal menstrual cycle. The platelet count has
diurnal variations of up to 5 percent, and there is
considerable ethnic variation, with some recent studies
suggesting a reference range of 100 to 400 x 10”/liter
being more appropriate for some racial groups.

The levels of some parameters in neonates are very
low compared with adults, for example, protein C and
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antithrombin, and in fact, in premature infants, this
may push heterozygote deficiencies below the detec-
tion limit for the assay (often 5 to 10 percent of adult
values) such that even the distinction between hetero-
zygote and homozygous deficiency is not possible on
functional assays. Thus, there are a number of ana-
lytes for which, in the absence of immediate clinical
drivers, one would recommend delaying testing until
after the first year of life. Von Willebrand’s factor
is another of these determinants for the opposite
reason - that infant levels are increased such that it
is almost impossible to diagnose VWD prior to 1 year
of age by standard assays. An appropriate question
when faced with such difficulties is, ‘Do I need to
know now for this child, or can I delay testing to a
time when the results are more readily interpretable?’

The challenge of when to accept that a result outside
a reference range probably represents normal for that
individual (as one of the 5 percent, by definition, who
are outside the 95 percent confidence interval) and to
reassure or simply observe versus when to be suspi-
cious of disease and investigate further again depends
on the parameter involved and the clinical status of the
child. An isolated low Hb determination that is a few
grams below the age-appropriate reference range in a
thriving, healthy child is unlikely worthy of further
investigation. However, an isolated MCV that is re-
duced may signify a thalassemic trait that will be of
relevance for the child at some stage in his or her life.
The timing of when is best to investigate is another
question that will balance possible consequences versus
pain and discomfort versus parental wishes versus
opportunity. Clinical judgment supported by a know-
ledge of health and disease, as well as of normal growth
and development, remains important.

Determining Reference Ranges

There have been few studies that have compared
different methods of determining reference ranges.
The question of determining the optimal numbers
of patients required has been considered in a statis-
tical sense and recommendations made, although
whether these are correct across the range of param-
eters tested in hematology remains unknown. Deter-
mination of the age groups by which to bracket
reference ranges is very difficult and involves statistical
manipulation to try to identify the appropriate points of
division. This is especially unwieldy in the first week of
life. From a coagulation perspective, the results of assays
change almost hourly, and there is huge variation
based on samples obtained from cord blood versus

.005

Chapter 4: Reference Ranges in Children

peripheral venipuncture. Whether vitamin K prophy-
laxis should be a prerequisite for being ‘normal’ or not
is also unknown, and the difference between breast-fed
and formula-fed infants is also of unknown signifi-
cance despite the differences in their vitamin K status.
Thus, even with the best of intentions, many laborator-
ies will have gaps in their knowledge as to what normal
values are for some parameters.

Full Blood Examination

As discussed previously, specific numerical values
of reference ranges will vary from analyzer to analyzer
according to methodologic, sample, and patient popu-
lation factors. Any numbers quoted subsequently are
indicative only, and readers are referred to their own
laboratories’ data to verify the correct reference ranges
for clinical use.

When considering the FBE, the greatest numerical
difference between children and adults is seen in
the WBC count and differential. The WBC count
is significantly higher in children of all ages, until
mid-adolescence, when it approximates adult counts.
Neutrophilia is seen commonly, particularly in the
neonatal age range, where the count may be up to
14 x 10°/liter in a normal neonate.

A relative lymphocytosis is also common in normal
children, where counts up to 11 x 10°/liter are normal in
children under 12 months of age, and elevated counts
compared to adults also persist until mid-adolescence.
Lymphocyte counts that may suggest lymphoprolifera-
tive disorders in adult patients are usually either nor-
mal or reflect common clinical and subclinical viral
infections in children. Further and less commonly
understood is the fact that morphologically normal
lymphocytes in young infants often appear atypical or
even ‘blastlike.” Experience with pediatric blood films is
required to avoid the unnecessary suggestion of leuke-
mia in many children or the overcalling of specific viral
infections associated with atypical lymphocytes.

RBC parameters also vary significantly between the
various age ranges. Relative polycythemia is the norm
in the early days of life in both the term and premature
newborn. The normal hemoglobin concentration
ranges from 135 to 220 g/liter in the first weeks of life.
Hemoglobin concentration in normal infants then
declines after birth to reach the physiologic nadir at
approximately eight weeks of age (normal range 90
to 140 g/liter). Erythropoietin production is then reacti-
vated, and the normal feedback mechanism that persists
for the remainder of life is established. The impact of
adverse neonatal events, prematurity, and hemolysis
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(due, for example, to maternal-fetal ABO incompati-
bility) may have a significant impact on the rate and
extent of decline observed.

RBC size follows a similar pattern to the hemoglobin
concentration. Fetal RBCs are macrocytic compared with
adults, with the normal range of MCV typically reported
at birth to be 100 to 120 fl, decreasing to 85 to 110 fl by
one month and 70 to 90 fl by six months, before increas-
ing again from early adolescence to reach normal adult
values (80 to 97 fl) by late adolescence. As previously
stated, exact reference ranges will vary according to ana-
lyzer and method of MCV determination.

Coagulation Assays

There are a multitude of studies reporting reference
ranges for a variety of parameters related to coagulation
testing in children. The studies are detailed in Table 4.1.

Some indicative results are shown in Tables 4.2
through 4.6. Clinicians should not carry these normal
ranges with them in their heads but be aware that the
results for any ‘normal’ neonate or child will be influ-
enced by gestational age and postnatal age. Illness affects
these data additionally. All results are analyzer and re-
agent specific.

Table 4.1 Studies reporting age-related differences in coagulation assays or proteins during childhood

Author Year Parameters reported Age groups
Perlman 1975  PT, TT, APTT, fibrinogen, FDP, platelet count, Healthy infants N =35
hematocrit, FV, FVIII, plasminogen, hemoglobin  Small-for-dates infants N =26
Postmature infants N =30
Beverley et al. 1984  APTT, Fll, FVII, FX, fibrinogen, az-antiplasmin, Cord blood N =280
platelet count, MPV, megathrombocyte index, Newborns (48 h)
plasminogen
Andrew et al. 1987  PT, APTT, TCT, fibrinogen, Fll, FV, FVII, FVIIl, vWF,  Day 1 newborn 28 to
FIX, FX, EXI, EXII, PK, HMW-K, FXllla, FXIllb, Day 5 newborn 75 samples
plasminogen, antithrombin, a,-M, a,-AP, Day 30 newborn per age
CE-INH, a;-AT, HCII, protein C, protein S Day 90 newborn group
Day 180 newborn
Adult
Andrew et al 1988  PT, APTT, TCT, fibrinogen, Fil, FV, FVII, FVIIl, WWF,  Premature newborns 23 to
FIX, FX, FXI, FXII, PK, HMW-K, FXIlla, FXllIb, (30 to 36 weeks' gestation) 67 samples
plasminogen, antithrombin, a,-M, a,-AP, Day 1 per age
C4E-INH, a;-AT, HCII, protein C, protein S Day 5 group
Day 30
Day 90
Day 180
Andrew et al. 1992 PT/INR, APTT, bleeding time, fibrinogen, FIl, FV, 1 to 5 years 20 to 50
FVII, FVIIT, vVWE, FIX, EX, EXI, FXII, PK, HMW-K, 6 to 10 years samples per
FXllla, FXIlls, plasminogen, TPA, PAI, 11 to 16 years age group
antithrombin, a,-M, a,-AP, C;E-INH, a;-AT, HCll,  Adults
protein C, protein S (total and free)
Reverdiau- 1996  PT/INR, APTT TCT, FI, FIl, FVII, FVII, FIX, FX, FV, Fetuses N =20
Moalic et al. FVIIL, EXI, EXIL, PK, HMWK, AT, HCII, TFPI, protein 19 to 23 weeks' gestation N=22
C (Ag, Act), protein S (free and total), C4b-BP 24 to 29 weeks' gestation N=22
30 to 38 weeks' gestation N =60
Newborns (immediately N =40
after delivery)
Adults
Carcao et al. 1998  PFA100 Neonates N=17
Hb Children N =57
Platelet count Adults N =31
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Table 4.1 (cont)
Author

Salonvaara
et al.

Flanders et al.

Monagle et al.

Chan et al.

Sosothikul et al.

Mitsiakos et al.

Newall et al.

Ries et al.

Boos et al.

Attard et al.

Year

2003

2004

2006

2007

2007

2009

2008

1997

1989
2013

Parameters reported

FIl, FV, FVII, FX, APTT, PT/INR, platelet count

PT, APTT, FVIII, FIX, FXI, antithrombin, RCF, VWF,
protein C, protein S

APTT (four reagents), PT/INR, fibrinogen, TCT, Fl,
FV, FVII, FVIII, FIX, FX, FXI, FXII, antithrombin,
protein C, protein S, D-dimers, TFPI (free and
total), endogenous thrombin potential

Thromboelastography (TEG) (R. K. a, MA, LY30)

PT, APTT, fibrinogen, TAT, PCAc, TF, FVlla, sTM,
VWF (Ag and RCo), D-dimer, tPA, PAI-1, TAFI

INR, PT, APTT, fibrinogen, FlI, FV, FVII, FVIII, FIX,
FX, FXI, EXII, antithrombin, protein C, protein S,
APCr, tPA, PAI-1, VWF

PF4 and vitronectin

TAT, F142, PAP, D-dimer

PIVKA I, FVII, FII, FIl:Ag

Immunological

FIl, FV, FVII, FVIIL, FIX, FX, FXI EXIL EXIL
plasminogen, protein C (total and free),
protein S

15:04:58,
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Age groups

Premature infants
24 to 27 weeks
28 to 30 weeks
31 to 33 weeks
34 to 36 weeks

7 to 9 years
10 to 11 years
12 to 13 years
14 to 15 years
16 to 17 years
Adults

Day 1

Day 3

<1 year

1 to 5 years

6 to 10 years
11 to 16 years
Adults

<1 year

1 to 5 years

6 to 10 years
11 to 16 years
Adults

1 to 5 years

6 to 10 years
11 to 18 years
Adults

Small-for-growth
newborns
Appropriate-for-growth
newborns

<1 year

1 to 5 years

6 to 10 years
11 to 16 years
Adults

1 to 6 years

7 10 12 years
13 to 18 years
Adults

Day 1, 2, and 3 neonates

Neonates (day 1 and day 3),

28 days to 1 year
1 to 5 years

6 to 10 years

11 to 16 years
Adults
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124 per age
group

Minimum
20 samples
per age
group

15 per age
group

20 per age
group

N = 57 total

N =10
(day 1) and
N =10
(day 3)

N = 20 all
other
groups

27



28

Chapter 4: Reference Ranges in Children

Table 4.2 Age-Related APTT Reference Ranges Using a Variety of Commercial APTT Reagents on an STA Analyze

APTT result(s), Age
commercial
reagent Day 1 Day 3 1 Month- 1-5 6-10 11-16 Adults
1 Year Years Years Years
PTT-A 38.7 36.3 393 37.7 373 395 332
(29.8-54.5) (28.4-69.1) (35.1-46.3) (33.6-43.8) (31.8-43.7) (33.9-46.1) (28.6-38.2)
N =21 N =25 N =35 N =56 N=71 N =54 N =42
(10F/11M) (13F/12M) (3F/30M) (26F/30M) (27F/44M) (12F/42M)
CK Prest Not Not 344 323 329 34.1 29.1
available available (31.1-36.6) (29.8-35.0) (30.8-34.8) (29.4-40.4) (25.7-31.5)
- - N=20 N=22 N=22 N =39 N =40
(3F/17M) (1MF/11M) (12F/10M) (8F/31M)
Actin FSL Not Not 374 36.7 354 38.1 308
available available (334-414) (31.8-42.8) (30.1-404) (32.2-42.2) (27.1-34.3)
- - N =20 N =20 N =21 N =39 N =40
(3F/17M) (10F/10M) (12F/9MV) (9F/30M)
Platelin L Not Not 36.5 373 35 394 313
available available (33.6-404) (32.5-43.8) (31.0-39.3) (32.6-49.2) (27.2-354)
- - N =20 N =21 N=22 N =35 N =38
(3F/17M) (11F/10M) (12F/10M) (7F/28M)
M = males; F = females.
Table 4.3 Age-Related PT, INR, and Fibrinogen Reference Ranges Performed on an STA Analyzer
Age
Coagulation Day 1 Day 3 1 Month-1 1-5 6-10 11-16 Adults
tests Year Years Years Years
PT (s), 15.6 14.9 13.1 133 134 13.8 13.0
neoplastine Cl (15.2-16.0) (13.2-174) (11.5-15.3) (121-14.5)  (11.7-15.1) (12.7-16.1) (11.5-14.5)
reagent N =21 N =25 N =35 N =43 N =53 N=23 N =51
(10F/11M) (13F/12M) (8F/27M) (23F/20M)  (22F/31M) (7F/16M)
INR 1.26 1.20 1.00 1.03 1.04 1.08 1.00
(1.12-147) (1.02-1.45) (0.86-1.22) (092-1.14)  (0.87-1.20) (0.97-1.30) (0.80-1.20)
N=21 N =25 N = 35 N =143 N =53 N =23 N =151
(10F/11M) (13F/12M) (8F/27M) (23F/20M)  (22F/31M) (7F/16M) (43F/8M)
Fibrinogen (g/ 2.80 330 242 282 3.04 3.15 3.1
liter) (1.26-3.81) (1.50-4.12) (0.82!13.83) (1.62-4.01)  (1.99-4.09) (2.12-4.33) (1.9-43)
N=22 N =21 N =34 N =43 N =52 N =21 N =55
(10F/12M) (10F/11M) (7F/27M) (23F/20M)  (22F/30M) (7F/14M) (47F/8M)

M = males; F = females.

.005
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Table 4.4 Age-Related Reference Ranges for Coagulation Factor Assays Performed on an STA Analyzer

Coagulation factors (%)
(one-stage factor assays
performed using
STA-deficient plasma
samples)

VI

Vil

Xl

Xl

M = males; F = females.

Day 1

54
(38-73)

N =23
(13F/10M)
81
(39-120)
N =22
(13F/9M)
70
(45-108)
N =22
(12F/10M)

182
(105-329)
N =20
(OF/11M)

48
(23-76)
N = 24
(11F/13M)

55
(39-78)
N=22
(12F/10M)

30

(9-69)

N =20
(10F/10M)

58
(29-85)
N =20
(OF/11M)

Day 3

62
(47-74)
N=22
(11F/11M)
122
(86-169)
N=22
(11F/11M)
86
61-117)
N=22
(11F/11M)

159
(83-274)
N =25
(12F/13M)

72
(40-125)
N =23
(11F/12M)

60
(43-83)

N =22
(11F/11M)
57
(24-79)

N =22
(1TF/11M)

53
(13-97)

N =21
(11F/10M)

Age
1 Month- 1-5
1 Year Years
90 89
(62-103) (70-109)
N=22 N =67
(7F/15M) (26F/41M)
113 97
(94-141) (67-127)
N =20 N =75
(6F/14M) (26F/41M)
128 111
(83-160) (72-150)
N =20 N =66
(6F/14M) (25F/41M)
94 110
(54-145) (36-185)
N =21 N = 45
(6F/15M) (26F/19M)
71 85
(43-121) (44-127)
N =21 N = 44
(5F/16M) (25F/19M)
95 98
(77-122) (72-125)
N =21 N = 66
(6F/15M) (25F/41M)
89 113
(62-125) (65-162)
N=22 N =41
(6F/16M) (24F/17M)
79 85
(20-135) (36-135)
N =21 N =39
(7F/14M) (20F/19M)

6-10
Years

89
(67-110)
N =64
(23F/41M)
99
(56-141)
N =64
(23F/41M)
113
(70-156)
N =64
(23F/41M)

117
(52-182)
N =52
(20F/32M)

%
(48-145)
N =51
(19F/32M)
97
(68-125)
N =49
(20F/29M)

113
(65-162)
N =50
(18F/32M)
81
(26-137)
N =45
(17F/28M)

11-16
Years

%0
61-107)
N =23
(6F/17M)
89
67-141)
N =20
(5F/15M)
118
(69-200)
N=22
(6F/16M)
120
(59-200)
N =24
(6F/18M)

111
(64-216)
N =25
(6F/19M)
91
(53-122)
N =24
(7F/17M)
11
(65-139)
N =24
(5F/19M)
75
(14-117)
N=22
(7F/15M)

Adults

110
(78-138)

N =44

118
(78-152)

N =44

129
(61-199)

N =44

160
(52-290)

N =44

130
(59-254)

N =44

124
(96-171)

N =44

112
(67-196)

N =44

115
(35-207)

N =44

.005
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Table 4.5 Age-Related Reference Ranges for Coagulation Inhibitors Performed on an STA Anlayzer

Age
Coagulation Day 1 Day 3 1 Month- 1-5 6-10 11-16 Adults
inhibitors (%) 1 Year Years Years Years
AT 76 74 109 116 114 111 9%
Stachrom ATIII (54-99) (34-108) (72-134) (101-131)  (95-134) (96-126) (66-124)
N=18 N=22 N =41 N =49 N =59 N =26 N =43
(9F/12M) (10F/12M)  (8F/33M) (26F/23M)  (25F/34M)  (8F/18M)
Protein 36 44 71 96 100 94 104
C chromogenic (20-48) (19-72) (31-112) (65-127) (71-129) (66-118) (74-164)
Chromogenic- N=22 N =21 N =25 N =42 N=53 N =25 N =42
stachrom protein C (OF/13M)  (10F/11M)  (SF/20M)  (21F/21M)  (21F/32M)  (8F/17M)
Protein C clotting 32 33 77 94 94 88 103
Clotting—staclot (21-46) (25-48) (28-124) (50-134) (64-125) (59-112) (54-166)
protein C N =20 N=22 N=24 N =39 N =150 N =20 N =44
(9F/11M) (1MF/11M)  (4F/20M) (16F/23M) ~ (17F/33M)  (6F/14M)
Protein S clotting 36 49 102 101 109 103 75
Clotting (functional)— (17-50) (32-70) (29-162) (67-136) (64-154) (65-140) (54-103)
staclot protein S N=22 N=24 N =41 N =49 N =59 N =27 N =44
(13F/9M) (11F/13M)  (8F/33M) (26F/23M)  (25F/34M)  (9F/18M)
M = males; F = females.
Table 4.6 Age-related Reference Ranges for D-Dimers Using the Stago Liatest (Diagnostica Stago)
Age
Day 1 Day 3 1 Month-1 1-5 6-10 11-16 Adults
Year Years Years Years
D-dimers 147 1.34 0.22 0.25 0.26 027 0.18
(ug/ml) (0.35-5.97) (0.25-3.50) (0.11-042) (0.09-0.53) (0.10-0.56) (0.16-0.39) (0.05-0.42)
Stago Liatest = 20 N =23 N =20 N = 40 N =39 N =21 N =32
(10F/10M) (12F/11M) (7F/13M) (19F/21M) (12F/27M) (6F/15M) (19F/13M)

M = males; F = females.

.005
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Neonatal Anemia

=

1. Clinicians must keep the normal ranges of red
blood cell indices in mind before making the
diagnosis of neonatal anemia.

2. Term or preterm infants with physiologic
anemia of infancy do not require
investigations or treatment.

3. Iron deficiency is not the cause of anemia in
the first 6 months of life in healthy term
infants.

4. Anemia of prematurity is frequently caused
by iatrogenic blood sampling, and vigorous
attempts should be made to limit laboratory
draws in preterm infants.

5. While red blood cell transfusions are used
primarily to treat anemia of prematurity, the
role of recombinant erythropoietin in anemia
of prematurity is not well established.

Introduction

Neonatal anemia is defined as hemoglobin/hemato-
crit concentration greater than 2 standard devi-
ations below the mean for postnatal age. Fetal
erythropoiesis starts in the yolk sac as early as
2 weeks of life, succeeded by the liver and, finally,
in the third trimester, by the bone marrow, which
remains the primary site of red blood cell produc-
tion thereafter.

After birth, erythropoietin, produced by the
kidneys, is an important regulator of erythropoiesis.
Transition from fetal to newborn hemopoiesis
exemplifies the many physiologic changes that need
to take place for the fetus to successfully change
from the relative hypoxic state in utero to an inde-
pendent breathing unit. Hemoglobin, hematocrit,
and red cell (RBC) count increase throughout fetal

.006

life. However, the size of the red cells (mean cor-
puscular volume [MCV]) decreases throughout
gestation, while the mean corpuscular hemoglobin
concentration (MCHC) does not change signifi-
cantly. The preterm infant, however, begins with a
lower baseline hemoglobin/hematocrit, and the dis-
crepancy increases with decreasing gestational age
at birth. It is important to keep the normal ranges
of red cell indices with gestational age in mind
before making the diagnosis of anemia in neonatal
life.

Physiologic Anemia of Infancy in Term
and Preterm Infants

After birth, there is an increase in oxygen available
with increased oxygen-hemoglobin binding that
results in a decrease in the hypoxic stimulus for
erythropoiesis, and the hemoglobin/hematocrit con-
sequently falls. In addition, the switch from fetal to
adult hemoglobin further increases the oxygen deliv-
ery to the tissues with its reduced oxygen affinity,
again downregulating erythropoietin and contribut-
ing to this decrease in hemoglobin. In healthy term
infants, this ‘physiologic’ reduction in hemoglobin
reaches a nadir at 8 to 12 weeks of life. Hemoglobin
ranges between 90 and 110 g/liter and is termed
physiologic anemia of infancy but it is not anemia
in the strictest sense since this is normal. At this level
of hemoglobin, erythropoietin production is stimu-
lated, and erythropoiesis increases again. These
healthy infants do not require investigation or treat-
ment. The amount of iron is adequate for hemo-
globin synthesis in the absence of dietary intake,
and hence no additional iron supplementation is
required.

In anemia of prematurity, preterm infants begin
with lower baseline hemoglobin values, and this is
more pronounced with decreasing gestational age at

15:05:00,
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birth. Also, iron stores are transferred to the fetus
during the late third trimester, and thus preterm
infants are born with lower iron stores, predisposing
them to iron deficiency. The physiologic nadir of
hemoglobin occurs earlier and with a lower hemo-
globin value than in term infants, at 3 to 8 weeks and
70 to 90 g/liter, respectively. Preterm infants are also
at greater risk of developing pathologic anemia that
may require intervention due to many factors includ-
ing frequent iatrogenic blood sampling, decreased
synthesis of erythropoietin in response to hypoxia,
shortened RBC survival, and the rapid increase in
RBC mass required to keep pace with rapid weight
gain of such an infant.

Causes of Anemiain the Neonatal Period

Anemia can result from either decreased production
of RBCs, increased destruction, or blood loss
(Table 5.1).

Blood Loss

Blood loss anemia accounts for a small percentage of
neonatal anemia. The most common causes include feto-
maternal hemorrhage and iatrogenic losses secondary to

blood sampling and birth trauma. Symptoms of anemia
depend on the timing of the anemia, whether it is acute
versus chronic, and the degree of volume depletion.
Symptomatic infants may need RBC transfusion support,
whereas asymptomatic infants respond to iron
supplementation.

Decreased Production

This is an uncommon cause of anemia and usually
associated with macrocytosis and dysmorphic fea-
tures or skeletal defects. Diamond-Blackfan anemia
is the only common cause and has specific diagnostic
features and should be considered in the differential
diagnosis in the appropriate clinical context. It is
discussed further in Chapter 10. Viral and bacterial
infections can cause bone marrow suppression
and significant anemia. Parvovirus B19 infection,
in particular, acquired transplacentally, can cause
hydrops fetalis in utero or severe anemia (pure RBC
aplasia) at birth. The parvovirus PCR will be positive
in the neonate’s blood and there will be serological
evidence of recent infection in the mother, Nutrient
deficiencies causing anemia in the neonatal period are
rare.

Table 5.1 Causes of Anemia in Neonates Based on Pathophysiologic Mechanisms

Blood loss

1. Fetal/in utero 1. Marrow failure
a. Fetomaternal
b. Twin to twin

2. During delivery

abnormalities such as vasa
previa or velamentous
insertion

b. Placental abnormalities

staph/strep

such as placenta previa or 3. Nutritional/substrate deficiency
Iron, folate, vitamin B,

abruption
. Obstetric complications
such as placental trauma,
or umbilical cord rupture
3. Birth trauma/
instrumentation
Cephalhematoma, subdural,
intraventricular, subgaleal
4. latrogenic
Frequent blood sampling

.006

Decreased production

Diamond-Blackfan anemia,
congenital dyserythropoetic
anemia or Sideroblastic anemia
a. Umbilical cord 2. Infections. Viruses/bacteria
Parvovirus, CMV, HIV, syphilis,
rubella, bacterial sepsis (E. coli),

Increased destruction

1. Immune hemolytic anemia
a. RBC incompatibilities and alloantibody
formation
b. Rh, ABO, minor blood group
c. Maternal autoimmune disorders
d. Medications, e.g penicillin, cephalosporin,
valproate

2. RBC enzyme deficiency
G6PD, pyruvate kinase

3. RBC membrane defects
Spherocytosis, pyropoikilocytosis

4. Vitamin E deficiency

5. Infections, e.g. bacterial/viral infection might
contribute to accelerated red cell destruction

6. Metabolic disorders, e.g. galactosemia

7. Hemoglobin disorders, e.g. alpha-
thalassemia, unstable hemoglobinopathies
(e.g. Heinz body hemolytic anemia)

15:05:00,



Immune-Mediated RBC Destruction

The most common causes are Rhesus (Rh) and ABO
blood type, although minor blood group mismatch
also can occur. Immune-mediated destruction occurs
because of antigen mismatch between maternal and
fetal RBCs causing a humoral response and maternal
transplacental passage of IgG antibodies causing RBC
destruction. In Rh isoimmunization, sensitization
occurs during a previous pregnancy with a Rh*
infant, fetomaternal hemorrhage, or procedures,
with an increase in antibody production in subse-
quent pregnancies leading to significant anemia and
hyperbilirubinemia. Because of the practice of
administering anti-D antibody to Rh™ mothers to
avoid sensitization, ABO incompatibility is now
more common. It occurs in type A, B or AB infants
born to mothers with type O blood type. The hem-
olysis seen with ABO incompatibility is less severe
than that with Rh isoimmunization but can occur for
a longer period and is not affected by birth order.
Most infants do well with brief to no RBC transfu-
sion support and have no long-term sequelae.

RBC Enzyme Deficiency

Glucose-6-phosphate dehydrogenase (G6PD) and
pyruvate kinase deficiency can cause hemolysis in
the neonate. Rare enzyme deficiencies are described
but rarely seen. The hemolysis with G6PD deficiency
is not usually severe but can be in the presence of
oxidant stress such as that resulting from infection
or medications. Testing for G6PD deficiency in the
face of brisk reticulocytosis may give a falsely normal
level.

RCB Membrane Defects

The range of cytoskeletal RBC membrane defects
spans from hereditary spherocytosis (HS), heredi-
tary elliptocytosis (HE), and hereditary pyropoiki-
locytosis (HPP) to Southeast Asian ovalocytosis
(SEAO). Of these, HS is the most likely disorder
to present in neonatal life with anemia and hyper-
bilirubinemia. A clinical diagnosis of HS can be
made in infants with a family history of HS and
the presence of spherocytes on blood smear, but
definitive diagnosis is often deferred until later to

.006
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avoid iatrogenic blood taking contributing to the
neonatal anemia. Both HS and ABO incompatibility
can have spherocytes on the blood smear, but in the
latter, the Coombs test (direct antiglobulin test) is
usually (although not always) positive.

Hemoglobin Disorders

These are rare causes of neonatal anemia and are
the result of alpha or gamma defects leading to
unstable hemoglobin and hemolysis. Deletion of
three alpha genes causes hemoglobin H (Hb H)
disease, whereas deletion of four genes leads to
hydrops fetalis in utero. Most pregnant women
who receive antenatal care in developed countries
are screened for potential hemoglobinopathies in
early pregnancy. The suggestion of thalassemia
carrier status should lead to partner testing and,
when appropriate, investigation of the fetus. Early
detection of four-gene alpha-thalassemia (hydrops
fetalis) is important because of the increased risk
of maternal complications during pregnancy.
Given the almost zero survival for affected
infants, the diagnosis of hydrops fetalis in utero
is usually considered a strong indication for ter-
mination of the pregnancy to reduce maternal
risks.

Clinical Evaluation of Neonatal Anemia

Gestational age at birth, i.e. term or preterm, timing
of anemia onset, and ethnicity should be taken into
consideration to determine etiology and workup. The
following points are important to note on history and
physical examination:

e Family history of anemia, splenectomy/
cholecystectomy, or recurrent RBC transfusions
raises suspicion for RBC defects/hemoglobin
disorders.

e Antenatal history of preexisting maternal
hematologic conditions, medication use,
or vaginal bleeding during pregnancy
suggests these as the etiology of the
anemia.

e On physical examination, evidence of tachycardia
and an oxygen requirement may indicate a more
acute anemia.
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e The presence of exaggerated jaundice suggests
hemolysis.

e Hepatosplenomegaly may indicate extramedullary
hematopoiesis.

e Dysmorphic features/skeletal defects may indicate
bone marrow failure or syndromic disorders
associated with anemia.

Laboratory Evaluation in Neonatal
Anemia

These tests should be carried out in a stepwise fashion
to avoid unnecessary testing:

e Complete blood count, reticulocyte count,
examination of the peripheral smear (including
supravital staining for Heinz bodies). The blood
film appearances and the presence or absence of
increased reticulocytes are very important for
determining whether the cause of the anemia is
increased destruction (hemolysis) of blood cells,
blood loss, or failure of production. This is
critical for directing further investigations.
Supravital staining will demonstrates Heinz
bodies (denatured hemoglobin) suggesting
alpha-thalassemias or oxidative hemolysis, as
seen in G6PD.

e A simple test to detect fetomaternal
hemorrhage is the Kleihaur-Betke test on the
mother’s blood sample to detect fetal cells. This
should be done routinely on all infants with
significant anemia because fetomaternal
hemorrhage is often otherwise undetected, and
the test is more accurate when performed
immediately.

e If acute blood loss is suspected without any
obvious source of bleeding, a cranial ultrasound
should be done.

e Unconjugated hyperbilirubinemia in excess of
age-related norms in addition to reticulocytosis
makes a hemolytic process likely.

e The Coombs test (direct antiglobulin test)
for immune-mediated RBC disorders is
mandatory.

e Determination of evidence of parvovirus infection
using maternal B19 serology and neonatal
serology and PCR is needed in the presence of
reticulocytopenia.
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e Hemoglobin electrophoresis and subsequent DNA
testing for alpha-thalassemia is necessary if Bart’s
hemoglobin is present (insoluble Hb with
precipitates in RBCs and seen as ‘golf ball cells’ on
supravital staining in three- or four-gene alpha-
thalassemia deletions) or if the family history is
suggestive.

e Bone marrow aspiration is appropriate if bone
marrow failure is suspected.

Role of RBC Transfusions

RBC transfusions are given to maintain optimal tissue
oxygen delivery and usually are prescribed for anemia
of prematurity. Transfusion practices vary widely
across institutions and countries and are based on
expert opinion. While the optimal criteria for RBC
transfusion remain unknown and require further inves-
tigations, most institutions have established guidelines
that take into account

Gestational age at birth

Postnatal age of the infant

Hematocrit

Clinical condition and associated comorbidities
such as cardiopulmonary disease

e Respiratory failure

Suggested guidelines for RBC transfusion based on
hematocrit for anemia of prematurity are shown in
Table 5.2.

There remain a number of controversies in trans-
fusion practices in neonates. For example:

e Restrictive versus liberal policy for transfusions.
Controversy still remains whether a restrictive
policy should be used to minimize donor
exposure. Few trials have tried to address the issue
of whether preterm infants would be at risk of
brain injury or neurologic damage if transfusion
practices were restrictive in nature. Unfortunately,
no definitive conclusions can be drawn, and
currently, it is best to transfuse RBCs based on
conventional policy.

o Type of anticoagulant and preservative used to
store RBCs. Most transfusions are small in
quantity and transfused over 3 to 4 hours and
do not pose risks with regard to type of
anticoagulant used and preservative solution
in which the RBCs are suspended.
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Table 5.2 Suggested RBC Guidelines for Transfusion for Neonatal Anemia

Hematocrit

35% or less
30% or less

24% or less

21% or less

Duration of storage. Previously, RBCs < 7 days of
shelf life were advocated because of increased
potassium, decreased in 2,3-diphosphoglycerate
(2,3-DPG), and risks of additives in blood stored
for longer periods of time. RBCs that have been
stored for up to 42 days are now used to limit
donor exposures in infants who require frequent
transfusions. This is achieved by separating
single adult donations into four Pedi Packs
(smaller volume usually approximately 60 ml) so
that the same donor can provide up to four
transfusions to any individual infant over the
course of 6 weeks.

Directed-donor donations. Directed donations
refer to the blood for transfusion coming from a
relative of the infant (usually parent), who
donates with a specific intended recipient. These
have potential risks of alloimmunization and
increased risk of transfusion-associated graft
versus host disease. Gamma irradiation of all
directed donations is essential. There are no data
to suggest that directed donations improve
safety or even reduce the risk of infectious
complications of transfusion. In this context,
many countries do not offer the service. A major
concern is that parents who are not usual blood
donors feel pressured into hiding their own
potential risk exposures in order to be able
donate to their child, and this makes the
directed blood product actually less safe than
random donor blood.
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Clinical situation

Significant mechanical ventilation
Severe cardiopulmonary disease

Minimal mechanical ventilation
Moderate cardiopulmonary disease

Symptomatic anemia in the form of

Tachycardia

Tachypnea

Lack of weight gain despite adequate nutrition
Increase in episodes of apnea/bradycardia
Major surgery

No symptoms

Recombinant Erythropoietin (r-HuEPO)
in Anemia of Prematurity

The rationale for the use of r-HuEPO in preterm
infants is that there is diminished synthesis of
erythropoietin in response to hypoxia, although
r-HuEPO causes an increase in reticulocyte, and RBC
counts have conflicting results in studies aimed at
demonstrating decreased RBC transfusion require-
ments. In addition to controversial data regarding its
benefit in reducing frequency of transfusions, there
have been concerns regarding risk of retinopathy of
prematurity when preterm infants are exposed to EPO
in the first week of life that are currently being investi-
gated. There are additional concerns with respect to
the risk of necrotizing enterocolitis (NEC). In conclu-
sion, r-HUEPO may reduce the number of transfu-
sions but does not completely eliminate them.
Further work is required to clarify the safety profile
of this therapy.

Supplemental Iron in Preterm
Infants

Maternal stores of iron are transferred in the third
trimester of pregnancy, and early preterm infants are
thus born with low iron stores. Frequent blood
sampling further compounds the issue. Between
25 and 85 percent of preterm infants develop evi-
dence of iron deficiency during the first 6 months of
postnatal life. Thus these infants benefit from sup-
plemental iron. There is no clear understanding of
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the optimal time to begin this therapy, although
times spanning from 2 to 10 weeks of postnatal
age are often cited. Many nurseries commence iron
therapy close to discharge. The optimal doses and
duration of therapy are also unknown and may vary
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according to the gestational age, the use of iron-
fortified formula, and the number of transfusions
the infant received. However, total exogenous iron
requirements of 2 to 4 mg/kg per day for 12 months
is recommended.
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1. A unique transient leukemia is found in the

neonatal period in infants with Down
syndrome (DS), known as transient
abnormal myelopoiesis (TAM). TAM is
defined by mutation in the transcription
factor GATAI. The incidence of this
leukemia in infants with DS varies between
studies — depending on the sensitivity of the
GATALI assay — and may be clinically and
hematologically ‘silent.’

. There may be clinical evidence of
disseminated leukemia in TAM. Hematologic
features include leukocytosis with blast cells,
basophilia, myelocytes and neutrophils.
Anemia is uncommon and the platelet count
is not different from the platelet count of DS
infants without TAM.

. TAM usually resolves spontaneously within a
few weeks.

. The incidence of Acute Lymphoid Leukemia
(ALL) and Acute Myeloid Leukemia (AML)
are both markedly increased in DS. AML is a
clonal evolution of TAM and the clone
retains the GATAI mutation but the clone
has additional molecular features. It is
erythroblastic-megakaryoblastic lineage. The
prognosis is good because it is sensitive to
chemotherapy. The ALL of DS is almost
exclusively of precursor B-cell lineage but
the outcome is inferior to that for sporadic
childhood ALL. In all children with DS,
there is increased toxicity from applied
treatment.

. There are abnormalities of the blood counts
of DS neonates and older children in the
absence of these leukemias, including
macrocytosis and lymphopenia.
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Neonatal Abnormal Myelopoiesis and the
a Hematology of Down Syndrome
'

Transient Abnormal Myelopoiesis (TAM)
Epidemiology and Diagnosis of TAM

TAM is a clonal, true but transient, leukemia of the
neonatal period of DS that is always associated with
GATAI mutations. Mutation is usually in exon 2 or 3
of the gene and causes transcription of a truncated
protein that stimulates fetal DS megakaryocytic pre-
cursors. TAM requires the presence of both DS and
GATAI mutations. It likely requires the specific fea-
tures of the DS fetal liver hematopoietic microenvir-
onment to exert its leukemogenic action because the
GATAI mutation also does not cause leukemia in
older children with DS. Note that TAM and AML
can occur within the +21 cells of a patient with mosaic
trisomy 21. In these children, the other features of DS
may be clinically less apparent.

The incidence of TAM depends on how closely the
clinician looks for it. Between 5 and 10 percent of DS
neonates may have clinical or hematologic features, but
with the use of next-generation sequencing to detect
even tiny GATAI-mutated clones, this incidence may
double as clinically silent TAM is detected. Some TAM
is therefore clinically apparent (Table 6.1), some is
apparent on routine blood testing (Table 6.1), and some
is clinically silent and only apparent when a mutation in
GATAL is specifically sought using molecular analysis.
To reiterate, the diagnosis of TAM requires only the
demonstration of a GATAI mutation in a neonate
with DS. There need not be a clinical or hematologic
abnormality.

Management of TAM

Most cases of TAM resolve spontaneously and no ther-
apy is indicated. Usually the affected patient is followed
in the hematology clinic every few months until the
TAM is no longer apparent and the risk of subsequent
AML has passed. Most features of TAM will have
resolved within 6 months, but in some cases blast cells
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Table 6.1 Clinical and Hematologic Features of TAM
Clinical features of TAM
Jaundice (common)

Hepatosplenomegaly (common)

Pleural and/or pericardial effusion (a relatively common finding in clinically apparent TAM)

Hepatic fibrosis (a classic but rare presentation of TAM)

Asyptomatic (hematologic features on blood testing or completely silent but GATAT mutation on screening)

Hematologic features of TAM

Leukocytosis: but note that some with TAM as defined by GATAT mutation will have a normal blood count, and

leukocytosis is well recognized in DS neonates without TAM.

Blasts in blood: Note that blasts are present in most DS blood films, but the more present, the more likely it is that TAM is

present (more than 20 percent always indicates TAM).

Blasts have megakaryoblast morphology (blebbed cytoplasm) and express myeloid and/or erythroid and/or

megakaryoblast immunophenotype markers.
Neutrophilia: may also occur in DS without TAM.

Anemia: uncommon

Thrombocytopenia: common but not different from in DS without TAM

and hematologic abnormalities persist as an indolent
myelodysplastic syndrome requiring appropriate treat-
ment within the first year of life. Some TAM cases -
perhaps 15 to 30 percent - have true AML within the
first 5 years of life. The risk of leukemia is likely related
to the size of the TAM clone. A higher risk of leukemia
is reported in studies where TAM has been clinically
diagnosed, and a lower risk is seen in the GATAI-
mutation molecular studies. Where there is subsequent
AML progression, then it retains the same GATAI
mutation of the TAM clone, but there will also have
been additional clonal evolution.

Some neonates with TAM require therapy and
some patients will die. It should not be considered an
entirely benign or incidental condition. The clinician
must be aware, therefore, of the indications for treat-
ment. There are recognized risk factors for death in
neonates with TAM. Most infants with TAM-
associated hepatic fibrosis will die. Other risk factors
for an adverse outcome include hyperleukocytosis,
massive and multiple effusions, cardiac failure not
related to an independent structural abnormality, hep-
atic or renal dysfunction and significant organomegaly
causing respiratory dysfunction. Many national col-
laborative groups have guidelines for treatment in
TAM. When treatment is started, usually low-dose
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cytarabine is given (POG9481 gave 10 mg/m” per dose
or 1.2 to 1.5 mg/kg per dose twice a day for 7 days). The
aim is to clear blasts and reduce the disease burden.
The incidence of later AML may be reduced. The
infants with liver fibrosis do not do well with therapy.

Acute Myeloid Leukemia of DS (ML-DS)

The risk of AML in DS is 150-fold increased in young
children compared to age-matched non-DS children..
The AML of DS has its own World Health Organiza-
tion (WHO) classification (ML-DS) because of its
unique biology and presentation:

The leukemia:

e is always derived from cells responsible for TAM
even if that TAM was clinically silent and not
responsible for apparent clinical or hematological
features;
is erythroblastic/megakaryoblastic;
always has the signature GATAI mutation of the
TAM clone but this mutation alone is insufficient to
cause ML-DS and additional events will have
occurred and sometimes these events are those
found in sporadic AML e.g. mutations in the RAS
pathway or the TPO receptor or in the JAK-STAT
signaling pathway;
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Table 6.2 Hematologic Differences in the Newborn with DS in
the Absence of TAM Compared to the Non-DS Neonate

Red blood cells

e Increased hemoglobin

e Increased mean corpuscular volume (MCV)

e Increased nucleated RBCs in the peripheral blood

White blood cells

Leukocytosis

Neutrophilia

Increased basophils

Increased peripheral blood blast cells
Lymphopenia

Platelets

e Thrombocytopenia

e Giant platelets

e Circulating megakaryocytes

e presents clinically before the age of 5 years and there
may be an indolent or myelodysplastic pre-phase
that is otherwise uncommon in pediatric AML. The
leukemia commonly presents as thrombocytopenia.

Treatment with conventional AML treatment has
high remission rates and cure rates but is associated
with high treatment-related toxicities, with death from
such toxicity including infection exceeding that from
disease. Therefore, reduced-intensity treatment regi-
mens for ML-DS are adopted by many of the national
leukemia collaborative treatment groups. These ther-
apies are often based on cytosine because the clone is
sensitive to this drug and it is relatively well tolerated.

Acute Lymphoid Leukemia of DS

ALL is also increased in incidence in children with DS
but less so than AML. ALL in DS has particular bio-
logic and clinical features, but in contrast to ML-DS,
treatment failures occur both due to disease and to
toxicity.

Biologically, DS-ALL is almost exclusively B-cell
precursor in origin, and T-cell lineage disease is very
rarely seen. The cytogenetic alterations rarely include
those associated with good prognosis such as hyper-
diploidy or t(12;21) and almost never those associated
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with poor prognosis such as MLL gene rearrangement

or the Philadelphia chromosome. The disease is bio-

logically heterogeneous and does not have the char-
acteristic molecular signature of AML in DS. There
is a high proportion of ‘normal cytogenetics’ ALL.

Recently, amplification of the cytokine receptor,

CRLEF2, has been identified in 60 percent of DS-ALL

and is often associated with activating mutations

within the CRLF2 itself or in its downstream signaling

pathways including JAK2 and JAK1.This may have

relevance for future treatment protocols of DS-ALL.
Clinically, ALL in DS does not occur in infancy.

There is a high risk of disease relapse and there is signifi-

cantly increased infection risk in children treated on

standard treatment protocols. This infection risk occurs
even in the lower-intensity phases of treatment, includ-
ing maintenance therapy. These twin challenges of treat-
ment failure and treatment toxicity must be recognized:

e Most national treatment groups recommend that children
with DS are treated on national treatment protocols for all
children with ALL and that the treatment of such children
is minimal residual disease (MRD) based. Children with
DS and ‘risk-MRD’ should receive intensified
postinduction treatment as any other child with ALL.

e The increased risk of infection should be recognized in
such children and reduced/managed by the use of
antibiotic prophylaxis, the addition of prophylactic
immunoglobulin where there is associated
hypogammaglobulinemia and by more frequent
medical review during treatment.

Hematologic Abnormalities That
Are Not Associated with Leukemia in
Children with DS

Recent studies have confirmed that the individual
with DS may have specific hematologic abnormality
compared to non-DS individuals of the same age. In
the neonatal period, there may be abnormalities of
RBC, WBCs, or platelets, and these are summarized
in Table 6.2. In the older child, there is macrocytosis
and reduction of T and B cells with lymphopenia.
These findings suggest that the ‘normal range’ should
be considered as different in children with DS.
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1. Thrombocytopenia is uncommon in term
neonates but is a common hematologic
problem in sick neonates in the neonatal
intensive care unit.

2. Knowledge regarding congenital/inherited
thrombocytopenia is expanding, and
diagnosis is important for management and
prognosis.

3. Timing of onset of thrombocytopenia and
severity and presence of bleeding or
thrombosis are useful guides in determining
investigation and management.

4. Early-onset severe thrombocytopenia is
secondary to fetal-maternal alloimmune
thrombocyopenia (FMAIT/NAIT) unless
proven otherwise.

5. Bleeding risk in neonates with
thrombocytopenia are highest in the first
week of life and in preterm infants, FMAIT/
NAIT infants, and those with necrotizing
enterocolitis (NEC) and sepsis.

6. Platelet transfusion practices vary between
institutions and represent the most
controversial area in neonatal transfusion
medicine.

Introduction

Thrombocytopenia in neonates is defined as a plate-
let count of less than 150 x 10”/liter and is present in
1 to 5 percent of all births. However one in four sick
infants admitted to the neonatal intensive care unit
will have platelet counts of less than 150 x 10%/liter.
Most of these neonates have mild to moderate
thrombocytopenia, but up to 10 percent have counts
of less than 50 x 10”/liter and will require active
investigation for etiology. Similar to the classification
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Neonatal Thrombocytopenia

of neutropenia, thrombocytopenia is classified as
mild, moderate, or severe. Although this classifica-
tion is based on numerical counts, the platelet
number does not always correlate with the severity
of bleeding risk, which also depends on platelet func-
tion, ability of the bone marrow to produce new and
more active platelets, and associated comorbid
conditions.

Developmental Differences in Neonatal

Megakaryopoiesis and Platelets

In fetal life, platelets first appear at 5 weeks of gestation
and reach values of 150 x 10”/liter by the first trimester.
Thus, all newborns, regardless of their gestational age,
have a platelet count that is similar to that of older
children and adults. Megakaryopoiesis and platelet
function in the newborn differ from adults in many
respects. Compared with children and adults, newborns
have higher thrombopoietin (Tpo) concentrations and
increased sensitivity to low Tpo concentrations.
The megakaryocyte progenitors have a rapid prolifera-
tive potential and undergo a full cytoplasmic matur-
ation without polyploidization. However, in response
to thrombocytopenia, the megakaryocytes increase
in number but not size, and this is a developmental
limitation to mount an appropriate response to
thrombocytopenia.

Although platelets in healthy term infants are
hyporeactive to platelet agonists, this is counterbal-
anced by higher hematocrits and mean corpuscular
volume (MCV), increased platelet-vessel wall inter-
action, higher von Willebrand factor (vWF) concen-
trations, and predominance of longer vWF polymers
such that there is a hemostatic balance. Presence of
anemia, sepsis, maternal conditions such as diabetes
and preeclampsia, and use of common medications in
the neonatal intensive care unit (NICU) such as indo-
methacin and ampicillin may cause increased bleeding
times, prolong closure times in platelet function
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screening assays such as the PFA100, and decrease
platelet adhesion. The platelet hyporeactivity is greater
in preterm infants than in term infants, and this is
further pronounced by conditions and medications
that are common in a preterm infant. Although pre-
term infants have adequate primary hemostasis, most
physicians have lower thresholds for transfusion, espe-
cially in infants of less than 32 weeks’ gestation in
the first few weeks of life despite lack of bleeding
symptoms.

Etiologies to Consider Based on Timing
of Onset of Thrombocytopenia

The timing of onset of thrombocytopenia is an
important consideration in diagnosis (Table 7.2).

Chapter 7: Neonatal Thrombocytopenia

Some causes may have antenatal onset. Early-onset
thrombocytopenia (<72 h of birth) is predominantly
due to antenatal and perinatal causes such as asphyxia
and infections. In severe early-onset thrombocyto-
penia, FMAIT/NAIT is important to consider. In
contrast, late-onset thrombocytopenia (>72 h of
birth) is secondary to acquired causes such as infec-
tions or NEC.

Inherited Thrombocytopenia
Presenting in the Neonatal Period

The platelet size, presence of skeletal defects, associ-
ated dysmorphology, and presence of other system
involvement are helpful clues in the diagnosis of
inherited/congenital thrombocytopenia presenting

Table 7.1 Classification of Congenital Platelet Disorders Based on Platelet Size

Disease Platelet  Inheritance Gene
size
Paris-Trousseau, Large AD FLIT
Jacobsen 11923
GATAT-related Large XL GATAT
disorders Xp11
Thrombocytopenia Normal AR RMBSA
with absent radii 1921.1
Congenital Normal AR MPL
amegakaryocytic 1p34
thrombocytopenia
Congenital Normal AR HOXAT1
thrombocytopenia 7p15-
with radioulnar 14
synostosis (CTRUS)
Familial platelet Normal AD CBFA2
disorder and 21922
predisposition to
AML
Wiskott-Aldrich Small XL WASP
Xp11
X-linked Small XL WASP
thrombocytopenia Xp11
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Features Treatment/prognosis

Developmental delay, cardiac ~ Supportive
and facial defects, and

predisposition to thrombosis

Hemolytic anemia + globin-  Supportive

chain synthesis defect,
erythropoetic porphyria

Platelet transfusions
Counts improve with
age

Bilateral radial aplasia with
presence of thumbs

High rates of major
bleeding; usually
requires bone marrow
transplantation

Symptomatic with bleeding

Possible evolution to
aplasia

Radioulnar synostosis,
sensorineural hearing loss

Leukemia/MDS in ~40
percent of patients

Aspirin-like platelet defect,
f/h/o AML/MDS

High rates of major
bleeding; usually
requires bone marrow
transplantation

Severe immunodeficiency
Eczema

+Mild immunodeficiency -
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Table 7.2 Causes of Thrombocytopenia Based on Timing of Onset

Fetal

e Alloimmune

Early onset (<72 h of birth)

Late onset (>72 h of birth)
NEC

e Fetal hypoxia °
Congenital infections e Perinatal asphyxia e Congenital infections
Maternal autoimmune conditions, e Perinatal infections e Maternal autoimmune
eq. ITP, SLE e DIC e Metabolic
Aneuploidy e Alloimmune e Inherited
Severe hemolytic disease e Renal vein thrombosis thrombocytopenia

e Inherited thrombocytopenia e Inherited thrombocytopenia
TAR/CAMT
e Metabolic disorders, e.g. MMA
e Autoimmune

Inherited thrombocytopenia

in the newborn period. Table 7.1 lists congenital
disorders based on platelet size and presence of other
features.

Immune and Nonimmune
Thrombocytopenia

Immune Thrombocytopenia
FMAIT/NAIT

The incidence is ~1:1000 live births and occurs
because of antigen mismatch between parental human
platelet antigens (HPAs). This results in maternal
antibodies against a platelet-specific antigen present
on fetal platelets that are inherited from the father.
Allele frequency is specific for certain ethnic groups,
with the most common mismatch occurring at the
HPA-1a site in 75 percent of Caucasians. Less com-
monly HPA-5b and HPA-3b are implicated and result
in a less severe phenotype. In Asians, HPA-4a is
reported to be more common. HPAs are expressed
on fetal platelets from the first trimester of pregnancy,
and thrombocytopenia may occur before 20 weeks of
gestation. Thrombocytopenia occurs in 50 percent of
first pregnancies, with 10 to 20 percent of them com-
plicated by intracranial hemorrhage (ICH). Seventy-
five percent of ICH occurs before the birth of the
infant. The hallmark of FMAIT/NAIT is severe
early-onset thrombocytopenia with or without ICH.
Platelet counts typically increase in the first week after
birth, but occasionally thrombocytopenia persists for
several weeks.

A head ultrasound is mandatory to rule out ICH in
a severely thrombocytopenic infant with suspected
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FMAIT/NAIT. Because confirmation of diagnosis
can take several days, therapy should be instituted
based on clinical suspicion. There is no doubt that
infants with suspected FMAIT/NAIT and low platelet
counts should be treated even in the absence of clinical
bleeding because of the high risk of ICH. However,
there is lack of consensus as to the optimal first-line
therapy. Much of the variation relates to pragmatic
reasons and the availability of various platelet products
in different countries/health services. The options for
treatment include

e Maternally derived platelet transfusions. However,
there are pragmatic and theoretical reasons
against this approach. Maternal platelet collections
are often difficult to organize in an immediate
postpartum mother, especially if she has given
birth away from a tertiary center, and take
considerable time because the platelets harvested
still need to undergo normal testing before being
released for use. If using maternal platelets then
they should be irradiated.

e More common practice is to use random donor
platelets with intravenous immunoglobulin
(IVIG) to maintain counts >100 x 10%/liter. If
random donor platelets fail to achieve adequate
increments (the increments might be poor, but
they will at least deplete maternal antibody from
the infant’s circulation and usually prevent
bleeding), then one can move to specific platelets
negative for the antigens likely to be involved or
based on the results of antigen testing in the
parents.

e In some countries, the centralized blood banks
hold as ‘stock’ the relevant antigen-negative

15:06:46,



platelets at the regional blood transfusion center.
Thus, one can start rapidly with 15 ml/kg of
HPA-1a,5b-negative platelets and measure the
platelet increment. If the platelet count does not
rise, then it is either not NAIT or the maternal
antibody is directed at an antigen other than la
or 5b. Random donor platelets might then be
given with IVIG until testing is completed and
specific antigen-negative platelets can be
arranged.

There is no debate that subsequent pregnancies
should be managed in a fetal medicine unit, and early
booking is advised.

Diagnosis is established by detection of platelet-
specific allo-antibodies in maternal serum and HPA
genotyping detecting a mismatch in parental platelet
antigens. Monoclonal antibody-specific immobiliza-
tion of platelet antigen assay (MAIPA) is the gold
standard for antibody identification. Polymerase chain
reaction (PCR) with sequential primers is the method
used for platelet antigen detection. These tests are
particularly important to perform for counseling for
future pregnancies. Recently, a risk-stratification
approach has been applied in the management of
pregnancies previously affected by FMAIT/NAIT to
prevent the risk of ICH.

Autoimmune Thrombocytopenia

Performing a maternal platelet count is an important
evaluation in early-onset thrombocytopenia in well
infants. Thrombocytopenia is usually not severe, as seen
in FMAIT/NAIT, and a maternal history of idiopathic
thrombocytopenic purpura (ITP) or systemic lupus
erythematosus (SLE) can be elucidated. Classically, in
contrast to NAIT, the platelet count continues to fall
after birth, reaching a nadir after several days. Predict-
ors of severity of thrombocytopenia include severity of
the underlying maternal illness, maternal platelet count
during pregnancy(although the maternal platelet count
at delivery is in no way predictive of the neonatal
platelet count), and severity of the thrombocytopenia
in an earlier affected infant. In severe cases, where
treatment is required, the thrombocytopenia usually
responds to IVIG.

Non-Immune-Mediated Thrombocytopenia

1. Fetal hypoxia. Thrombocytopenia is seen in
infants with evidence of chronic fetal hypoxia such
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as intrauterine growth restriction (IUGR),
maternal diabetes, and eclampsia secondary to
suppression of megakaryopoiesis. This is rarely
severe, and there is recovery of platelet count in a
short period of time. Other abnormalities seen on
blood counts concomitantly are polycythemia and
neutropenia.

2. Congenital infections. Thrombocytopenia is seen
in up to two-thirds of infants with
cytomegalovirus (CMV) infections. Infants may
have other sequelae of CMV, such as
microcephaly, cataracts, hepatosplenomegaly,
intracerebral calcifications, and chorioretinitis.
Thrombocytopenia is rarely severe and does not
cause bleeding symptoms. Thrombocytopenia also
can be seen in other infections, such as rubella,
herpes, enterovirus, and HIV.

3. Neonatal infections. Bacterial sepsis, particularly
gram-negative septicemia, can cause platelet
counts below 150 x 10°/liter. Again, this is self-
limiting and does not cause bleeding symptoms.
Disseminated intravascular coagulation (DIC)
leading to platelet consumption and NEC can
result in severe thrombocytopenia and bleeding
symptoms.

When Are Platelet Transfusions
Indicated

There is no established cause and effect between
platelet count and bleeding symptoms. Platelet
transfusions are administered often to nonbleeding
infants. There have been reports of adverse neo-
natal outcomes with platelet transfusions, although
whether these outcomes are linked to the under-
lying cause of thrombocytopenia is not clear. Plate-
lets are blood components most at risk of bacterial
contamination because they are stored at room
temperature. Another aspect to be considered with
platelet transfusion is that transfusing adult
platelets to neonates may disrupt the hemostatic
balance and lead to a relative hypercoagulable state.
When considering platelet transfusion, gestational
age, postnatal age of the infant, perceived bleeding
risk, and underlying etiology of thrombocytopenia
should be factored into the decision-making
process.
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Role of Thrombopoietic Growth Factors
in the Management of Neonatal

Thrombocytopenia

Thrombopoetic agents have been approved by the
Food and Drug Administration (FDA) for use in ITP
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in adults. Clinical trials for their use in children are
ongoing. These agents have not been used in neonatal
thrombocytopenia. Besides the cost, the limitation of
their use in the setting of acute thrombocytopenia
would be the latent period before increasing platelet
counts.
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1. Healthy babies do not bleed or clot, and hence
bleeding in a baby is always pathologic and
requires investigation.

2. Distinguishing bleeding due to severe
inherited bleeding disorders from that
secondary to acquired bleeding disorders is
important.

3. Management is specific and very different for
the inherited severe bleeding disorders versus
the acquired bleeding disorders, for example,
cryoprecipitate for fibrinogen disorders and
factor XIII concentrate for severe factor XIII
deficiency.

4. A thorough family history is paramount
because it will give helpful clues in
identifying heritable bleeding disorders.

5. Interpreting coagulation profile/
coagulation factor levels in a neonate can
be problematic because levels may be
physiologically low.

Developmental Hemostasis

Developmental hemostasis describes the physiologic
changes in hemostasis taking place from the fetal
to the adult period and is described in more detail
in Chapter 2. The key concepts of developmental
hemostasis must be considered before making a
diagnosis of a bleeding disorder in the neonatal
period. Hemostasis in the neonate is in balance
such that healthy term babies do not bleed or clot.
However, a number of inherited or acquired condi-
tions can disrupt this balance, especially in
sick babies, and lead to bleeding or thrombotic
complications.

.009
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Bleeding in the Neonatal Period That
Suggests a Bleeding Disorder

As mentioned earlier, healthy babies do not bleed or
clot. Therefore, it is reasonable to consider a bleed-
ing disorder workup in neonates in these clinical
scenarios:

Large cephalhematoma

Oozing after venipuncture or heel sticks

Oozing from the umbilical stump

Prolonged bleeding following circumcision or
other surgical procedures

e Intracranial bleeding

Inherited Bleeding Disorders
Presenting in the Neonatal Period

Not all severe inherited bleeding disorders present in
the neonatal period. Some may manifest in response
to surgical/procedural challenges such as arterial/
venipunctures or circumcision in neonatal males.

1. Severe hemophilia (factor VIII or factor IX
deficiency). Bleeding manifestation in the
neonatal period because of severe hemophilia is
very distinct from the bleeding commonly seen
in this condition in later infancy or childhood.
Most babies with severe hemophilia present
within 1 month of life. Bleeding from
venepuctures/heelsticks or prolonged bleeding
from circumcision is more common.
Intracranial bleeding is usually subdural,
intracerebral, or cerebellar. Hemarthrosis that is
commonly seen in toddlers/children is rarely
seen in the neonatal period.

2. Rare factor deficiencies. Severe coagulation factor
deficiencies such as factors II, VII, X, and XI can
present in the neonatal period but are rare.
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3. Fibrinogen and factor XIII deficiency. These
usually present with prolonged bleeding from the
umbilical cord, and there is a risk of intracranial
bleeding.

4. Von Willebrand disease (vWD). Severe type
3 VWD is the only form of VWD that can be
diagnosed in the neonatal period because von
Willebrand factor (vWF) levels and high-
molecular-weight multimers are increased in
neonatal life, and bleeding does not occur with less
severe types. The most common presentation is
intracranial bleeding, and the mucous membrane
bleeding typical of this condition in older children
is rare.

Acquired Bleeding Disorders

The most common acquired bleeding disorders in clin-
ical practice include vitamin K deficiency, liver disease/
failure, and DIC. Table 8.1 highlights the differences
and the laboratory tests that help to distinguish these
disorders.

1. Vitamin K deficiency. Vitamin K is essential for
synthesis of coagulation factors II, VII, IX, and
X in the liver, which then become functionally
active in coagulation. Babies are born with low
vitamin K stores, and because of low quantities in
breast milk, exclusively breast-fed babies are at
risk of deficiency. Hence, all babies routinely
receive vitamin K at birth. Bleeding secondary to
vitamin K deficiency is usually because of
nonadministration of vitamin K at birth either
due to hospital system failure or parental refusal
of the injection. Early vitamin K deficiency is
related to maternal use of drugs that deplete
vitamin K such as coumarins, anticonvulsants, or
antituberculosis agents, and affected individuals
present with ICH within 24 hours of life.
Classical vitamin K deficiency bleeding occurs in
the first week of life and presents as
gastrointestinal or post circumcision bleeding or
bleeding from venipuncture sites. Late vitamin
K bleeding occurs between 3 weeks and 8 months
of life and often progresses rapidly to ICH. Late
vitamin K deficiency bleeding is almost totally
excluded by parental vitamin K prophyalxis in
the absence of severe liver disease. However,
cases are reported when vitamin K
supplementation is given orally, and this may
relate to doses being missed.
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2. Liver disease. Liver disease/failure causing
coagulopathy and bleeding in a neonate is rare.
The contributory causes include

e Decreased synthesis of coagulation factors and
impaired clearance of activated factors

e Activation of coagulation and fibrinolytic
pathways

e Thrombocytopenia/platelet dysfunction

Treatment is indicated only in the presence of
bleeding and is aimed at correcting laboratory
abnormalities.

3. Disseminated intravascular coagulation (DIC).
This is usually triggered in neonates by sepsis or
asphyxia and causes activation of the
coagulation system, leading to thrombin
generation and widespread fibrin deposition
and, ultimately, end-organ damage. The factors
that tip the hemostatic balance toward bleeding
complications versus thromboembolic
complications are unclear, and it is common to
have both manifestations in the same patient,
with bleeding from invasive procedural sites and
microvascular thrombosis causing organ failure.
Treatment is largely directed toward correcting
the inciting factor, supportive care, and
correction of coagulation defects. In the absence
of obvious triggers for DIC, the baby merits
careful evaluation for hemangiomas (e.g.
Kasabach-Merritt syndrome) or large
arteriovenous malformations.

Points to Note in History Taking

Maternal History

e History of maternal bleeding disorders or trauma/
surgically induced bleeding

e Use of any medications that could result in
vitamin K deficiency

e Previous pregnancies and outcomes

Family History

e Ethnicity and consanguinity; e.g. factor XI
deficiency is more common in the Ashkenazi
Jewish population.

e Consanguinity for autosomal recessive bleeding
disorders

e Determine whether there is a family history of
bleeding disorders, especially hemophilia, before
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Table 8.1 Key Differences That Help Distinguish Bleeding in Acquired Bleeding Disorders

Vitamin K deficiency

Liver disease DIC

Cause Failure of vitamin K Viral infection, metabolic Sepsis, asphyxia, etc.
administration at birth disorders
Type of ICH, skin, or Gl bleeding +Bleeding, usually Bleeding, if it occurs, is generalized or
bleeding present with jaundice from procedural sites.
Factor VI l l l
Factor VIl Normal Normal or T 1
Platelets Normal l 1
Treatment  Vitamin K injection, fresh frozen  Vitamin K, FFP, Treat underlying cause; support with FFP,

plasma (FFP)

performing instrumental delivery, or post natal
procedures such as circumcision.

Neonatal History

e History of birth trauma or instrumentation
during delivery that could explain the bleeding
e Documentation of vitamin K administration

at birth

Laboratory Investigations

It is reasonable to start with these investigations as

baseline in a neonate suspected of having a bleeding

disorder. Discuss with the hematology laboratory in
advance of taking the blood.
Complete blood count (thrombocytopenia)

e Prothrombin time/partial thromboplastin time.
If prolonged, test for individual factor
deficiencies based on prolongation of PT (FVII)
or PTT (FVIIL, FIX, FXI) or both (FV, FX, FII,
fibrinogen). Failure to correct on mixing should
raise the possibility of accidental unfractionated
heparin overdose, which can be life-threatening
in neonates (see Chapter 33). If the prolonged
clotting tests fail to correct on mixing, heparin
overdoses should be excluded before other
coagulation inhibitors are considered.

e Von Willebrand testing (severe VWD) is only
worthwhile in the setting of associated
thrombocytopenia

e D-dimer, fibrinogen (DIC, hypofibrinogenemia)

e Thrombin time (hypo- and dysfibrinogenemia,
heparin exposure)
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cryoprecipitate

cryoprecipitate, platelets.

e Clot solubility/factor XIII assay (factor XIII
deficiency)

Pitfalls to Consider While Interpreting
Laboratory Evaluations

Abnormal laboratory values should be confirmed, if
possible, by repeat testing. Also, care needs to be exer-
cised when interpreting factor levels after replacement
with fresh frozen plasma (FFP)/cryoprecipitates or
platelets because they may be falsely normal. Other
things to consider:

1. Blood sample collection. Manual visualization of
the blood smear to confirm thrombocytopenia
because ethylenediaminetetraacetic acid (EDTA)
can induce platelet clumping leading to
pseudothrombocytopenia. Underfilling a sodium
citrate tube can lead to falsely prolonged
coagulation time.

2. Age-appropriate and analyzer/reagent-specific
reference ranges in a laboratory should be
established to interpret coagulation test results in
a neonate.

3. It is difficult to evaluate for platelet function in
neonates, and no uniform protocols exist.
Testing should be avoided in the absence of
known platelet function disorder or a family
history.

4. Mild factor IX deficiency may be missed in
the neonatal age range, and testing should be
repeated when the baby is 6 to 12 months
of age.
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Therapeutic Options

1. Fresh frozen plasma (FFP). This should be con-
sidered in a bleeding neonate suspected of having a
factor deficiency or with multiple factor deficiencies
such as in DIC. It contains all factors, including labile
factors V and VIII, but it is important to remember
that it should not be used as a plasma expander in a
bleeding neonate.

2. Recombinant factor VIII/FIX concentrates: If a
diagnosis of severe hemophilia A (factor VII) or
B (factor IX) is established, then infusion of specific
factor concentrate will stop the bleeding fairly rapidly.
Care should be taken to be judicious with factor
replacement and to avoid any unnecessary or pro-
longed factor exposure because there is still a debate
as to whether early exposure increases the risk of
inhibitor development in severe factor VIII deficiency.

3. Cryoprecipitate. This is the product of choice for
bleeding in a neonate suspected of having a fibrino-
gen disorder (afibrinogenemia or dysfibrinogenemia).
It also contains factor VIII, vWF, and factor XIII but
should be used only for bleeding suspected to be due
to these deficiencies if disease-specific products are
not available.
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4. Factor XIII concentrate. Bleeding secondary to
severe factor XIII deficiency is treated with a recombin-
ant factor XIII product. Because it has a long half-life,
only a single dose is sufficient to control bleeding.
Monthly prophylaxis is usually adequate to prevent fur-
ther bleeding secondary to severe factor XIII deficiency.

5. Recombinant factor VIla. Clinicians sometimes
use this off-label in a bleeding neonate when there has
not been sufficient time to establish a definitive diag-
nosis and rapid control of bleeding is needed, e.g.
severe ICH in an unstable baby. However, caution
needs to be exercised because some babies may be in
DIC with severe ICH and at risk of thrombotic com-
plications if given a prothrombotic product.

Prenatal Diagnosis

This can be offered to families via chorionic villus
sampling or amniocentesis with a known mutation for
a severe bleeding disorder. Early diagnosis is useful
because parents have the option to terminate the preg-
nancy or allow for early intervention. Advances in
medicine also have made preimplantation diagnosis as
well as embryonic biopsy to select an embryo unaffected
by the mutation possible.
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10.

11.

The neonatal period is the highest-risk period
for venous and arterial thrombosis in
childhood.

Central access devices are responsible for
over 90 percent of neonatal thrombosis.

The most common spontaneous
thrombosis in neonates is renal vein
thrombosis.

The contribution of risk factors other than
central access devices in neonatal
thrombosis is unknown.

Thrombosis in the neonates can be
associated with mortality and morbidity.

Thrombophilia testing in neonatal
thrombosis should not be performed apart
from specific circumstances, e.g. purpura
fulminans.

Treatment of asymptomatic thrombi is
controversial.

The extrapolation of anticoagulation
principles from adults is least likely valid in
the neonatal period.

Anticoagulation is particularly challenging
in neonates for pragmatic reasons (i.e.
vascular access, lack of subcutaneous tissue,
variable vitamin K status).

Anticoagulation in neonates, especially
small preterm infants, is particularly
challenging because of risk of intracranial
hemorrhage (ICH).

The long-term outcome of neonatal
thrombosis is unknown.
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Introduction

Thrombosis in neonates is very much a complication
of tertiary care. Vascular access is responsible for
almost all thromboses in neonates apart from spontan-
eous renal vein thrombosis. Presumably, many throm-
boses are asymptomatic, and their need for treatment
remains very controversial.

The physiology of hemostasis is quite different in
the neonate compared with adults and even older chil-
dren. Coagulation proteins are independently synthe-
sized in the fetus. Compared with adults, there are
differences in the concentration of coagulation proteins,
synthesis, and turnover in newborn babies. Moreover,
there are also differences in the way the key hemostatic
enzymes are regulated in the newborn.

Anticoagulation is difficult for multiple pragmatic
reasons, whatever agent is used. Unfractionated hep-
arin (UFH) is difficult to monitor because vascular
access is usually very difficult to maintain, and the
ability to run an UFH infusion without interruption
is frequently limited. Low-molecular-weight heparin
(LMWH) comes in pre-drawn-up syringes made for
adult dosing, so accurately determining doses for
infants weighing less than 2 kg can be very difficult.
Further, LMWH may be problematic to administer in
very premature infants with minimal subcutaneous
tissue and may require significant dose reduction in
the presence of renal disease. Monitoring tests are
equally difficult to obtain. Vitamin K antagonists
come in adult-sized tablets with no liquid preparation
available. Reproducible dosing in this context is not
easy because crushing tables and mixing into a fluid
for feeding are required. Breast-fed infants have a
relative vitamin K deficiency and tend to be exquisitely
sensitive to warfarin. Formula-fed infants are resistant
to warfarin given that all formulas are fortified with
vitamin K. The optimal treatment strategies are not
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clear, and the long-term outcomes of thrombosis in
neonates is also unclear, so treating neonatal throm-
bosis is unsatisfactory on many levels, and assessing
the true risk-benefit ratio of treatment is not possible.
This is an area of practice that needs considerable
more research.

The most catastrophic thrombotic complication,
purpura fulminans, which is due to homozygous pro-
tein C or S deficiency, usually presents in the newborn
period.

Vascular-Access-Related Thrombosis

Central vascular access devices (CVADs) represent the
most important risk factor in a majority of thrombotic
events. Among CVADs, umbilical catheters and per-
ipherally inserted central catheters (PICCs) are most
frequently implicated. Thrombi associated with cen-
tral venous lines are commonly located in the right
heart, inferior vena cava (IVC), and hepatic veins.
Other risk factors reported to be associated with
thrombosis in the newborn include prematurity, intra-
uterine growth restriction (IUGR), maternal diabetes,
prolonged mechanical ventilation, hypoxic-ischemic
encephalopathy (HIE), necrotizing enterocolitis
(NEC), meconium aspiration syndrome (MAS),
respiratory distress syndrome (RDS), prolonged hos-
pital stay, sepsis, birth asphyxia, and congenital heart
disorders. Whether these conditions simply represent
the infants most likely to require medical intervention,
particularly central vascular access, or whether these
conditions somehow predispose to thrombosis in their
own right is unknown.

Umbilical Artery Catheter (UAC)—Associated
Thrombosis

The clinical presentation of UAC-associated throm-
bosis varies depending on the extent of the thrombosis
and involvement of other arteries. Most such infants
are clinically asymptomatic or have minor symptoms,
whereas a smaller number have major symptoms.
UAC-associated thrombosis may cause necrotizing
enterocolitis secondary to mesenteric artery occlusion,
embolic events to the lower limbs causing ischemia, or
embolic events to the central nervous system (CNS)
via a right-to-left shunt, such as patent foramen ovale.
The incidence of major thrombosis-associated symp-
toms secondary to UACs is approximately 1 to 3
percent of infants. The gold standard test for the
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diagnoses of UAC-associated thrombosis is contrast
angiography, but this is rarely feasible. There are
many reports of UAC-associated thrombosis being
first discovered at autopsy, suggesting that the diag-
nosis is frequently not made during life. Noninvasive
imaging techniques such as Doppler ultrasound are
most commonly used because of their ease of per-
formance at the bedside. There are reports of failure
of ultrasound to detect clinically relevant aortic
thrombosis, but ultrasound techniques have improved
dramatically over recent years, and there have been
few recent studies.

Umbilical artery catheter tips are either positioned
high (level of T5 to T10) or low (level of L3 to L5), and
the position of umbilical artery catheters may affect the
frequency of both thrombosis and intracerebral hem-
orrhage. While multiple studies have shown that low-
dose UFH infusion prolongs patency of UACs, there
are few data about the effectiveness of prophylaxis for
major thrombosis or the risk of prophylaxis for intra-
cerebral hemorrhage.

Umbilical Vein Catheter (UVC)—Associated

Thrombosis

The frequency of asymptomatic UVC-associated
thrombosis is almost 30 percent based on ultrasound,
echocardiography (ECHO), or autopsy studies, but
the symptomatic rates of thrombosis are only 1 to 3
percent. Once again, catheter placement technique is
important is reducing the risk of thrombosis and the
potential implications of thrombosis. UVCs should
be placed beyond the ductus venosus. Portal vein
thrombosis is the most common presenting throm-
bosis associated with UVCs, and while it may present
acutely with abdominal distension and splenomegaly,
it frequently presents as a late complication with
evidence of portal hypertension including esophageal
varices.

Central Venous Line—Associated Thrombosis

Symptomatic venous thrombotic events, almost
always secondary to central venous access, can present
with extremity swelling and/or thrombocytopenia.
Vascular access dysfunction is another common pre-
senting symptom. However, most often thrombi are
detected during imaging for another indication.
Diagnosis is established routinely by ultrasound or
echocardiography.
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Peripheral Artery Catheter—Associated
Thrombosis

Peripheral artery catheter-associated thrombosis is
not uncommon and usually presents with a cold and
ischemic limb distal to the site of catheter insertion.
Necrosis of the digit tips is frequent. Arterial puncture
and catheter placement ideally should occur in arter-
ies that are supported by dual supply, such as the
radial/ulnar arteries and the dorsalis pedis/posterior
tibial arteries. However, even when this is done, clin-
ical ischemia can occur. Immediate removal of the
catheter is always indicated to reduce the spasm com-
ponent and to improve arterial flow. Further manage-
ment of this entity is discussed in Chapter 31.

Treatment and Qutcome of
CVAD-Related Thrombosis

The optimal treatment or duration of treatment of
thrombi is unknown. Most thromboses in newborns
are treated with UFH or LMWH. Preterm infants
require higher doses than term infants, and guidelines
for doses and durations are available in literature based
on case series, experience, and expert opinion. See
Chapter 33 for more details. Supportive care and radio-
logic surveillance are preferred for the extreme preterm
infants in whom risk of intraventricular hemorrhage
(IVH) is high, especially in the first few weeks of life.
Thrombolysis is reserved for life- or limb-threatening
thromboses.

There are no prospective studies looking at short-
term outcome based on treatment administered. Clin-
ically, regardless of the treatment modality used, most
neonatal thromboses get better symptomatically or
resolve. A small percentage develop long-term seque-
lae of pulmonary hypertension or post thrombotic
syndrome. Some infants die of the thrombosis, and
at this stage, there are few data on which to predict the
likely outcome for any individual child, other than
the severity of the infant’s overall health status and
the degree of prematurity.

Renal Vein Thrombosis

Renal vein thrombosis (RVT) in neonates is the most
common type of spontaneous venous thrombosis.
The pathogenesis of this entity is not vascular access
related, and studies indicate that the thrombotic pro-
cess begins in the renal microvasculature and then
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extends out into the renal veins and potentially the
IVC (in 50 to 60 percent of cases). This is important
because it means that the kidney damage (which is
usually the cause of acute death from renal failure or
the cause of long-term consequences such as chronic
renal failure [~3 percent] or hypertension [~20 per-
cent]) is unlikely resolved by removal of the large
vessel thrombosis within the IVC or renal veins, as
would be achieved by thrombectomy. If treatment is
required, then anticoagulation or possibly thrombo-
lysis is more appropriate because these therapies can
have an impact at the microvascular level. Approxi-
mately 25 percent of cases are bilateral, supporting the
concept that this disease is related to something
occurring within the renal parenchyma vasculature
as distinct from large vessels.

The classic presentation of RVT in neonates is the
triad of flank mass, hematuria, and thrombocytopenia.
Further investigation usually reveals non function of
the involved kidney, and the affected side usually
evolves renal atrophy with hypertrophy of the non
affected kidney as compensation. Obviously, bilateral
disease more often progresses to renal failure.

Treatment is controversial because there are no
data that conclusively show differences in the renal
outcomes based on whether or not treatment is given.
Recurrence rates are very low, and subsequent risk of
other thromboses does not appear to be increased.

One approach to treatment is to treat unilateral
RVT conservatively with observation and repeat
imaging and support of renal function. Extension of
the thrombus into the IVC may justify anticoagulation
with UFH initially and LMWH subsequently (both
therapies may need dose reduction based on renal func-
tion) for three months to reduce the risk of embolic
phenomena. Bilateral RVT is usually treated more
aggressively with anticoagulation owing to the risk of
renal failure, and if renal function is deteriorating, then
it may be an indication for urgent thrombolysis. The
use of these agents is discussed in Chapter 33.

Neonatal Purpura Fulminans

Purpura fulminans is an acute, lethal syndrome of
DIC characterized by rapidly progressive hemorrhagic
necrosis of the skin due to dermal vascular thrombosis.
Affected infants often look normal at birth and then
over the subsequent 24 to 48 hours develop small ecchy-
motic areas that increase in a radial fashion, become
purplish black with bullae, and then turn necrotic and
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gangrenous. The lesions occur mainly on the extrem-
ities but can occur on the buttocks, abdomen, scrotum,
and scalp. The progression is often rapid and alarming.
The syndrome is due to homozygous protein C (most
commonly) or protein S deficiency or compound het-
erozygous states with undetectable plasma levels of the
respective protein.

Despite the normal appearances at birth, up to
70 percent of affected infants will have cerebral or
ophthalmic damage (or both) that occurred in utero.
CNS imaging and formal ophthalmologic examin-
ation should be arranged as soon as possible. There
may be a history of consanguinity, and interestingly,
although both parents are usually heterozygotes for
protein C or S deficiency, they almost never have a
personal thrombotic history.

The diagnosis is based on the appropriate clinical
picture, a very low or undetectable protein C/protein
S level, heterozygous deficiency of the same protein in
the parents, and ideally, identification of the molecular
defect. The diagnosis can be more difficult with increas-
ing prematurity because the normal levels of protein
C and S can approach the lower detection limits of the
assays, and in fact, heterozygotes may have undetectable
levels in premature infants. However, the clinical pic-
ture is usually dramatic and unmistakable. Clinical dif-
ferential diagnosis includes DIC from other causes,
although rarely is the skin necrosis so florid and aggres-
sive in a systemically well baby.

Initial therapy involves protein C replacement,
and this can be achieved via 10 to 20 ml/kg of fresh
frozen plasma (FFP) every 6 to 12 h, which is usually
the form of therapy that is most readily available.
Plasma levels of protein C achieved with these doses
of FFP vary from 15 to 32 percent at 30 minutes after
the infusion and from 4 to 10 percent at 12 h. Plasma
levels of protein S (which is entirely bound to C4b)
are 23 percent at 2 h and 14 percent at 24 h, with an
approximate half-life of 36 h.

If the diagnosis is confirmed as protein C deficiency
(much more common than protein S deficiency), then
protein C concentrate can be used. Doses of protein
C concentrate have ranged from 20 to 60 units/kg.
Replacement therapy should be continued until all the
clinical lesions resolve, which is usually at 6 to 8 weeks.
In addition to the clinical course, plasma D-dimer con-
centrations may be useful for monitoring the effective-
ness of protein C replacement.

The options for the long-term management
of infants with homozygous protein C/protein
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S deficiency include long-term anticoagulation
therapy, replacement therapy with either FFP or pro-
tein C concentrate, and liver transplantation. Protein
C concentrate can be given subcutaneously. Central
venous access should be avoided, if possible, due to
the high incidence of aggressive large-vessel throm-
bosis. The natural history is of recurrent episodes of
purpura fulminans and progressive damage of key
organs unless optimal therapy can be maintained.
Treatment is often not easy, and referral to a specialist
center with experience is often required.

Acquired purpura fulminans is more common
than congenital deficiencies in the neonatal period
and is seen with infections, particularly group
B streptococcal infections. Other acquired causes
include DIC, warfarin therapy, severe liver dysfunction,
and metabolic disorders, e.g. galactosemia.

Arterial Ischemic Stroke (AIS)/
Cerebrosinovenous Thrombosis (CSVT)

These entities are discussed in detail in Chapter 32.

Thrombophilia Testing in Newborns

with Thrombosis

There are no data that really support changing the
intensity or duration of treatment for vascular access—
related thrombosis or RVT based on the presence or
absence of thrombophilia testing. Further, the recur-
rence rates for thrombosis in neonates, in the absence
of ongoing clinical factors, remain extremely small.
Thrombophilia testing in the newborn is reserved for
where homozygous deficiencies in protein S or C are
suspected (i.e. neonatal purpura fulminans) or when
large idiopathic thrombi occur. Even if testing is per-
formed, it is important to remember the age-based dif-
ferences in concentration of inhibitors of protein C or
S and Antithrombin, and interpretation of results other
than for exclusion of homozygous states is very difficult.

In situations where the neonate is asymptomatic
but the parents have a known deficiency of one of these
inhibitors and are requesting testing of their baby,
deferral of testing until after 6 to 12 months of life is
important because differentiation of normal from
heterozygote deficiency is much easier at that time.
Obviously, factor V Leiden and prothrombin gene
mutation testing are genetic tests that are interpretable
at any age, but there is rarely an indication for testing
for these abnormalities in the newborn period.
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1. For each inherited bone marrow failure
(BMF) syndrome, there are clinical
hematologic and nonhematologic features.

2. There have been enormous advances in our
understanding of the molecular basis of these
diseases in recent years. This pace of change is
likely to continue and impacts on both the
diagnosis and treatment of these disorders.

3. Acquired bone marrow failure (aplastic
anemia) is distinguished from the inherited
BMF syndromes by the absence of associated
features and the absence of mutation in genes
known to be responsible for heritable BMF.
However, as the genetic basis of inherited
BMT expands, some cases formerly
considered to be acquired may be reclassified
as genetic.

4. Treatment of these conditions is complex and
requires specialist consideration.

5. Bone marrow transplantation has a role in the
management of inherited BMF.

Introduction

This chapter introduces the bone marrow failure
(BMF) syndromes, including Fanconi anemia (FA),
Diamond-Blackfan anemia (DBA), dyskeratosis con-
genita (DKC), and Shwachman-Diamond syndrome
(SDS). These are individually rare syndromes. Our
understanding of the genetics and pathogenesis of
these conditions has increased dramatically in recent
years, and it is apparent that the individual syndromes
are genetically as well as clinically diverse. Each syn-
drome will be considered under the headings of the
hematologic manifestations, nonhematologic mani-
festations, diagnosis, biologic basis and treatment.
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Inherited Bone Marrow Failure Syndromes

Fanconi Anemia

Fanconi anemia (FA) is a genetically and clinically
heterogeneous disorder characterized by multiple
physical congenital anomalies, hematologic abnor-
malities and a predisposition to hematologic and non-
hematologic malignancy. The biologic foundation of
the illness is mutation of one of the many genes that
code for the proteins of the FA pathway, which is
involved in DNA repair. The classic diagnostic test for
FA is assessment of cellular hypersensitivity to DNA
strand-strand cross-linking agents such as diepoxy-
butane (DEB) and mitomycin C (MMC).

The Hematologic Features of Fanconi Anemia

Hematologic manifestations represent the most
prevalent pathologic manifestation of FA. The most
obvious and predictable manifestation is bone
marrow failure and hypoplastic/aplastic anemia. Most
cases of FA have some degree of marrow failure by the
age of 10 years and many patients will have aplastic
anemia requiring transfusion support. In some, the
onset of marrow failure may be in adulthood. The
presence of FA as the underlying cause for a patient
presenting with severe aplastic anemia (SAA) should
be suspected where there is an associated physical
abnormality, including short stature, and FA testing
is mandatory for all patients presenting with aplastic
anemia regardless of family history or associated
features.

In addition to BMF, the presence of FA dramatic-
ally increases the risk of myelodysplasia (MDS) and
acute myeloid leukemia (AML). The risk of AML is
increased more than 500-fold in FA and the peak
incidence is in the second decade of life. Although
MDS or AML is usually preceded by a period of BMF,
this is not always so. There are certain cytogenetic
alterations that are typical in children with the MDS/
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AML of FA, and they should be specifically looked for
in children with known FA and should also alert the
clinician to the likely underlying diagnosis of FA
when found in a patient with apparently de novo
AML. There are gains in 1q23-32 and 3q26. The latter
might need to be looked for specifically using fluores-
cence in situ hybridization (FISH) techniques and is
predictive of disease progression, usually appearing
before monosomy 7 or deletion 7q, which are also
commonly found in the MDS and AML of FA. The
cytogenetic laboratory should be alerted when sam-
pling the bone marrow of a suspected or known FA

patient so that these cytogenetic changes can be spe-
cifically excluded.

The Nonhematologic Features of FA

Individuals with FA frequently have physical abnor-

malities that should be sought on examination of

each new patient with aplastic anemia (AA) and that
might alert the astute pediatrician to the presence of

FA before BMF has developed. Not all FA patients

have associated physical abnormalities, and labora-

tory testing for FA is therefore mandatory in all
cases of AA.

The most common associated physical abnormal-
ities are

Short stature

e Associated skeletal abnormalities, frequently of
the thumb and forearm. (The thumbs may be
absent, smaller than normal, or duplicated. The
radius may be absent or hypoplastic.)

e Skin pigmentation including café-au-lait patches
Typical Fanconi dysmorphic facies, including
microphthalmia

e Anomalies of the kidney (including single or
horseshoe kidney), genitourinary tract, and
heart

There is subfertility in individuals with FA. There
might be increased osteoporosis.

The presence of FA increases the risk of solid
tumors, including squamous cell cancers of the head
and neck (especially the mouth) and cervical/gyneco-
logic malignancies. The age at presentation of these
cancers is later than the age at presentation of BMF
and hematologic malignancy. In patients with known
FA, these cancers should be specifically and regularly
screened for so that intervention can be at an early
stage of malignant change, be less damaging, and have
a better chance of success.
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Diagnosis of Fanconi Anemia
The diagnosis of FA should be specifically sought for

In patients presenting with AA

e In patients with the characteristic physical
anomalies, including short stature

e In patients with MDS or AML, especially with the
characteristic chromosome changes of FA-
associated hematologic malignancy, namely, 1q+
and 3q+

Diagnosis in the AA patient means that inappropriate
immune-suppressant therapy is not employed in FA-
associated AA, and the appropriate conditioning ther-
apy for hematopoietic stem cell transplantation
(HSCT) is given because intensive and standard con-
ditioning regimens are likely to cause regimen-related
toxicity that might be fatal. Diagnosed FA patients
can be entered into a screening program for head and
neck cancer and females for cervical and gynecologic
cancers.

The classic diagnostic test for FA is based on the
exquisite sensitivity of FA cells to DNA interstrand
cross-linking agents such as DEB or MMC. These are
the primary assays for FA.

e Occasional false-positive results might be obtained
in other genetic disorders associated with DNA
repair problems, including Nijmegen breakage
syndrome.

e False-negative results might be obtained where
there is somatic mosaicism. In somatic mosaicism,
one FA-mutated allele in a single bone marrow
stem cell becomes competent either through
chance reversal of a point mutation or
recombination between the two alleles carrying a
heterozygous mutation so that one allele acquires
both mutations and one loses the one that it did
carry. The cell in the FA bone marrow that has
acquired this normal allele will have an advantage
over other FA cells in the bone marrow and will
contribute more significantly to the peripheral
blood cells, and those cells will not be sensitive
to DEB or MMC because they bear a normal
allele.

Where the clinical index of suspicion for FA is
high and the DEB or MMC test is negative, then
the test can be repeated on cultured fibroblasts
because somatic mosaicism is not described in this
tissue. There is no selective advantage to the FA
fibroblast.
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Reference laboratories will take the diagnosis of FA
further. It is genetically heterogeneous with, to date,
15 different Fanconi genes. The exact elucidation of
which is involved in a particular child can be achieved by

e Sequencing the genes individually in the order of
the frequency in which they are found (FANCA
most common; then FANCG, FANCC, and so on)

e Complementation analysis (A retrovirus is used to
deliver in vitro a particular competent FA gene to
the patient’s cells. If the MMC sensitivity of the
patient cells is corrected, then the retrovirus must
have delivered the correct gene to that cell - e.g. a
retrovirus bearing the correct FANCA gene will
correct MMC sensitivity in a FANCA patient but
not in a FANCC patient.)

The practicing pediatric hematologist usually will con-
sult the family on two other issues. The family should
be invited to register the case with the international
FA registry and also to join the local (often national)
patient support organization. This will support the
family in coming to terms with a rare diagnosis
and keep them (and the physician often!) abreast
of updates in the biology and management of this
condition.

Biologic Basis of Fanconi Anemia

Our understanding of the biology of FA has increased
in recent years, and can be summarized as follows:

e To date, 15 FA genes have been identified:
FANCA, FANCB, FANCC, and so on.

e That FA is so diverse was first identified by
complementation analysis — fusing one FA
patient’s cells with another FA patient’s cells
sometimes corrected (complemented) the in vitro
sensitivity to MMC or DEB. So fusing a FANCA
cell with a FANCB cell will correct MMC
sensitivity because it has nonmutated alleles of
FANCA and FANCB, but fusing a FANCA cell
with another FANCA cell will clearly not correct
the MMC sensitivity.

e One of the FA genes, FANCDI, is the same as
BRCA2 gene, which is a recognized as a breast and
ovarian cancer predisposing gene.

e These 15 genes encode for proteins that act
together in complexes that constitute the FA/
BRCA pathway that recognizes and repairs DNA
interstrand cross-links, and this is illustrated in
Figure 10.1.
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Figure 10.1 The FA complex and DNA repair.

cross-linked
DNA damage

o A key event is the mono-ubiquination of
FANCD?2 and FANCI upon DNA damage.

« This mono-ubiquination is catalyzed by a
group of ‘upstream’ FA proteins that include
FANCA, -B, -G, -E, -F, -G, -L, and -M.

o The mono-ubiquinated FANCD2 and FANCI
dimer then interacts with ‘downstream’ FA
proteins that include FANCD1/BRCA2,
FANCN, FANC], and FANCP.

« The whole complex ensures genome integrity.

o Cells that accumulate DNA damage will exit
the cell cycle at the G,M checkpoint, so using
flow cytometry, increased cells are seen at this
point in FA patients than in control
individuals.

« Exit of cells from the cell cycle will lead to
progressive BMF. Where there is a background
of deficient hematopoiesis, then there is
selective pressure on surviving stem cell for
clonal escape. Such cells have additional
mutations and will generate dysplastic and
frankly malignant hematopoiesis.

Treatment of Fanconi Anemia

The principal treatment of the BMF of FA is allo-

geneic HSCT:

e Matched sibling donor HSCT is performed at
diagnosis of BMF and with falling blood counts.

e Matched unrelated donor HSCT likely has higher
toxicity and the procedure might be deferred a
little — perhaps to transfusion dependence.

e HSCT results are better if performed earlier in the
course of the disease rather than late in a heavily
transfused, perhaps infected patient with
accumulating comorbidities.
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e The conditioning therapy is reduced compared to
non-FA aplastic anemia. Fludarabine is used
routinely as immune suppression and is well
tolerated at full dose. Typically, cyclophosphamide
is used with fludarabine, but the dose is usually
much reduced compared to non-FA aplastic
anemia (40 mg/kg total dose in HSCT for FA
compared to 120 to 200 mg/kg in HSCT for
idiopathic SAA). In some institutions,
radiotherapy is still employed in the conditioning
regimen when the donor is not a sibling.

e Usually, serotherapy is used as part of
conditioning therapy even in sibling donor
transplantation to reduce the risk of both rejection
and graft-versus-host disease (GVvHD). There is
evidence that GvHD might increase the risk of
head and neck cancers after transplantation.

After transplantation, there should be continued sur-
veillance for head and neck cancer and, where relevant,
for gynecologic cancer because successful HSCT does
not reduce this risk and may even increase it, especially
if there is chronic GvHD after transplantation or if
radiotherapy has been used as part of the conditioning
therapy for the transplant. Human papillomavirus
(HPV) vaccination should be given to further reduce
the risk of malignancy after HSCT.

Hematologic malignancy - MDS and AML - has a
dismal prognosis where associated with FA. There is
considerable toxicity with conventional treatments -
AML treatments and HSCT - and there has been
reported prolonged aplasia following chemotherapy
treatment. There have been some reported cases of
success using cytarabine-based AML treatments and
reduced intensity HSCT performed during aplasia
from chemotherapy. However, the optimal treatment
of the AML and the optimal HSCT protocol remain
to be defined and should be the subject of discussion
between teams and with experts in the field for indi-
vidual patients.

Other complications of FA should be managed in
specialist multidisciplinary clinics. Orthopedic inter-
vention might be needed. The use of growth hormone
is controversial because it might accelerate malignant
change. Androgens used even at low dose might help
to sustain adequate blood counts. Transplantation
from a matched donor is the first choice usually.
Androgens - such as oxymethalone and danazol -
are frequently virilizing. They might also increase
the risk of liver tumors. Where no matched donor is
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available for a patient with FA and BMF, he or she
might still be considered for alternate donor trans-
plantation, such as haploidentical transplant.

Diamond-Blackfan Anemia

This is a clinically heterogeneous, usually autosomal
dominant condition characterized hematologically by
macrocytic, reticulocytopenic anemia that is usually
evident from infancy. There is elevated red blood cell
(RBC) adenosine deaminase (ADA), which is diag-
nostically helpful. There are often associated physical
anomalies, including growth failure, and a number of
affected individuals achieve transfusion independence
with steroid therapy, whereas the remainder are man-
aged with either RBC transfusion and iron chelation
or HSCT. DBA is associated with malignant changes,
including hematologic and solid tumors.

The biologic understanding of DBA has increased
greatly in recent years. The genetic basis is due to
mutations in genes that encode ribosomal proteins -
the most common being RPSI9. DBA is therefore a
ribosomopathy, and the RBC precursor cell death
(apotosis) is mediated by p53 activation in the cell.

Hematologic Manifestations of Diamond-

Blackfan Anemia

Most DBA cases present in infancy (but not at birth)
with a reticulocytopenic, macrocytic anemia. The
platelet count is variable but frequently elevated. On
further investigation, there is elevated fetal hemo-
globin, and a reference laboratory will identify
that the RBC ADA concentration is elevated. The
bone marrow is normocellular with a paucity of RBC
precursors.

There is, however, an attenuated phenotype. The
same genetic mutation may cause variable illness in
different family members. Some might be phenotyp-
ically and hematologically completely normal, and
some might have mild anemia only or macrocytosis
of otherwise unexplained etiology. Pregnancy and
puberty are particular times at which overt anemic
DBA might be triggered. The distinction between
affected and unaffected family members becomes par-
ticularly important in a family without a genetic
marker in whom a sibling donor is being worked
up. Transplantation of DBA donor marrow into a
DBA recipient will not correct the hematologic
abnormality of the patient.
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In adults, the differential diagnosis of pure RBC
aplasia might be considerable, but in children, the
only common differential diagnosis is with transient
erythroblastopenia of childhood (TEC). TEC usually
occurs in older children (toddlers) and is transient.
The anemia is normocytic (until the reticulocytosis
that accompanies recovery), and the ADA is normal.
Hemoglobin F (HbF) is similarly not raised until the
stress erythropoiesis of recovery. The bone marrow is
often sampled in early recovery phase, and there are
sometimes plentiful RBC precursors present in the
TEC marrow.

Hematologic malignancy is reported in DBA.
There are cases of AML, ALL and MDS. The incidence
is likely above the background population, but not
increased to the same extent as such malignancy in FA.

Nonhematologic Manifestations of
Diamond-Blackfan Anemia

It is common for there to be associated physical anom-
alies in DBA patients. The facial appearance — known
as Cathie facies - is well recognized with widely spaced
eyes and a snub nose. Abnormal thumbs are also
classic, with the triphalangeal thumb being most
common. These may be present in up to 50 percent
of patients.

Growth failure is often present and may be con-
tributed to by therapeutic steroids for the anemia.
There may be other craniofacial anomalies, including
cleft defects, and there may be other anomalies of the
upper limbs.

For the newly diagnosed or suspected DBA pa-
tient, growth should be plotted on centile charts, the
skeleton of the upper limb formally investigated, and
cardiac and abdominal ultrasound performed to se-
arch for the sometimes associated cardiac and geni-
tourinary abnormalities.

Non-hematologic malignancy is also reported in
DBA and likely occurs above background incidence
and earlier in life. However, such illness is not seen to
the same extent as in FA.

Diagnosis of Diamond-Blackfan Anemia

The patient may present with the typical infantile
macrocytic anemia. A marrow biopsy will reveal a
paucity of RBC precursors, and the ADA concentra-
tion is raised. The HDF level is typically raised.
A search for associated features should be formally
undertaken.
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Some cases will be diagnosed from those associ-
ated other features, and the presentation may be
through the general pediatrician, neonatologist, or
geneticist. Such a presentation may predate hemato-
logic abnormalities or the hematologic changes may
be subtle.

Finally, presentation may be within known kin-
dred. The hematologic and non-hematologic mani-
festations of DBA within the same family and the
same mutation are well recognized to be extremely
variable. The ribosomal genes known to be as-
sociated with DBA should be screened in a reference
laboratory.

The practicing pediatric hematologist will usually
consult the family on two other issues, as for FA. The
family should be invited to register the case with the
international DBA registry and also join the local
(often national) patient support organization. This
will support the family in coming to terms with a rare
diagnosis and keep them (and the physician often!)
abreast of updates in the biology and management of
this condition.

Biologic Basis of Diamond-Blackfan Anemia

This is a changing area of medicine. DBA is now
known to be caused in many cases by mutation in
one of the genes encoding for ribosomal proteins. The
following points can be made:

e It is usually a mono-allelic mutation, which is
consistent with the observed autosomal dominant
inheritance pattern of DBA.

e Several different genes have been described to be
mutated in different cases of DBA. It is genetically
as well as clinically heterogeneous. The most
common gene mutated is RPS19. Other ribosomal
protein genes described to be affected are L5, L11
and $26.

e A national reference DBA laboratory will screen
known genes for mutation in a case of DBA.
However, in about 50 percent of DBA cases, a
mutation in one of the known genes cannot be
identified, but this does not exclude the diagnosis
of DBA.

DBA is therefore a ribosomopathy. Haplo-insufficiency
of individual ribosomal proteins perturbs the precise
stoichiometry of ribosomal biogenesis, and such
an imbalance leads to the accumulation of p53,
which has a central role in initiating apoptosis in
the DBA erythroid precursor. The gene p53 acts as
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a cell-cycle checkpoint, and the p53 gene is a known
tumor suppressor gene, so loss of expression of p53
is associated with constitutional cancer predispos-
ition (the Li-Fraumeni syndrome).

Treatment of Diamond-Blackfan Anemia

There are three treatment strategies for the anemic
patient with DBA:

e RBC transfusion with iron chelation

e Steroid therapy
e HSCT from an HLA-matched, unaffected donor

For the newly diagnosed infant, RBC transfusion sup-
port is usually indicated. Steroid therapy is often
avoided in the first year of life so as not to impair
growth when it might be expected to be at its maximal.
For those failing steroid therapy, a regular transfusion
program will remain the backbone of treatment. The
components of such a program will be as for any such
transfusion program: it should be regular. The median
hemoglobin should be about 100 g/liter and the nadir
about 80 g/liter. The blood selected might be pheno-
typed to reduce alloimmunization, and the annual use
of RBCs be calculated. For those using excessive RBCs
(>250 ml/kg per year), splenectomy may be con-
sidered. Iron chelation therapy will be required for
children on such a regular transfusion program.
Steroids are effective in some cases of DBA. It
remains unclear how they act. The following state-
ments about steroids in DBA patients can be made:

e They have some effect in most but not all patients.
About 20 percent of patients do not respond at all
to steroids.

e In those who respond to steroids, the treating
clinician will attempt to wean the steroid dose
used to a minimum that maintains response but
still retains the therapeutic benefit. Long-term
steroid use is usually required and will have
dose-dependent long-term side effects, including
on growth, bone mineralization, and cataract
formation.

e Prior to starting steroids, the clinician must be
absolutely sure they are treating DBA and not
TEC, and this requires either a clear abnormal
ADA result or transfusion support for long
enough to exclude TEC as a potential diagnosis.

e The maximal acceptable steroid dose is considered
to be 0.5 mg/kg per day of prednisone, and this is
often given on alternate days.
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e About 35 percent of DBA patients on the
international registry use steroids to maintain
transfusion independence. The remainder either
did not respond to steroids, the response was not
maintained, or too high a maintenance dose was
required to safely maintain the beneficial
hematologic effect.

HSCT from an unaffected donor will correct the
hematologic phenotype, including the risk of hema-
tologic malignancy. HSCT will therefore obviate the
need for transfusion support and iron chelation and
will mean that long-term steroid therapy and its
attendant toxicity are not necessary. The following
points about HSCT in DBA must be noted:

e Care must be taken in selecting a family donor
such that the donor does not have an attenuated,
phenotypically milder DBA. This is easy, of
course, where there is a genetic marker, but in the
absence of such a mutation, the sibling should be
carefully evaluated, including with a RBC ADA
determination.

e HSCT carries short- and long-term toxicities.
Many of the deaths reported to the DBA registries
are associated with HSCT. Of course, DBA
patients requiring HSCT are likely to be the more
difficult cases. HSCT has generic risks of its own,
and these should be carefully evaluated before
accepting a DBA child for HSCT.

e The risks of HSCT are likely to be least in a child
without comorbidity (e.g. iron overload) and with
a well-matched donor. The best-matched donor
will be an HLA-identical sibling. Few unrelated
donor HSCT procedures have been done in DBA,
but in general, the risks are much reduced than in
the past, with better typing of donors and better
matching of donors to recipients.

e The patient’s condition should be optimized prior
to HSCT. The iron overload in particular should
be carefully evaluated and reduced with intensive
chelation therapy.

e Transplantation will carry both short-term
morbidity and mortality risk as well as long-term
morbidity risk, including infertility.

e Different transplant programs will offer different
preparative regimens. In general, the regimen
should include serotherapy to reduce the risk of
graft rejection and GvHD. Increasingly, reduced-
intensity or reduced-toxicity regimens are
employed in the transplantation of children with
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DBA. There are some centers that will perform
more DBA HSCT than others.

e Support for families undergoing HSCT will be
available within the patient’s support
organization.

Dyskeratosis Congenita (DKC)

This is a clinically and genetically heterogeneous con-
dition that is caused by mutation in the genes that
encode for the proteins that maintain telomere length
and integrity in hematopoietic stem cells. It is a rare
condition, and no one hematologist will see many
cases. The principal clinical manifestations are in the
bone marrow, including aplastic anemia, and in the
liver and the lung. These organs are affected to differ-
ent extents, often even within the same kindred. The
inheritance is variable. Both X-linked and autosomal
recessive patterns have been described.

DKC and associated illnesses need to be diagnosed
in central reference laboratories with experience in
the illness, and the patients, too, should be seen in
such centers. They also should be referred to national
support organizations so that they can meet others
affected by the same disease and learn about re-
cent developments in this rapidly changing area of
medicine.

Hematologic Manifestations of Dyskeratosis

Congenita

The hematologic phenotype of DKC is variable:

e DKC may present as typical aplastic anemia with
pancytopenia and a markedly hypocellular bone
marrow trephine biopsy.

e A normal blood count with normal indices may be
seen in an individual known to be genetically
affected.

e Macrocytosis, a mild macrocytic anemia, or other
cytopenias may be present. These may be
progressive or relatively stable.

The diagnosis of DKC will follow from appropriate
testing of the patient in whom clinical suspicion of the
diagnosis was raised, usually from the presence of
associated features or the family history. Children
with DKC have a much increased risk - at least 100-
fold - of AML compared to the background popula-
tion. AML in these children will often have complex
poor-risk cytogenetics including monosomy 7.
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Nonhematologic Manifestations

of Dyskeratosis Congenita

The diagnosis of DKC should be considered in newly
diagnosed children with macrocytic anemia or aplas-
tic anemia. Associated features should be looked for:

e The mucocutaneous triad:

« Nail dyskeratosis and dystrophy with ridges

o Leukoplakia of the mouth

« Skin hypo- or hyperpigmentation with the
characteristic ‘plucked chicken’ appearance

e There is also prominent involvement of the liver
and lung:

o There might be cirrhosis, portal hypertension,
or steatosis. Abnormalities might be seen on
imaging or biopsy and might have to be
specifically elicited.

o The classic lung pathology is idiopathic
pulmonary fibrosis. There might be x-ray,
computed tomographic (CT), or biopsy
changes of such. The concurrence of such lung
pathology and BMF is highly suggestive of
DKC or a similar illness.

e There might be involvement of many other organ
systems, including the gastrointestinal tract with
diarrhea and bleeding.

There is a marked increased risk of oral cancer.
A screening program should be implemented for
this in known affected individuals so that it may be
detected early and treatment might be expected to be
more effective and less invasive.

Diagnosis of Dyskeratosis Congenita
This is a rare diagnosis. Diagnosis rests on three pillars:

e Clinical suspicion from associated
nonhematologic features or from a family history

e The finding of shortened blood telomeres using
flow-FISH technology in an experienced reference
laboratory (The shorter the telomeres, the more
likely is the diagnosis of DKC. Once the telomeres
are less than the first percentile of the age-matched
control population, then the diagnosis is likely.)

e The genes that are known to be mutated in DKC
can be screened where the diagnosis is suspected.
This also should be undertaken in a reference
laboratory. Clinical findings should be correlated
with genetic findings.
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Biology of Dyskeratosis Congenita

DKC is a telomereopathy that arises from accelerated
telomere loss from hematopoietic stem cells (HSCs).
Understanding DKC is understanding telomere biology.

o Telomeres are long tracts of bland (not gene-
encoding) DNA that cap eukaryotic chromosomes.

e When DNA is replicated by somatic cells, this
telomere cap is shortened. The length of a
telomere in any somatic tissue including blood is
shorter in aged than in young individuals.

e When the telomere reaches a critical length, cell
division will stop. This is known as the mitotic clock,
and the limit to cell division that is related to critical
telomere shortening is known as the Hayflick limit.

e Malignant cells have acquired various mechanisms
to maintain telomeres with continuing replication,
escaping the Hayflick limit.

e Some cells must preserve their telomeres during
replication, and these cells include gonadal stem
cells and tissue stem cells including HSC:s.
Maintenance of telomeres allows the extensive
replicative potential of such cells, which allows them
to provide a lifetime of blood cells to the organism.

e Telomeres are preserved by telomerase, which is a
ribonucleoprotein enzyme complex that
synthesizes telomeres. It has several components:

o A reverse transcriptase

o The telomerase enzyme that is encoded by the
TERT gene

o An RNA template that is encoded by TERC

o A stablising protein, dyskerin, encoded by
DKC1, found on the X-chromosome

e Many other proteins are involved in telomere
stability, maintenance of integrity, and replication,
and mutation of these genes will give rise to
telomeropathies with some features shared with
classical DKC.

Classic DKC arises from a mutation in DKC1, and is
inherited in an X-linked recessive manner. There is
loss of telomerase function. HSC telomeres shorten,
and cells reach their replicative limit and exit the cell
cycle, leading to HSC insufficiency and aplastic
anemia. Clonal escape with alternative mechanisms
of preserving telomeres is a step along the road to
malignant hematologic disorders including AML.
TERC and TERT mutations cause disease that
presents in both children and adults. Inheritance is
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autosomal dominant. Symptoms and signs and other
organ involvement might be milder than in DKCI
mutated disease. Mutations in many other genes have
been described, and continue to be described, to cause
disease, including in adult patients presenting with
typical aplastic anemia. The genotype-phenotype
relationship in telomereopathy requires much work
for a clear interpretation of the significance of many
mutations to an individual patient.

Treatment of Dyskeratosis Congenita

DKC is a variable disease, but is usually progressive.
DKC is a multisystem disorder that requires multi-
disciplinary management in a center with expertise
in treating the condition. Aplastic anemia can be
managed with BMT. The best HSCT results are with
matched donors and with reduced-intensity con-
ditioning in a patient without significant comorbid-
ities. Successful HSCT will not correct the non-
hematologic manifestations of the disease but will
correct the predisposition to hematologic malignancy.
Usually, serotherapy will be employed in the condi-
tioning regimen to reduce the risks of graft rejection
and GvHD.

The multidisciplinary team should include hepa-
tologists and pulmonologists, who will systematically
and regularly assess liver and lung function. A dental
team also should be involved. There should be a
screening program for mouth cancers.

Shwachman-Diamond Syndrome

Shwachman-Diamond syndrome (SDS) is a rare auto-
some recessively inherited multisystem disorder
characterized by pancreatic exocrine failure, impaired
hematopoiesis, and a predisposition to leukemia. SDS
has recently been shown to be due to biallelic muta-
tions in the Shwachman-Bodian-Diamond-syndrome
(SBDS) gene. How this mutation mediates disease
remains uncertain.

Hematologic Manifestations of Shwachman-
Diamond Syndrome

The most consistent manifestation of SDS is neutrope-
nia, which may be intermittent rather than constant.
Other cytopenias are not uncommon and may be
severe. Early onset of cytopenia is common. On testing,
there may be RBC features of stress erythropoiesis,
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namely, elevated HbF and macrocytosis. Basophilic
stippling may be prominent in the smear.

Marrow cellularity is not consistently hypocellular
and may change. A good bone marrow biopsy core is
required to accurately assess this.

The risk of AML is increased. Different subtypes
are reported, but not M3. The risk is progressive and
estimated by the chronic neutropenia registry to be
20 percent at 20 years and 40 percent at 40 years. The
most common cytogenetic change will be that of
monosomy 7 or 7q-. Isochrome 7q abnormalities
have been described and have not been shown to be
associated with progression to AML or MDS, unlike
other abnormalities of chromosome 7.

Patients with SDS present with infection - usually
bacterial or fungal - and pneumonia is common.
Neutropenia will predispose, but there is evidence
that SDS neutrophils are also dysfunctional. Abnor-
malities of T- and B-cell number and immunoglobu-
lin levels are described and should be screened for in
the SDS patient and will contribute to the increased
infection risk.

Nonhematologic Manifestations of
Shwachman-Diamond Syndrome

The hallmark of SDS is pancreatic exocrine failure:
e The pancreas is small and fatty on imaging.
e There is malabsorption of fat-soluble vitamins.

e Serum pancreatic trypsinogen is low, and stool
elastase is low.

There may be hepatomegaly, and many patients will
have elevated liver transaminases. Liver biopsy might
demonstrate portal and periportal inflammatory cell
infiltrates and some fibrosis or steatosis. Liver involve-
ment is typically early in life and clears without sequa-
lae. There may be hepatic complications of HSCT.
Skeletal dysplasia is seen in SDS related to abnormal
development of the metaphyses. Metaphyseal dysostosis
is present in many patients. Osteopenia is common.
Short stature is the norm. Cardiac abnormalities
are also described. There may be cardiac decompen-
sation during full-intensity conditioning for HSCT.

Diagnosis of Shwachman-Diamond
Syndrome

The diagnosis rests on recognition of the clinical
phenotype, multidisciplinary searching for associated
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features, and examination of the SBDS gene, which is
known to be mutated in about 90 percent of cases.
Patients should have the following tests:

Complete blood count and film

HbF determination

Bone marrow aspirate, biopsy, and cytogenetics
Imaging of the pancreas

Stool elastase or serum trypsinogen
determinations

e SBDS gene analysis

Diagnosed patients should be registered with family
permission and should be referred to the relevant
local or national support organization for children
with this rare disease.

Biology of Shwachman-Diamond Syndrome

SBDS is a highly conserved gene in evolutionary
terms. How mutations of SBDS mediate SDS is
uncertain. The protein product of SBDS is present
throughout the cell and thought to be involved
in ribosome biosynthesis. SBDS also has been shown
to function during mitosis to prevent genomic
instability.

Management of Shwachman-Diamond
Syndrome

Multidisciplinary management in a center with ex-
perience treating children with this rare disease is
pivotal. HSCT from an unaffected HLA-matched
donor will correct the hematologic and immunologic
aspects of this disease. Experience is limited. Reduced-
toxicity or reduced-intensity regimens are likely to
have outcomes that are superior to full-intensity con-
ditioning approaches. These children are brittle and
likely more liable to experience drug-related toxicities.
Serotherapy will reduce the risk of graft failure and
GvHD after HSCT.

The rarity of the disease and the clinical hetero-
geneity mean that there is controversy about the
exact role and optimal timing of HSCT. Delaying
transplantation and allowing clonal hematologic
illness will yield HSCT results inferior to those
obtained in younger children without such comor-
bidities. HSCT is certainly indicated where cytope-
nia is interfering with quality of life or is risking
life and where there is evidence of emerging clonal
hematopoiesis.
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Aplastic Anemia

1. Acquired bone marrow failure syndrome, or
aplastic anemia (AA), is a rare and
heterogeneous cause of pancytopenia in
children.

2. The key clinical distinction is between
inherited and noninherited disease. Bone
marrow failure (BMF) may be the first
evidence of an inherited syndrome, and
Fanconi anemia is the most common
disorder, and such a syndrome should be
carefully excluded at presentation.

3. Most noninherited cases of AA are idiopathic
and likely secondary to immune-mediated
loss of hematopoietic stem cells.

4. Treatment of acquired AA is both supportive
and specific. Specific management includes
immunosuppressive therapy (IST) and
allogeneic hematopoietic stem cell
transplantation (HSCT), and treatment
choices are based on the severity of the
cytopenia and the availability of an HLA-
identical donor.

Assessment of the Child with Aplastic

Anemia

AA is peripheral blood pancytopenia (Hb < 100
g/liter, neutrophils < 1.5 x 10”/liter, and platelets <
50 x 10”/liter) that is caused by a hypocellular (empty)
bone marrow that is neither infiltrated nor fibrotic.
AA is rare (<5 cases per million per year) and is a
far rarer cause of pancytopenia than hematologic
malignancy.

Severity is assessed by both the peripheral blood
count and the bone marrow trephine cellularity:
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Acquired Bone Marrow Failure Syndrome:

e Severe aplastic anemia (SAA) is defined as

Two of three of reticulocytes < 20 x 10°/liter,
platelets < 20 x 10°/liter, and neutrophils <
0.5 x 10”/liter

Less than 25 percent marrow cellularity

e Very severe aplastic anemia (VSAA) is defined as
the same as SAA but the neutrophils are <0.2 x
10%/liter.

e Innon-severe AA, these criteria for SAA or VSAA
are not reached.

Presentation of the Child with Aplastic

Anemia

The clinical features of AA are those of pancytope-
nia, so lethargy, bruising/bleeding and fever are
common. There is typically macrocytic anemia with
reduced reticulocytes, and teardrop red blood cells
(RBCs) may be prominent in the smear. There is a
reduction in marrow cellularity with increased fat
and there may be dyserythropoiesis. The marrow
cellularity can be more accurately quantified on
marrow trephine biopsy and the absence of infiltra-
tion and fibrosis should be confirmed in this biopsy.
The bone marrow cytogenetics are usually normal in
SAA, and the presence of clonal change such as
monosomy 7 or 5q- should indicate the likelihood
of a diagnosis of myelodysplasia (MDS) rather than
aplasia.

Etiology of SAA: Excluding an Inherited
BMF Syndrome

The key distinction for the clinician in the newly
diagnosed child with SAA is between inherited and
noninherited (acquired) causes. SAA can be the
presenting manifestation of an inherited BMF

15:08:22,



Chapter 11: Acquired Bone Marrow Failure Syndrome: Aplastic Anemia

syndrome. Alternatively SAA can evolve while chil-
dren with an already diagnosed inherited BMF are
being followed.

The most common of the inherited BMF syn-
dromes is Fanconi anemia (FA), but SAA can be a
feature of dyskeratosis congenita (DKC), Diamond-
Blackfan anemia (DBA), Shwachman-Diamond
syndrome (SDS), and congenital amegakaryocytic
thrombocytopenia (CAMT). Pearson syndrome is
a mitochondrial disorder that is associated with
hypoplastic anemia, liver disease, and ringed side-
roblasts. These disorders are dealt with more fully
elsewhere in this book but the following might alert
the clinician to the presence of one of these
syndromes:

e The history might include a family history of
AA or one of these syndromes and any genetic
illness is more probable in a consanguineous
family.

e The presence of other abnormalities on
examination that are associated with these
conditions. These might include the thumb
abnormalities of FA, for example.

e The growth of all children presenting with SAA
should be plotted because growth failure is
commonly a feature of the inherited BMF
syndromes.

e A diepoxybutane (DEB) or mitomycin C (MMC)
test is mandatory in all newly diagnosed AA cases
to exclude FA.

e The inherited BMF syndromes are genetically
heterogeneous. Genetic (molecular) analysis of
these genes is now possible and is considered in all
presenting cases of AA. However, molecular
analysis is often laborious and might be
misleading. Taking time to carry out such an
extensive analysis might delay appropriate therapy
of acquired SAA and might be misleading because
a correlation between molecular features and
clinical features is not always possible.

Where there is a strong clinical suspicion of an
inherited BMF syndrome, these further molecular
and other diagnostic investigations should be under-
taken but where there is no suggestion of such a
diagnosis after careful history and examination and
after a negative DEB or MMC test, then the child
should be managed and investigated as having
acquired AA.

.012

Etiology of SAA: Investigation of Acquired
Aplasia

In most cases of acquired AA, no cause is identified
and the condition is labeled as idiopathic. Our under-
standing is that there is immune-mediated loss of
hematopoietic stem cells (HSCs) leading to HSC insuf-
ficiency, hypoplasia, BMF, and pancytopenia. This
underpins the immune-suppressant therapeutic
approach. There is no diagnostic test for acquired
SAA as such. There are several other recognized asso-
ciations and causes of acquired SAA:

1. The diagnosis of acute lymphoid leukemia (ALL)
might be preceded by hypoplastic or aplastic
marrow change. Classically, the hypoplasia is
accompanied by fever and, with resolution of
fever, there is recovery of health and normal blood
counts. Overt ALL is diagnosed several months
later. There may be foci of ALL blast cells (TdT,
CD19, CD10 positive) in the marrow aspirate and
trephine biopsy.

2. Drugs may cause AA. Clearly, the most common
cause in everyday practice is chemotherapy, where
the effect is both dose related and expected.
However, the effect may be idiosyncratic and the
most well-known implicated drug is
chloramphenicol.

3. AA is associated with liver disease. Autoimmune
hepatitis is associated with SAA and may precede
or follow the diagnosis. Similarly, SAA may follow
liver transplantation. Viral hepatitis also may be
associated with AA and screening for these viruses
is part of the investigation of SAA, although the
finding of liver disease or hepatitis virus does not
alter management of the SAA.

4. The distinction between hypoplastic MDS and
SAA is an important one because it influences
management. This distinction depends on aspirate
morphology and specific findings on the trephine
biopsy and the cytogenetic analysis of the marrow
aspirate:

a. The presence of marked dysplasia beyond the
erythroid lineage

b. Fibrosis on the trephine biopsy

c. The finding on the trephine biopsy of
abnormally located immature precursor
(ALIP) cells (Blasts are usually found adjacent
to the bony trabeculae on the trephine and
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ALIPs are found away from these marrow
trabeculae.)

d. Cytogenetic alterations including monosomy
7 and 5q- (Other cytogenetic alterations may
not so readily distinguish MDS from SAA
because clonal hematopoiesis also may be a
feature of SAA or become a feature of treated
SAA.)

Supportive Care

The components of the supportive care of AA include
transfusion support, antibiotic and antifungal prophy-
laxis, and hematologic growth factor treatment. In
general, the following statements about transfusion
support can be made:

e RBC transfusion should be given to keep the
patient asymptomatic rather than to keep the
hematocrit above an arbitrary level. Usually
platelets are given to keep the patient above a
certain threshold, which is often 10 x 10°/liter
unless there is fever or bleeding.

e All cellular blood products should be
leukodepleted to reduce the risk of
alloimmunization. In many countries,
this is now routine practice.

e Where the patient is cytomegalovirus (CMV)
negative or until the CMV serostatus of the
patient is known, seronegative blood products
should be given. It is not known whether CMV
transmission is prevented by leukodepletion
alone, but in some countries, including the United
Kingdom, where leukodepletion is universally
applied, selection of products for CMV-negative
patients is no longer used. The reason for

Table 11.1 Advantages and Disadvantages of IST and HCT
Immunosuppressive therapy

Low treatment-related mortality

prevention of CMV transmission with blood
products is that CMV status will adversely affect
bone marrow transplantation outcomes.

e Irradiation of blood products is unnecessary in
AA until immune-suppressant therapy or HSCT
has been given as treatment.

e RBC transfusion will be associated with
transfusion iron overload. If definitive therapy is
associated with restoration of normal
erythropoiesis, then this can be managed with
subsequent venesection, but otherwise,
pharmacologic iron-overload management will be
needed. Deferiprone might be avoided because it
is known to induce occasional idiosyncratic
agranulocytosis.

All children with significant neutropenia (<0.5
x 10°/liter) usually will require antifungal prophylaxis
and an azole is ordinarily chosen. Antibacterial prophy-
laxis is rarely helpful and likely will lead to resistance.
There has been shown to be no role for routine growth
factor in the management of idiopathic SAA.

Specific Therapies of Severe Aplastic

Anemia

In general, both immunosuppressive therapy (IST) and
hematopoietic stem cell transplantation (HSCT) have
been applied in SAA and VSAA. Milder AA might be
simply observed.

Both IST and HSCT are effective. They are each
discussed in greater detail in the succeeding sections.
They have advantages and disadvantages that are sum-
marized in Table 11.1, and institutions and national
groups should come to algorithms of SAA manage-
ment such as that given in Figure 11.1, which is that for

Hematopoietic stem cell transplantation

Higher treatment-related mortality

e Increased by HLA mismatch
e Increased by comorbidity

Slow restoration of blood counts

Rapid restoration of blood counts

e Might favor in the presence of significant infection

Higher risk of treatment failure

Higher rates of later clonal hematologic illness
(MDS, PNH)

HLA-matched donor not required
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Lower rate of treatment failure

Lower rates of later clonal hematologic illness
Some HSCT-related late effects

HLA-matched donor required; poorer rates using mismatched donors
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e Establish Diagnosis of SAA/VSAA

¢ Exclude Inherited Bone Marrow Failure Syndrome

¢ Tissue Type Family and Patient

Figure 11.1. Algorithm for idiopathic
pediatric SAA. This the current UK
algorithm for the management of SAA
and details the different roles for MSD
HSCT, MUD HSCT, IST with hATG and
other agents.

HLA Identical Sibling
available
1* Choice MSD HCT If no HLA Identical Sibling available perform unrelated donor
search
2" Choice IST with Horse ATG /ciclosporin or 10/10 upfront MUD HSCT (if donor

v

3" Choice Mismatched unrelated donor HSCT (9/10)

4% Choice

1. 2" ST (Rabbit or Horse ATG)
2. Alemtuzumab (Investigational)

3. Eltrombopag ( Investigational)

available and fulfil criteria for upfront

If given ATGAM prior to MUD, then assess
response to IST at 3-4 months. If there is no
response to ATGAM, then proceed to MUD
HCT, if available. If fails ATGAM and lacks a
MUD then proceed to 3% choice

If no response to ATGAM and no MUD or
MMUD available then proceed to 4™ choice

4. Haploidentical or Haploidentical + unrelated donor umbilical HSCTs (Investigational)

(Investigational-recommended that this should be discussed at national MDT.)

the UK group. Individual patient decisions can be
collectively discussed separately within these consen-
sus guidelines by the group.

Immunosuppressive Therapy (IST)

The rationale for IST is that SAA is understood to arise
following an immune-mediated depletion of hemato-
poietic stem cells (HSCs). IST will stop further HSCs
depletion and allow repopulation of the bone marrow
from the surviving, depleted HSC pool. Recovery from
this pool imposes a replicative stress on those HSCs
and their progeny, and there is an increased risk
of clonal hematopoietic disorders, including MDS
and paroxysmal nocturnal hemoglobinuria (PNH),
following IST of SAA.

All studies in children have been performed using
polyclonal horse-derived anti-T-cell immunoglobulin
(hATG), and overall best response rates are about
60 to 70 percent. This product was marketed by
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Genzyme as Lymphoglobulin. An alternative hATG
is marketed by Pfizer as ATGAM, and a polyclonal
rabbit-derived anti-T-cell product known as Thymo-
globulin is marketed by Genzyme. These different
ATG products are dosed differently and likely have
different efficacy in SAA. ATG forms the backbone of
IST in SAA, and the following statements can made:

e hATG is likely more effective than rabbit-derived
ATG, and institutional practice should be to
obtain and use such a product where possible for
this indication.

e The response rates are improved by the addition
of ciclosporin to the ATG, but the addition of
other agents such as MMF, sirolimus, or
granulocyte colony-stimulating factor (G-CSF)
does not confer additional benefit. Ciclosporin is
usually given for a year and then slowly tapered.

e The response rate can be slow and achieved over
months rather than weeks. The response rate is
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probably higher when treatment is applied sooner
rather than later after diagnosis and to children
with VSAA rather than AA.

e Some children do not respond to hATG. These
children have a better outcome following
unrelated donor HSCT than with a subsequent
course of IST.

e There is a significant relapse rate (~20 percent
following hATG) and a significant rate of later
clonal hematopoietic disorders (which rises with
time following therapy). Those who respond to
hATG and subsequently relapse have a better
chance of responding to a second course of hATG
than those who failed hATG the first time, and
usually the hATG product is changed for the
second course, and the duration of ciclosporin
therapy is lengthened.

Hematopoietic Stem Cell

Transplantation (HSCT)

The rationale of HSCT in SAA is similar to that of IST
in SAA. IST abrogates the immune-mediated deple-
tion of HSCs. In HSCT, there is then donor HSC
administration so that hematologic recovery proceeds
from these infused, engrafting donor HSCs rather than
from the depleted recipient HSC pool. There is there-
fore more rapid restoration of good blood counts
following HSCT, and there is also a reduced incidence
of later clonal hematologic disorders than following
IST.

Matched sibling donor (MSD) HSCT has always
been the treatment of choice for children with SAA or
VSAA. Unrelated donor transplantation has trad-
itionally been reserved for children who have either
failed or relapsed following first-line treatment with
IST. With better donor typing, unrelated donors are
increasingly well matched to the recipient. The results
of a well-matched unrelated donor HSCT in all indi-
cations are approaching MSD, and some institutions
and national groups are using matched unrelated
donor HSCT where there is a well-matched donor as
the preferred initial therapy rather than IST.

The pre-transplant conditioning therapy com-
prises immunosuppressant drugs only. Usually these
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drugs will include cyclophosphamide, fludarabine,
and T-cell-depleting serotherapy (such as ATG or
alemtuzumab). The following points may be made:

e There are few late effects of HSCT because the
conditioning therapy is light - growth is usually
normal and fertility is preserved.

e The usual choice of donor HSCs is bone marrow
because the risk of graft-versus-host disease
(GVvHD) is reduced with bone marrow as the
donor source, and GvHD is of no benefit to the
recipient in this disease. Results with cord blood
in SAA have been poor historically.

e After HSCT, there is often mixed chimerism in
the blood, so the recipient’s surviving HSCs may
make some contribution to hematopoiesis. This is
usually of no consequence, and intervention is not
indicated as long as bone marrow function is
good, as assessed by transfusion need and
peripheral blood counts.

e Usually the duration of ciclosporin therapy is
longer than for transplants with other indications.
This is to reduce the risk of later disease relapse
from residual host (marrow-directed) immunity.

e The risk of HSCT is related to the closeness of the
HLA match between the patient and the donor and
the well-being of the patient. Matched sibling
donor HSCT as soon as possible after diagnosis has
always been the treatment of choice in SAA rather
than IST because outcomes are good with well
patients (not sensitized, not yet iron loaded, and
usually without severe infections) with well-
matched donors. Results from unrelated donors
have improved as these transplants have proceeded
earlier in the disease history and using better-
matched, molecularly typed unrelated donors.

e Where there is a higher risk of graft rejection,
such as for a mismatched donor or following a
previous graft rejection, then the likelihood of
donor cell engraftment might be increased by
intensifying the immune suppression with the
addition of total-body irradiation (often as a single
low-dose fraction of 2 Gy) or total-nodal
irradiation to the IST-based conditioning. The use
of mobilized peripheral blood also will increase
the likelihood of donor cell engraftment but will
risk GvHD.
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1. The sideroblastic anemias are a rare group of
disorders in which ringed sideroblasts are
present in the bone marrow smear. The
ringed sideroblast is visible on iron (Perl’s)
staining of the erythroblast and represents
pathologic iron accumulation in the red blood
cell (RBC) mitochondria.

2. The childhood sideroblastic anemias (CSAs)
arise from defective mitochondrial synthesis
of heme or Fe/S clusters or from defective
mitochondrial protein synthesis. There may
be wider syndromic features, or the anemia
may be the only manifestation. The severity of
the anemia is also variable between different
CSAs.

3. The sideroblastic anemias that the practicing
clinician will encounter are X-linked
sideroblastic anemia (XLSA), Pearson
marrow-pancreas syndrome, and
sideroblastic anemia with immunodeficiency,
recurrent fever, and developmental delay
(SIFD). Other CSAs are described but are
often limited to small series or even single
kindreds. The clinician will need expert
assistance in unraveling these disorders.

4. ALAS?2 catalyses the first step of heme
biosynthesis, and mutation in the ALAS2 gene
gives rise to classic XLSA, where the anemia is
mild and microcytic and the blood smear
shows a dimorphic RBC population. There is
iron loading prior to transfusion.

5. In Pearson marrow-pancreas syndrome, there
is mitochondrial DNA deletion and defective
mitchondrial protein synthesis. There are
more general mitochondrial disease features
and there is often pancytopenia, hypoplastic
anemia, and sideroblastic anemia.
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Sideroblastic Anemias

6. A recently described CSA, sideroblastic
anemia with immunodeficiency (B-cell
deficiency), recurrent fever, and
developmental delay (SIFD) arises from a
defect in the maturation of nuclear and
mitochondrial transfer RNA.

Introduction

The sideroblastic anemias were named originally
because of the appearance of ring sideroblasts within
the erythroblast series on iron staining of bone
marrow aspirates. They are a heterogeneous group of
disorders that reflect mitochondrial dysfunction. Col-
lectively, they remain very rare and the practicing
pediatric hematologist may or may not see many such
cases throughout his or her career. Hence, this chapter
will focus only on the three major subtypes and remain
relatively brief.

X-Linked Sideroblastic Anemia (XLSA)

This anemia arises from missense mutation in the first
enzyme that catalyzes the first step in the synthesis of
heme in the erythroblast mitochondrion:

e 5-Aminolevulinic acid (ALA) is formed by the
condensation of glycine and succinyl-coenzyme
A (CoA).

e 5-Aminolevulinic acid synthase (ALAS) is the
enzyme. Its gene is carried on the X-chromosome,
and the condition is X-linked.

e The anemia is microcytic and rarely severe
enough to require transfusion. There is classically
a dimorphic population of RBCs, and the RBC
distribution width (RDW) on the full blood count
(FBC) is greatly increased. It is responsive to
pharmacologic doses of pyridoxine (vitamin Bg).

e Iron overload is significant in the absence of
transfusion and might require management with

15:08:22,

67



68

Chapter 12: Sideroblastic Anemias

phlebotomy (if the anemia is mild) or
pharmacologic therapy.

e XLSA is a rare illness. Patients should be seen in
centers with expertise or cases should at least be
discussed with such centers. Genetic analysis of
the ALAS gene also should be carried out in
reference laboratories and patients should be
referred to national support organizations.

e There are other CSAs that arise from mutations
affecting the catalytic functions of enzymes
involved in Fe metabolism in the mitochondrion
(heme biosynthesis and Fe/S biosynthesis). These
anemias might be similar to XLSA but may not be
sensitive to pyridoxine. There are small numbers
of patients worldwide and reference laboratory
expertise will be required for their elucidation.

Pearson’s Marrow—Pancreas Syndrome

This is a mitochondrial illness caused by mitochon-
drial gene deletion - not always the same deletion -
and many of the features are those of a mitochondrial
illness. There is multisystem upset. There might be
liver disease, myopathy and lactic acidosis. There is
exocrine pancreatic failure.

In addition to the multisystem features of a mito-
chondrial disease, the following hematologic features
should alert the clinician to Pearson’s:

The anemia is macrocytic and might be severe.
The marrow is hypoplastic and pancytopenia may
be present. There is an aplastic anemia.

e The erythroblasts show prominent toxic-type
vacuolation.

Management is multidisciplinary and is not the
sole realm of the hematologist. The aplasia has been
found to be sufficiently disabling in a child, otherwise
well enough from systemic features, for allogeneic
hematopoietic stem cell transplantation (HSCT) to
be offered , but this is not a common occurrence in
Pearson’s syndrome.
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Sideroblastic Anemia with
Immunodeficiency, Recurrent Fever,
and Developmental Delay (SIFD)

This is a recently described condition with several
kindreds across the world. It is also a multisystem
disorder, and the mutation is in TRNTI, which
encodes an enzyme responsible for adding the codon
triple CCA to nuclear and mitochondrial transfer
RNA (tRNA).This CCA binds the amino acid to
the tRNA, which delivers it to the ribosome. The
protein is highly conserved in evolution, indicating
its importance. Mutations allow some protein action
(they are missense or affecting splice sites, etc.), and
gene knock-out animal models are lethal. The rela-
tionship between this observed mutation and the clin-
ical phenotype is far from clear and will be the subject
of further study. There is some heterogeneity in clin-
ical presentation, but in general, this is a severe dis-
ease. Most children with SIFD in the original series
have died of the disease.

e There is multisystem disease, as might be expected
with a mitochondrial illness.

e There is prominent developmental delay,
retinopathy, and cardiac involvement but the
kindreds variably exhibit different manifestations.

e There is a B-cell maturation arrest and
panhypogammaglobulinemia, but this is not
responsible for the recurrent fever syndrome and
it persists even if immunoglobulin replacement
therapy is given.

e The sideroblastic anemia is iron loading like the
CSA of XLAS.

Intriguingly, several children with SIFD have been
given allogeneic HSCT, and this completely corrects
hematologic, immunologic and fever manifestations
of the disorder and appears to prevent early death.
Early reports suggest that HSCT also might amelior-
ate other aspects of the disorder, although more
HSCT experience in the disorder is required before
more exact conclusions can be drawn.
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Iron Deficiency

Iron deficiency is common in infants from
6 months to 2 years of age and is usually
associated with insufficient dietary intake of
iron. Early introduction of cow’s milk and
failure to transition to solid foods at an
appropriate age are the most likely causes.

Iron deficiency is also common in
menstruating teenage girls.

If iron deficiency is diagnosed during
infancy or in menstruating teenagers and
the history is typical, then therapy can begin
without further investigation.

Serum ferritin is the most useful blood test
for iron deficiency, not withstanding being
an acute-phase reactant. A serum iron
determination is unhelpful in making the
diagnosis of iron deficiency.

In Western society, where helminth
infestations are rare, other than infants and
menstruating teenagers, iron deficiency is
not usually seen in children, and further
investigation for a source of blood loss is
always appropriate.

The anemia of iron deficiency is often very
well tolerated, and children may be
clinically asymptomatic despite severe
anemia.

For any child with iron deficiency, even if
not anemic, three months of iron therapy is
always required to adequately replace iron
stores.

In infants, considerable effort is required to
support the parents to correct the diet, and
this is critical if permanent cure is to be
achieved.
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9. Ininfants, iron deficiency has the potential to
cause long-term neurocognitive impairment
and so should be treated aggressively.

10. Most children will respond adequately to oral

iron, and it should be first-line therapy in all
children unless there is a contraindication
such as the presence of inflammatory bowel
disease. Intramuscular iron administration is
painful and stains the skin, and is rarely, if
ever, indicated. Intravenous iron
administration is useful, and careful choice of
iron preparation and rate of infusion can
reduce the risk of anaphylaxis.

Regulation of Iron

Our understanding of the physiology of iron metab-
olism has increased in recent years. Some of this is
relevant to clinical pediatric hematologists. The sali-
ent points are as follows:

The regulation of iron intake into the body is at
the level of absorption. Iron is absorbed in a
controlled way by enterocytes. This iron replaces
that lost from the body in an uncontrolled way,
such as in bleeding or in sloughing of the gut
epithelium. There is no mechanism for controlled
loss of iron from the body. There is therefore no
mechanism for the body to lose iron when it is
administered parenterally, such as the iron within
a RBC transfusion.

The amount absorbed is relatively low compared
with the dietary intake. Iron leaves the enterocyte
and enters the circulation via ferroportin, the only
known cellular iron exporter in vertebrates. This
protein is also expressed in other iron-handling
cells such as the macrophages of the
reticuloendothelial system, where old RBCs are
destroyed and their iron recycled.
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e Ferroportin is also the receptor for hepcidin,
which negatively regulates its production.
Hepcidin is produced in the hepatocytes of the
liver and acts to control iron metabolism in a
negative manner, reducing the export of iron from
the gut (reducing absorption) and release from the
reticuloendothelial macrophage. Hepcidin
downregulates ferroportin, which exports iron
from these iron-handling cells.

e Hepcidin is decreased in iron deficiency anemia,
hemolytic anemia, and anemias with ineffective
erythropoiesis (e.g. thalassemia and congenital
dyserythropoietic anemia) and is maintained
when iron is replete.

e Inappropriate hepcidin contributes to several
diseases:

Hepcidin excess contributes to the anemias of
inflammation and chronic kidney diseases and
can also cause a rare iron-refractory iron
deficiency anemia.

Hepcidin deficiency or inaction contributes to
hereditary hemochromatosis, the iron-loading
anemias, and the hepatic iron overload with
hepatitis C infection.

Normal Iron Requirements and Iron
Metabolism in Children

Iron is crucial for the formation of hemoglobin, so it
is particularly relevant for RBC production. Approxi-
mately 65 percent of total-body iron is in hemo-
globin, and 15 to 30 percent is stored in the form
of ferritin. Iron stores are transferred from mother
to fetus predominantly in the third trimester, so
premature infants will readily become iron deficient
if not supplemented appropriately. Iron supplemen-
tation should begin in infants born prior to 33
weeks’ gestation by 4 weeks of chronological age
once enteral feeds have been established. Preterm
infants have a daily requirement of 2 to 3 mg/kg
per day of elemental iron, which can be met by
supplementing feeds until there is adequate dietary
iron intake, usually between 6 and 12 months of
corrected age. Regardless of gestational age, low-
birth-weight infants, in particular, those weighing
less than 1800 g, have inadequate iron stores at birth
and should receive similar iron supplementation
until 6 months of age.
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Table 13.1 Age-Related Daily Iron Requirements

Age Iron requirement
Preterm, low birth weight (LBW), 2-4 mg/day

1 to 12 months

Term, 0 to 6 months 0.2 mg/day

Term, 6 to 12 months 11 mg/day

1 to 3 years 9 mg/day

4 to 9 years 10 mg/day

9 to 13 years 8 mg/day

14 to 18 years Boys: 11 mg/day

Girls: 15 mg/day

In contrast, term infants are almost never iron
deficient during the first 6 months in the absence of
blood loss (iatrogenic or pathologic). Most infant for-
mulas are iron fortified, so they contain similar
amounts of available iron as breast milk. Thus, either
breast milk or formula is suitable for infants in terms
of iron needs. Standard cow’s milk, goat’s milk, and soy
milk have low iron content and should not be offered
to infants younger than 12 months of age. Cow’s milk
often also induces an enteropathy, which will increase
iron loss as well. By 6 months, infants should be
weaned onto iron-rich solids. Most early infant foods
such as cereals are iron fortified. The age-related daily
iron requirements are summarized in Table 13.1.

Epidemiology of Iron Deficiency in
Children

Iron deficiency is the most common nutritional defi-
ciency in the world, and the World Health Organization
(WHO) estimates that iron deficiency anemia (IDA)
affects one-quarter of the world’s population, predom-
inantly infants and women. Anemia due to iron defi-
ciency is one of the 10 most important factors
contributing to the global burden of disease. More indi-
viduals worldwide have IDA than any other condition.

In the United States, approximately 10 percent of
toddlers have iron deficiency, and 2 to 3 percent have
IDA. Up to 16 percent of teenage girls have iron
deficiency, and 3 percent have IDA. Socioeconomic
status has a strong inverse correlation with the fre-
quency of iron deficiency and IDA.

Children with iron deficiency are at risk of detri-
mental long-term neurologic, developmental, and
behavioral effects. Iron deficiency has been linked to
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poorer cognitive and motor function, including lower
development assessment scores as well as socioemo-
tional behavior difficulties. A meta-analysis of 17
randomized, controlled trails in children showed that
iron supplementation had a modest effect on improv-
ing mental development indices; this effect was most
noticeable in those who had IDA.

Thus, early identification and aggressive treatment
of iron deficiency are important to maximize the child’s
long-term potential. A high index of suspicion should
be maintained for iron deficiency, and opportunistic
dietary history screening should be performed on all
children presenting for medical intervention. The clas-
sic history of failure to transition to solids after 6 months
and ongoing high breast milk or formula intake should
arouse suspicion and appropriate analysis of full blood
count and serum ferritin. Persistence of milk or formula
intake greater than 600 ml/day after 12 months of age is
often associated with iron deficiency. Similarly, any
child who has started cow’s milk prior to 12 months of
age should be screened.

Menstrual histories in teenage girls are notori-
ously difficult in terms of accurately assessing blood
loss, and given the additive impact of reduced meat
intake in this population, one could argue for oppor-
tunistically screening any menstruating teenage girl
who presents for medical review for iron deficiency
with full blood count and serum ferritin.

Other children at high risk for iron deficiency who
deserve investigation include those with celiac disease,
inflammatory bowel disease, known bleeding disorders,
those having major surgery associated with blood loss,
or those with any chronic disease with reduced dietary
intake and chronic iatrogenic blood sampling.

Premature and low-birth-weight infants are at par-
ticular risk of iron deficiency and, as described earlier,
should be routinely supplemented. Minimization of
iatragenic blood loss is important in the management
of all small children. Based on the local epidemiology,
some countries advocate for routine screening for iron
deficiency. For example, the American Academy of
Pediatrics recommends universal laboratory screening
for iron deficiency at approximately 1 year of age.

Clinical Presentations of Iron Deficiency

The classic clinical presentations of iron deficiency in
children include

1. Incidental presentation in a child presenting for
unrelated medical issues

.014

Chapter 13: Iron Deficiency

2. Symptomatic IDA
3. Behavioral abnormalities such as pica

Incidental Presentation

Many children have full blood examinations per-
formed when presenting for unrelated medical issues,
such as trauma or fever. Even in the absence of such
routine investigations, unexplained pallor or tachy-
cardia noted on routine examination should always
raise the suspicion of underlying IDA. If a full blood
count is performed, the finding of a hypochromic
microcytic picture, with or without anemia, raises
the possibility of iron deficiency. The major differen-
tial diagnosis is thalassemia minor, and the RBC
count (often elevated in thalassemia minor and
reduced in iron deficiency) may provide a clue. In
the setting of acute fever, serum ferritin may be falsely
normal due to the acute-phase response, but if the
dietary history is suggestive of iron deficiency, then it
is reasonable to make a presumptive diagnosis and
begin therapy. If the diet is appropriate or unclear,
then follow-up with a serum ferritin determination
when the child is clinically well can be used to con-
firm the diagnosis. Alternatively, confirmation of a
thalassemia minor state can be done with appropriate
testing for beta- and alpha-thalassemia, respectively.

Symptomatic IDA

The presenting symptoms of IDA include pallor,
tiredness, and lethargy, the manifestations of which
will vary with age. In infants and toddlers, poor feed-
ing, breathlessness, and edema (i.e. cardiac failure)
may be signs of more severe anemia. In older chil-
dren, exercise intolerance, sleepiness, or just poor
concentration may be the presenting clinical symp-
toms. Exertion associated palpitations may be noted,
almost always in the setting of baseline tachycardia.
Regional ischemic symptoms are rare in children.
IDA usually develops slowly over a prolonged
period of time and thus is often very well tolerated
by children, especially infants. Incidental presenta-
tions of children with hemoglobin levels as low as
10 g/liter are well described. Many children with
hemoglobin levels of 40 to 50 g/liter will be described
by parents as normally active. Often it is an acute
intercurrent viral infection that precipitates the clin-
ical presentation as the metabolic demands of fever
and infection alike push the cardiac compensation
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toward failure. While some studies have reported
associations between iron deficiency and febrile
seizures, breath-holding spells, and even cerebral
sinovenous thrombosis, more studies are required to
prove a causal relationship.

Behavioral Abnormalities

Pica refers to a desire to eat non-food-related sub-
stances such as paper, dirt, Velcro, and ice. Preference
for ice is specifically referred to as pagophagia. Pica is
a relatively common presenting feature of iron defi-
ciency in childhood, and questions to this effect
should be part of all screening dietary histories. Often
such children present to allied health practitioners
and child psychologists because the parents are con-
cerned about the behaviors, and the biologic basis of
the behavior is not appreciated. These behaviors are
highly associated with iron deficiency and often
resolve within days of starting iron supplementation,
well prior to resolution of hematologic abnormalities.
Nonspecific irritability, sleep disturbance, and con-
centration or learning issues are also often described
by parents of children with iron deficiency, and such
disorders often resolve with the introduction of
adequate iron replacement prior to resolution of
hematological abnormalities.

Diagnosis of Iron Deficiency

The investigations required for the diagnosis of iron
deficiency depend on the age and clinical circum-
stances of the child. Such investigations vary from
no blood tests at all to complex diagnostic algorithms.
As described previously, in the appropriate age group,
and if the dietary history is suggestive, it may be
reasonable to do no laboratory investigations whatso-
ever to make a presumptive diagnosis of iron defi-
ciency and start therapy accordingly.

Similarly, in children in whom incidental abnor-
malities are found on full blood examination, if the
history then supports a dietary deficiency or associ-
ation with menstrual bleeding, no further investiga-
tions are required, and therapy can be started. For
community-based children without major under-
lying disease, a serum ferritin determination is the
only required confirmatory test. As noted earlier,
serum ferritin is an acute-phase reactant, and if it
is normal despite a suggestive clinical situation,
repeating the serum ferritin determination when
the child is well is reasonable.
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Full iron studies, including serum iron, transferrin
saturation, and total iron-binding capacity, rarely add
to the diagnostic decision making in otherwise well
children and are unnecessary investigations for most
children. In particular, the serum iron level has tre-
mendous diurnal fluctuation and should never be
used in considering the diagnosis of iron deficiency.
The only time serum iron is helpful is to monitor
compliance with iron therapy or when concerned
about potential iron overdose. Many children are
falsely labeled as iron deficient based on low serum
iron measurements, and the measurement often
causes confusion and unnecessary alarm for parents.

In children with major underlying diseases and per-
sistent inflammatory markers, the ferritin level can be
unreliable, and in these children, consideration of full
iron studies with perhaps the addition of soluble trans-
ferrin receptor measurement can be helpful. Serum
transferrin receptor concentration increases with
increased severity of iron deficiency. However, norma-
tive data for these parameters, especially in younger age
groups, are lacking. Serum transferrin receptor concen-
tration results differ based on the assay system, and the
results of different assays cannot reliably be compared.

Another relatively new test for iron deficiency is
zinc protoporphyrin measurement because zinc pro-
toporphyrin also increases in iron deficiency. The
assay involves direct measurement of the fluorescence
of zinc protoporphyrin in a hematofluorometer. The
simple test requires a small sample size and has the
advantage that it can reliably detect iron deficiency
even after treatment has been started because it takes
a number of weeks for the iron-deficient RBCs to be
replaced with new iron-replete RBCs. However, just
as for transferrin receptor measurements, the zinc
protoporphyrin level increases in the anemia of
chronic disease as well as in iron deficiency.

Bone marrow iron stains are said to be the gold
standard measurement for determining the adequacy
of iron stores, but they are rarely, if ever, used in chil-
dren unless there are coincidental indications for bone
marrow examination. Age-related normative data are
also lacking, and appropriate positive controls for the
iron stains are important to include in this testing.

For children in whom the cause of iron defi-
ciency cannot be determined by dietary or menstrual
history alone (most commonly children outside the
usual demographics for iron deficiency in children),
then investigation of the gastrointestinal tract is usu-
ally most helpful. Fecal occult blood sampling needs
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to be done on multiple occasions over a period of
time. Investigation of causes of iron malabsorption
(especially diseases of the duodenum and proximal
small intestine) often requires upper gastrointestinal
tract endoscopy, as well as serology for celiac disease.
Investigation of causes of blood loss, including cow’s
milk enteropathy, other enteropathies, and inflam-
matory bowel disease, may require lower gastro-
intestinal endoscopy. Rarer causes including
Meckel’s diverticulum may require nuclear medicine
scans. Hereditary hemorrhagic telangiectasia may be
very difficult to diagnose, and genetic testing is now
often most helpful.

Treatment of Iron Deficiency

There are three major principles of therapy for iron
deficiency in children:

1. Blood transfusion is rarely necessary and should
be given only when there is an urgent need to
replace oxygen-carrying capacity in severe
decompensated anemia.

2. Full replacement of iron stores with
pharmacologic iron therapy for an adequate
duration is essential. This can usually be achieved
with oral iron therapy.

3. Treatment of the underlying cause (i.e. dietary,
menstrual loss, or other) is required to prevent
relapse.

Blood transfusion is rarely required. The only indi-
cations for blood transfusion in children with iron
deficiency are cardiac decompensation such that
urgent restoration of oxygen-carrying capacity is
required or the presence of a comorbidity that makes
cardiac decompensation likely such that there is
insufficient time for iron-replacement therapy to
work (e.g. if imminent surgery is required or a child
develops an intercurrent illness that will likely pre-
cipitate cardiac decompensation in the presence of
significant anemia). The indications for transfusion
in all children are discussed in Chapter 34.

Furthermore, because iron deficiency anemia is
slowly developing and compensatory mechanisms
include maintenance of intravascular volume, the
risk of fluid overload when transfusing children
with iron deficiency is real. If children do require
transfusion, then aiming for a moderate increase in
hemoglobin level, purely to enable cardiac stability,
rather than full correction to normal hemoglobin
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and slow transfusion with careful monitoring of
fluid and respiratory status is recommended.

Once a child is iron deficient, it is unlikely that he
or she will be able to replenish his or her iron stores
without pharmacologic iron therapy. Over-the-coun-
ter multivitamins do not have sufficient iron content
for the treatment of iron deficiency anemia. Different
iron preparations will have different elemental iron
concentrations, and doses should take into account
the degree of anemia and weight of the child. The
recommended dosing (in terms of elemental iron) is
3 to 6 mg/kg per day in two to three divided doses
Oral iron is best administered on an empty stomach,
with absorption enhanced by taking with fruit juice
that is high in vitamin C. Absorption is inhibited by
tannins (tea) and calcium (milk), so oral iron therapy
should not be taken with either of these drinks.

Most countries have oral liquid iron preparations
available that usually contain 6 mg of elemental iron
per milliliter. Thus, 1 ml/kg would be the maximum
daily dose. Capsules that contain Spansul prepar-
ations may be sprinkled onto foods, and these com-
monly contain 270 mg of ferrous sulfate, or
approximately 90 mg of elemental iron. Thus, one
capsule is the maximum daily dose for a 15-kg child.
Smaller children would require the use of fractions
of capsules for each daily dose, and this is often
fraught with difficulties. Most iron tablets contain
325 mg of ferrous sulfate, or approximately 105 mg
of elemental iron and so are suitable for older chil-
dren. Teenagers may require up to two to three
tablets per day.

Poor compliance of iron supplementation is
common, and considerable effort should be expended
to maximize compliance. Gastrointestinal disturbance
as a side effect of oral iron is frequently discussed,
although the evidence supporting it from randomized
trials is not strong. In general, ongoing encourage-
ment, starting at low doses and increasing weekly, or
dividing the total daily dose into two or three doses is
usually effective.

Irrespective of the presence of IDA, once iron
deficiency is present, at least 3 months of iron-
replacement therapy is required. Shorter durations
of therapy are associated with higher relapse rates
and inadequate resolution.

Most children can be adequately treated with oral
iron preparation. Parenteral iron therapy should be
considered in children with persistent iron deficiency
despite oral therapy. Indications for intravenous iron
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administration include contraindications to oral iron
such as inflammatory bowel disease, poor compliance
or tolerability of oral iron preparations, malabsorp-
tion, chronic renal disease requiring erythropoiesis-
stimulating agents, and ongoing iron losses that
exceed iron absorption, such as gastrointestinal bleed-
ing or menorrhagia. Intravenous iron administration
should be considered in patients requiring rapid iron
repletion (e.g. in those undergoing nondeferrable sur-
gery within 2 months). Intramuscular iron adminis-
tration is never indicated in children. The injections
are painful and can lead to permanent skin staining.
There would appear to be no advantages over the use
of intravenous iron unless the healthcare setting does
not support safe intravenous access.

Intravenous iron is available as iron polymaltose,
iron sucrose and ferric carboxymaltose. There is very
limited experience with ferric carboxymaltose in
younger children. These iron formulations have dif-
ferent iron concentrations, maximum doses, dilu-
tions, and rates of administration. They are not
interchangeable with regard to any of these param-
eters, and it is important to refer to the specific
product information.

To calculate the required total dose of intravenous
iron, one must calculate the patient’s total-body iron
deficit. Multiple infusions may be required because
each iron formulation has a maximal iron dose per
infusion. Iron polymaltose is the only iron formula-
tion in which it is possible to correct the total-body
iron deficit in one infusion.

The appropriate iron dose may be calculated by
the Ganzoni formula:

Iron dose (mg) = body weight (kg) x [target
Hb — actual Hb (g/liter)] x0.24 + iron depot

where iron depot is 15 mg/kg for those weighing less
than 35 kg and 500 mg for those weighing 35 kg
and above.

Allergic and anaphylactic reactions to intravenous
iron (especially iron polymaltose) are well reported;
therefore, it should only be given in facilities that are
able to adequately manage anaphylaxis. Premedica-
tion with steroids and antihistamine may be con-
sidered. Drug extravasation can cause irreversible
skin staining.

In one sense, management of iron deficiency in
children is easy because oral iron therapy represents a
simple therapy. However, the underlying cause must
be managed, or relapse is certain. In infants with
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dietary insufficiency, support of the parents to
adequately correct the diet is essential. This is often
very difficult. Limiting daily milk intake, introducing
appropriate solids, and managing resulting toddler
behavioral responses often require real commitment
by parents and all involved in feeding the child. Diet-
ary correction needs to be attained within the 3-
month treatment period if the child is to become
independent of oral iron supplements. This may be
particularly difficult in children with developmental
mental health problems such as autism. Failure to
substantively change the diet will inevitably lead to
relapse, and given the cumulative effect on neurocog-
nitive development, this is less than ideal.

In menstruating teenagers, management of the
underlying menorrhagia, combined often with
improved dietary intake of iron, is also essential.
Ongoing, uncontrolled blood loss will see any iron
replacement therapy inadequate. Gynecologic con-
sultation to investigate and manage menorrhagia is
almost always required in girls in whom menorrhagia
has led to iron deficiency. Management of local uter-
ine issues, hormonal manipulation, or management
of bleeding disorders may be required. Transexamic
acid is often effective when taken during the first five
days of each menstrual period irrespective of the
initial cause of the menorrhagia. Ongoing monitoring
of the effectiveness of these measures is also critical to
ensure that iron deficiency does not relapse following
adequate iron replacement.

Finally, in children with underlying gastrointest-
inal causes of iron deficiency (e.g. celiac disease or
inflammatory bowel disease), successful therapy of
the primary disorder is important to prevent relapse
of iron deficiency.

Follow-Up of Iron Deficiency

After commencement of oral iron therapy, there is
usually an immediate improvement in any behavioral
components, even prior to hematologic recovery. In
children with significant anemia, a reticulocytosis is
often seen in 3 to 5 days and is useful for ensuring
normal absorption of iron and compliance with ther-
apy. Failure to respond to adequate iron with a reticu-
locytosis response may indicate the need for immediate
investigation for malabsorption syndromes. Documen-
tation of initial adequate response, especially in children
with severe anemia who are being managed as outpa-
tients, is important. Once compliance and response are
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confirmed, further monitoring should be minimized.
The hemoglobin is usually two-thirds back to normal
after about 3 weeks of therapy and fully normalizes
within 2 months. Thus, for children with anemia,
another FBE at 4 to 6 weeks of therapy is reasonable.
The mean corpuscular volume (MCV) will usually nor-
malize within 3 months, and failure to do so might
indicate a coexisting thalassemia minor. The ferritin
level should be normal by the end of 3 months of
therapy. In children with no anemia, there is no need
for further testing until the end of the treatment period.

However, following completion of 3 months of oral
iron therapy, documentation of full resolution of iron
deficiency is important. Testing includes repeat FBE to
demonstrate normalization of hemoglobin and MCV,
as well as repeat serum ferritin determination to dem-
onstrate normalization of iron stores. Failure of nor-
malization usually is secondary to poor compliance or
the presence of an unrecognized cause of iron malab-
sorption or loss. Thus, in children in whom the initial
assessment was that the iron deficiency was likely due
to poor diet, there may now be an indication to further
investigate the gastrointestinal tract.

Once iron therapy has ceased, ongoing monitoring
of FBE and ferritin levels at 3- to 6-month intervals for
atleast 12 months is required. Relapse of iron deficiency
in children who have presumed to be iron deficient due
to diet alone should trigger reconsideration of the need
to comprehensively investigate causes. This presumes
that the dietary deficiency was corrected successfully.

After intravenous iron replacement, 3 months
should be given for full correction of the FBE param-
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eters. Measuring the ferritin level much before that
time is likely unhelpful due to the initial high peak
attained. Ongoing monitoring to ensure that under-
lying causes are now controlled, or in cases where
ongoing iron loss cannot be controlled, to determine
the optimal timing of future intravenous iron replace-
ment therapy is also recommended.

Iron Toxicity in Children

Whenever oral iron therapy is prescribed for children,
parents must be made aware of the dangers of iron
overdose. Iron should be stored safely and out of reach
of children. Once iron therapy is no longer required, any
remaining supplies should be discarded appropriately.

The severity of iron toxicity depends on the
amount of elemental iron ingested; doses of 40 mg/
kg of elemental iron or higher are typically associated
with serious toxicity. Symptoms of iron poisoning
typically occur within 20 minutes of ingestion. Initial
symptoms within the first 6 hours following iron
ingestion include nausea, vomiting, diarrhea, and
abdominal pain. Absence of symptoms within 6 hours
implies that toxicity is unlikely. There is often a qui-
escent period between 12 and 24 hours when symp-
toms transiently resolve before overt toxicity becomes
apparent. Subsequently, there is evidence of systemic
toxicity, including tachycardia, hypotension, hypovo-
lemic shock, and metabolic acidosis. Hepatotoxicity
may be seen and typically occurs within 48 hours.
Early recognition of iron overdose and aggressive
management can be lifesaving.
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Vitamin B,, and folate are essential
hematinics but are also essential vitamins
for most tissues.

Most presentations of vitamin B;, and
folate deficiency in children are secondary
to dietary insufficiency and in breast-fed
infants due to maternal vitamin B,
deficiency

Inborn errors of metabolism are less
common but important causes of clinical
deficiency. Transcobalamin II deficiency,
which is autosomal recessive, can present in
an identical fashion to deficiency secondary
to maternal vitamin B, deficiency.

Vitamin B, deficiency in infancy is
uncommon but important because it is one
of the few reversible causes of failure to
thrive (FTT) and developmental regression.

Any child who presents between 6 months
and 3 years of age with FT'T, developmental
regression, and any hematologic abnormality
should have vitamin B,, and folate deficiency
excluded as a matter of urgency.

A blood film with any degree of cytopenia,
macrocytosis, hypersegmented neutrophils,
or a combination of these abnormalities
should raise the prospect of vitamin B;, or
folate deficiency and lead to immediate
follow-up with the clinical team.

Children with vitamin B, or folate
deficiency in the 6-month to 3-year age
group often present nonspecifically, and by
the time the diagnosis is made, rapid
deterioration can ensue. Urgent intervention
can make a significant difference in the long-
term neurologic outcome.
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Disorders of Vitamin B, and Folate

8. Laboratory investigation can be confusing,
and clinicians should be aware of the
difference between serum vitamin B;, and
active vitamin B, laboratory measurements.

9. Determinations of serum homocysteine and
urinary methylmalonic acid are critical
investigations to demonstrate the presence
of intracellular vitamin B;, or folate
deficiency and in cases of inborn errors of
metabolism are useful in differentiating the
potential mechanism.

10. Folate deficiency is very rare in childhood
but is seen commonly in infants fed goat’s
milk, which is deficient in folate.

Introduction

Megaloblastic anemia in childhood is a rare but import-
ant condition. The importance stems from the fact
that in the young infant age group, marked neurologic
impairment is common, and delays in diagnosis can
significantly worsen the long-term neurodevelopmental
outcome. Thus, urgent recognition and intervention are
required. This demands a high degree of clinical suspi-
cion and a high degree of proactive intervention from
the hematologist because an abnormal blood film in this
age group may be the first clue to the potential diagnosis.

The physiology of vitamin B, and folate meta-
bolism is well known but remains a mystery to most
clinicians who have done their best to forget the complex
metabolic pathways that seemed so important in medical
school. However, even if the complex intracellular path-
ways cannot be visualized, a basic understanding of
the absorption and delivery pathways of these two
important nutrients is required to anticipate the patients
who are likely to suffer from malabsorption or dietary
deficiencies.

The laboratory testing for vitamin B12 deficiency
in particular is often confusing, and there remain some
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questions about the interpretation of active vitamin
B,, assays in neonates. The introduction of organic
acid screening into newborn screening protocols in
some countries now means that many infants are
having elevated methylmalonic acid detected early in
life while asymptomatic. These advances in laboratory
methodology are changing the way vitamin B;, and
folate problems are detected in childhood.

Physiology of Vitamin B,, and Folate

Vitamin By, is not found in plants, so dietary sources
include meat, fish, dairy products, and eggs. As such,
strict vegans readily become deficient in vitamin B,
unless they take specific steps to supplement their
diet. The recommended daily dietary intake is 2 pg
for adults, with increased requirements during preg-
nancy and lactation. Infant requirements are 0.1 pg/
day. The average body stores are 2 to 5 mg for adults,
with over 50 percent located in the liver, so deficiency
tends to develop very slowly. Many infants with
deficiency do not present until the second 6 months
of life.

Once vitamin By, (bound to animal protein) is
ingested, it is cleaved off in the stomach and proximal
small intestine, where it then is bound to intrinsic factor.
The intrinsic factor-vitamin B;, complex travels to the
distal ileum, where it binds to specific receptors leading
to vitamin B;, absorption into the bloodstream. In
plasma, the bulk of vitamin B, is bound to haptocorrin,
which is a carrier protein only. A small proportion
binds to transcobalamin II, which facilitates receptor-
mediated uptake into the cells as required. Hence, chil-
dren with transcobalamin II deficiency will have normal
serum vitamin B;, measurements, which reflect the
haptocorrin binding, despite their severe intracellular
deficiency.

Once inside the cells, vitamin By, is a coenzyme in
two important cellular reactions:

e In the methionine synthesis pathway within the
cytoplasm, vitamin B, is a coenzyme for
methionine synthase, and failure of this pathway
leads to increased homocysteine, which can be
measured in the plasma.

e Within the mitochondria, vitamin B;, is a
coenzyme for methylmalonic acid mutase, which
leads to the production of succinyl CoA. The
failure of this pathway leads to accumulation of
methylmalonic acid, which can be measured as
part of a urinary organic acid screen.
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Thus, elevated serum homocysteine and urinary
methylmalonic acid levels are evidence of cellular vita-
min B, deficiency irrespective of the serum vitamin
By, levels. Specific metabolic defects in the vitamin B,
metabolism pathway may favor elevation of one or the
other metabolite preferentially. Deficiency of vitamin
Bi,, whether dietary deficiency, absorption or trans-
port failure, or metabolic abnormality, affects meta-
bolically active tissues, and hence, symptoms are often
reflected in the gut mucosa, bone marrow, and the
brain, although eventually almost every organ will
become dysfunctional.

Folate is present in many foods of both plant and
animal origin, but substantial losses can occur during
cooking and storage. However, dietary deficiency in
children is very rare unless they are fed goat’s milk
alone, which is deficient in folate. Goat’s milk-based
formulas are supplemented with folate and therefore
not a problem. Other than that, children are usually
significantly malnourished in general before they suffer
from folate deficiency. The average daily requirement
for folate is approximately 3 upg/kg, with children
having slightly higher requirements than adults.
Because folate deficiency in mothers was associated
with neural tube defects in the past, many pregnant
women take folate supplements throughout pregnancy.
Some countries also now have folate-fortified staple
foods such as bread to reduce the risk of folate defi-
ciency in the community. Children with chronic
hemolysis of any etiology may have higher folate
requirements and are generally deserving of additional
supplementation (0.5 to 5 mg weekly is usually suffi-
cient). The absorption of folate is less well understood
than that of vitamin B;, but appears to occur in the
proximal small bowel by both a specific receptor and
nonspecific pathways. Within the plasma, folate circu-
lates mostly unbound, although albumin may bind
some folate. Folate is used in a number of cellular
reactions, and deficiency can lead to an excess of
methionine and homocysteine.

Hematologic and Clinical
Manifestations of Vitamin B,, and
Folate Deficiency

The classic hematologic changes in peripheral blood
films are macrocytosis, hypersegmented neutrophils,
and varying degrees of cytopenia. Any cell line may
be more or less affected, and while pancytopenia is

15:08:30,

77



78

Chapter 14: Disorders of Vitamin B,, and Folate

common, a high index of suspicion should be had
for any abnormality on the blood film if the clinical
picture is suggestive. Alternatively, a left shift with
increased numbers of neutrophil precursors with
abnormal morphology can be seen. While macrocy-
tosis is typical, clinicians should remember that
most individuals have a relatively stable mean corpus-
cular volume (MCV), so changes in MCV (that are
not age related) flag a problem, even if the actual
MCV is still within the ‘normal’ range. The true
diagnosis of megaloblastosis is a bone marrow
diagnosis, in which dyshemopoiesis is obvious in
all cell lines, with giant forms, disordered nuclear
appearances, and classic nuclear cytoplasmic asyn-
chrony. The bone marrow may appear proliferative,
and this has been mistaken for myeloid malignancy.
Thus, the clinical presentation of the hematologic
manifestations may include the presentation of
anemia, thrombocytopenia, and neutropenia/neutro-
phil dysfunction as isolated abnormalities or in com-
bination. Often the blood picture is identified
incidentally during a full blood examination (FBE)
performed for intercurrent viral infection or nonspe-
cific reasons.

In addition to the hematologic abnormalities — and
of more concern - is the neurologic deterioration
associated with megaloblastic anemias of childhood.
Especially in young children, there is often neurodeve-
lopmental regression, with loss of developmental mile-
stones such as smiling, vocalization, head control, and
purposeful movements. There may be reduced tone
(although tone may be increased), seizures, and abnor-
mal movements that may range from jitteriness to true
choreoathetoid movements. This picture is often asso-
ciated with failure to thrive or weight loss, and there
may be a multitude of other symptoms, including signs
of gastrointestinal dysfunction and skin rashes. Gloss-
itis or mouth ulceration is common. The development
of these symptoms is often slowly progressive over
months, and it is not uncommon for children to have
presented on multiple occasions for medical assess-
ment - with mothers stating that something is wrong
with their baby and they just cannot put their finger on
it — before the diagnosis is eventually made. Megalo-
blastosis is one of the few reversible causes of neuro-
logic regression in infancy and hence the need for a
high index of suspicion. The long-term outcome
appears to be related to the depth of deterioration
reached, so early diagnosis and treatment offer a far
better prognosis.
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In older children, the clinical presentation can be
variable, and the neurologic manifestations can vary
from seizures, to poor school performance, to specific
neuropathies, and even to psychiatric-type presenta-
tions. Again, a high index of suspicion is required for
any child with suggestive hematologic features in the
presence of any neurologic or nonspecific clinical
features.

Etiology of Megaloblastosisin Childhood

Megaloblastosis has different etiologies depending
on the age of the presenting child. Folate deficiency
is extremely rare, and most clinical presentations are
due to vitamin B, deficiency unless infants are fed
on pure goat’s milk, which is severely deficient in
folate (goat’s milk-based formulas are supplemented
with folate and therefore not a problem). The ages at
which the different causes of vitamin B, and folate
deficiency usually present clinically are shown in
Table 14.1.

Cobalamin metabolic defects are rare and are
labeled cobalamin A through G according to the exact
enzyme deficiency in the pathway. Diagnosis may be
suspected by earlier presentation or positive family
history in previous children. The exact diagnosis

Table 14.1 Causes of Vitamin B;, and Folate Deficiencies and
Age at Usual Clinical Presentation

Age at Effects

presentation
Vitamin B, deficiency

<6 months age Cobalamin metabolic defects

6 months to 3 years  Maternal vitamin B, deficiency
in breast-fed infants
Transcobalamin Il deficiency
Malabsorption syndromes

Cobalamin metabolic defects

5to 10 years Immerslund-Grasbeck syndrome

Juvenile pernicious anemia

Juvenile pernicious anemia
Early-onset adult-type pernicous
anemia

Strict veganism

10 to 18 years

Folate deficiency
1 to 36 months Dietary deficiency (goat's milk)
>3 years Dietary deficiency
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requires metabolic analysis, usually of skin fibroblast
culture, and is only performed reliably by a small
number of laboratories around the world.

Transcobalamin II deficiency is autosomal
recessive and often presents with neurologic regres-
sion, failure to thrive, and hematologic abnormal-
ities in the second 6 months of life, that is, in an
identical fashion to children with dietary deficiency
due to maternal vitamin B;, deficiency. Thus,
formula-fed infants with the relevant clinical pre-
sentation are likely transcobalamin II deficient
because all infant formulas are supplemented with
vitamin Bj,, so dietary deficiency in these infants
is rare.

Dietary deficiency due to maternal deficiency of
vitamin B, is common in infants whose mothers
who are strict vegans, whose mothers have undiag-
nosed pernicious anemia, or whose mothers have a
malabsorption syndrome. Often the mother has
had a number of children in close succession,
breast feeding in between, and has simply run out
of vitamin B, for the presenting child. While,
classically, pernicious anemia has been said to be
associated with infertility in affected women, this is
clearly not the case, and many of the mothers are
asymptomatic.

Malabsorption syndromes in children that are
associated with vitamin B, or folate deficiency include
celiac disease, cystic fibrosis, and various causes of
short gut syndrome. The presentations of these dis-
eases are usually quite different, but there are reports of
megaloblastic features being the initial presenting
symptom.

Immerslund-Grasbeck syndrome is a rare condi-
tion in which selective vitamin B;, malabsorption
from the gut is associated with proteinuria. While
familial in nature, it does not usually present until later
in childhood.

Juvenile pernicious anemia is the absence of intrin-
sic factor and is not common. Adult-type pernicious
anemia, or auto immune antibodies against intrinsic
factor and gastric parietal cells, is also not common but
is reported in teenagers.

Diagnosis of Vitamin B, and Folate
Deficiency in Childhood

There are two major aspects to the diagnosis. First is
the need to confirm vitamin B,, or folate deficiency,
and second is identification of the cause. The FBE
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and, in particular, the blood film are very helpful in
raising suspicion of the condition but in themselves
are not necessarily diagnostic. The bone marrow
appearance is more specific, but there is rarely an
indication for doing a bone marrow aspirate these
days because the following assays and tests usually
can be done quickly in most laboratories to assist in
the diagnosis.

In terms of vitamin B, traditional testing has
included a serum vitamin B;, determination. Over
the years, there have been numerous problems with
these assays technically and in terms of interpreting
the results, with large variations in normal results and
often an indeterminate range that could be associated
with physiologic variation or pathologic deficiency.
In recent times, the development of holotranscobala-
min (holoTC) measurements or ‘active’ vitamin B,
assays has improved the diagnostic sensitivity. These
assays measure the component of plasma vitamin B,
that is bound to transcobalamin II and therefore
available for active transport into cells. The method
is probably more robust and less variable than trad-
itional serum vitamin B;, measurements, although
reference ranges for all ages of children are not yet
established, and there remains some doubt about the
clinical significance of values in the low-normal
range. Children with vitamin B;, deficiency from
maternal vitamin B,, deficiency or malabsorption
(including Immerslund-Grasbeck syndrome or any
form of pernicious anemia) will have low serum vita-
min B;, measurements and low HoloTC measure-
ments. However, children with transcobalamin II
deficiency will have normal serum vitamin B,, meas-
urements but low holoTC measurements. Children
with metabolic defects of intracellular vitamin B,
metabolism will have normal serum vitamin B,
measurements and normal holoTC measurements.

An important adjunct to the diagnosis of vitamin
B,, deficiency is therefore the demonstration of intra-
cellular deficiency of vitamin B;,, which is achieved by
demonstrating elevated serum homocysteine levels
and/or elevated urinary methylmalonic acid (MMA).
Taking samples for these measurements prior to
replacing vitamin B, can be very useful in confirming
the diagnosis. For all dietary, absorption, and trans-
port pathologies of vitamin B;,, both parameters will
be elevated. For cobalamin defects, the increase in
homocysteine or MMA depends on the exact defect.

With respect to identification of the cause, the
clinical situation and age of the patient will determine

15:08:30,
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the relevant investigations. In infants, measurement of
maternal vitamin B, level and subsequent investiga-
tion of a cause for any maternal deficiency (e.g. dietary
history, autoantibodies to exclude pernicious anemia,
investigation for potential malabsorption syndromes)
is usually required. Transcobalamin II deficiency can
be confirmed by measuring transcobalamin II levels or
by genetic testing for the relevant known mutations.
Malabsorption syndromes in infants should be identi-
fiable by other clinical features, but appropriate inves-
tigations such as endoscopy and biopsy, celiac
serology, or sweat tests may be required. Cobalamin
metabolic defects require specialist investigation.

In older children, a search for proteinuria or
appropriate testing to exclude autoantibodies should
be conducted. The presence of antibodies to gastric
parietal cells and intrinsic factor is common in adult-
type pernicious anemia. Parietal cell antibodies are
found in other autoimmune disorders and also in
up to 10 percent of healthy individuals, making the
test nonspecific. However, around 85 percent of
patients with pernicious anemia have parietal cell
antibodies, which means that they are a sensitive
marker for the disease. Intrinsic factor antibodies
are much less sensitive than parietal cell antibodies,
but they are much more specific. They are found in
about 50 percent of patients with adult-type perni-
cious anemia and are very rarely found in other
disorders. Elevated serum gastrin is found in approxi-
mately 90 percent of patients with pernicious anemia,
but it also may be found in other forms of gastritis,
and often endoscopy is required to differentiate
causes of gastritis. In teenagers with adult-type
pernicious anemia, appropriate investigation for
other autoimmune disease is probably worthwhile.
Juvenile pernicious anemia will be negative for all
the autoantibody assays.

Folate deficiency should be suggested by the dietary
history. Measurement of RBC folate is the preferred
diagnostic assay because plasma folate tests merely
reflect recent ingestion. Homocysteine is elevated in
folate deficiency, whereas MMA remains normal.

Treatment of Vitamin B, or Folate
Deficiency

Especially in infancy, treatment of vitamin B, or folate
deficiency should be regarded as a medical emergency,
and replacement therapy should be initiated as soon as
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possible. Delays of hours can potentially make a differ-
ence in the long-term neurologic outcome.

While the optimal dose and duration of initial
replacement therapy are unknown, there seems to be
little adverse effect from giving an excess of the missing
nutrient. For vitamin B,, 1000 pg given intramuscu-
larly (IM) daily for the first week, until the cause of the
vitamin B,, deficiency is known, seems reasonable.
Hydroxycobalamin should be used rather than cyano-
cobalamin because if the child turns out to have a
cobalamin metabolic defect, some will not respond to
cyanocobalamin. In cases of maternal deficiency, once
the mother has been treated adequately, the child can
continue to breast feed and, after initial replacement
therapy, should need no further specific treatment. If
the infant has a malabsorption syndrome, specitic
treatment is required, but ongoing supplementation
also may be required. In children with transcobalamin
IT deficiency, ongoing twice to three times weekly IM
injections may be required because the principle of
treatment is to drive plasma levels so high that
adequate vitamin B, simply diffuses into cells. While
correction of the hematologic abnormalities seems
relatively easy to achieve, the exact amount of vitamin
By, required to normalize brain development is
unknown. These children may require high-dose vita-
min By, for life, and adequate doses cannot be achieved
through oral vitamin B, supplements alone.

The vitamin B, deficiency that presents later in
life usually requires lower maintenance vitamin B,
doses, although high-dose daily treatment in the
initial phase of treatment is not unreasonable. The
various types of pernicious anemias probably only
require monthly or even 3-monthly 1000-ug injec-
tions in the longer term. As with all conditions,
homocysteine and MMA may be useful monitoring
assays.

Adequate folate supplementation can be
achieved with 5 mg orally daily until sufficient
modification to the dietary intake has been made
to guarantee ongoing sufficient intake. Many clin-
icians give vitamin By, (single IM injection of 1000
pg) at the start of folate replacement therapy as
well, just in case there is combined deficiency and
to avoid the potential for worsening symptoms of
subacute combined degeneration of the cord. Like-
wise, many clinicians add oral folate therapy when
treating vitamin B;, deficiency on the basis that it
will do no harm and may be of benefit.
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Outcome of Vitamin B,, or Folate
Deficiency

The hematologic abnormalities associated with vita-
min B, or folate deficiency correct rapidly and easily
with replacement therapy. The more important out-
come relates to the degree of neurologic recovery.
This seems to relate to the degree and duration of
impairment in the first place. Even for dietary defi-
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ciencies in which there is no ongoing biochemical
pathology, reported outcomes vary from severe def-
icits (unable to perform activities of daily living, con-
stant seizures), to specific learning deficits, to no
apparent abnormalities. All children diagnosed with
vitamin B, or folate deficiency require ongoing
developmental follow-up and probably neuropsycho-
logical assessment at key points during their
schooling progression.
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. Hemolytic anemia in children is usually

acute and potentially life threatening, so it
should always be regarded as a medical
emergency.

. In general, any child presenting with

hemolysis should be admitted to the
hospital and monitored closely until the
tempo of the hemolysis is understood,
irrespective of the initial hemoglobin
measurement.

. Transfusion support is the mainstay of

treatment for acute hemolysis, and early
transfusion is usually recommended.

. Transfusion should never be delayed because

of diagnostic uncertainty. It is always better
to have a living child in whom the diagnosis
is uncertain than a dead child who has had a
full diagnostic workup.

. The blood film is a critical part of the

workup of any hemolytic episode.

. Haptoglobin and lactate dehydrogenase

(LDH) determinations are usually
unnecessary in children with hemolysis and
do not add to patient management.

. For inherited hemolytic syndromes, which

often recur intermittently, parental and
patient education is vital.

. Parvovirus is a potential cause of transient

aplasia in children with underlying
hemolytic anemia.

. Folate supplementation is recommended for

all children with hemolytic anemia.
Gallstones in children should always raise
the possibility of an underlying hemolytic
disease.

Hemolytic Anemia

Introduction

Hemolysis refers to the increased breakdown of red
blood cells (RBCs) or shortening of RBC survival from
the usual 120 days. The destruction of the RBCs leads
to increased production of unconjugated bilirubin,
which leads to clinical jaundice when the bilirubin
concentration rises to greater than 60 to 70 pmol/liter.
As the RBC survival decreases, the bone marrow
responds by increasing RBC production, so there is
increased reticulocytosis and, in more severe cases, the
presence of nucleated RBCs in the peripheral blood
(with or without a nonspecific left shift). The bone
marrow can usually increase RBC production six- to
eightfold to keep pace with cell breakdown, thus giving
a compensated hemolytic anemia. It is only when RBC
survival is less than approximately 20 days that the
marrow can no longer meet demands, and an uncom-
pensated hemolysis develops leading to anemia. Any
coexisting hematinic deficiency leads to failure of
compensation more readily. If the RBC breakdown
occurs intravascularly, then hemoglobin may be
excreted in the urine (hemoglobinuria), leading to
dark urine.

Hemolysis in children can develop exceeding rap-
idly, with hemoglobin dropping from normal values
to life-threatening anemia within hours. Thus, in any
child presenting with anemia, the first requirement is
to confirm or exclude hemolysis so as to determine
the likely urgency of ongoing management. In broad
terms, this is referred to as distinguishing aregenera-
tive (slowly developing) anemias from regenerative
anemias (hemolysis and blood loss) that have
the potential to deteriorate rapidly. The presence of
anemia, reticulocytosis, and elevated serum bilirubin
levels is usually sufficient to confirm hemolysis.
Reduced haptoglobins and elevated LDH are less
reliable measures in children and rarely add to the
diagnostic process, so they are usually not worth
ordering. The blood film may show polychromasia

Downloaded from https:/www.cambridge.org/core. University of Birmingham, on 03 Apr 2017 at 18:16:33,

16


https:/www.cambridge.org/core

and is most helpful in guiding further investigations,
which should be aimed at determining the cause of
the haemolysis. Neonatal RBC alloimmunization and
post-transfusion-related hemolysis are discussed in
Chapters 5 and 35 respectively.

Diagnosis of Hemolysis

Having confirmed a hemolytic process (i.e. anemia
with increased reticulocytosis and serum bilirubin),
the next step is to consider the underlying cause. In
simple terms, hemolysis can be considered as either
intrinsic or extrinsic to the RBCs. RBCs have no
nucleus, and hence, intrinsic causes must be due to
membrane, hemoglobin, or enzyme abnormalities
(Table 15.1). Extrinsic causes can be considered
immune or nonimmune (Table 15.2). Of the nonim-
mune causes, separation into microangiopathic causes
of hemolysis versus other causes is also helpful. Thus,
the classification of acute anemias in childhood is
simple with relatively few decision points. While there
remain some rare causes of hemolysis, this simple
classification will deal with almost all causes encoun-
tered clinically.

Thus, the blood film is useful in guiding subsequent
investigations. If hereditary spherocytosis is suspected,
the traditional osmotic fragility testing is now mostly
replaced by the eosin-5-maleimide binding test (E5M
or EMA), a relatively specific flow cytometric test
(approximate sensitivity 90 percent and specificity 95
percent) that can be done on less than 0.5 ml of blood,
including capillary samples, within hours. If hemo-
globin problems are suspected, then rapid sickle
preparations or hemoglobin electrophoresis is usually
diagnostic. If unstable hemoglobins are suspected,
either heat instability or isopropanol testing is required.
If glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency is suspected, then G6PD assay is the most useful
test. It may be falsely normal during acute hemolysis
because reticulocytes have higher levels of G6PD even
in deficient patients. Investigation for less common
and rare causes is usually fruitless in the acute setting,
and such disorders can be diagnosed in the fullness
of time.

Once again, the blood film is useful in guiding
subsequent investigations. A direct antiglobulin test
(DAT) or Coombs test is warranted in almost all
first presentations of hemolysis to exclude immune
causes. Remember that some drugs may causes
immune hemolysis (as well as precipitate G6PD), so
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drug history is important in all children with hemoly-
sis. Microangiopathic causes need only be investi-
gated in the presence of RBC fragmentation on the
blood film. Thrombotic thrombocytopenic purpura
(TTP) and hemolytic-uremic syndrome (HUS) usu-
ally are found in association with other clinical fea-
tures, including renal or neurologic symptoms.
Disseminated intravascular coagulation (DIC) is usu-
ally seen in very sick children, most commonly pre-
cipitated by sepsis. Wilson disease rarely presents as
primary hemolysis, and preexisting liver disease is
more common. Malaria should be preceded by his-
tory of travel to an affected area.

Initial Assessment of the Child with
Suspected Hemolysis

There are three major principles to the initial assess-
ment of a child with suspected hemolysis:

1. Confirm hemolysis.
2. Assess severity of anemia.
3. Determine underlying cause of hemolysis.

As described earlier, the most useful investigations
to confirm hemolysis are the full blood examination,
serum bilirubin determination, reticulocyte count,
and blood film. Occasionally, autoimunne hemolytic
anemia (AIHA) has a low reticulocyte count because
the antibody destroys reticulocytes as well. Determin-
ing the presence of hemoglobinuria associated with
intravascular hemolysis is important both for con-
firming hemolysis and also assessing severity. Subse-
quent investigations relate to determining the cause of
the hemolysis.

Hemoglobin is required for oxygen delivery,
and thus, assessing the oxygen delivery capacity is
critical in the assessment of any child with anemia.
As described in Chapter 1, tissue oxygen delivery
(ml/min) = cardiac output (liters/min) x Hb (g/liter)
X oxygen saturation (%) x 1.34 ml/g (constant:
amount of oxygen per gram of normal Hb), where
cardiac output is the product of heart rate and stroke
volume. The clinical implications of this equation
are also described in Chapter 1. However, the heart
rate is arguably the most critical component of the
assessment of a child with acute hemolysis because it
is a guide to cardiac compensation. The hemoglobin
directly provides a measure of anemia. Be aware that
in patients with intravascular hemolysis, the meas-
ured hemoglobin may be falsely elevated if there is
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Table 15.1 Description of Intrinsic RBC Causes of Hemolysis

Site of
intrinsic
problem

Membrane

Hemoglobin
(Hb)

Enzyme

Most common

Hereditary
spherocytosis

Sickle cell
disease (SCD)
or thalassemia

G6PD
deficiency

Less common

Hereditary

pyropoikilocytosis

Unstable Hb

Pyruvate kinase

Really rare

Methemoglobin

Other enzymes

Causes
jaundice
at birth

Common

Rare

Common

Causes
intermittent
hemolysis during
childhood

Common

Common

Common

Blood film features of
common abnormality
during acute hemolysis

Spherocytes

Sickle cells (SCD), target cells,
Hypochromic microcytosis
(thalassemia)

Blister and bite cells

Intravascular
hemolysis

No

Yes

Yes
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Table 15.2 Extrinsic Causes of Hemolysis
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Extrinsic cause Pathophysiology Blood film features in  Diagnostic tests Intravascular
acute hemolysis hemolysis
Immune Warm (IgG) Spherocytes (IgG) Direct antiglobulin test (DAT)  IgM and PCH only
Cold (IgW) Agglutination (IgM)
PCH Specific PCH features
Microangiopathic ~ Mechanical RBC fragmentation - Yes
intravascular Thrombocytopenia
hardware (DIC, TTP/HUS)
hemangioma
DIC
TTP/HUS
Infective Malaria Parasitemia Thick and thin films Yes
Rapid diagnostic tests
(antigen tests)
Metabolic Wilson disease Acanthocytes Serum ceruloplasmin Yes

substantial free plasma hemoglobin. Clues to this
include examining the blood sample for plasma
color and the finding of a patient who seems more
tachycardic and hypoxic than expected for a given
hemoglobin level. Also, the RBC count is reduced
out of proportion to the reported hemoglobin level.
Similarly, acute intravascular hemolysis, especially
due to G6PD, can be associated with methemoglobin
formation, which has reduced oxygen affinity (hence
changing the constant in the tissue oxygen equa-
tion). This would also indicate severe hemolysis
that would benefit from early aggressive transfusion
therapy.

In summary, the useful investigations in the acute
setting should be guided by the appearance of the
blood film, but a DAT is always required. Immune-
mediated hemolysis often can be particularly aggres-
sive, and immunoglobulin G (IgG)-mediated
hemolysis will benefit from steroid therapy. There-
fore, this should never be missed. E5M and G6PD
determinations and hemoglobin electrophoresis
(HbEP) are also reasonable front-line investigations.
Relevant investigations for the remaining extrinsic
causes should be guided by appropriate details from
the history and examination. Further investigations
for rarer causes generally should be left for a later
date because waiting for initial investigation results
to be negative before embarking on more compre-
hensive investigation delays transfusion, and all-
inclusive investigation at initial presentation prior
to transfusion wastes time and resources because

the most common causes are covered by the simple
investigations just detailed.

Initial Management of the Child
with Hemolysis

All children presenting with an acute hemolytic epi-
sode should be admitted to the hospital until the
tempo and severity of the hemolysis are understood.
This is irrespective of whether the patient has had
previous episodes and whether those were severe or
mild. Initial hemoglobin level and matching heart rate
should be noted, and transfusion should be given as
clinically required. Given the potential for the hemo-
globin level to deteriorate rapidly, one would not
usually allow the child to become unwell in any way.
Aggressive transfusion to stabilize the hemoglobin
level is usually warranted. Occasionally, multiple
transfusions over a number of days are required,
and close and repeated monitoring of such patients
is critical. In such cases, post-transfusion hemoglobin
measurements as well as regular timed measurements
are often required to assist in determining optimal
volumes for each transfusion. Oxygen therapy is of no
value because the RBCs remaining in circulation are
fully oxygenated unless there is methemoglobin. If the
DAT is positive for IgG, then steroid therapy should
be started, usually at a dose of 1 mg/kg oral predni-
solone. In cases of autoimmune hemolysis, it is often
necessary to give least-incompatible units of blood
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because the antibodies cross-react with all donors.
Delays in transfusion to search for perfectly compat-
ible blood should be avoided unless the child has been
previously multiply transfused and is known to have
alloantigens. If the child is initially stable, then moni-
tor for increases in heart rate. (It is suggested that the
physician write specific instructions to nursing staff
that an increase in heart rate of 20 to 25 percent
should trigger a medical review of the patient based
on an assessment that whatever the current state is, a
20 to 25 percent deterioration would trigger consider-
ing transfusion). Remember that in the absence of
fever, increases in heart rate will occur in inverse
linear relationship with decreases in hemoglobin level
and hence can be used to detect clinically relevant
deterioration even before repeat blood tests are per-
formed. Regular (6-hourly) hemoglobin checks will
also assist in determining the tempo and usually, after
the first 24 hours, the behavior of the hemolysis
remain relatively consistent. If over 24 hours the child
has remained stable without requiring transfusion,
then depending on geography, social situation, and
parental understanding, the child often can be sup-
ported as an outpatient with daily review. However, if
there is any doubt about clinical course or ability to
return to the hospital quickly, ongoing hospitalization
is required until the child is stabilized.

Specific Causes of Hemolysis and Their
Acute and Chronic Management

Hereditary spherocytosis has an incidence of approxi-
mately 1 in 2000 people. Seventy percent are autoso-
mal dominant, usually with a parent known to be
affected; thirty percent are autosomal recessive. Neo-
natal jaundice is very common and must be differen-
tiated from ABO blood group incompatibility, which
also causes spherocytes on neonatal blood films in
otherwise well babies. Patients usually have chronic
compensated hemolysis with acute exacerbations
related to viral illness. Parvovirus can induce aplastic
crisis, in which anemia is of slower onset and without
increased hyperbilirubinemia and reticulcytosis,
although the latter is noted in the recovery phase.
Early cholelithiasis is common. Splenomegaly is usu-
ally clinically detectable after 12 months of age, and
the spleen can get quite large. Definitive treatment is
splenectomy. Indications for splenectomy include fre-
quent transfusion requirements over a number of
years, multiple life-threatening hemolytic episodes,

perceived risk of splenic trauma related to lifestyle
(contact sports), and cholelithiasis requiring cholecys-
tectomy. Splenectomy is delayed until after 5 years of
age if at all possible, and partial splenectomy may be
effective. Appropriate presplenectomy vaccinations
and postsplenectomy antibiotic prophylaxis are rec-
ommended. Most children, however, do not require
splenectomy and only intermittent transfusion sup-
port. Weekly folate supplementation of 0.5 mg (<1
year of age) or 5 mg (older children) is routine.

Hereditary pyropoikilocytosis is a rare disorder
that is considered a homozygous form of autosomal
recessive hereditary elliptocytosis. It usually presents
in neonatal life with jaundice and anemia and a
characteristic blood film with marked poikilocytosis.
Transfusion support is often required. It usually
becomes less severe with age, and older children
become asymptomatic. Parental blood films might
be abnormal.

Unstable hemoglobins are rare causes of hemolysis.
The blood film findings are often nonspecific, although
Heinz bodies are often obvious on supravital staining.
HbEP is often normal, and unstable hemoglobin is
only detected on specific heat instability or isopropanol
testing. Of the 146 described unstable hemoglobin
variants, Hb Koln is the most common, and is a beta-
chain abnormality, thus usually does not present until
after 6 months of life. Patients usually have a chronic
compensated hemolysis with acute exacerbations.
Regular folate supplementation is worthwhile. Trans-
fusion support is necessary as indicated clinically.
Splenectomy is sometimes required as definitive treat-
ment. Hb Poole is an unstable fetal hemoglobin that
may cause hemolysis in the newborn period. Diagnosis
is difficult because both heat stability and isopropanol
testing use fetal hemoglobin as their positive control
given that fetal hemoglobin is more unstable than adult
hemoglobin normally. The condition is usually self-
limiting, so extensive diagnostic efforts are usually
not justified.

G6PD deficiency is one of the most common
single-gene mutations that cause disease in humans.
While it is X-linked, girls commonly present with
clinically significant hemolysis as well, so gender
should not dissuade the diagnosis. Neonatal jaundice
is very common. Occasionally, neonates with jaundice
have initial blood films consistent with oxidative
hemolysis but turn out not to be G6PD deficient,
and the cause of this is unclear. Most children with
G6PD deficiency present with classic favism, that is,
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hemolysis on exposure to fava or broad beans. Fresh
beans in springtime are more potent, and it is not
uncommon to see a cluster of hemolytic patients at
this time of year. While many children have severe
hemolysis on first and all exposures to fava beans,
some appear very random in their response to expos-
ure. Whatever the situation, once diagnosed, the
family should be counseled to avoid exposure ever
again. Families should be reassured that all other
beans and vegetables are safe and that unjustified
dietary exclusions should be avoided. Some children
also have acute hemolysis with viral infections as their
most frequent presenting problem. While there is a
known list of drugs that can precipitate hemolysis
in G6PD-deficient patients, including sulfur drugs
and some antimalarials, in pediatric practice, these
are infrequent problems. Routine neonatal vitamin
K is safe and should be given as per usual. Napthalene
(moth balls) is a known precipitant, and baby
clothes previously stored with naphthalene should be
avoided. Often blood tests when the child is well
reveal no abnormality, although some patients do
have evidence of chronic, compensated hemolysis in
between acute episodes. Parental education about an
appropriate response to acute pallor, jaundice, or
lethargy is critical, as is true in all hemolytic anemias,
and this should be a major aim of follow-up after any
acute episode. There seems little value in routine
annual blood tests in well children, and one could
argue about the value of routine clinical review once
the parents are well educated, except in those in
whom there is evidence of chronic compensated hem-
olysis. Acute episodes can be severe, and the propor-
tion of blister or bite cells on blood film does not
predict severity. Marked hemoglobinuria with or
without methemoglobin formation is a hallmark of
severe episodes. Aggressive transfusion support may
be required, but the crises are usually short-lived.
Folate supplementation at least transiently around
acute episodes seems logical. G6PD assay is diagnostic
but may be normal in the setting of acute reticulocy-
tosis. Repeat assays when the hemolysis has settled,
but at least 3 months post-transfusion, will clarify the
diagnosis. Splenomegaly is not a feature, and these
children should be reassured and encouraged to live
normal lives but with the relevant diet and drug
restrictions.

Pyruvate kinase deficiency is an uncommon auto-
somal recessive cause of hemolysis. Although there is
racial variance in the incidence, in a mixed Western
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society, the prevalence is rare. Neonatal jaundice is
common, and a chronic hemolysis, either compen-
sated or, occasionally, transfusion dependent, usually
ensues. Acute exacerbations with illness do occur.
Folate supplementation is appropriate. Transfusion
support as indicated clinically, either acutely or to
support growth and development if chronic anemia
exists, is recommended. Side effects of chronic hem-
olysis, such as large splenomegaly and cholelithiasis,
are possible. Splenectomy is not curative, but it usu-
ally greatly reduces the severity of the anemia.

Autoimmune hemolytic anemia (AIHA) is common
in children, but unlike in adults, it is most often an
isolated phenomenon and not related to other auto-
immune, malignant, or inflammatory conditions or
drugs, although all of these are possible.

Warm AIHA (IgG) is most often precipitated by
nonspecific viral infection. Hemolysis is often severe
and can be prolonged. Warm AIHA is steroid respon-
sive, so oral prednisolone 1 mg/kg should be com-
menced immediately, as well as initial transfusion
support. Usually all cross-matches will be incompat-
ible due to the strong autoantibody, but transfusion
should proceed regardless, unless preexisting alloan-
tibodies are also demonstrated. Once the hemolysis
has settled, prednisolone can be weaned slowly. Fail-
ure to settle with prednisolone or inability to wean
prednisolone can occur, and in such patients, steroid-
sparing alternative therapies must be considered.
Azothiaprine, mycophenolate mofetil (MMF), and
rituximab have been used. Splenectomy is often rec-
ommended in chronic AIHA. Children presenting
with ATHA from IgG antibodies appropriately invoke
high anxiety from experienced pediatric hematolo-
gists and should be managed with a great deal of
caution.

Cold AIHA (IgM) is most commonly associated
with Mycoplasma pneumoniae infection. DAT is posi-
tive for complement only. The hemolysis can be
severe but usually settles relatively quickly. The hem-
olysis is intravascular, so hemoglobinuria is common.
Steroid therapy is of no value, so the treatment of
choice is transfusion support. There is commonly
agglutination on the blood smear, and such agglutin-
ates might occur in the absence of clinical hemolysis.
The blood may need to be warmed prior to its auto-
mated analysis so that the agglutinates disaggregate.

Paroxysmal cold hemoglobinuria (PCH) is a spe-
cific type of AIHA in which the IgG antibody fixes
complement and causes intravascular lysis (the family
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describe black - coke-coloured — urine). The anti-
body, known as the Donath Landsteiner antibody,
characteristically binds in the cold peripheral circula-
tion but lyses in the warm central circulation. It is
much more commonly seen in the winter and in
colder countries. There may be a relative reticulocy-
topenia, and there is typically erythrophagocytosis by

neutrophils in the blood smear as well as red cell
agglutination. The DAT is positive for complement.
It may follow Epstein-Barr virus (EBV) infection,
although a number of viral infections are associated
with it. The hemolysis can be mild or severe, and
transfusion support and keeping warm is the main-
stay of treatment of this self-limiting illness.
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1. Infection and hematology go together.

2. Looking after patients with primary
hematologic illness involves commonly
preventing and treating infectious disease in
those individuals. The cells of the blood form
a vital part of the defense of the organism
against infection, so abnormalities of the
blood will often mean that this defense is
weaker

3. In the presence of infection, the appearance of
the blood might be different and might be
used to specifically contribute to the diagnosis
of a specific infection.

Infection in Children with
Hematologic llinesses

Children with hematologic illnesses get infections.
Their immunity to infection is reduced by both the
disease itself and the treatment of the disease. Such
infections are responsible for much of the morbid-
ity associated with hematologic illness and are also
responsible for significant mortality. Infection may
be with opportunistic organisms and may be bac-
terial, fungal, viral or another opportunist in origin.
The types of infections and the specific organisms
are influenced by the hematologic disease itself and

the type and intensity of treatment given.

Infection is intimately linked with hematology.
A well-functioning clinical hematology unit will have
infection management at its heart. Protocols will vary
between institutions, and various guidelines and
reviews are published. However, in each center, the
protocols must exist for the following (governance will
require that staff know and follow such protocols and

that such adherence is audited regularly):
e Prophylaxis and therapy of bacterial infection
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a Hematologic Features of Infectious Disease

e Prophylaxis, diagnosis and therapy of fungal
disease (preemptive or empirical therapy as well as
therapy of documented infection)

e DPrevention, prophylaxis, diagnosis, and treatment
of viral infection especially during hematopoietic
stem cell transplant (HSCT)

e Prophylaxis and therapy of Pneumocystis jiroveci
infection

e Strategies for the management of varicella-zoster
virus (VZV), including postexposure prophylaxis,
herpes simple virus (HSV) and measles infection

e Strategies for vaccination in children receiving
cancer chemotherapy and for those who have
undergone HSCT

Prophylaxis and Therapy of

Bacterial Infection

e Most studies support the use of prophylactic oral
antibiotics in children who have severe and
prolonged neutropenia to reduce the incidence of
bacteremia. Drugs used include ciprofloxacin,
other quinolones, and trimethoprim-
sulfamethoxazole.

e Prompt treatment with appropriate parenteral
antibiotics saves lives in neutropenic children with
fever. The antibiotics chosen should be institutional
and given empirically to the neutropenic child
presenting with fever. Examples include
monotherapy with piperacillin-tazobactam or
meropenem or either of these two drugs combined
with an aminoglycoside. The center must audit
both the antibiotic sensitivity of the bacteremic
isolates from its neutropenic children and the
interval between presentation with fever and
subsequent administration of the antibiotic.

e The empirical antibiotic therapy can be adjusted
once the specific sensitivity of a blood culture
isolate is known.
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e Antibiotics should be continued until the fever is
resolved and for a defined period (7 to 14 days) in
those with positive blood cultures.

e In certain circumstances, consideration might be
given to removal of the Hickman line.

A persistently positive line-drawn blood culture
despite antibiotic therapy or infection with a
particular organism such as Klebsiella,
Pseudomonas or Staphylococcus aureus might
prompt such consideration.

e Hospitalization and prompt initiation of empirical
broad-spectrum intravenous antibiotic therapy
have dramatically reduced infection-related
morbidity and mortality. The intensity of this
approach, however, is not without undesirable
sequelae. Prolonged antibiotic exposure and
hospitalization are potent risk factors for the
emergence of resistant microorganisms and
secondary infection. Inpatient therapy is also
associated with inferior health-related quality of
life for children with cancer, and hospitalization is
significantly more expensive. It may be possible to
step down to outpatient parenteral or oral
antibiotics or even give oral antibiotics only in
certain circumstances (‘low-risk’ febrile
neutropenia). This is an evolving field and practice
is changing in this direction.

Prophylaxis, Diagnosis, and Therapy of
Fungal Infection

e The risk factors for invasive fungal infection (IFI)
are duration and depth of neutropenia, mucosal
tissue damage induced by chemotherapy, use of
steroids (>0.3 mg/kg per day prednisolone or
equivalent) and - for Candida infection - the
presence of a Hickman line (see Table 16.1).

e IFI is seen most commonly in acute myeloid
leukemia (AML), in relapsed acute leukemia, and
following allogeneic transplantation. The most
common organisms are Candida and Aspergillus.
The former is usually line associated and the latter
is usually pulmonary in origin, although
dissemination to other sites is seen in about a
third of cases. Mucor is a mold that is relatively
resistant to drug treatment.

e A prompt diagnosis of IFI will make treatment
more effective. Strategies will include either or both
of (1) screening high-risk patients with twice-
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weekly serum galactomannan determinations (this
is a cell wall component of Aspergillus and can be
detected using a sensitive assay) and (2) imaging
using computed tomography (CT) of the chest in
high-risk patients with prolonged febrile
neutropenia. Even non-typical infiltrates might be
indicative of IFI. An abnormal CT scan might be
followed by bronchial lavage of the area to try to
identify the specific pathogen.

e Antifungal prophylaxis should be given to high-
risk patients. Drugs used include the azoles -
itraconazole, posiconazole and voriconazole
(preferably with monitoring of drug levels with
these agents) - liposomal amphotericin, and an
echinocandin such as caspofungin or micafungin.

e Empirical antifungal therapy has been a common
practice in neutropenic children with persistent
fever despite appropriate empirical antibacterial
therapy. In adult oncology practice and
increasingly in children, empirical therapy is being
replaced by preemptive (diagnosis-driven) therapy
of early-diagnosed fungal infections using
galactomannan and CT imaging. This restricts the
use of antifungal drugs.

e Candida infection is usually treated with
liposomal amphotericin or fluconazole. Hickman
lines should be removed. Aspergillus is treated
with voriconazole or liposomal amphotericin.
Additional disseminated sites of infection should
be looked for with CT scanning. Mucor treatment
requires a combination of surgery and higher-
dose liposomal amphotericin.

Virus Infection during Allogeneic Stem
Cell Transplantation

Virus infection is common in allogenic transplantation
because of the removal of recipient T-cell immunity
during the conditioning therapy (to reduce the risk of
allograft rejection). The infection risk persists until the
recipient immune system has generated an equivalent
T-cell repertoire and this will be longer where T-cell-
depleting serotherapy has been included in the condi-
tioning or where there is significant graft-versus-host
disease (GvHD).

Management of such virus infection is crucial to the
outcome of the transplant because virus infection may
be responsible for significant morbidity and mortality.
Exposure to new virus is reduced by the relative
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Table 16.1 Key Questions for the Clinician Concerning Invasive Fungal Infection (IFl)

What are the risk factors for fungal illness?

What fungal organisms are commonly seen?

Who is at greatest risk and should receive prophylaxis? And with what drugs?

How is IFI diagnosed? And how can it be diagnosed earlier?

What is empirical and preemptive therapy?

What drugs are used in therapy of IFI? What is the role of surgery and line removal?

isolation of children in the early post-transplant period.
Most institutions keep children away from school at this
time. Early diagnosis of infection with polymerase chain
reaction (PCR)-based assay of respiratory secretions in
symptomatic children will allow early diagnosis and
therapy of influenza or respiratory syncytial virus
(RSV) infection.

HSV prophylaxis is routine in the transplant
patient. This will also serve as VZV reactivation
prophylaxis. Immunoglobulin replacement is often
used and might reduce the risk of virus infection.

Children who have been exposed to cytomegalo-
virus (CMV), adenovirus, Epstein-Barr virus (EBV),
and human herpesvirus 6 (HHV6) prior to trans-
plantation are at risk of reactivation of these viruses
after transplant. This is so because the memory T-cell
repertoire that controls these viruses from reactivat-
ing in all of us has been removed. Screening the blood
for these viruses will detect them during an asymp-
tomatic phase prior to clinical illness. Where children
have been exposed to CMV prior to transplantation
and are seropositive, using a seropositive donor might
reduce the risk of post-transplant CMV reactivation
and illness because some immunity to the virus is
transferred with the transplant as donor immunity
becomes established in the recipient.

The strategies for reducing viral infection after
transplantation are summarized in Table 16.2.

Pneumacystis jiroveci Infection

Pneumocystis pneumonia (PCP) is a life-threatening
infection in immunocompromised children with
quantitative and qualitative defects in T-lymphocytes.
At risk are children with lymphoid malignancies, HIV
infection, corticosteroid therapy, transplantation and
primary immunodeficiency states. It is a fungal infec-
tion but was formerly thought to be protozoan.
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Infection is diagnosed in a suspected case by PCP
PCR of respiratory secretions. The clinical presentation
is fever, cough, breathlessness and hypoxia. There is an
interstitial infiltrate on chest x-ray and this is predom-
inantly perihilar. Various drugs are used in prophylaxis
and treatment of PCP (Table 16.3). In severe PCP,
therapy may be associated with a decline in clinical
condition and an added steroid is an important thera-
peutic adjunct in this situation.

Management of Varicella-Zoster and
Measles Exposure in Susceptible
Children

Chickenpox caused by VZV can produce a severe
illness in children who are immune suppressed
because of treatment for a malignancy. It is routine
practice to screen such children at diagnosis using
serology for evidence of previous exposure. Those
who were previous exposed need no post-exposure
prophylaxis (PEP). Those who are seronegative and
significantly exposed (they must themselves be in
direct contact with the case of VZV) receive PEP
either with varicella-zoster immunoglobulin (VZIG)
or a course of aciclovir. There is no randomized trial
evidence that demonstrates superiority of one
approach over the other. It is similarly routine prac-
tice to offer measles immunoglobulin to exposed
seronegative oncology children.

Vaccination after Chemotherapy or HSCT

Children who have completed cancer chemotherapy
or have undergone HSCT and now have discontinued
immune suppression are candidates for revaccination.
There may be a consensus national practice. In
general,
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Table 16.2 Strategies to Reduce Viral Infection in the Post-Transplant Recipient
Primary antiviral prophylaxis with aciclovir for HSV/VZV and with regular immunoglobulin infusion
Isolation of children from non-family members while immune suppressed after transplantation

Screening of respiratory secretions in symptomatic children for viruses for which therapy exists, including influenza
and RSV

Regular screening of the blood for the ‘reactivation’ viruses — CMV, EBV, adenovirus, and HHV6 — and institution of drug
therapy when these viruses are found — ganciclovir/foscarnet/cidofovir for CMV and HHV, rituximab for EBV, and
cidofovir/ribavirin for adenovirus

Reduction of immune suppression in the presence of significant virus infection; In certain circumstance, virus-specific and
donor-derived cytotoxic T cells can be derived and used to rapidly reconstitute virus-specific immunity in the infected
post-transplant patient.

Use of a CMV-seropositive donor for a CMV-seropositive recipient so that engrafted immune donor cells have retained
CMV ‘memory’ for reactivated CMV; Use of a CMV-seronegative donor for a seronegative recipient will reduce risk of CMV
transfer with donor cells in transplantation to a CMV-naive recipient.

Table 16.3 Drugs Used in the Treatment and Prophylaxis of PCP

Treatment of PCP Prophylaxis of PCP

TMP-SMX: TMP: 15-20 mg/kg per day + SMX: 75-100 mg/  150/750 mg/m? per day:

kg per day — preferred therapy; use alternatives where e Three times weekly in two divided doses on

toxicity is seen (e.g. rash) consecutive days or single dose three times a week on

consecutive days
Two divided doses daily
Two divided doses three times a week on
alternate days
e For adolescents/adults: one double-dose tablet orally
daily or three times weekly

Pentamidine: 4 mg/kg per day 300 mg nebulized 3-weekly in older children
Atovaquone -
Clindamycin-primaquine
Dapsone-trimethoprim
Limited pediatric data and used only in milder infections

All children who are immune suppressed because immunizations to those they had received
of active chemotherapy or recently completed pretreatment at about 6 months after completion
chemotherapy should receive the influenza of treatment.

vaccination each winter.

Children who have undergone HSCT should .
undergo a complete revaccination program Infections That Affect the Blood
beginning 12 to 18 months after transplantation. Many infections affect the blood. Hematology is part
They should have normal T- and B-cell numbers  of the routine investigation of all sick children. How-
and be off immune suppression and without ever, this section reviews four infections in which
active GVHD. Live vaccination should not be given ~ hematologic changes are particularly prominent and
until 24 months after the transplant. where the clinical hematologist might be consulted.
Children who have received leukemia therapy The hematology of HIV infection is reviewed in
should have a single booster set of Chapter 23.
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Table 16.4 Possible Therapeutic Interventions in Post-Transplant Lymphoproliferative Disease (PTLD)
Administration of the monoclonal antibody directed at B cells (rituximab) to reduce B-cell proliferation

Reduction of the dose of calcineurin inhibitor (ciclosporin or tacrolimus) in solid-organ transplantation-associated PTLD
to encourage EBV-directed T-cell tumor surveillance

Congenital immune deficiency and EBV PTLD will require HSCT for restoration via transplant of a competent immune
system. The PTLD might not need to be fully in remission prior to such an approach, and reduced-intensity conditioning
(RIO) transplantation might be appropriate.

Screening of HSCT recipients for the asymptomatic EBV viremia that will precede PTLD. Those with a rising level or a level
above a certain threshold will receive rituximab.

Ex vivo expanded EBV-specific partially HLA-matched T cells derived from a third party can be administered to a patient
without T-cell function (after HSCT or a patient with a congenital immune deficiency) to restore EBV-directed surveillance

of EBV-associated B-cell proliferation

Chemotherapy of the B-cell tumor

Hematology of Pertussis Infection

Leukocytosis and lymphocytosis are features of this
bacterial infection. There is an association between
outcome and degree of leukocytosis. Predominantly,
the leukocytes are mature lymphocytes. Many phys-
icians will advocate hydration where there is leuko-
cytosis and exchange transfusion where the white
blood cell (WBC) count is greater than 100 x 10°/
liter.

Hematology of EBV Infection
EBYV is discussed further

e As a reactivation virus during HSCT in
Chapter 39 and

e As a cause of hemophagocytic
lymphohistiocytosis (HLH), even in the absence of
genetic mutation driving the HLH episode, in
Chapter 23.

EBV immortalizes B cells and is a cause of B-cell
tumors in immune-compromised patients, in whom
T-cell surveillance of such EBV-related B-cell prolifer-
ation is impaired. The resulting lymphomas may be
part of congenital T-cell immune deficiency or part of
T-cell lymphocytopenia after HSCT, or part of T-cell
immune suppression after solid-organ transplant-
ation and use of calcineurin inhibitors. The tumor is
known as post-transplant lymphoproliferative disease
(PTLD). There may be accompanying or preceding
EBV viremia. A reflection on the etiology of PTLD
leads to an understanding of the possible therapeutic
interventions in this illness (Table 16.4).
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Acute EBV infection with seroconversion is one of
the causes of infectious mononucleosis. There may be
numerous atypical lymphocytes and leukocytosis.
There may be associated hemolytic anemia. The
monospot test might aid rapid diagnosis and detects
the heterophile antibodies directed at other mamma-
lian RBCs during acute EBV infection. Specific EBV
serology including the IgM antibody will lead to a
more exact diagnosis.

Hematology of Malaria

Malaria is a truly devastating disease and more
common than most of the conditions dealt with in
such detail in this book. The parasite spends much of
its life in the RBC, and it is not therefore surprising
that there are effects on RBCs, WBCs, platelets, and the
coagulation system. These effects are most pronounced
in Plasmodium falciparum infection because it parasit-
izes all RBCs while P. malaria infects only old RBCs
and P. vivax and P. ovale infect only reticulocytes.

Its hematologic features are complex but might be
summarized as follows:

e Anemia. This can be severe, particularly in
children and pregnant women and is a significant
cause of mortality. Its severity indicates that it is
due not simply to hemolysis of infected RBCs but
of non-infected RBCs too. There also may be
some suppression of hematopoiesis. It is managed
by RBC transfusion and occasionally by exchange
transfusion where there is severe parasitemia.

e Thrombocytopenia. This is a persistent feature of
severe malaria. It is likely a consequence of
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endothelial damage and platelet sequestration and
consumption. The mean platelet volume is raised
and there are increased reticulated platelets.

e WBC cell counts are typically low or normal in
malaria. Leukocytosis is rare and may represent
concurrent or associated infection rather than
malaria itself.

e Splenomegaly is frequent in malaria and may be
huge.

Hematology of Parvovirus Infection

Parvovirus is cytopathic to RBC precursors. The
marrow at the time of infection shows giant and
vacuolated early pronormoblasts. In acute infection,
there is an associated reticulocytopenia of 7 to 10
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days’ duration. In those with shortened RBC survival -
chronic, inherited hemolytic anemia - this reticulo-
cytopenic period is accompanied by symptomatic
anemia, whereas in those with normal RBC survival
it will go clinically unnoticed.

Parvovirus infection may be chronic in the
immune-compromised host, post-HSCT, HIV infec-
tion, or the acute lymphoid leukemia (ALL) mainten-
ance therapy patient, and there may be continuing
reticulcytopenic anemia. It may be a cause of severe
fetal anemia and hydrops in vertically acquired infec-
tion by the fetus during pregnancy. It should be
distinguished from Diamond-Blackman anemia. It
has been described to be a triggering infection for
HLH. It also has been described as associated with
the presentation of ALL in children.
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1. Sickle cell syndrome is a heterogeneous
group of disorders with variable phenotypic
severity.

2. Early detection of sickle cell anemia and
initiation of penicillin prophylaxis and
immunization against encapsulated bacteria
decrease mortality and morbidity.

3. Recurrent vaso-occlusive crises (VOCs) are
the most frequent acute sickle cell
complication.

4. Hydroxycarbamide ameliorates severe
frequent episodes of VOC and acute chest
syndrome (ACS).

5. Transcranial Doppler (TCD) screening
starting at an early age detects those with high
risk for acute stroke and those who may
benefit from regular blood transfusions.

6. Education and regular comprehensive care
have increased survival in sickle cell anemia.

Embryonic, Fetal, and Adult Hemoglobin

The four embryonic hemoglobins synthesized in the
yolk sac-derived primitive erythroid cells are hemo-
globin Gower-1 and -2 and hemoglobin Portland-1
and -2 (Table 17.1). After the first 10 to 12 weeks of
development, the fetus’s primary form of hemoglobin
switches from embryonic hemoglobin to fetal hemo-
globin. At birth, fetal hemoglobin comprises 50 to 95
percent of the infant’s hemoglobin. By 6 months, the
switch from fetal hemoglobin to adult hemoglobin
is complete, and quantitative hemoglobin disorders
such as beta-thalassemia major are clinically manifest
(see Figure 1.3). Certain genetic abnormalities can
cause the switch to adult hemoglobin synthesis to fail,
resulting in a condition known as hereditary persist-
ence of fetal hemoglobin (HPFH).
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Sickle Cell Disease

Hemoglobin Disorders

Mutations in genes for any of the hemoglobin sub-
units alpha and beta can cause decreased production
of globin chains (quantitative disorders, e.g. thalas-
semia) or production of abnormal globin chains with
altered function (qualitative disorders, e.g. sickle cell
syndrome). The latter will be discussed in this chap-
ter, and the following list touches on some of the
hemoglobin variants of which hemoglobin S (HbS),
hemoglobin C (HbC), and hemoglobin E (HbE) are
the most prevalent. HbE disease will be discussed with
Thalassemia in Chapter 21.

e Hemoglobin S. Sickle cell mutation results from
the substitution of glutamic acid to valine at the
sixth position of the beta-globin chain causing
formation of sickle hemoglobin. This is the
predominant hemoglobin (>50 percent) in the
different genotypes collectively referred to as sickle
cell disease (which are described later). The alpha
chain is normal, whereas both the beta chains are
abnormal. Those who have one sickle mutant beta
gene and one normal beta gene have sickle cell
trait, which is clinically benign. There are four
African haplotypes and one Arab-Asian
haplotype, and these relate to the historical spread
of the underlying genetic mutations. Different
haplotypes may be associated with different
severity/phenotype of disease, and in Africa, most
patients with sickle cell disease in specific regions
are homozygotes for the local haplotype, although
in Western countries patients are often compound
heterozygotes. Sickle cell mutation confers
resistance to Plasmodium falciparum malaria.

e Hemoglobin C. The hemoglobin C mutation in the
beta-globin gene results in substitution of glutamic
acid to lysine at the sixth position. In the
homozygous and heterozygous states, hemoglobin
C also confers protection against P. falciparum
malarija. Hemoglobin C disease causes a microcytic
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Table 17.1 Human Hemoglobins
Embryonic hemoglobins
Gower-1 ((5&5)

Gower-2 (a,g,)

Portland-1 ((,Y5)

Portland-2 ((3,)

Fetal hemoglobins

Hemoglobin F (a,Y%)

Adult hemoglobins
Hemoglobin A (a,(3,)
Hemoglobin A2 (a,0,)

Table 17.2 Sickle Cell Syndromes with Genotypes, Frequency, and Severity

Genotypes Frequency
HbSS 60-65%
HbSC 25-30%
HbS B0“/HbSR* 5-10%
HbS O Arab/hemoglobin D <5%

Clinical severity

HbSS > HbSBO > HbSC > Hb S+ > Hb S other

9 B0 and B+ indicate no production of beta-globin and decreased beta-globin production, respectively.

hemolytic anemia and splenomegaly, and target
cells are a diagnostic feature on the peripheral
smear. Hemoglobin C trait is a benign condition.

e Hemoglobin E. Mutation in the beta-globin chain
resulting in substitution of glutamine to lysine at the
twenty-sixth position causes hemoglobin E disease.
This is a mild hemolytic anemia with splenomegaly.
Hemoglobin E trait is benign. Hemoglobin E is
extremely common in Southeast Asia and in some
areas equals hemoglobin A in frequency.

e Hemoglobin D. Hemoglobin D mutation results in
substitution of glutamine to glycine at position
121. Homozygous hemoglobin D causes mild
hemolytic anemia. This variant is found in Los
Angeles (United States) and Punjab (India).

e Hemoglobin O. Hemoglobin 0 mutation results in
substitution of glutamine to glycine at position
121. In the homozygous state, hemoglobin O is
asymptomatic, whereas the compound
heterozygous state (hemoglobin O Arab/beta-
thalassemia) causes a moderate microcytic anemia
with splenomegaly.

Sickle Cell Syndromes

Sickle cell syndromes are the different genotypes where
one of the beta-globin gene mutation is a sickle cell
mutation and comprises of HbSS, HbSB0, HbSC, and
HbSP+. HbSS and HbSPO are clinically more severe
than HbSC and HbSP+. Hb S other (i.e. Hb S with
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hemoglobin O or hemoglobin D and Hb S hereditary
persistence of fetal hemoglobin [HPFH]) are less
common forms of sickle cell syndrome. Sickle cell
anemia represents homozygous sickle mutation HbSS
and HbSPO and accounts for most of the sickle cell
syndromes (Table 17.2).

For the remainder of this chapter, the pathophy-
siology, clinical features, and management apply
to the genotypes HbSS and HbSBO (i.e. sickle cell
anemia).

Pathophysiology

Substitution of glutamine for hydrophobic valine
causes polymerization of hemoglobin when deoxy-
genated under hypoxic conditions and the deform-
ation of RBCs to sickle cells (Figure 17.1). The rate
and extent of Hb S polymerization determine disease
severity. These rigid sickle cells have a shortened
lifespan and lack flexibility to cross microcapillaries,
causing both extravascular and intravascular hemolysis,
vaso-occlusion, and abnormal erythrocyte-endothelial
cell interactions. Hypoxia-induced sickling and hem-
olysis increase cell-free hemoglobin in the circula-
tion, which depletes nitric oxide (NO) and in recent
years has been thought to contribute to pulmonary
hypertension. Thus, vaso-occlusion with ischemia
and hemolytic anemia are the two mechanisms that
are central to the pathophysiologic process in sickle
cell anemia.
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Table 17.3 Interpretation of Newborn Screen Results

Newborn screen result:
hemoglobins present

Hb F and Hb A

Interpretation

Normal
newborn

Hb F, Hb A, and Hb S Sickle cell trait

Hb F and Hb S HbSS, HbSEO,
S-HPFH

Hb F, Hb S, and Hb C HbSC

Hb F, Hb S, and Hb A HbSB+

Genetic Modifiers of Severity of Sickle
Cell Disease

There is considerable heterogeneity in the clinical
severity of sickle cell disease that is seen in
homozygous disease. Co-inheritance of sickle
mutation with other genes may be responsible for
the variable phenotype. There is a protective effect
of co-inheritance with alpha-thalassemia that
modulates intracellular Hb S. Similarly co-
inheritance with HPFH is a milder disease because
the percentage of fetal hemoglobin reduces the
concentration of Hb S. Non-globin-gene mutations
such as  glucose-6-phosphate  dehydrogenase
(G6PD) deficiency also can result in a milder
phenotype.
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Figure 17.1 Pathophysiology of
hemolysis and vaso-occlusion in sickle
cell anemia.
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Diagnosis/Newborn Screening

Diagnosis is established by hemoglobin electrophor-
esis or chromatography. Universal newborn screening
programs are established in the United States and
many other areas worldwide. Early diagnosis via new-
born screening and initiation of penicillin prophylaxis
are keys to decreasing morbidity and mortality in the
first 2 years of life in sickle cell disease. Even earlier
detection via chorionic villus sampling or amniocen-
tesis is possible (Table 17.3).

Complications of Sickle Cell Disease in
Children and Adults

There is an overlap in complications in both children
and adults, including infections, pain episodes, acute
chest syndrome, and stroke. However, in general,
these tend to be more severe in adults than in children
(Table 17.4).

Infants/Children

Dactilitis and infection are the two most frequent
complications in this age group. Dactylitis refers to a
syndrome of pain, swelling, tenderness, and increased
temperature in the hands or feet or both secondary
to sickling within the small bones. The child may
become systemically unwell with leukocytosis. Symp-
toms begin as early as 6 months of age, but episodes
prior to 1 year of age are usually a marker of the
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Table 17.4 Complication in Infants, Children, and Adults

Infants Children
Dactylitis Veno-occlusive crisis
Anemia Acute chest syndrome

Enlarged spleen Splenic sequestration

Infections Aplastic crises

= Anemia

- Stroke

- Priapism

- Retinopathy

- Cholelithiasis

- Avascular necrosis

- Renal impairment

- Isosthenuria/proteinuria

- Left ventricular hypertrophy (LVH)/cardiomyopathy

- Delayed sexual development

overall severity of the phenotype and confer a poorer
prognosis. Early recognition, adequate hydration, and
analgesia for control of pain symptoms are important.

Infection remains one of the major causes of mor-
tality in young sickle cell patients and probably relates
to the early onset of functional asplenia. Prophylactic
penicillin administration has been shown to dramat-
ically reduce the risk of sepsis and should be started
on diagnosis. Aggressive management of fever in a
child with sickle cell anemia before the age of 5 years
is recommended, with investigation for bacterial
sepsis and early antibiotic therapy. The exact antibi-
otic regimen varies based on local sensitivities, and
most hospitals that manage children with sickle cell
disease have a clear protocol that should be followed.

Splenic sequestration occurs in a third of children
with a first episode occurring before the age of 2 years.
Children who have not yet undergone autosplenect-
omy can have sudden and rapid splenic enlargement
with trapping of a large component of their RBC mass.
This leads to rapid anemia (with reticulocytosis),
shock, and cardiac decompensation associated with
thrombocytopenia. In the past, this was a frequent
cause of death, but education of family members and
daily spleen palpation have increased detection and
reduced morality. Management of an acute episode
requires supportive care and usually transfusion to
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Adults

Cardiomegaly/heart failure

Pulmonary hypertension

Retinopathy

Hepatic sequestration

Liver failure

Kidney failure

Nephropathy

Frequent urinary tract infections (UTls)

Bone necrosis

restore oxygen-carrying capacity. However, as the epi-
sode resolves, the patients can autotransfuse RBCs
from the spleen back into the circulation, so initial
transfusions should be modest to avoid polycythemic
complications in the recovery phase. Antibiotics to
cover possible concomitant sepsis and chest physio-
therapy to prevent secondary chest crisis are also
important. About half the children with splenic seques-
tration will have a recurrence. Splenectomy is fre-
quently performed with the second episode, although
some centers will wait until the child is over 2 years old
and can be vaccinated with the 23-valent pneumococ-
cal vaccine (Table 17.5).

Vaso-occlusive crises (VOCs) occur at all age
groups as severe episodic pain requiring opiod anal-
gesia. Unlike dactylitis, there are often no physical
signs on examination. The frequency peaks in teen-
agers and young adults. Known triggers are infection,
exposure to cold, asthma exacerbation, and stress.
The pain arises because of bone marrow ischemia
and infarction. Increasing age, higher baseline hema-
tocrit, and lower fetal hemoglobin are risk factors for
VOC. Some centers in the hospital setting use teams
specialized in management of pain because both
under- and overtreatment of these episodes can have
deleterious effects. In the acute setting, front-line
management usually includes IV fluids, analgesia
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Table 17.5 Differential Diagnosis of Acute Splenic Sequestration versus Parvovirus-induced Aplastic Crises

Features Acute splenic sequestration Parvovirus-induced aplastic crises
Spleen Enlarged Not enlarged

Reticulocyte count Increased Decreased

Nucleated RBCs Present Absent

Platelet count Low Normal

Transfusion As soon as possible, quickly Slowly

Risk of recurrence Yes No

(usually opiate), and hospitalization. IV fluids are
usually given at maintenance rates because fluid over-
load increases the risk of secondary lung complica-
tions. Antibiotics are required if infection is
suspected. Chest physiotherapy as prophylaxis against
secondary chest crisis during hospitalization is rele-
vant, especially if the site of vaso-occlusive crisis is the
ribs, spine, or abdomen and the child is reluctant to
breathe deeply because of pain. Severe episodes may
require transfusion therapy aimed at reducing the
proportion of Hb SS in the blood.

The management of vaso-occlusive crisis is a major
part of sickle cell management, and hospitals respon-
sible for the care of children with sickle cell disease
should have well-established protocols that focus on

1. Education of patients and families for early
recognition of symptoms and beginning of
increased oral fluids and simple analgesia at home
to try to abort early crisis.

2. Rapid recognition and treatment of these children
in the emergency department. The lack of physical
signs can often be a deterrent for inexperienced
junior medical staff for giving adequate analgesia,
so a clear and unambiguous policy and protocol
are required.

3. Specialist pain management input to maximize
effective pain management but minimize
unnecessary exposure to opiate analgesia and the
longer-term risks of dependence. However, the
primary premise should be that these children
have pain that requires treatment rather than
assuming inappropriate drug-seeking behavior.
Infusions of patient-controlled analgesia have
been shown to be most effective.

4. Ability to escalate prophylactic therapy, either
hydroxyurea or transfusions, for children having
frequent and severe episodes.
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5. Psychosocial support for children and families to
facilitate schooling and also the consequences of
dealing with severe, frequent painful crises.

Many countries have very well-established national
guidelines for the management of sickle cell disease,
and these are most useful for the pragmatic details of
therapy.

Acute chest syndrome (ACS) is a potentially life-
threatening complication of sickle cell disease and the
most common cause of complications of hospital
admission after vaso-occlusive crises. It is defined as
a combination of fever, hypoxia, and new infiltrate on
a chest x-ray. It is important to remember that there
may be a delay in radiographic features, so fever and
hypoxia in a patient with VOC should prompt an
urgent chest x-ray and blood counts. Acute chest
syndrome is the leading cause of morbidity and mor-
tality in sickle cell patients and, when suspected,
should be treated as a medical emergency. Many
affected patients will require intensive care admission.
Oxygen support, simple transfusion that may need to
progress to exchange transfusion, and antibiotics to
manage any potential infection are all important and
should be started without delay. Analgesia is often
required, but the risk of suppressing ventilation is
real, and experience and expertise are critical in the
successful management of chest crises. Once again,
centers that manage sickle cell patients should have
clear protocols and clinical care pathways to ensure
optimal management.

Stroke and silent cerebral infarcts are an important
cause of morbidity and mortality. The incidence of
stroke is reported to be 11 percent by age 20 years.
Annual transcranial Doppler screening (TCD) is part
of routine management of children between 2 and 16
years of age with sickle cell anemia. It assesses blood
flow velocity in the distal internal carotid artery (ICA),
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proximal middle cerebral artery (MCA), and anterior
cerebral artery (ACA). An abnormal scan is a time-
averaged velocity of 200 cm/s measured on two occa-
sions, and between 170 and 200 cm/s is conditional. Up
to a third of children with abnormal scans can have an
ischemic stroke within 4 years. The Stroke Prevention
Trial in Sickle Cell Anemia (STOP trial) demonstrated
that regular blood transfusion reduces the risk of ische-
mic stroke by 90 percent. TCDs are limited by a lack of
availability outside specialist centers.

Silent cerebral infarcts (SCIs) are more common
and can occur in up to 37 percent of children with
sickle cell anemia. Silent cerebral infarct is defined as
an infarction on MRI without focal neurologic def-
icits on examination lasting longer than 24 hours.
They can present with headaches or brief disturbances
of vision or speech. These have the potential to
develop into overt stroke and can cause a decline in
cognitive abilities and academic performance. Opti-
mal treatment is unknown, and the results of the
recent Silent Cerebral Infarct Multicenter Clinical
Trial (SIT) indicate that blood transfusion therapy
reduces the incidence of cerebral infarct recurrence.

Adults

Adults have worsening of the complications just
described and experience additional complications
that can cause mortality. These include pulmonary
hypertension, cardiac failure, transfusional iron over-
load, sickle cell retinopathy, nephropathy, leg ulcers,
and thromboembolism. Death can result from infec-
tions, heart failure, pulmonary emboli, ACS, and
stroke.

Components of Age-Based Approach

to Care via Regular Comprehensive
Clinic Visits

Health maintenance and comprehensive clinics are
very important in the management of sickle cell dis-
ease and have greatly improved outcomes with early
diagnosis, education, and regular care. Children
should be seen at diagnosis and every 2 to 3 months
until the age of 3 years and every 6 months thereafter.
Many centers have developed clinical care guidelines
based on best available evidence to allow a systematic
approach to evaluation. Important age-based aspects
of care in children with sickle cell disease are
highlighted next:
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Newborn

e Identification via newborn screening program and
early referral to a specialized center

Confirming diagnosis and parental testing
Measuring growth parameters (height and weight)
Initiation of penicillin prophylaxis

Emphasizing importance of routine immunizations
Parental education regarding disease, fever
guidelines, and providing genetic counseling

Infancy

e Monitoring growth
Education regarding fever, spleen size,
measurement

e Emphasizing importance of compliance to
penicillin prophylaxis

e Management of pain crises including dactylitis

Toddler

e TCD screening commencing regularly at age 2.
e 27-Valent pneumococcal vaccine.

Childhood

e Recording oxygen saturations and blood pressure
and blood counts

e Monitoring adherence to penicillin
(recommended until 5 years of age)

e Monitoring frequency of acute complications

e Assessment of school performance
Early detection/prevention of chronic
complications - sickle cell retinopathy, nephropathy,
avascular necrosis of femur, and sleep apnea

e Consider an echocardiogram to measure tricuspid
regurgitation jet velocity (TRJV) and pulmonary
function testing (PFT)

Adolescence

e Counseling on transition to adult centers
e Adherence to chronic medications

(e.g., hydroxyurea)
e Psychological support

Disease-Altering Agents/Treatment

Hydroxyurea

Hydroxyurea therapy substantially reduces the fre-
quency of painful episodes and ACS events and the
need for erythrocyte transfusions and hospitalizations.
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Long-term hydroxyurea administration results in a
reduction in mortality. Hydroxyurea is a ribonu-
cleotide reductase inhibitor that has been in use
since the 1970s to treat persons with myeloproli-
ferative neoplasms. In the 1980s, hydroxyurea was
identified as a promising drug candidate for SCD
because it increases fetal hemoglobin levels. Subse-
quent research has shown that there are other bene-
ficial effects as well. Hydroxyurea is rapidly
absorbed, has near-complete bioavailability, and is
therapeutic with once-daily oral dosing. The pre-
dominant short-term side effect is dose-dependent
myelosuppression. There are concerns about some
long-term side effects of malignancy, effects on
male sterility, and teratogenic effects on the fetus
if conceived while on therapy, but these have not
been substantiated with evidence. There is now
emerging data to suggest that it may be of benefit
even to those children who do not have a severe
clinical course, with recent recommendations that it
should be offered to all children with sickle cell
disease at 9 months of age regardless of clinical
course. Whether hydroxyurea reduces stroke in all
children, or those with elevated TCD’s is still under
investigation. The principles of hydroxyurea ther-
apy are to start with a relatively low dose (20 mg/kg
per day) until there is mild myelosuppression or to
a maximum of 35 mg/kg per day. Monthly moni-
toring with full blood counts and in general dose
escalations occur 8 weekly. If myelosuppression
occurs, then temporary dose reduction and then
re-escalation are appropriate, although in some
children side effects will require permanent cessa-
tion. There are well-established protocols for this
process.

Blood Transfusion and Iron
Overload/Chelation

Blood transfusion is used to mitigate both acute and
chronic complications of sickle cell disease with the
goal of reducing the percentage of sickle cells to less
than 30 percent. It is used in acute complications
including ACS, splenic sequestration, aplastic crises,
stroke, recurrent painful episodes, and preoperative
correction of anemia. Indications for its use in
chronic complications are primarily in secondary
stroke prevention.

Blood transfusion corrects anemia, reduces the
percentage of sickle cells, and reduces hemolysis.
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This can be given as a simple transfusion or via
erythrocytapheresis (or red cell exchange transfu-
sion), with the latter used if the hemoglobin con-
centration is high. A simple transfusion is time
efficient in a sick patient, whereas the erythrocy-
tapheresis depends on intravenous access place-
ment and availability of personnel to perform it.
While most centers have automated erythrocyta-
pheresis machine, some centers do still employ
manual exchange.

Surgical procedures in persons with SCD are
associated with significant risk for SCD and non-
SCD-associated morbidity as well as an increased
risk of death. Transfusions are commonly used
during the perioperative period to prevent post-
operative vaso-occlusive crises, stroke, or ACS.
Studies have shown a lowered risk of postoperative
complications in persons with SCD undergoing
medium-risk surgery when their preoperative
hemoglobin level was increased to 100 g/liter; thus
elective transfusion prior to surgery is often
required. Anesthesia should ensure adequate oxy-
genation and attention to fluid status, and post-
operative pain management to ensure maximal
chest recovery without atelectasis is also important.
Unless driven by clinical emergency, surgery should
be planned and conducted in major sickle cell treat-
ment centers.

The most important complications of recurrent
blood transfusion are alloimmunization and iron
overload. Extended cross-match including typing
for Kell blood group in addition to ABO and
Rhesus (Cc/D/Ee) and matching ethnic origin of
donor and recipient have reduced the frequency of
alloantibodies. Iron chelation is an important aspect
of care in sickle cell patients requiring regular
transfusion. The pattern of iron deposition in sickle
cell disease is different from thalassemia and occurs
predominantly in the liver. Desferrioxamine is
effective, although parenteral administration limits
its use for some patients. Deferasirox, an oral iron
chelator, is increasingly being used and has proved
to be effective.

Hematopoietic Stem Cell
Transplantation (HSCT)

This is the only curative treatment for sickle cell
disease. Not everyone has a family donor, and unre-
lated donor identification is often difficult because
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of the relatively low representation of specific
ethnic groups on unrelated donor panels. There
has been recent interest in haploidentical stem cell
transplantation in hemoglobinopathy. This is
transplant using a parent as a donor for the child.
This means that everyone has a donor. There are
specific risks of fraft versus host sisease and par-
ticular strategies are employed to reduce these
risks. All transplant decisions are risk based. It is
employed for those with severe complications like
cerebrovascular disease and those on a red cell
transfusion programme.
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Future Therapy

HSCT from unrelated and halloidentical donors with
reduced-intensity conditioning as well as gene therapy
are future promising cellular therapies aimed at cure.
There are other additional targets of sickle cell aimed
at increasing fetal hemoglobin (decitabine, butyrate),
increasing levels of nitric acid (inhaled nitric oxide,
sildenafil, arginine), reduce erythrocyte dehydration
(magnesium), and reduce tissue damage (glutamine).
Gene therapy trials using lentiviral gene transfer are
just beginning.
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Thalassemia

1. The thalassemias are a heterogeneous group
of inherited red blood cell (RBC) disorders
causing a quantitative decrease in globin
chain production leading to ineffective
erythropoiesis and hemolysis.

2. Seven percent of the world’s population are
thalassemia carriers (270 million people).

3. The phenotype is variable, ranging from an
asymptomatic state with no anemia to severe
microcytic anemia with transfusion
dependence.

4. The key to management of homozygous
thalassemia is regular, comprehensive clinics
directed toward appropriate transfusion
therapy while addressing iron overload with
chelation and managing the multisystem
complications.

5. The causes of mortality in thalassemia have
changed over the years with the introduction
of improved therapies.

6. Thalassemia syndromes are broadly classified
as transfusion dependent (TDT) and non-
transfusion dependent (NTDT).

7. Stem cell transplantation can cure transfusion
dependence in thalassemia major, but its
availability is limited by donor availability.
Gene therapy using autologous human stem
cells (HSCs) holds promise as corrective
therapy in those without a suitable donor.

Introduction

The thalassemias are inherited as autosomal reces-
sive disorders primarily conferring a survival
advantage as protection against Plasmodium falci-
parum in malaria-endemic areas. Approximately
7 percent of the world’s population have some form
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of thalassemia trait, although this varies by country,
with the highest rate being up to 18 percent in the
Maldives. About 1.5 percent of the global popula-
tion is a carrier of the beta-thalassemia gene, with
the highest carrier frequency in Cyprus, Sardinia,
and Southeast Asia.

Adult hemoglobin is composed of a tetramer of
two alpha- and two beta-globin chains (Figure 18.1).
The alpha-globin genes are on chromosome 16,
and the beta-globin genes are on chromosome 11
(Figure 18.2). In thalassemia, the production of alpha
or beta chains is decreased. This results in excess
unmatched globin chains that accumulate in RBCs
causing ineffective erythropoiesis leading to their in-
marrow destruction and in the clinical feature of
hemolysis.

Some important details about the pathophysiology
of thalassemias are as follows:

Beta Chain

Haem group

Alpha Chain

Figure 18.1 Adult hemoglobin tetramer.
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a-globulin genes

Figure 18.2 Genes for thalassemia.

Regulatory
region 4 a a
comoseme s JO__JUDD ) )
| W—
a-LCR

B-LCR
| —| € Y6  Va

Chromosome 11

Regulatory

regions

80kb

B-globulin genes

1. In beta-thalassemia, it is the excess alpha chains
that causes RBC death, and in alpha-thalassemia,
it is the excess beta-chain production.

2. Thalassemia is characterized by ineffective
erythropoiesis. The marrow will hypertrophy to
compensate, leading to extramedullary
hematopoiesis. This is responsible for some of the
features of thalassemia major with splenomegaly
and bone thinning.

3. Beta-thalassemia is more commonly a clinical
problem than alpha-thalassemia because there are
four alpha-globin genes on chromosome 16,
whereas there are only two beta-globin genes on
chromosome 11. Therefore, a greater genetic
lesion is required to cause a quantitatively
abnormal alpha-globin chain production
sufficient to cause RBC death - because the
remaining genes can compensate

4. Beta-thalassemia is not a clinical problem until the
switch from gamma- to beta-globin chain production
occurs from 3 to 6 months of age. There is no globin
chain imbalance until this switch occurs.

5. The genetics of thalassemia are varied, but in a
given population, there are common genotypes.
There are many genes that cause beta-thalassemia
but relatively few likely genes potentially
responsible for beta-thalassemia in a child from a
single region (e.g. Cyprus). This is important in
genetic screening.

6. Most alpha-thalassemia is caused by gene deletion,
and most beta-thalassemia is caused by mutation.
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There is a genotype—phenotype correlation.
Mutations that allow some globin chain output
will cause a milder phenotype than mutations that
allow no globin chain output.

7. Milder mutations in the beta-globin gene that
change quantitative production include splice-site
mutations and mutations in the promoter region,
whereas more severe mutations might be those
that generate a premature stop codon or generate
a frame shift (by inserting or deleting one or two
nucleotides).

Classifications of Different Forms
of Thalassemia

Alpha-Thalassemia

Alpha-thalassemia is caused by reduced or absent
production from the four alpha-globin chain genes.
The clinical severity of the alpha-thalassemias is
based on the number of affected alleles and
whether there are deletional or nondeletional muta-
tions. The deletional mutations cause complete or
partial deletion of alpha-globin chains, whereas the
non-deletional mutations cause reduced production
of alpha-globin or structurally aberrant alpha-
globins such as hemoglobin Constant Spring (see
later).

e Loss of one of the four alleles, written as (-a/
aa), has no clinical implications or phenotype.
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There may be laboratory evidence with a mild
microcytic anemia and an increased RBC count
but normal RBC distribution width (RDW). The
importance of diagnosis is avoiding mislabeling
of the child as iron deficient based on the
reduced mean corpuscular volume (MCV) and
to enable appropriate genetic counseling.

Loss of two alleles can either occur in trans-(-a/-
a) or in cis-(--/aa). The former is more common
in the US populations and the latter in Southeast
Asian populations. The two are clinically the
same — microcytic mild anemia with normal
hemoglobin electrophoresis (in contrast to beta-
thalassemia trait). Note that Southeast Asian
alpha-thalassemia trait individuals are at risk of
having a child with severe hemoglobin Bart
syndrome (i.e. hydrops fetalis - four-gene
deletion) if they have children with a similar
genotype carrier. This is not the case where the
alpha-thalassemia gene loss is inherited in trans.
Loss of three alleles gives rise to hemoglobin

H (HbH) disease, which gives a mild to moderate
to severe hemolytic anemia with splenomegaly.
Growth failure can occur, and sometimes
transfusions are required, although most
commonly this is intermittent and associated with
intercurrent illness. There is p*-hemoglobin
(hemoglobin H) on Hb electophoresis.
Hemoglobin Constant Spring is a variant in which
a mutation in the alpha-globin gene produces an
alpha-globin chain that is abnormally long (a“®).
The quantity of hemoglobin in the cells is low for
two reasons. First, the mRNA for hemoglobin
Constant Spring is unstable. Some is degraded
prior to protein synthesis. Second, the Constant
Spring alpha-globin chain protein is itself
unstable. The carrier state is undetectable (aa/
aa®®). When inherited with a’-thalassamia (oa®®
/--), a more severe HbH disease occurs.

Loss of all four alleles (—-/--) causes in utero
anemia and hydrops secondary to severe fetal
anemia. This is usually not compatible with
postnatal life. Screening and early detection are
important because women who are pregnant with
an affected child have significantly increased risks
of maternal complications, and early termination is
usually advocated.

Table 18.1 shows the number of affected alpha alleles
with their clinical severity.
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Beta-Thalassemia

Beta-globin gene mutations causing beta-thalassemia
involve both coding and noncoding sequences. Thal-
assemia major is homozygous or compound hetero-
zygous for B’ or B* genes (beta-globin mutations
allowing no [0] or some [+] global chain production),
whereas thalassemia minor represents heterozygous
disease. Table 18.2 summarizes the beta-thalasssemia
syndromes.

Thalassemia major usually presents by 6 months
of life when the fetal hemoglobin declines or later
in infancy with symptoms of severe anemia, hepa-
tosplenomegaly, and other evidence of extramedul-
lary hematopoiesis manifest. Beta-thalassemia major
and intermedia are defined based on RBC transfu-
sion requirements. Those with major disease
require more than eight transfusions per year (usu-
ally every 3 to 4 weeks), whereas those with inter-
media require fewer than eight transfusions per
year. The indications for transfusion therapy
include severe anemia and prevention of subsequent
complications, growth failure, and significant extra-
medullary hemopoiesis, which should be prevented
for a variety of reasons.

Beta-thalassemia intermedia occurs when two
beta-globin gene mutations have been inherited, but
there is reduced transfusion dependence. It is best
understood by considering that the severity of disease
reflects the degree of globin chain imbalance that
leads to RBC precursor death.

e The beta-globin chain mutation itself allows
some beta-globin chain (a " mutation), so there
is less of an excess of alpha-globin chains.

e There is co-inherited alpha-thalassemia trait, so
there are reduced amounts of alpha-globin
chain and so reduced alpha-globin chain
excess.

e There is co-inherited hereditary persistence of
gamma-globin chain production which as Hb
F will reduce the alpha-globin chain excess.

Hemoglobin E

Hemoglobin E disease presenting in either heterozy-
gous or homozygous form is usually a mild disease.
However, when co-inherited with heterozygous beta-
thalassemia, it can cause a variable phenotype from
mild hemolysis to severe hemolysis requiring regular
RBC transfusions.
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Table 18.1 Alpha-Thalassemia

Genotype Nomenclature Phenotype/clinical implication Blood counts Newborn screen
positive on Hb
electrophoresis

aa/aa Normal - - -

—-a/aa Silent carrier No clinical disease; important to Mild microcytic No

differentiate from iron deficiency anemia, elevated RBC
count, normal RDW

-a/-a Alpha- No clinical disease; important to Moderate No

thalassemia differentiate from iron deficiency; usually ~ microcytosis

trait in trans in African ancestry

——/aa Alpha- No clinical disease; important clinical Moderate No

thalassemia implications for reproduction; usually microcytosis

trait in cis occurs in Southeast Asian ancestry

—/-a Hemoglobin Mild to moderate to severe hemolysis +  Moderate to severe Yes.

H disease transfusion/splenomegaly/growth failure  microcytosis and Hemoglobin Barts
variable degree of in small amounts
anemia

—/ o®a Hb Constant Severe hemolysis and transfusion Severe microcytosis Yes.

Spring dependence and anemia and Hemoglobin
usually transfusion Bart
dependent

—/— Hemoglobin Severe anemia/hydrops fetalis - Yes.

Bart syndrome Hemoglobin

Bart

Hemoglobin E-beta-thalassemia (Hb E-B-thal-
assemia) is the genotype responsible for approxi-
mately half of all severe beta-thalassemia
worldwide. The disorder is characterized by marked
clinical variability ranging from mild and asymp-
tomatic anemia to a life-threatening disorder
requiring transfusions from infancy, similar to
beta-thalassemia. The phenotype is influenced (see
thalassemia intermedia discussed earlier) by the co-
inheritance of alpha-thalassemia and polymorph-
isms associated with increased production of fetal
hemoglobin. Other factors, including a variable
increase in serum erythropoietin in response to
anemia, previous or ongoing infection with malaria,
previous splenectomy, and other environmental
influences, may be involved. The remarkable vari-
ation — and the instability - of the clinical pheno-
type of Hb E-P-thalassemia suggests that careful
tailoring of treatment is required for each patient
and that therapeutic approaches should be
reassessed over time.
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Delta-Beta-Thalassemia and Hereditary
Persistence of Fetal Hemoglobin (HPFH)

Delta-beta-thalassemia is a form of beta-thalassemia
characterized by decreased or absent synthesis of the
delta- and beta-globin chains (usually by a large dele-
tion mutation - they are adjacent genes; see
Figure 18.2). There is a compensatory increase in
expression of fetal gamma-chain synthesis. The con-
dition is found in many ethnic groups.

The heterozygous form of the condition is clinic-
ally asymptomatic with mild microcytosis and no
elevation of Hb A2 (because the delta gene is also
deleted), whereas the few homozygous patients have
a mild clinical presentation. When this is inherited
with heterozygous classic beta-thalassemia, patients
usually have the thalassemia intermedia phenotype.

Hereditary persistence of fetal hemoglobin
(HPFH) is a benign condition in which significant
fetal hemoglobin (hemoglobin F) production con-
tinues well into adulthood. It has no clinical
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Genotype Nomenclature Phenotype/clinical implication Blood counts Hb
electrophoresis
B/B Normal - - -
B/BO” Beta- No clinical disease; important to Mild microcytic anemia Elevated Hb A2
B/p* thalassemia differentiate from iron deficiency;
trait requires genetic counseling prior to
reproductive age
B*/B* Beta- Moderate hemolysis Moderate microcytic Elevated Hb A2
p*/p° thalassemia anemia; requires
intermedia intermittent RBC
transfusions
RE/B* Beta- Moderate to severe hemolysis Moderate to severe Absent Hb A;
pE/R° thalassemia microcytic anemia; elevated Hb F,
intermedia/ requires intermittent to Hb E
major regular transfusions
RY/R° Beta- Severe hemolysis Severe microcytic anemia;  Absent Hb A;
thalassemia requires regular RBC elevated Hb F
major transfusion support

@ 3*/° reduced production of beta-globin chains/absent beta-globin chain production.

significance except to ameliorate beta-thalassemia.
It is usually caused by mutation in the beta-global
gene cluster.

Beta-Thalassemia Major
Clinical Features

Beta-thalassemia major is clinically suspected in a
child with severe microcytic anemia starting at
approximately 6 months of age with hepatospleno-
megaly and other evidence of extramedullary hema-
topoiesis. The blood film shows marked RBC
anisopoikilocytosis, severe microcytic hypochromic
RBCs, and many nucleated RBC forms. Hemoglobin
electrophoresis in homozygous B° disease shows
absence of hemoglobin A. Hb F is present. In -
thalassemia, homozygotes show Hb A level between
10 and 30 percent.

Thalassemia is an iron-loading anemia character-
ized by ineffective RBC production and massive
marrow compensatory expansion. Treatment principles
are simple:

e Turn off the marrow expansion and ineffective
erythropoiesis with red cell transfusion If blood is
given - to anyone, not just a thalassemic patient —
then the drive for red cell production is
suppressed
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e Manage the iron overload that is part of the
disease and is a complication of a red cell
transfusion program.

Complications

Complications are disease related or from therapy
directed toward management of anemia or iron over-
load and are listed below and summarized in
Figure 18.3.

1. Bone marrow expansion and extramedullary
hematopoiesis. Bone expansion thins adjacent
cortical bone and causes the typical facial
features - ‘thalassemia facies’ — and the ‘bone on
end’ appearance on skull x-rays. Splenomegaly
results from extramedullary hematopoiesis and
can cause hypersplenism. Splenectomy can
ameriolate transfusion requirements in
thalassemia intermedia and in some with beta-
thalassemia major whose transfusion
requirements are higher than expected.
Splenectomy is currently indicated in three clinical
scenarios: increased blood requirement that
prevents adequate iron control, hypersplenism,
and symptomatic splenomegaly. However,
splenectomy increases the risk of infection with
encapsulated organism, thromboembolic disease,
and pulmonary hypertension.
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Supportive therapy Complication

Figure 18.3 The multiorgan complications of thalassemia major
that are due to the primary disease or as a result of therapy are
listed on the right side of the diagram. The potential therapies
used to overcome specific problems are listed on the left side of
the diagram.

2. Endocrinopathies. This is secondary to iron
overload. Hypopituitarism, hypothyroidism,
hypoparathyroidism, adrenal failure, and diabetes
mellitus are all well recognized. These are more
common in older patients as a result of iron
overload or in whom chelation therapy has not
been optimal. Hormone replacement is needed in
a few patients.

3. Pulmonary hypertension. Risk of increased
pulmonary pressure occurs at an older age and in
those who have undergone splenectomy.
Inflammation and activation of the coagulation
system are contributory.

4. Hypercoagulability. There is increased risk
especially after splenectomy, with a relative risk
increase for clinical thrombosis of over six times.

5. Cardiomyopathy. This is the most serious life-
threatening complication of chronic iron overload
and the major cause of morbidity and mortality in
patients with inadequate chelation therapy.

6. Liver iron overload. This frequently causes
cirrhosis of the liver.
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7. Fertility. Delayed puberty and testicular/ovarian
failure can occur in up to 50 percent of adults with
thalassemia as a result of hypogonadotropic
hypogonadism. This can be corrected with
hormone replacement. Women of childbearing
age have been able to become pregnancy
spontaneously or with assisted reproductive
methods.

8. Osteoporosis. Bone marrow expansion secondary
to ineffective erythropoiesis, endocrinopathies
including impaired calcium metabolism, and
iron-chelating drugs all contribute to the
development of osteopenia/osteoporosis. Optimal
chelation, dietary adjustments to increase calcium
intake, and vitamin D therapy are effective bone
disease management strategies. Bisphosphonates
can reduce bone resorption by inhibiting
osteoclasts, but they require further study.

9. Growth failure/short stature. Chronic anemia and
endocrinopathies contribute to growth failure in
thalassemia. Growth hormone therapy has had
variable success.

10. Transfusion-related infections. Infections,
particularly hepatitis B and C and HIV, were more
common in the older population and are less
frequent now because of vaccinations and
screening of blood donors. Hemolytic and
nonhemolytic reactions can be seen in the
immediate post-transfusion period.

11. Psychosocial. The thalassemia team must
remember that the patient they care for has a
chronic illness with an enormous impact on
family life, on schooling, and on psychological
well-being. The patient’s life is fundamentally
different from that of his or her neighbor,
however well the disease is managed.

The major causes of mortality in thalassemia have
changed over the years. Originally, severe anemia was
the leading cause of death, but with adequate transfu-
sion therapy, long-term complications of iron over-
load, predominantly cardiac failure, became the
major cause of mortality. With the advent of better
chelation therapies, infection is now the most import-
ant cause of disease-related death. Across this evolu-
tion of care, the life expectancy for patients with
thalassemia has improved dramatically. Untreated,
patients with thalassemia major would rarely survive
late childhood, but now the life expectancy with
appropriate transfusion and chelation therapy - as
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Figure 18.4 Changing cause of death in
transfusion-dependent thalassemia (TDT)
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well as supportive care as provided within a specific
thalassemia treatment center - is approaching that of
the normal community (Figure 18.4).

Management of Anemia

Regular blood transfusions are the cornerstone of
management of beta-thalassemia major. The goals of
transfusion are

e Correction of anemia

e Suppression of extramedullary hematopoiesis

e Prevention of endocrinopathies

e Promoting optimal growth and development

Most patients require regular transfusions before
1 year of age and are initiated based on the presence
of clinical symptoms of severe anaemia, including
fatigue and poor growth. The frequency of transfusion
varies with each individual, but the widely accepted
aim is to keep the pretransfusion hemoglobin level
between 90 and 100 g/liter. In addition to the risk of
infection and hemolytic and nonhemolytic complica-
tions, there is a risk of alloimmunization with frequent
transfusions, and these patients need extended RBC
typing before starting on a regular transfusion pro-
gram. Some centers routinely use extended antigen-
matched blood to reduce alloimmunization.

Iron Overload and Management

The most common complication of transfusions and
cause of morbidity and mortality in beta-thalassemia
major is transfusional iron overload. Hepcidin, which
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inhibits iron absorption in the gut when iron stores
are elevated, is inappropriately low in patients with
thalassemia major. Most patients needs iron chelation
after about 10 to 12 RBC transfusions.

There are several measures of iron overload in the
patient:

e Ferritin is an unreliable but simple indicator of
tissue iron overload, particularly in patients with
liver disease. It is frequently used to serially
measure iron stores and monitor chelation therapy.

e Some centers perform liver biopsy, but this has
fallen out of favor because of its invasive nature,
inaccuracy in the face of hepatic fibrosis, and
heterogeneous distribution of iron deposition.
Furthermore, hepatic iron overload does not
always correlate with cardiac iron overload. There
may be a role for liver biopsy prior to
hematopoietic stem cell transplantation (HSCT).

e The availability of noninvasive means of
measuring iron overload by magnetic resonance
imaging (MRI) methodology R2* in the liver and
T2* in the heart has revolutionized monitoring of
tissue iron burden.

Iron Chelators

The goal of iron chelation is to keep ferritin below
1,000 ng/ml or liver iron below 7 mg/g of liver tissue.
The drug used historically is desferrioxamine with a
starting dose of 20 to 30 mg/kg per day to a max-
imum of 50 mg/kg per day for 12 h as a continuous
infusion for 5 to 7 days of the week. The drug has its
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problems - it is given by subcutaneous administra-
tion, and this leads to noncompliance; it has auditory
and ocular toxicity; and it has an increased risk of
infection (classically with Yersinia), which has made
it a less favorable option.

Deferiprone and deferasirox are two oral agents
that are in clinical use. Deferiprone at doses of 75 to
100 mg/kg per day has proven to be effective, safe,
and not associated with liver damage. Side effects are
primarily hematologic (neutropenia) and gastro-
intestinal but reversible. A particular advantage of
deferiprone is its combined use with desferrioxamine
in reducing cardiac iron overload when more intense
chelation is needed. Deferasirox is another oral che-
lator used in the dose of 20 to 30 mg/kg per day. Side
effects include gastrointestinal symptoms, skin rashes,
and renal toxicity but are reversible and rarely require
discontinuation of the drug.

Components of an Age-Based Approach
to Care via Regular Comprehensive
Clinic Visits
Visits to a center equipped with the laboratory and
imaging capability of monitoring patients with severe
hemoglobinopathies are an essential component of
care of these patients. Monitoring is particularly
essential to gauge the effectiveness of the transfusion
regimen and chelation therapy and its side effects, to
evaluate endocrine function, and if noninvasive
methods are available, to assess for iron burden.
Recommended monthly assessments are as
follows:
e Physical examination during visits for blood
transfusion
e Laboratory evaluation including CBC,
comprehensive metabolic panel (CMP), serum
ferritin determination, and urinalysis

Recommended yearly assessments via annual clinic
visits are as follows:

e Annual transfusion need. As this rises above 200
ml/kg per year, splenectomy might be considered.
Ophthalmic and auditory examinations

Bone densitometry (DEXA scan)

MRI of heart and liver (T2*/R2*)

Laboratory evaluation for endocrinopathies -
thyroid and parathyroid hormone studies,
luteinizing hormone (LH), follicle-stimulating
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hormone (FSH), estradiol, testosterone, ionized
calcium, vitamin D, serum glucose, and screening
for hepatitis B and C

Genetic Modifiers of Homozygous
Beta-Thalassemia

These are discussed in the preceding text, but it is

important to note that there are some genetic variants

that reduce globin chain imbalance resulting in

milder phenotypes in beta-thalassemia:

e Co-inheritance of alpha-thalassemia
Deletion or nondeletional delta-beta-thalassemia

o Genetic determinants that are able to sustain a
continuous production of gamma-globin chains
(Hb F) in adult life

e Other mutations increasing Hb F productions
(Those associated with deletional and
nondeletional HPFH are linked to the beta-globin
gene cluster.)

Prenatal Diagnosis/Newborn Screening/
Carrier Detection

Carrier Detection

Most carriers are detected by low MCV/mean corpus-
cular hemoglobin (MCH) and, for beta-thalassemia,
elevated Hb A2 by hemoglobin chromatography
(HPLC). Other conditions that result in microcytosis
and hypochromia with normal/borderline Hb A2 and
normal Hb F are iron deficiency anemia, alpha-
thalassemia trait, the thalassemia traits that also delete
the delta gene (delta-beta-thalassemia, beta+delta-
thalassemia), and mild beta-thalassemia trait.

Iron deficiency anemia can be ruled out by appro-
priate tests. The other thalassemia determinants can
be differentiated based on globin gene synthesis
(alpha, beta, or gamma). The following are pitfalls to
carrier identification:

e Co-inheritance of heterozygous beta-thalassemia
and alpha-thalassemia that can raise MCV (but
will have high Hb A2)

e DPresence of mild beta-thalassemia mutation (e.g.
B* IVS-I nt 6 mutation) (Co-inheritance of
heterozygous beta-thalassemia and delta-
thalassemia and gamma-delta-beta carriers may
have normal HbA2 [but low MCV]).
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e Silent beta-thalassemia, where MCV/MCH and
Hb A2 are borderline

e Concurrent iron deficiency (This may falsely
elevate the Hb A2, so correction of iron deficiency
is required before beta-thalassemia can be
excluded by Hb electrophoresis

Prenatal Diagnosis

This is performed via chorionic villus sampling or
amniocentesis using polymerase chain reaction
(PCR) technology to detect point mutations or dele-
tions. Preimplantation genetic diagnosis is available
for families in which the disease-causing mutation has
been identified and offers diagnostic testing before
implantation. Preimplantation also has been extended
to HLA typing on embryonic biopsy, which can allow
selection of an embryo that is not affected by
thalassemia.

Newborn Screening

Beta thalassemia major is picked up on newborn high-
pressure liquid chromatographic (HPLC) screen by the
presence of predominantly Hb F and low or absent Hb
A. Hb E also may be detected in individuals with Hb
E-p-thalassemia. HPLC can also detect hemoglobin
Barts at birth, indicating hemoglobin H disease or
hemoglobin Constant Spring variants. Newborn screen
results should be confirmed by DNA testing.

Hematopoietic Stem Cell
Transplantation (HSCT)

Allogeneic HSCT remains the definitive curative
treatment in beta-thalassemia. Risk-stratification
systems (Lucarelli Classification) classify pretrans-
plant factors such as hepatomegaly, hepatic fibrosis,
and effectiveness of iron chelation into groups that
can predict post-transplant outcome. One of the limi-
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tations of HSCT is the lack of availability of HLA-
matched sibling donors. The use of matched unre-
lated donors (MUDs), cord blood, and haploidentical
transplants makes the transplant more difficult and
increases the risks, albeit having expanded donor
source availability.

There are particular
transplantation:

issues in thalassemia

e There is an increased risk of graft rejection
because of the expanded recipient hemopoiesis.
There is no space for donor cells. This might be
reduced by pretransplant hypertransfusion
regimens.

e There is an increased risk of hepatic vena-
occlusive disease (VOD) in the iron-loaded
patient. This risk might be reduced by
pharmacokinetically targeting the busulfan into a
reduced range by adding defibrotide as VOD
prophylaxis and by using safer regimens such as
those that replace busulfan with treosulfan.

Gene Therapy

Gene therapy is another emerging curative option
with ongoing clinical trials that have shown promis-
ing results in early stages. The principle of such trials
is to collect blood stem cells from the patient that are
modified in a laboratory using a lentiviral vector
encoding a single-codon variant of the beta-globin
gene and then returned to the patient’s body after
myelobaltive conditioning, where they grow and
produce new cells that contain a functioning copy
of the gene. The risks of myelobalative bone marrow
transplantation (BMT) persist: infertility, transplant-
associated morbidity, and mortality. There are no
graft-versus-host disease (GvHD) risks. Infection
risks are reduced. There may be a risk of insertional
mutagenesis, but this seems to be safe with
lentivirus.
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Neutropenia

Neutropenia is a common problem for the
pediatric hematologist, and the thorough
assessment of a child with neutropenia should
distinguish the following causes:

1. Neutropenia that is significant and likely to
increase the risk of bacterial and other
infection and that which is benign and less
likely to be associated with infection (Such
clinical significance importantly does not
rest on the absolute value of the neutrophil
count.)

2. Neutropenia that is caused by marrow
production failure and neutropenia that is
caused by peripheral consumption (In general,
the former is more likely to result in
significant infection than the latter.)

3. Congenital neutropenia and acquired
neutropenia (There are several genetic
conditions that are associated with either
isolated neutropenia or neutropenia that is
part of a more generalized marrow failure.)

4. Conditions in which neutropenia is a likely
presenting feature or where it is not the sole
presenting feature and appears variably in the
course of that condition (For example,
neutropenia is common in Fanconi anemia,
but it is rare that a child in the clinic who is
referred with isolated neutropenia will have
Fanconi anemia.)

Introduction

Neutropenia is defined as a decrease in absolute neu-
trophil count (ANC) that includes both segmented
forms and bands. In general, an ANC < 1.5 x 10°/
liter is the lower limit of normal in children, but
African and Middle Eastern groups have a lower
ANC by about 0.5 x 10”/liter. Mild neutropenia refers
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to an ANC of 1 to 1.5 x 10°/liter, and severe neutro-
penia refers to an ANC of <0.5 x 10°/liter. Chronic
neutropenia refers to neutropenia lasting more than
3 months. The diagnostic approach and useful labora-
tory tests in the evaluation of neutropenia are listed in
Table 19.1.

Distinguishing Benign from
Severe Neutropenia

This distinction is mandatory when seeing any child
with neutropenia on the wards or in the clinics. Benign
and severe indicate the clinical significance of the neu-
tropenia — that is, how likely is the affected child likely
to become ill with infection from the neutropenia. The
distinction cannot be made on the ANC alone because
it may be very low in both. The indicators of a severe
or constitutional neutropenia include

History of severe infection + hospitalization (e.g.
lymphadenitis, cellulitis, omphalitis, pneumonia
[abnormal chest x-ray], sinusitis, and sepsis
[especially gram-negative sepsis]) (These features
should be specifically sought during the initial
assessment of the neutropenic child.)

Cyclical pattern of infections (It may be helpful to
suggest that families keep a symptom diary.)
Clinical features (These include short stature and
dysmorphology that might suggest that the
neutropenia is part of a wider illness. Make sure
that each neutropenic child is examined for such
features and that the child’s growth is plotted.)
Some laboratory features (Some laboratory help to
make the diagnosis of the illness causing
neutropenia and therefore also help to distinguish
severe from benign causes. These may be specific
to the cause, such as molecular genetic studies in
severe congenital neutropenia or bone marrow
morphology to distinguish marrow failure from
peripheral consumption.)
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Table 19.1 Diagnostic Approach and Useful Laboratory Tests in the Evaluation of Neutropenia

Suspected etiology
Transient myelosuppression
Chronic/autoimmune benign neutropenia

Viral serologies

Quantitative immunoglobulins/lymphocyte subsets

Drug-induced neutropenia
Nutritional deficiencies

Cyclic neutropenia

Shwachman-Diamond Syndrome

Severe congenital neutropenia (SCN), dyskeratosis congenita, other

congenital neutropenia

Benign Neutropenias of Childhood

Chronic Benign Neutropenia/
Autoimmune Neutropenia

This condition is common with a prevalence of 1 in
100,000 children. Both familial and nonfamilial
forms have been described. In both forms, the mech-
anism of neutropenia is similar and secondary to
antibodies against the neutrophil-specific antigen
(NA), especially FCyRIII. This can present as early
as infancy, and the neutropenia can last until age 4.
There is no significant predisposition to infections.
When stressed with infection, patients are able to
increase their peripheral neutrophil counts. ANC
can be variable and is usually mild to moderate,
but severe neutropenia can occur. There may be a
compensatory monocytosis. Anti-neutrophil anti-
body may or may not be detected and is not neces-
sary for diagnosis. Bone marrow examination may
not be necessary unless there are no other worrying
features, as described earlier. There is no significant
history of infection. There are no findings on phys-
ical examination.

Supportive care during infections is the mainstay
of management, but infections are few. Parents
should have access to immediate medical help
during fever. Broad-spectrum antibiotics are indi-
cated if fever and neutropenia are present on admis-
sion. Granulocyte colony-stimulating factor (G-CSF)
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Tests to consider
Repeat counts
Anti-neutrophil antibodies (ANAs)

Epstein-Barr virus (EBV), cytomegalovirus
(CMV)

Neutropenia associated with immune
disorders

Possible dose reduction/alternative agent
Serum vitamin B, and folate levels

Serial blood counts/genetic test for cyclic
neutropenia

Pancreatic function test, skeletal radiographs

Bone marrow examination with
cytogenetics

is usually not required but will increase neutrophil
counts. The natural history of the condition is
spontaneous resolution, although this may be
protracted.

Neonatal Alloimmune Neutropenia

This is the neutrophil equivalent of Rh hemolytic
disease of the newborn and alloimmune thrombo-
cytopenia. It has a reported incidence of 1 in 500 live
births but rarely comes to clinical attention because
babies are usually well. The mother is sensitized to
antigens on the fetal neutrophils that are paternally
derived and not shared by the mother. There is pro-
duction of immunoglobulin G (IgG) that crosses the
placenta and causes destruction of fetal neutrophils.

Newborns have severe neutropenia that can pre-
sent with skin infections, pneumonias, or sepsis but
more commonly is simply an incidental finding on a
full blood count (FBC) taken for another reason.
Infections are with organisms that are common in
the neonatal age group and include gram-negative
organisms, Staphylococcus aureus, and Group B
streptococcus. The average duration of neutropenia
is 7 weeks (range 2 to 17 weeks).

The treatment of alloimmune neutropenia is sup-
portive with aggressive management of infections
with antibiotics against the specific pathogen. In life-
threatening infections, intravenous immunoglobulin
(IVIG) or G-CSF may be considered.
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Infection-Induced Neutropenia

This is the most common cause of neutropenia. Severe
and clinically significant neutropenia can be associated
with viral, bacterial, fungal, protozoal, and rickettsial
infections. Common mechanisms include redistribu-
tion of neutrophils from the circulating to the margin-
ating pool, antibody-mediated destruction, and direct
marrow suppression. Neutropenia can be variable and
rarely causes an ANC < 500/liter. Treatment is usually
supportive, and G-CSF is rarely required.

Hypersplenism

Splenomegaly secondary to infections or portal hyper-
tension can have associated neutropenia because of
pooling of neutrophils in the enlarged spleen. These
patients have other cytopenias. Cytopenias correct
after treatment of the underlying condition or with
splenectomy and rarely need specific treatment.

Drug-Induced Neutropenia

The mechanisms of drug-induced neutropenia are
both immune and nonimmune. There may be a
marrow effect — agranulocytosis, which might be ser-
ious. In immune-mediated neutropenia, the drug acts
as a hapten to induce antibody formation, complement
fixation, and neutrophil destruction or by formation of
immune complexes in response to the drug that bind
to neutrophils and cause neutrophil destruction within
hours to days of drug exposure. Diagnosis is based on
neutropenia seen during or after drug exposure.
Marrow examination might be indicated to distinguish
agranulocytosis from peripheral consumption.

Treatment is usually supportive if the neutropenia
is mild to moderate. If the neutropenia is severe, the
offending drug should be changed. G-CSF might be
helpful.

Severe Neutropenia

Severe Congenital Neutropenia (SCN)

This disorder was initially described by Kostmann. The
clinical, blood, and marrow features of severe neutro-
penia, as detailed earlier, are typically present.

This is a rare condition with a prevalence of 1 to 2
cases per 1 million people. It is characterized by acceler-
ated apoptosis of myeloid precursors. Presentation is in
the first few days or weeks of life with severe recurrent
infections, including skin and soft tissue infections,
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omphalitis, pneumonias, and urinary tract infections
(UTIs), which are the hallmark of this disease. Most
cases are apparent within the first year of life. The most
common organisms are Staphylococcus aureus, Escher-
ichia coli, and Pseudomonas. ANC is usually < 200/liter
and often 0.

The blood count and smear show severe neutro-
penia, often with monocytosis and eosinophilia. Bone
marrow shows maturation arrest at the promyelocyte
stage. Further investigation should include genetic
analysis. The illness as originally described was due
to mutation in the ELANE (ELAstase Neutrophil
Expressed) gene, and this remains the most common
single-gene mutation identified.

In SCN, the following points are important to
note:

e If an ELANE mutation is absent, then mutations
in other genes should be sought, including HAX1,
WAS, GF1, AK2, and G6PC3. G6PC3 mutation is a
recently described cause of CSN, although the
presentation is usually later than in classic SCN
and with chronic or recurrent pyogenic infection.

e Management is with G-CSF.

This is a stem cell disorder, and the natural history
includes transformation to myelodysplastic
syndrome (MDS) and acute myeloid leukemia
(AML). The relationship of G-CSF therapy to
development of MDS/AML is uncertain, with a
cumulative described incidence of 21 percent by

10 years and 36 percent by 12 years of follow-up in
the SCN International Registry (SCNIR). In general,
this risk is highest in individuals who require a high
dose of G-CSF to achieve an adequate neutrophil
count. Some individuals with a mutation in the
G-CSF receptor will not respond to G-CSF.

e Allogeneic HSCT from an unaffected HLA-
matched donor will correct SCN but is reserved for
those who do not respond to G-CSF or those who
have evidence of a clonal hematologic disorder or
are at high risk of such a disorder (generally those
who require more than 8 ug/kg per day of G-CSF).

e Another complication of chronic G-CSF therapy
is osteoporosis, which may develop in up to
50 percent of patients. Yearly bone marrow
evaluations for morphology and cytogenetics for
malignant transformation and bone density
study while on G-CSF are therefore
recommended as part of ongoing therapy of
children with SCN.
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e G-CSF use may be associated with extramedullary
hematopoiesis, which most often will be in the
spleen with clinically apparent splenomegaly. There
may then be an association with other cytopenias.

Cyclic Neutropenia

This is a rare cause of neutropenia with an estimated
prevalence of 0.6 per 1 million people. It is an autosomal
dominant disorder secondary to mutation in the
ELANE/ELA2 gene, and it occurs in a sporadic form.
These mutations are distinct from those causing SCN.
There is apoptosis of the myeloid precursors, and neu-
tropenia is classically seen in a cyclic manner occurring
every 21 * 3 days and lasts 3 to 10 days. This is a stem
cell disorder, and there may be concurrent cycling of
platelets, the reticulocyte count, and monocytes.

The history in these patients is often impressive,
with predictable, repeating episodes of fever, malaise,
oral ulcers, and skin infections. Occasionally, more
serious infections can occur, including mastoiditis,
pneumonias, intraabdominal infections, and septi-
cemia. Diagnosis is established by serial differential
counts twice weekly for 6 to 8 weeks to demonstrate a
cyclic pattern. Continuous G-CSF administration will
abolish the symptoms of cyclic neutropenia. Typically,
a lower dose is required than in SCN; median dose
required is 2 pg/kg per day. Malignant transformation
is not part of the natural history of cyclic neutropenia.

Drug-Related Agranulocytosis

In this condition, there is a reduction in granulo-
cyte production from the bone marrow, secondary
to a drug. The effect may be dose dependent and
even desired, as in chemotherapy administration. It
may be well described but idiosyncratic - such as
with carbimazole and certain psychiatric and anton-
convulsant drugs. The diagnosis is made following
the finding of reduced myeloid progenitors in the
marrow examination with reduced myeloid precur-
sors. Neutropenia may be severe and may be asso-
ciated with significant infection. Therapy usually
involves stopping the offending drug and using
G-CSF while the blood counts recover.

Shwachman-Diamond Syndrome (SDS)

This is a rare autosomal recessive disorder secondary
to mutation of the SBDS gene on chromosome 7
(7q11). It is one of the bone marrow failure syndromes
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and is discussed in Chapter 10. This disorder is char-
acterized by apoptosis of marrow precursors (hypo-
plasia) that causes neutropenia. Pancreatic exocrine
insufficiency, metaphyseal chondrodysplasia, and
short stature are other hallmarks of this disorder. Most
patients present in early infancy with growth failure,
diarrhea, eczema, recurrent bacterial infections, otitis
media, and moderate to severe neutropenia. Diagnosis
is established by the classic clinical presentation of
neutropenia, growth failure, and pancreatic insuffi-
ciency. Bone marrow evaluation is variable, and differ-
ent findings are reported, including a cellular marrow
with a paucity of mature granulocytes and hypocellu-
lar marrow. Most patients (>90 percent) have muta-
tions in the SBDS gene. G-CSF administration is the
mainstay of management of neutropenia because it
ameliorates the increased frequency of infection. Gen-
erally lesser doses of G-CSF are required than in SCN.
Pancreatic insufficiency is managed by enzyme
replacement and dietary modification to address the
fat malabsorption. This does not correct the growth
failure or neutropenia, however. Infections are man-
aged with antibiotics and supportive care. These chil-
dren are at increased risk of MDS/AML, which occurs
at a frequency similar to that noted in children with
SCN. HSCT with reduced-intensity conditioning cor-
rects the genetic abnormality but is only indicated in
selected patients.

Myelokathexis/WHIM

This is a rare autosomal dominant disorder with
mutations in the CXCR4 gene. It is characterized by
myeloid hyperplasia and destruction of precursors
and granulocytes in the bone marrow. Myelo-
kathexis is associated with warts (W), hypogamma-
globulinemia (H), and infections (I) as part of
WHIM syndrome. These infants present in infancy
with severe neutropenia and recurrent infections.
Diagnosis is established by features of neutropenia
and related findings as part of WHIM syndrome.
The bone marrow shows degenerating granulocytes.
Mature neutrophils have cytoplasmic vacuolization,
pyknotic nuclei, hypersegmentation, and nuclear
strands connecting the nuclear lobes. Management
relies on treatment of infection with antibiotics and
supportive care. G-CSF is administered to correct
the neutropenia during infectious episodes. Correc-
tion of hypogammaglobulinemia with IVIG should
be considered.
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Neutropenia with Other llinesses

Neutropenia may be part of the presenting features of
another underlying condition. This contrasts with the
conditions already described, in which neutropenia
might be the dominant finding. Neutropenia occasion-
ally might be important in making the diagnosis in the
first place, or neutropenia may be a feature of the condi-
tion that needs appropriate and separate management.

Neutropenia as part of Constitutional
Hypoplastic Anemias and Other
Marrow Disorders

Neutropenia is part of the presenting features and nat-
ural history of the inherited disorders of stem cell
number including Fanconi anemia (FA) and dyskerato-
sis congenita (DKC), and it may be present in the hypo-
plastic stage of Diamond-Blackfan anemia (DBA) and
amegakaryocytic thrombocytopenia (AMT). Neutrope-
nia is also part of the presentation of any bone marrow
disorder presenting with cytopenia, including leukemias.

Neutropenia Associated with
Nutritional Deficiency

This is considered more fully in Chapter 14, and neutro-
penia is rarely the presenting feature but is often present.

Neutropenia Associated with
Immune Defects

The overlap between immunologic and hematologic
illness is considered in more detail in Chapter 23.
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Patients with X-linked agammaglobulinemia, hyper-
IgM, IgA deficiency, cartilage-hair hyperplasia, common
variable immunodeficiency, and reticular dysgenesis can
have associated neutropenia. A combined immune-
function defect and neutropenia can present a significant
risk of infection. IVIG, G-CSF, and HSCT may be used
in the management of these conditions.

Neutropenia and Barth Syndrome

Barth syndrome is an X-linked inborn error of metab-
olism that affects cardiolipin, a lipid that is essential in
the mitochondrial respiratory chain. It is character-
ized by cardiomyopathy, skeletal muscle abnormal-
ities, short stature, and variable neutropenia ranging
from mild to severe. In the neonatal period, this can
run a fatal course with an overwhelming bacterial
infection. Bone marrow examination shows a matur-
ational arrest. G-CSF is used in the presence of severe
infection.

Neutropenia Associated with Metabolic
Diseases (GSD1B)

Several metabolic disorders can have associated neu-
tropenia. In glycogen storage disease type 1b
(GSD1B), there is abnormal myeloid maturation
causing neutropenia. The neutropenia may be severe.
There may be significant recurrent infection and an
associated colitis. G-CSF is used in the treatment of
infection and corrects the neutropenia, although there
may be associated splenomegaly with extramedullary
hematopoiesis. Occasionally, HSCT can be used to
correct this condition.
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1. There are primary inherited disorders of
neutrophil function and this chapter will deal
with such disorders. However, neutrophils
may also be dysfunctional in other primary
immune deficiencies, including antibody and
complement disorders.

2. In order for neutrophils to be functional, they
must be able to adhere to the endothelium
and leave the circulation, migrate
(chemotaxis) to inflammatory areas, ingest
(phagocytose) microbes, etc., and then kill
ingested infectious material within the
phagosome. Inherited disorders can occur in
any aspect of neutrophil function.

3. The cardinal evidence of neutrophil
dysfunction is infection. There may be
unusual organisms or infections in unusual
sites, or infections may be more frequent or
occur at unusual ages. There may be colitis in
chronic granulomatous disease (CGD) and
neutrophil-specific granule deficiency, and
there may be delayed cord separation
classically in leukocyte adhesion
deficiency (LAD).

4. Diagnosis of such disorders is usually by flow
cytometric techniques and molecular genetics.

5. Treatment may be supportive or via bone
marrow transplantation.

Normal Neutrophil Function

Neutrophils must adhere to the endothelium as a first
step in their migration from blood vessels to sites of
infection. There are several steps in this migration
process, and illness can occur from defects in each
of the steps:
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Neutrophil Function Disorders

1. E-selectins expressed on endothelial cells bind to

fucosylated proteins on the neutrophil. The best
known of these fucosylated proteins is the sialyl-
Lewis X antigen (CD15s).

. Such binding triggers beta-integrin expression on

the neutrophil, and these integrins mediate tight
adhesion to endothelial cell-expressed
intercellular adhesion molecule 1 (ICAM-1) which
is itself upregulated in infection. There are three
different integrins on the neutrophil, but they all
share a common chain - CD18 - which combines
with CD11b (CD11b/CD18 complex is known as
MAC-1), CD11a (LFA-1), and CDllIc.

. Activated neutrophils detect small changes in the

chemoattractant gradient, which causes them to
move toward the site of infection.

. Neutrophils phagocytose bacteria opsonized by

antibody and complement. Following
phagocytosis, neutrophil granules fuse with
phagosomal membranes and release proteases,
enzymes, and antibacterial proteins into the
phagosomal lumen.

. Reactive oxygen species (ROS) play an important

role in killing microbial pathogens. The major
source of ROS is the phagocyte respiratory burst
pathway. The initial reaction in this pathway is
catalyzed by an nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase,
which is found in the phagosome membranes of
neutrophils. NADPH oxidase produces
superoxide free radicals by catalyzing the transfer
of electrons from NADPH to molecular oxygen.
Superoxide is converted to hydrogen peroxide
and, in the presence of neutrophil
myeloperoxidase, hypochlorous acid (HOCI), in
addition to numerous other microbicidal
oxidants that synergize with granule proteins to
kill microbes in neutrophil phagosomes

(Figure 20.1).
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Figure 20.1 Normal neutrophil
function. The components of normal
neutrophil function are adhesion,
chemotaxis, phagocytosis and killing of
phagocytosed material. Neutrophil
function disorders arise from defects or
deficiencies at different points in this
pathway.
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Defective integrin adhesion is responsible for leukocyte
adhesion defect type I (LAD I). LAD I is an autosomal
recessive disorder characterized by a defect in CD18
and therefore reduced or absent expression of all the
beta-integrins. It presents with omphalitis and peri-
dontal disease. Classically, there is delayed cord separ-
ation and this history should be specifically sought
where the diagnosis is suspected. Moreover, there will
be neutrophilia - the patient is stimulated to make
neutrophils, but they just cannot get to where they
are needed (the differential diagnosis might include a
chronic leukemia). Diagnosis is with flow cytometric
demonstration of absent integrin expression (usually
macrophage-1 [MAC-1] absence). Clinical manage-
ment is with antibiotics and antifungals, but usually
the child is referred for bone marrow transplant.
Note that MAC-1 has other functions in neutro-
phils. It is the principal neutrophil receptor for the
complement fragment C3bi, which coats and opso-
nizes microbes, so there is also defective phagocytosis
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in LAD I. MAC-1 binding is also an important costi-
mulatory signal for the pathways that are important
for adhesion, degranulation, and activation of reactive
oxidant production.

In LAD II, there is a mutation in the membrane
transporter for fucose with associated loss of the
fucosylated glycans, including the sialyl-Lewis
X (CD15s). LAD II patients have less severe infection
than LAD I patients, significant developmental delay
and learning difficulties, and the Bombay (hh) pheno-
type due to the absence of fucoslylated proteins
(including the H antigen) on red blood cell (RBC)
surfaces. Diagnosis is flow cytometric demonstration
of reduced CD15s expression on leukocytes. Manage-
ment is usually supportive.

Hyper-IgE Syndrome (HIES)

HIES is often considered a disorder of neutrophil
chemotaxis, although it has more general immunologic
and clinical manifestations and is diagnosed on the
basis of certain clinical features and demonstration of
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a DOCK8 mutation in the autosomal recessive (AR)
inherited condition and a STAT3 mutation in the
autosomal dominant (AD) condition.

The clinical features of this syndrome on which
the scoring system depends include

e Eczema that often occurs in the newborn period in
AD HIES

e Staphyloccocal skin infections, often without
inflammatory features such as erythema and pain

e Virus skin infection - molluscum, herpes virus in
AR HIES
Chronic candidal infection of the skin and nails

e Recurrent lung infection, particularly in AD HIES
(There may be bacterial or fungal infection, and
there may again be fewer symptoms than in
patients with an intact immune system.
Pneumatoceles are also particularly prevalent in
AD HIES. Patients may appear much better than
their x-ray suggests.)

e Involvement of both the connective and skeletal
tissues in AD HIES with STAT3 mutations (An
asymmetrical facial appearance with prominent
forehead and chin, deep-set eyes, broad nose,
thickened facial skin, and a high arched palate are
typical of this disease. These features evolve
during childhood and become more established by
adolescence. Patients with AD HIES exhibit
hyperextensibility of the joints. They frequently
suffer bone fractures from seemingly insignificant
trauma, and bone density may be reduced.
Scoliosis is common and typically emerges during
adolescence or later in life.)

e Abnormalities affecting dentition in AD HIES
with STAT3 mutations (In contrast to AD HIES
patients, those with AR HIES due to DOCK8
deficiency do not manifest abnormalities in their
dentition.)

e Increased risk for malignancies, especially
lymphomas, in both AD and AR HIES patients
(Other cancers described in STAT3 deficiency
include leukemia and cancers of the vulva, liver,
and lung. Patients with DOCKS deficiency are
susceptible to papilloma virus-induced squamous
cell carcinoma and lymphomas. Autoimmune
diseases also have been associated with both types
of HIES, but they are most often seen in DOCKS8
deficiency.)

e DOCKS-deficient patients have more
symptomatic neurologic disease than those with
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STATS3 deficiency. Neurologic manifestations may
range from limited involvement such as facial
paralysis to more severe manifestations such as
hemiplegia (one side of the body paralyzed) and
encephalitis. The causes of the neurologic
complications are not clear, but fungal and viral
agents and vasculitis may be responsible. Central
nervous system involvement is responsible for a
significant number of fatalities in this disorder.

Diagnosis is made on the basis of clinical features
and elevated immunoglobulin E (IgE). Absence of
DOCKS protein and mutation analysis of DOCK8
and STAT3 are important in making the diagnosis.
There are other immunologic abnormalities in AR
HIES, including T-cell lymphocytopenia and IgM
deficiency. Treatment is supportive or with transplant
in more severe cases. Transplant is also used where
there is malignant disease.

Chediak-Higashi Syndrome (CHS)

This is a rare autosomally inherited condition. CHS
is a disease causing impaired bacterial killing due
to failure of phagolysosome formation. There is
impaired lysosome degranulation within phago-
somes, so phagocytosed bacteria are not destroyed
by the lysosome’s enzymes. Neutrophils from patients
with Chédiak-Higashi syndrome have giant granules
that appear to be a coalescence of azurophilic and
specific granules. The giant granules are often more
prominent in bone marrow neutrophils than in per-
ipheral blood neutrophils. Giant granules are also
seen in lymphocytes and natural killer cells from
patients with CHS. These patients also have partial
albinism. There is recurrent infection and an acceler-
ated phase of the illness in older children that is
hemophagocytic lymphobhistiocytosis (HLH)-like and
triggered by Epstein-Barr virus (EBV) infection.

Diagnosis should be obvious from the blood or
marrow smear in a patient with suggestive features.
The affected gene is CHSI (also known as LYST).
Usually patients are treated with bone marrow
transplantation.

Neutrophil-Specific Granule Deficiency

Neutrophil-specific granule deficiency (SGD) is a very
rare disorder characterized by the absence of specific
or secondary granules in developing neutrophils.
Neutrophils from SGD patients also typically have
morphologically abnormal bilobed nuclei. SGD
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neutrophils are markedly deficient in many important
microbicidal granule proteins, including lactoferrin
and the defensins. The diagnosis of SGD is made if
microscopic examination of neutrophils reveals the
absence of specific granules. The diagnosis can be
confirmed by assessing expression of granule-specific
proteins (e.g. lactoferrin and gelatinase) by staining or
other direct assays of the proteins. The disease is
caused by inactivating mutations of the CCAAT/
enhancer binding protein-¢ (C/EBP-¢) gene.

Chronic Granulomatous Disease (CGD)

CGD is the most common significant neutrophil
function disorder, with an incidence of about 1 in
200,000 individuals. It arises from a genetic muta-
tion in one of the four polypeptide subunits that are
critical for NADPH oxidase function. Approxi-
mately 70 percent of CGD cases result from defects
in the X-linked gene encoding the gp91°P"** subunit
of flavocytochrome b558, a membrane heterodimer
that is the redox center of NADPH oxidase. An
uncommon autosomal recessive form of CGD (5 per-
cent of cases) is associated with mutations in the
gene encoding p22P"°*, which mediates translocation
of two regulatory subunits of NADPH oxidase,
p47°"°* and p67P"°*, Mutations in genes encoding
p47°"°% (20 percent) and p67°"°* (5 percent) are
affected in two other autosomal recessive subgroups
of CGD.

Diagnosis is usually by flow cytometric assay of
the oxidation of dihydrorhodamine 123 (DHR) by
activated neutrophils. Female carriers of X-linked dis-
ease can be demonstrated to have two distinct neutro-
phil populations - one without and one with the
ability to oxidize DHR.
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Infection is the cardinal feature of CGD. It usu-
ally occurs in skin or lung and draining lymph
nodes. Staphylococcus is the most common organ-
ism, but opportunistic pathogens including Aspergil-
lus, Nocardia, and Serratia are also seen. Abscesses
are seen in liver and lung and the nodes and are
classically granulomatous. There is no caseation.
Children with CGD also have colitis, and this can
be a prominent and difficult-to-manage complica-
tion of the disease.

Management of the infection should include an
attempt to identify the specific causative agent so that
antimicrobial therapy can be specific. Most children
receive prophylactic cotrimoxazole and prophylactic
antifungal treatment. The colitis is managed some-
what similarly to Crohn disease, but immune sup-
pression may increase the risk of infection. Bone
marrow transplantation should be considered, espe-
cially before the patient has very serious complica-
tions of the disease.

Myeloperoxidase (MPO) Deficiency

MPO deficiency is the most common inherited dis-
order of phagocytes, with complete deficiency occur-
ring in approximately 1 in 4,000 individuals.
However, MPO deficiency is rarely associated with
clinical symptoms. MPO is inherited in an autoso-
mal recessive manner and is caused by mutations in
the MPO gene on chromosome 17. Deficiency in
MPO inhibits formation of hypochlorous acid from
chloride and hydrogen peroxide. There is a remark-
able lack of clinical symptoms in most individuals
with MPO deficiency despite in vitro defects in the
ability to kill Candida albicans and Aspergillus
fumigatus.
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Clinical
Scenario

1 Acute Leukemia

The newly presenting child with leukemia is a
common scenario for all practicing hematologists.
It is imperative to get this situation right for the
child and the family. Much trust is engendered
for the following treatment with good medicine
and good communication in these first days.

In this scenario, the approach to the newly
diagnosed leukemia is separated into four related
areas:

1. Are there emergency situations to be
recognized and dealt with?

2. What are the routine treatments for the newly
presenting child?

3. What are the routine diagnostic tests for such
a child?

4. What should be said to the family, and how
should consent be taken, including consent to
the local clinical trial?

For the newly presenting child with acute leukemia,
then, there are several separate questions to address
on the first day in the hematology ward, and these are
summarized in Table CS1.1:

e Are there emergency situations to be dealt with?

e What are the routine treatments for a child with
acute leukemia? This will include blood products,
hydration, tumor lysis prophylaxis,
transfusion, etc.

e What tests are necessary to make an exact
diagnosis?

e What should the family be told? What should the
patient be told? This might include consent to
enrollment in a national clinical trial.
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The Child with Newly Presenting

Emergency Situations in Acute
Leukemia Presentation

Hyperleukocytosis

This is dealt with in Clinical Scenario 2.

The Mediastinal Mass

Management of a child with a mediastinal mass is
dealt with in Clinical Scenario 3. Here it should be
noted that all children with newly presenting acute
leukemia must have a chest x-ray as a matter of rou-
tine and certainly prior to any general anesthetic for
diagnostic procedures.

Abnormal Renal Function and Tumor Lysis in
Newly Presenting Leukemia

Abnormal renal function is most commonly due to
tumor lysis. The biochemical hallmarks are given in
Table CS1.2. There may also be contributions from
direct renal infiltration with leukemia, and this might
be more commonly seen in T-cell acute lymphoblastic
leukemia (T-ALL) and monoblastic acute myelogen-
ous leukemia (AML). Sepsis and drugs such as ami-
noglycosides might contribute to renal dysfunction
and should be managed appropriately with fluid sup-
port/antibiotics and judicious use, respectively.

The clinician should do the following:

Give rasburicase.

Involve the renal team early.

Avoid the use of nephrotoxic medications.
Institute a rigorous fluid balance.

Provide hydration as above, but make sure that
the urine output is sufficient. The hydration fluid
must not contain added K".

15:11:25,
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Table €S1.1 Questions to Address for Newly Presenting Child with Leukemia

Area of focus

Are there emergency situations?

What are the routine treatments for the newly
presenting child with acute leukemia?

How can a diagnosis be made?

Keep the family and patient informed.

Things to consider

1.

> w

Sl

Check the electrolytes regularly and often

depending on the extent of abnormality.

Is there hyperleukocytosis? Remember that symptomatic
hyperleukocytosis will occur at a lower white blood cell (WBC) level
in acute myelogenous leukemia (AML) than in acute lymphoblastic
leukemia (ALL).

Is there already evidence of tumor lysis syndrome?

Is there a mediastinal mass?

Is there disseminated intravascular coagulation (DIC) or is there
evidence of significant bleeding?

Is central nervous system (CNS) function normal?

Is renal function normal? What are the causes of such dysfunction?
What tests should be performed?

What transfusion support should be given? What are the target
hemoglobin and platelets? Are there any inhibitors to transfusion
(e.g., where there is hyperleukocytosis)?

What fluids should be prescribed?

What infection prophylaxis should be given?

What tumor lysis prophylaxis should be given?

Can a diagnosis be made from the peripheral blood counts? This is
especially important when the child is not fit for anesthesia and
bone marrow aspiration. In general the diagnosis of acute leukemia
is from a bone marrow examination.

What tests should be done on the aspirate bone marrow —
morphology, immunophenotyping, cytogenetics, and molecular
genetics?

Should a lumbar puncture be performed routinely? Should
intrathecal therapy always be given? Are there risks to a lumbar
puncture at diagnosis?

The child is in the right place

A certain diagnosis will be made.

With the diagnosis will follow treatment, which is there to cure

the child.

There will be many conversations over the next days; too much
information about what the diagnosis and treatment might be is
likely to be more confusing than a later conversation about what the
diagnosis and treatment actually are.

Reassure the family that as more information becomes available
after diagnostic procedures, they will be told everything. No
information will be kept from them.

Informed consent is needed to participate in a national clinical trial.

e Furosemide might help the urine output in tumor
lysis syndrome. Dialysis might be necessary for

Remember that potassium may leak from blast electrolyte disturbance unresponsive to these
cells and that measured K™ may not be in vivo K" simpler measures or for oliguric renal failure

(see Table CS1.2).

Basic clinical management of hyperkalemia

includes nebulized salbutamol, insulin/
glucose, etc.

associated with fluid overload causing clinical
dysfunction (e.g. pulmonary edema). Note that if
dialysis is required during these early days, then the
prognosis for eventual renal function remains good.

15:11:25,
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Table €S1.2 The Biochemical Indices of Tumor Lysis Syndrome
Increased phosphate

Reduced calcium

The Child with Newly Presenting Acute Leukemia

High potassium. Note that K™ can be high in vitro and not in vivo because it leaks from the blast cells. To distinguish them,
take the sample quickly to the laboratory (or do near to bedside on a blood gas analyzer), and avoid pneumatic sample
transport tubes. Do an electrocardiogram (ECG), and look for evidence of the peaked T waves of hyperkalemia.

High creatinine

Reduced urine output and edema, including pulmonary edema.

Raised uric acid. (Once rasburicase has been given, the uric acid is usually measured as below the lower limit of detection

because the drug also works in vitro.)

Table €S1.3 Causes of Depressed CNS Function in Children with Newly Presenting Leukemia

CNS disease. Parenchymal or leptomeningeal leukemic infiltration.

CNS bleeding

Hyperviscosity with reduced tissue perfusion accompanying sluggish blood flow of hyperleukocytosis.

CNS thrombosis. For example, sagittal sinus thrombosis.

Drug-related. For example, related to intrathecal chemotherapy.

Raised intracranial pressure. May be seen in hyperleukocytosis or obstructive hydrocephalus after CNS bleed, for example.

Abnormal CNS Function

Children with depressed consciousness level during
leukemia presentation require urgent CNS imaging.
They may need anesthesia with intensive care in order
to carry out such imaging. If such anesthesia is required,
then central venous access for leukemia treatment
should be secured under the same anesthetic. Platelets
should be given immediately on presentation. Fluid
administration must be cautious prior to imaging in
case there is cerebral edema. Management of the cause
of the CNS depression is critical. Lumbar puncture with
intrathecal therapy can be deferred, of course, while
CNS imaging takes place and while hyperleukocytosis,
coagulopathy, and so on are managed and resolved.

Routine Managementand Investigation
of the Newly Presenting Child with
Acute Leukemia

Many of these investigations will be part of a national
leukemia treatment protocol. There may be central
molecular analysis of ALL patients for minimal residual
disease (MRD) quantification. There may be national
cell banking of viable cells for future research. Blood,
marrow and spinal fluid are taken.
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Unless the emergency situations noted earlier ap-
ply, the new patient receives adequate hydration ther-
apy (usually 2.5- 3 liter/m” per day), and K* is not
added in this fluid. Blood and platelets are given, if
necessary. Antibiotics are given to the febrile child
after blood cultures have been taken. Consults with
anesthesia and surgery are made because diagnostic
procedures in children will be routinely performed
under general anesthesia, and central venous access
might need to be secured. There will be institutional
practices concerning such access in new leukemia
patients but a line will always be needed in AML and
in ‘riskk ALL, where anthracyclines are routinely
employed in induction. For low risk’ ALL, a line might
be avoided if there is good peripheral venous access,
for only vincristine is needed, and there will be a
reduced risk of central line-associated thrombosis.

Routine investigations of blood, marrow, and cere-
brospinal fluid (CSF) are done, as shown in Table
CS1.4.

Keep the Family and Patient Informed

All clinicians will have their own ways of talking to
families of newly presenting children. These notes are
not prescriptive, but merely suggestive of one approach.

15:11:25,
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Table CS1.4 Routine Investigation of the Newly Presenting Child with Acute Leukemia

Blood:
e Morphology of blast cells

e Does the child require platelet transfusion? There will be an institutional transfusion threshold, so platelets might be
given when the count is fewer than 10 or 20 x 107/liter. Platelets should be given to keep the circulating count
higher when the patient has a high presenting WBC count.

e Does the child require red cell transfusion? There will be an institutional transfusion threshold. Caution should be
exercised where there is hyperviscosity, as discussed earlier.

e What is the blood group and antibody screen of the patient?

e What is the renal function?

Marrow:

o What is the marrow blast cell morphology and therefore the FAB classification of the leukemia?
o What is the immunophenotype? Is there a blast cell immunophenotype that can define the population for MRD

testing?
Marrow should be sent for cytogenetic analysis.
Marrow should be sent for molecular studies.

CSF:

o Are there cells on cytospin? What is the morphology of those cells? It is not usual to perform immunophenotyping of

the cells in the CSF?
e What is the cell count of the CSF?

e s the protein elevated in the CSF, and what is the CSF/blood glucose ratio?

Families need to be able to trust their hematolo-
gist. We think that it is helpful to have some simple
objectives to give to families at the first meeting and
not to become immersed in a conversation about
causes of leukemia and prognosis when families are
at their most anxious. We therefore state that there
are three things that matter:

e That the child has reached the right place. (The
road to diagnosis might have been a long one with
several fruitless contacts with family doctors or
pediatricians.)

e That a certain and exact diagnosis will be made.
(How this diagnosis will be reached is a practical
question for families to deal with. The clinician
can say that there are lots of different types of
leukemias and that these tests will exactly
distinguish these.)

e With exact diagnosis comes exact treatment.
That treatment will be of curative intent. There

is reason for a family to have hope for
their child.

When we go back to families after this conversa-
tion and once diagnostic procedures have yielded
a diagnosis, they are usually in a totally different
place. The preceding conversation can be had again
and more information given as it becomes available.
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Box CS1.1

Leukemia cells are analogous to weeds in a flower
bed, and normal blood cells are the flowers in that
flower bed. At presentation, the gardener can only
see the weeds. After treatment, there are only flowers
to see, but there might still be weeds within the
flower bed that would grow back if treatment were
stopped. The difference between cure and remission
is that in cure there are no weeds left to grow
back. MRD technology is a special test the gardener
has developed for telling how many weeds are left
behind even when he or she cannot see them.

At each conversation, then, the preceding informa-
tion can be given again and consolidated.

There is the weeds and flowers analogy, which is a
framework that doctors and families can go back to as
treatment continues (see Box CSI1.1).

Consent to treat will often include consent to a
clinical trial. Clinical trials have allowed children to be
cured of leukemia. Forty years ago, all such children
died from the disease. Now most such children are
cured. There are three components to consent to a
phase III randomized, controlled leukemia treatment
for a child, and these are given in Table CS1.5.
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Table €S1.5 The Elements of Consent to Participation in a National or Collaborative Group Phase Il Clinical Trial

1. That the child will receive evidence-based treatment

2. That we ask permission to record some information
about the child anonymously and for the purposes of
research

3. That participation in randomized elements of the trial
where children receive previous best treatment or
previous best treatment modified in a small way
(The modification is made because there is evidence
to suggest that it might be even better treatment.)

Families must know that the responsibility of the
treating clinician is to their child: that the physician
will always treat the child first for his or her needs
regardless of the trial protocol. Such a statement is
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e The family should know that this is a national trial and
that wherever they are in the country the newly
presenting child will be offered this treatment.

e That many leukemia experts have formulated this
treatment.

e That the trial has been through a rigorous national
ethics process in which the family and child’s interests
are specifically and independently represented.

e That if they decline to participate, then the child will
be treated with the previous best treatment, which
is also an arm of the trial.

This is so that we can know just how well children in this
country (or collaborative group) are doing with leukemia

and make sure that the results are as good as elsewhere

in the world

Randomization is difficult, especially on the first day of
presentation as treatment is just beginning. The researcher
must distinguish experimental treatment (a drug that
worked well in the guinea pig’) from the clinical trial
question that is addressed.

e The backbone of therapy is the same.

e The changes in treatment are small.

e Most of these increments have improved outcomes
over the years.

e There is ongoing statistical analysis of one arm against
the other, and the trial would stop if differences
were shown.

e One arm of the trial is the previous best published
therapy.

perfectly consistent with enrollment of the patient in
the trial. The physician knows that trials are good in
general but that sometimes patient-specific manage-
ment is needed.
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Sl Hyperleukocytosis

1. Hyperleukocytosis is a raised WBC count in a
newly presenting child with acute leukemia.

2. It may occur in acute myeloid leukemia
(AML) or acute lymphoid leukemia (ALL). In
ALL, it is more typically found in T-ALL.

A high WBC count is a risk feature of newly
presenting ALL.

3. Hyperleukocytosis may present as a medical
emergency for the hematologist. Specifically,
hyperleukocytosis is associated with:

Increased blood viscosity, and the sluggish
circulation impairs oxygen delivery to the
tissue

Increased risk of tumor lysis

Increased risk of bleeding

The clinician should
1. Make a diagnosis of leukemia type from the
blood, and defer invasive procedures.

2. Limit RBC transfusion so as to prevent
further viscosity rise.

3. Get the WBC count down with either
treatment of the leukemia or exchange
transfusion.

In hyperleukocytosis there is a markedly elevated WBC
count in the peripheral blood. This is more common
in T-ALL than in precursor B-ALL and might be seen
in AML. There are several clinical problems associated
with such a high disease burden:

1. There might be hyperviscosity of the blood
because the WBCs impair blood flow. This is
more likely seen in AML than in ALL because the
cells are bigger and have that much more impact
on blood flow. There might be confusion or
decreased conscious level with increased viscosity
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because tissue oxygenation is impaired by
sluggish blood flow.

There is an increased risk of tumor lysis. The
laboratory features and management are
described in Table CS1.2 and related text in
Clinical Scenario 1. There might already be
evidence of such.

There is an increased risk of bleeding including
into the CNS. This is partly a consequence of the
increased blood viscosity. Retinal hemorrhage
might be visible.

The management of hyperviscosity syndrome is foc-
used on

Making a diagnosis of the leukemia. If the WBC
count is high, then all important diagnostic tests
that usually might be used on a marrow can be
done on the blood. A diagnosis of the leukemia
can be made after microscopy of the blood smear,
immunophenotyping of the blood blasts, and
samples can be sent for cytogenetics and
molecular genetics.

Checking renal function. If it is normal, then
prevent tumor lysis with rasburicase and
hydration.

If renal dysfunction is present, then ask for a renal
ultrasound (see later), and ask for involvement of
the renal team. It is better that this team is
involved early rather than late. Commence
rasburicase and hydration, but meticulously
record the fluid balance of the child. The
hydration fluid must not contain added K*.
Keeping the platelet count high because the risk of
bleeding is increased. Correct any associated
significant coagulopathy.

Transfusion of packed RBCs might increase the
viscosity further and so should be performed
cautiously. Hydration is continued, and RBCs are
given ‘little and often’ to prevent rapid change in
hematocrit.
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It is important to get the WBC count down. This can
be done in one of two ways:

The best way to do this is to make a diagnosis and
treat the leukemia. If the diagnosis is ALL, then it
is easy enough to start treatment with steroids
alone without securing central venous access. In
AML, it might be necessary to secure venous
access with a central line so that AML treatment

.023

Hyperleukocytosis

can be started. The assistance of an experienced
pediatric anesthesia team and surgical team is
required, and these teams should be

consulted early.

Exchange transfusion or partial exchange
transfusion will reduce the circulating WBCs.
This does not treat the leukemia at all but might
temporarily reduce the WBC count.
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Clinical
Scenario

1. The mediastinal mass might cause
compression of the airway and hypoxia and
compression of venous return in superior
vena cava (SVC) obstruction.

2. The most likely diagnosis is T-cell lymphoblastic
non-Hodgkin lymphoma (NHL).

3. There are three questions: (a) What is the
clinical condition of the child? (b) What is the
diagnosis? And (c) can a diagnosis be made
without surgical intervention?

4. Careful assessment is needed, including
clinical examination and imaging, to decide
whether the child is fit for surgical biopsy if
the diagnosis cannot be reached by simple
blood tests.

5. If the child is not fit for surgery, then steroids
and sometimes other drugs are given to
shrink the mass sufficiently to allow safe
anesthesia. Tumor lysis prevention should be
given. The anesthetist, surgeon and
hematologist should be involved in this
decision.

6. In a critically ill child who is poorly
oxygenated, emergency measures including
intensive care are necessary.

A mediastinal mass is a hematologic oncologic emer-
gency. The immediate management is focused on
three questions that are linked. A child who has clin-
ically compromised respiration is not fit for surgical
intervention, including biopsy. During such anesthetic,
there may be irreversible airway obstruction as the
child lies flat and voluntary muscle tone is lost. Note
that the mass is likely to extend below an endotracheal
tube, so it may not be possible to intubate the child
during general anesthesia. In such cases, steroid ther-
apy may be necessary in the absence of a proven
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a Mediastinal Mass

diagnosis to stabilize the patient and shrink the mass
to a point where surgery is possible.

1. How is the mediastinal mass affecting the immedi-
ate welfare of the patient?
It might be compressing the airway, causing stridor.
It might be compressing the great veins, obstruct-
ing venous return from the head and upper limbs
in SVC obstruction.

2. What is the histologic diagnosis?
A correct diagnosis is needed for the appropriate
treatment to be given. The most likely diagnosis is
T-cell lymphoblastic lymphoma when there is airway
compression or SVC obstruction. Other lymphomas
might present in this way, including Hodgkin lymph-
oma and primary mediastinal B-cell lymphoma.

3. Can the diagnosis be made without surgical
intervention?
In T-cell lymphoblastic NHL, there may be blast
cells in the blood. This is often obvious, but some-
times it is less so. If there are blasts in the blood,
then all diagnostic tests including immunopheno-
typing, cytogenetics, and molecular testing for
subsequent minimal residual disease (MRD) can
be done on those blasts. Sometimes there are few
blasts in the blood but other evidence on the blood
film examination that there is marrow involve-
ment (e.g. a leukoerythroblastic appearance). In
this instance, a bone marrow aspirate is likely to
yield diagnostic information and can be carried
out under local anesthetic on the cooperative child
by an experienced hematologist. Note that if the
child is not fit for a general anesthetic, the child
must be cooperative during these tests or the con-
dition may be worsened by anxiety.

Assessing the Child

The patient’s respiratory status can be assessed clinic-
ally. The child might be breathless at rest or cyanosed.
There might be stridor. There also may be difficulty
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lying flat because in this position the airway compres-
sion is exaggerated compared to when the child is
sitting up. The oxygen saturation should be deter-
mined or a blood gas taken. There may be associated
cervical lymphadenopathy. There may be signs of
SVC obstruction with conjunctival suffusion, visible
venous distension, or limb edema.
The child should have the following simple tests:

e Plain posteroanterior (PA) x-ray and a CT scan of
the chest. The airway should be specifically imaged.
There is a poor correlation between patient
symptoms and the size of the mass on imaging. The
presence and degree of tracheal compression and
associated carinal or bronchial compression
should be specifically recorded. The likelihood of
surgical complications related to the mass is
increased with increased tracheal compression and
the presence of additional bronchial compression.

e An echocardiograph.

e Older patients should have erect and supine peak-
flow measurements as a baseline. Improvement in
these measurements with steroid therapy may be
useful to the anesthesia team.

Management of the Child with a
Mediastinal Mass

This is a multidisciplinary management decision. The
hematology, anesthetic, and surgical teams at least are
involved. Sometimes the teams from pediatric inten-
sive care and ear, nose, and throat (ENT) are invol-
ved. Several situations are possible:

1. The diagnosis can be reached from the blood tests
(circulating lymphoblasts) or from a marrow
aspirate performed without sedation under local
anesthetic. Definitive treatment can be started,
and the only surgical question is when a Hickman
line can be inserted.

2. The diagnosis can only be reached from biopsy
of the medistinal mass or cervical lymph nodes,
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but only when the clinical picture and CT
imaging demonstrate that anesthesia is safe. The
anesthesia team should be experienced, and
fiberoptic and rigid broncoscopy equipment
must be available. The use of a muscle relaxant
may be delayed until adequate ventilation is
demonstrated. Induction of anesthesia may be
started in the sitting position.

. Anesthesia is unsafe but needed for a diagnosis. In

this instance, the likely diagnosis — T-cell non-
Hodgkin lymphoma (T-NHL) - is treated with
steroids (e.g. prednisolone 60 mg/m” per day or
dexamethasone 10 mg/m?” per day), and the
anesthetic assessment is repeated on a daily basis.
The mass will shrink with steroids alone or with
other agents such as cyclophosphamide (100 to
200 mg/m” per day). The daily assessment by the
MDT determines the right time to biopsy (when
there is still tumor to biopsy) because the tumor
may disappear quickly. Tumor lysis prevention
will be necessary with such treatment, including
hydration and rasburicase.

. In the critically compromised child, the

immediate need to oxygenate the patient is the
priority. There might no be time in this
exceptional case to wait for steroids, even with
other chemotherapy added in, to shrink the mass.
The options are threefold. They carry the risk of
failure, but these risks are taken when the child is
critically ill:

e The experienced ENT and anesthesia teams
may ventilate one lung after intubating
through the mass.

e Extracorporeal membrane oxygenation
(ECMO) is used in certain centers. There
is direct oxygenation of the blood in
an extracorporeal (‘bypass’) circuit.

e There may be surgical (cardiothoracic)
debunking of the mediastinal mass.
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Clinical
Scenario

. The likely most common referral for the

hematology/oncology junior medical staff is
to see a child with cancer and neutropenia
who is newly febrile.

. Prompt administration of antibiotics is
essential in such cases and indeed is lifesaving.

. The choice of antibiotics should be

according to the institution’s protocol.
Antibiotics are chosen to be effective in
institutional blood culture isolates and are
reviewed frequently.

. The time to antibiotic administration should

be audited so that the delay is minimal.
The different components of the time to
administration include time to complete

blood count (CBC) being taken, time to CBC
result, time to physician seeing the child, time

to prescription of antibiotics and time to
subsequent administration.

. In prolonged fever in a child who is receiving

antibiotics, certain possibilities should be

sought:

a. An organism that is resistant to first-line
(‘institutional’) antibiotics (Note that such
resistant organisms will be expected to
grow in blood cultures.)

b. Line infection (This involves repeatedly

positive line blood cultures despite the use

of antibiotics to which the isolated
organism is sensitive.)

c. Fungal infection (The risk of such infection

is principally related to the depth and
duration of neutropenia. Imaging is the
principal investigation where fungal
infection is suspected.)

.025

The Approach to the Neutropenic
Child with Fever

d. Other causes of focal infection (There
should be focal [i.e. localizing] symptoms.)

e. Virus infection (There might be focal
symptoms.)

Introduction

A fever consult is common for the junior hematology
medical staff and a common scenario for patients. It is
suggested that the student should approach this topic
in three related ways:

1. Immediate management of the neutropenic
patient — doing the simple things well

2. Governance aspects of neutropenic fever
management for the pediatric hematology
treatment center

3. Management of the pediatric patient with
persistent neutropenic fever — this will include
the investigation of such fever without cause and
management of specific situations, including
line-related fever, fungal infection, and viral
infection.

Immediate and Immediately
Subsequent Management of the

Neutropenic Child with Fever

This is largely about good, basic pediatric medical
assessment - doing the correct blood tests and
making sure that broad-spectrum intravenous antibi-
otics are given promptly. The former requires a timely
assessment of each child with neutropenic fever -
whether on the in-patient ward or in the emergency
room - by a pediatric physician or experienced nurse-
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practitioner. The questions are simple, and this is
basic pediatric medicine.

What Are the Important Physical Signs?

These include heart rate, blood pressure, respiratory
rate, and oxygen saturation. Many institutions will
have used such basic physiologic parameters to de-
velop scoring systems (early-warning scores) that aid
in identification of the potentially sick child.

What Blood Draws Should Be Taken and

from Where?

Blood draws should be taken through the indwelling
central venous catheter, if present. There is no need to
take blood from a peripheral vein. This will only likely
delay testing and inflict unnecessary discomfort on
the child. If the line is not working or ‘giving blood’ -
because it sometimes is not in the ‘real world’ ! - then
antibiotic administration should not be delayed in a
neutropenic child. A chest x-ray (CXR) may be per-
formed, especially if there are respiratory signs or
hypoxia.

e Complete blood count (CBC) (This can be done
from a capillary sample in advance of line access
because the result may determine the need for
further intervention.)

Blood culture

e Blood to transfusion so that if transfusion is
indicated on the CBC, the sample is already in the
appropriate laboratory

e Renal function and liver function

e Blood clotting, including fibrinogen

What Antibiotics Should Be Given?

Empirical broad-spectrum antibiotics should be given
that should be effective against organisms - gram-
negative infection and Staphylococcus aureus in-
fection - that can cause rapid demise. The choice of
antibiotics should be determined by institutional
practice (see below). The physician should not have
to think! Empirical antibiotic therapy may include a
penicillin, in which case the empirical choice must
include an alternative for patients who are allergic
to penicillin. Even if there are focal symptoms,
these empirical antibiotics can be prescribed and are
the safest first-line choice. Even in an afebrile but
sick neutropenic child, it is appropriate to give these
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antibiotics so that infection is covered. Administra-
tion of first-line antibiotics is never wrong.

What Happens to the Patient Next?

Antibiotics are given after the blood cultures are
drawn and after a clinical assessment has been made.
Several subsequent scenarios can be seen:

o The fever settles and the blood cultures become
negative. As long as the child remains clinically
well, the antibiotics can be stopped at 48 hours,
and the child can be allowed to go home.

o The fever continues and the child is considered to
be ‘high risk.” See Figure CS4.1 for risk criteria.
The antibiotics should be continued and
management should be that of prolonged febrile
neutropenia (see below).

e The fever continues and the blood cultures are
negative at 48 hours, but the child might be
considered ‘low risk.” This child might be
discharged at 48 hours on oral antibiotics.

e The blood culture is positive. The child should
receive appropriate antibiotic therapy based on
the sensitivity of the organism isolated. Note that
while fever continues, the antibiotics should
include both empirical neutropenic antibiotics
and those directed at the isolated organism. Once
the fever has settled, the only antibiotics required
are those directed at the organism. Repeat blood
cultures should be taken to confirm that the
infection has cleared.

Anticipated neutropenia <7 days

Defined as patients NOT having
Acute myelogenous leukemia
Burkitt ymphoma
Acute lymphoblastic leukemia in the induction phase of

therapy
Progressive or relapsed disease with bone marrow
involvement
No significant comorbidity at presentation

Hypotension

Tachypnea or hypoxia (0, saturation less than
94% on room air)

New infiltrates on CXR

Altered mental status

Mucositis requiring intravenous narcotics

Vomiting or abdominal pain

Evidence of a significant focal infection defined as tunnel
infection, perirectal abscess, or cellulitis

Other reasons beyond febrile neutropenia requiring inpatient
management

Figure €S4.1 Risk criteria for a neutropenic child with fever.
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Governance (Institutional)
Aspects of the Management
of Febrile Neutropenia

Prompt administration of appropriate antibiotics to
neutropenic children saves lives and permits intensive
chemotherapy of acute myeloid leukemia (AML)
and so on and successful stem cell transplantation.
Governance of febrile neutropenia is about making
the management of such a common hematogic emer-
gency as safe as possible.

There are several components to such govern-

ance of neutropenic fever. All components should
be subjected to periodic and regular audit in order
to ensure that optimal practice is maintained:

1.

Education of families of children who are likely to
become or are already neutropenic. Fever should
be defined (e.g., two temperatures above 38°C or
one above 38.5°C). Families should be taught how
to take their child’s temperature and what to do if
the child has a fever.

Febrile children who are likely or possibly
neutropenic should have direct access to an area of
a specialist or local hospital where they can be
promptly assessed by trained staff.

For inpatients, the temperature of children should
be checked regularly and the rules for when to call
the on-call physician or nurse specialist should be
clearly defined.

There should be adequate numbers of trained
staff. The time to patient assessment should be as
quick as possible, whether the child is an
inpatient or in the emergency room. Such
patients should not join a queue in their local
emergency room.

There should be a febrile neutropenia protocol.
This protocol must include what investigations
are to be performed and what antibiotics are to
be prescribed. The time from antibiotic
prescription to administration should be
minimal.

The choice of empirical antibiotic therapy
should be regularly audited against the blood
culture isolates from local neutropenic children.
The empirical antibiotics selected must be
appropriate to the local isolates so that
empirical therapy is effective. This is likely to
become more important as antibiotic

resistance grows.

.025

7.

Unnecessary antibiotic use should be minimized
to reduce the risk of resistance. This is part of
the rationale to the management of ‘low-risk’
febrile neutropenia, as discussed earlier (see
earlier and Figure CS4.1).

Persistent Neutropenic Fever

Persistent fever is fever that continues in a neutrope-
nic child despite empirical antibiotic therapy. It may
still be a bacterial infection. Such an infection is either
resistant to the empirically chosen antibiotic therapy
and the antibiotics should be changed based on the
sensitivity of the isolate or is in the indwelling line. In
the latter case, the line but not peripherally drawn
blood cultures are positive. This is more common
with certain species, including Klebsiella, Staphylococ-
cus aureus and Pseudomonas species. Fever, rigors,
and occasionally collapse with line flushing might be
clinical indicators of such infection. Removal of the
line may be necessary.

Other infections might be responsible for persist-

ent neutropenic fever:

Classically fungal infection will present as
prolonged fever associated with neutropenia. Such
an infection might be better diagnosed with CT
scan of the chest and abdomen. Bronchial alveolar
lavage (BAL) or biopsy of suspicious lesions may
yield the organism. Some units might serially test
blood for components of the fungal wall, such as
galactomannan, to otherwise diagnose invasive
fungal infection. Depending on institutional
practice, all children with persistent fever might
receive empirical antifungal therapy or only those
with abnormal imaging.

Virus infection might cause persistent fever. This
is more common where T-cell numbers are
reduced, such as following allogeneic stem cell
transplant. Routine testing of blood for
cytomegalovirus (CMV), adenovirus and Epstein-
Barr virus (EBVO) is usual following
transplantation. Testing for other viruses is
directed by patient symptoms. For a child with
upper respiratory symptoms, the secretions can be
tested by polymerase chain reaction (PCR) for
respiratory viruses including influenza virus,
parainfluenza virus, and respiratory syncytial
virus (RSV). For the child with gut symptoms,
stool can be tested by PCR for enteric viruses and,
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similarly, cerbrospinal fluid (CSF) can be tested
for infections associated with meningoencephalitis
and urine for BK and JC viruses.

Persistent fever may be caused by other
organisms that are not bacterial, fungal, or viral.
Usually there will be focal symptoms and
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abnormal imaging (e.g. Pneumocystis jirovecii
infection will cause cough and hypoxia, and there
will be an abnormal chest x-ray). Diagnosis will
follow testing for the organism with PCR of
bronchiolar lavage (BAL) fluid or respiratory
secretions.
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Scenario

=

1. Pancytopenia indicates a reduction of all
normal cellular elements - red blood cells
(RBCs), neutrophils, and platelets - in the
peripheral blood.

2. Understanding the causes of pancytopenia in
children and how to distinguish these causes
and make a diagnosis is a large part of
understanding clinical pediatric hematology.

3. There may be bone marrow causes - production
failure - or there may be systemic causes —
consumption of formed cells.

4. Some of the causes of pancytopenia are
inherited diseases, and some are acquired.
The differential diagnosis is different for
children of different ages.

5. In making a diagnosis, hematologists do it all,
and this is one of the joys of everyday clinical
hematology. They take the history from
patients and their families. They examine
patients. They look at the peripheral blood
counts and blood smear. They take and
examine the bone marrow aspirate and smear.
Once a diagnosis is made and explained, they
manage the patients.

Introduction

Pancytopenia indicates a reduction in the normal
cellular elements in the blood. It must not be confused
with aplastic anemia, which is a particular — and rare -
cause of pancytopenia. Pancytopenia may be life
threatening, and making a diagnosis as quickly as
possible is important.

The hematologist will make a diagnosis from his-
tory, examination, blood count with a blood film, and
bone marrow examination. All cytopenia - either single
lineage or multilineage - is either because of bone
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marrow failure or because the cells are being used
up at a greater rate than normal. This is also true of
pancytopenia.

Bone Marrow Failure

The causes of bone marrow failure resulting in pan-

cytopenia are listed in Table CS5.1. The key features

in the history, examination, and blood in the present-
ing child that alert to this diagnosis are given for each
diagnosis.

In order for the bone marrow to make blood,

e There must be physical space for bone marrow
stem and progenitor cells. Infiltration with
malignant cells (leukemia) will reduce this
available space. (Note that solid-tumor marrow
involvement rarely causes pancytopenia; it might
cause anemia or there will commonly be primitive
cells on the smear including nucleated RBCs and
myelocytes, ie a leukoerythroblastic appearance.)
A rarer infiltrative cause is un-remodeled bone in
malignant infantile osteopetrosis (MIOP).

e Drugs may affect bone marrow function in either
a dose-related or dose-unrelated (idiosyncratic)
fashion. The most common cause of bone
marrow failure in our hospitals is chemotherapy,
and for most chemotherapeutic agents, there will
be bone marrow failure if you give enough of
the drug.

e There must be adequate nutritional elements for
the massive cellular proliferation that gives rise to
blood elements. This requires vitamin B;, and
folate, and deficiency of these elements will give
rise to pancytopenia.

e In aplastic anemia, there is a deficiency of
hematopoietic stem cells. This may be acquired or
due to an inherited bone marrow failure
syndrome.
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Table €S5.1 Bone Marrow Causes of Pancytopenia

Infiltration with
leukemia (most
common cause
perhaps) (see
Chapters 36 and 37)

Infiltration with
trabecular bone
(malignant infantile
osteopetrosis) (see
Chapter 25)

Nutritional deficiency
(vitamin By, and folate)
(see Chapter 14)

Drug-related causes:

a. Dose related —
chemotherapy

b. Dose unrelated —
idiosyncratic

Acquired aplastic
anemia (see Chapter 11)

Inherited bone marrow
failure syndrome
(see Chapter 10)

Examination might show evidence of infiltration elsewhere, including lymph nodes, skin,
and spleen.

Blast cells may be present in the blood film.

Diagnosis is made on bone marrow aspirate.

There might be a family history, and the illness is more common in a consanguineous
family.

There are features of extramedullary hematopoiesis on examination — including
splenomegaly.

There is evidence of bone compression elsewhere beyond the marrow. There will
frequently be clinical blindness or roving-eye movements (compression of the optic
nerve by excess bone as the nerve passes through the optic foramen).

There may be associated developmental delay.

The blood film is leukoerythroblastic and without blast cells. This reflects disruption of the
bone marrow-blood architecture and the extramedullary hemopoiesis.

The abnormal cortical bone is visible on plain x-ray of the long bones or ribs.

There might be an appropriate dietary history.

In infants, there will be associated developmental delay (TCIl deficiency or infant of a
deficient mother).

There will be blood features with macrocytes, circulating megaloblastic RBC precursors,
and hypersegmented neutrophils.

The bone marrow aspirate is cellular and megaloblastic with giant metamyelocytes.
The exact diagnosis will follow appropriate testing.

The cause is clearly evident on the history.

Note that whole-body radiotherapy will also cause dose-related pancytopenia, and this is
also used with high-dose chemotherapy in bone-marrow transplantation.

Remember that some drugs that might cause bone marrow failure are used beyond the
hematology ward (e.g. azathioprine in autoimmune or transplant medicine).

Altered renal or liver function or inherited polymorphisms affecting drug metabolism
may sensitize patients to hematologic toxicity from these drugs.

A drug history should be taken in all patients admitted with pancytopenia.
Chloramphenicol is the best-known idiosyncratic drug cause of bone marrow failure and
pancytopenia.

There is no evidence of extramedullary hematopoiesis — no spleen or nodes, etc.
There is frequently macrocytosis on the full blood count (FBC) and smear.

There are no primitive cells in the blood smear.

Definitive diagnosis is made by marrow aspirate and trephine biopsy.

There might be a family history, and most of these disorders are autosomal recessive and
therefore more common where there is consanguinity.

There might be associated features of disease such as short stature, skin abnormalities
(DKC and FA), and skeletal abnormalities (FA and SDS).

There might be macrocytosis in the blood.

There are no primitive RBCs in the blood smear.

The marrow might not be as hypoplastic as in acquired aplastic anemias (there is an
element of ineffective blood cell production).

There may be dysplastic features in the bone marrow aspirate.

Definitive diagnosis will test for the specific condition (e.g. chromosome fragility testing
for FA).

Pearson’s anemia is an important but rare cause of inherited bone marrow failure (see

Chapter 12) 135
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Table CS5.1 (cont)

Immune causes (e.g. e HLH is an important cause of pancytopenia in infancy.

HLH) (see Chapter 24) e This is often a genetic illness, and this is more common where there is parental

consanguinity, and there may be a family history of HLH or death in infancy.

The affected child is often ill, and there is usually fever (one of the diagnostic criteria).

There is frequently splenomegaly (another of the diagnostic criteria).

The blood film does not show circulating blast cells.

A comprehensive, systematic search for the diagnostic criteria should be initiated. The

genetic causes should be sought.

e There may be many contributors to pancytopenia: bone marrow suppression by
hypercytokinemia, hemophagocytosis of formed cellular elements, and splenomegaly
and hypersplenism.

e Urgent treatment may be needed in this condition.

Table €S5.2 Consumptive Causes of Pancytopenia

Splenomegaly e The presence of splenomegaly in itself is neither an adequate cause of pancytopenia nor
does it necessarily imply that bone marrow function is normal.

e Some bone marrow causes of pancytopenia are usually associated with hypersplenism
(see Table CS5.1, ‘Infiltration with leukemia’). MIOP and HLH are associated with
splenomegaly.

e A cause for splenomegaly must be ascertained. It might be thalassemia or another
hematologic condition, a metabolic illness, chronic liver disease with portal hypertension,
or an immunologic cause.

e The pancytopenia of hypersplensim is rarely severe, and splenectomy is rarely indicated.

Immune causes (see e Many of the inherited primary immune deficiencies (PIDs) are associated with either
Chapter 23) humoral or cellular autoimmune cytopenia, which might be pancytopenia.
HLH is a PID that is also associated with pancytopenia (see ‘bone marrow causes’ above).
Systemic lupus erythematosus (SLE) may cause pancytopenia.
Rheumatologic illness may be associated with pancytopenia that is mutifactorial and
includes macrophage activation syndrome (MAS), which is part of the spectrum of HLH.

Infection (see e Severe infection may cause pancytopenia.
Chapter 16) e Activation of the coagulation cascade and disseminated intravascular coagulation (DIC)
may contribute to the thrombocytopenia of severe infection.
e The hematologist must distinguish bone marrow failure and pancytopenia as a cause of
infection, from pancytopenia as a consequence of infection.

Peripheral Consumption

The peripheral causes of pancytopenia are usually
obvious and are given in Table CS5.2. Important
comments for each cause are given as well.

136
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. This is a common referral to pediatric
hematologists from primary care clinicians and
from pediatric colleagues in other specialties.

. The clinical hallmark of lymphoma is usually
pathologic enlargement of an involved lymph
node or group of lymph nodes, and the
diagnosis of lymphoma is usually made
following histologic examination of an
involved lymph node.

. There are certain clinical features that suggest
that lymph node involvement is due to
malignant disease. These include site, size,
and feel during examination. Imaging with
ultrasound or computed tomographic (CT)
scan may help to distinguish benign from
malignant disease involving the node, but
histology is definitive.

. Presentation of lymphoma with pyrexia of
unknown origin (PUO) is unusual but not
unknown. There are other more common
causes of PUO in pediatric medicine.

. The bone marrow aspirate and biopsy are more
useful in the staging of lymphoma than in the
diagnosis of lymphoma. A staging marrow in
lymphoma is used to assess how disseminated
the lymphoma is and whether there is bone
marrow involvement. This is frequently
misunderstood by referring clinicians.

. Lymphoma in pediatric medicine might be
non-Hodgkin lymphoma (NHL) or Hodgkin
lymphoma (HL). NHL is more often high-
grade disease than in adult disease, where
indolent low-grade disease is commonly
found. This type of disease is less commonly
seen in children.
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Does This Child Have Lymphoma?

7. NHL and HL each may be associated with
primary immunodeficiency and the
immunodeficiency associated with HIV
infection.

8. Prompt diagnosis of high-grade NHL is
important so that definitive therapy
can begin.

9. NHL - especially those of a T-cell
immunophenotype — may present as an HLH
like illness. This is particularly true for
anaplastic NHL.

Which Nodes to Worry About?

Hematologists are often involved in the diagnosis of
lymphoma. They are referred children either because
of the presence of palpable lymph nodes or because
the child has other features that are reported to also
occur in children with lymphoma such as PUO.

e Palpable lymph nodes in children are common
and more likely to be due to causes other than
lymphoma.

e Table CS6.1 gives some of the indications to think
that a lymph node might be enlarged due to
lymphoma. Where this is the case, lymph node
biopsy is indicated.

e Few cases of lymphoma present with PUO alone.
The bone marrow test is a poor diagnostic test for
lymphoma in such a case.

Types of Lymphoma in Children

In general, lymphoma is diagnosed by histologic
examination of an involved lymph node. The specific
features of the diagnosis are beyond the scope of this
book, but the elements of diagnosis are similar to
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Table €S6.1 When to Consider Malignancy as a Cause of Lymph Node Enlargement

Where is the enlarged lymph node?

How big is the node?

What has happened to the node?

Are there other clinical features?

Are there laboratory test abnormalities that
might indicate malignant lymphoma?

those employed in leukemia diagnosis (see Chapters e
35 and 36), namely, clinical features, morphology, °
immunophenotyping, cytogenetics, and molecular 4

genetics.

Neck nodes are common in children.

Nodes that are high in the neck are often benign.
Supraclavicular lymphadenopathy is always pathologic (not
necessarily malignant).

Inguinal nodes are normally palpable in all children.

Big nodes are more likely to be involved with lymphoma than
smaller nodes.

Is there enlargement of other lymph node groups or is the spleen
enlarged?

Has the node changed in size and is becoming rapidly bigger?
Has it been there for a long time? Sometimes bigger and
sometimes smaller — this is less likely to be due to malignant
disease.

Is the child unwell?

Has the child lost weight?

Is there fever?

Is there an obvious cause for regional lymph node enlargement
other than malignancy?

Is there a significant past medical history suggesting a primary
diagnosis that might predispose to malignancy?

Lymphoma might be associated with the anemia of chronic
iliness.

HL is associated sometimes with a blood eosinophilia.

The lactate dehydrogenase (LDH) level is often elevated in
lymphoma. A normal LDH does not exclude lymphoma, and a
raised LDH is not specific for lymphoma.

Is imaging abnormal? The chest x-ray might show mediastinal
lymphadenopathy, which can be better delineated on CT scan.
Similarly, abdominal lymphadenopathy can be seen on
ultrasound, and the lymph node architechture (normal, reactive, or
malignant) also can be assessed by ultrasound.

May be related to EBV infection
May be seen in primary immune deficiency (PID)
May be associated with HIV infection

Lymphoma is either HL or NHL. As for leukemia,
there is a World Health Organization (WHO) classi-
fication. Each is subdivided further, and the import-
ant classifications are given below. The student is
referred to more comprehensive lymphoma texts for
further discussion. Here the key features of HL and
several more common NHL types are discussed.

Hodgkin Lymphoma
e Diagnosis rest mainly on the finding of Reed-
Sternberg (RS) cells.

.027

WHO classifies HL into two main types — the four
classic subtypes and the nodular lymphocyte predom-
inant. The former have more RS cells than the latter.
The classic four subtypes are

Nodular sclerosing (this is the most common)
Mixed cellularity

Lymphocyte predominant

Lymphocyte depleted

The staging of HL is according to the Ann Arbor
System and is part of the risk assessment of a child
presenting with HL. More advanced disease receives
more treatment. Part of the risk assessment includes
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Table €S6.2 Staging of HL

I Single lymph node group

Il Multiple lymph node groups on the same side

of the diaphragm

Il Multiple lymph node groups on both sides of
the diaphragm

\% Multiple extranodal sites or lymph nodes and
extranodal disease

X Bulk > 10 cm

E Extranodal extension or single, isolated site of

extranodal disease

A/B B symptoms: weight loss > 10 percent, fever,
drenching night sweats

response to treatment, including by positron emission
tomographic (PET) scanning — comparing pretreat-
ment scans and scans after a defined treatment.

Lymphoblastlc NHL

Immunophenotype of the malignant cells is the

same as in acute lymphoid leukemia (ALL). This is
a lymphomatous (solid lump) presentation of the

same disease.

T-cell lymphoblastic NHL commonly presents as a

mediastinal (thymic) mass. This is stage III
disease. Management of a child with a large
mediastinal mass is dealt with separately in
Clinical Scenario 3.

Precursor B NHL is rarer than T-cell
lymphoblastic NHL but likely has an inferior
prognosis to ALL and is treated usually more
intensively (even though the child may be

young and with a low white blood cell count).

The St. Jude System divides NHL in children into
four stages. In general, stage I and II lymphomas are
considered limited-stage disease and are treated the
same way. Stage III and IV lymphomas are usually
thought of as advanced-stage disease and are also
treated alike.

Stage I: The lymphoma is in only one place, either
as a single tumor not in lymph nodes or in lymph

nodes in one part of the body (neck, groin,
underarm, etc.). The lymphoma is not in the
chest or abdomen (belly).

Stage II: The lymphoma is not in the chest, and

one of the following applies:

.027

Does This Child Have Lymphoma?

The lymphoma is a single tumor and is also in
nearby lymph nodes in only one part of the
body (neck, groin, underarm, etc.).

The lymphoma is more than one tumor and/
or in more than one set of lymph nodes, all of
which are either above or below the
diaphragm. For example, this might mean
nodes in the underarm and neck area are
affected but not the combination of underarm
and groin nodes.

The lymphoma started in the digestive

tract (usually at the end of the small
intestine) and can be removed by surgery.

It might or might not have reached nearby
lymph nodes.

Stage III: One of the following applies:

The lymphoma started in the chest (usually in
the thymus or lymph nodes in the center of the
chest or the lining of the lung). T-cell
lymphoblastic NHL is therefore stage III
disease.

The lymphoma started in the abdomen

and has spread too widely within the
abdomen to be completely removed by
surgery.

The lymphoma is located next to the spine
(and may be elsewhere as well).

The lymphoma is more than one tumor or

in more than one set of lymph nodes that

are both above and below the diaphragm. For
example, the lymphoma is in both underarm
and groin lymph nodes.

Stage IV: The lymphoma is in the central
nervous system (brain or spinal cord) or the
bone marrow when it is first found. (If more
than 25 percent of the bone marrow is cancer
cells, called blasts, the cancer is classified as
acute lymphoblastic leukemia [ALL] instead of
lymphoma.)

Burkitt Non-Hodgkin Lymphoma

Burkitt lymphoma has particular clinical,
morphologic (histopathologic and cytologic),
immunophenotypic, cytogenetic, and molecular
features.

Burkitt lymphoma is often extranodal, although
nodal and leukemic presentations are not
uncommon.
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Does This Child Have Lymphoma?

Morphology of infiltrate is ‘starry sky’ rather than
diffuse. The blackness of the sky is the B-cell
infiltrate, and the stars in the sky are the
macrophages scattered within the infiltrate.
Aspirate morphology (cytology) is of L3
lymphoblasts (see Chapter 35).

The immunophenotype is a mature B cell,
distinguishing this disease from precursor B- or
precursor T-cell lymphoblastic disease. The pan-
B-cell markers CD79a, CD20, and CD22 are
positive, and there is surface expression of
immunoglobulin that is class restricted -
expressing either kappa or lambda - because this
is a clonal disease.

Cytogenetics involves translocation of the c-myc
oncogene on 8q24 - t(8;14) is the most common,
followed by t(2;8) and t(8;22).

All B-cell lymphomas will have molecular
evidence of immunoglobulin gene rearrangement.
Where there is doubt about the diagnosis of
malignancy, clonal Ig gene rearrangement or
light-chain restriction is useful in confirming the
infiltrate to be malignant.

Therapy is by intensive chemotherapy, and
conventional ALL-type treatment will fail.
Outcome with short intensive therapy, though,
is good. Monoclonal antibodies directed at B-cell
antigens (rituximab, anti-CD20) may improve
response rates when added to chemotherapy
schedules.

common sites of involvement are the
mediastinum and abdomen.

This is the most common lymphoma associated
with primary and acquired immunodeficiency
states.

The histology is diffuse replacement of nodal
architecture rather than the ‘starry sky’ of Burkitt
lymphoma.

t(14;18) with involvement of the anti-apoptosis
BCL2 gene is seen in about 30 percent of patients,
and the remainder often have complex
cytogenetics.

Treatment is by intensive chemotherapy regimens
as for Burkitt lymphoma. Response and cure rates
are also good. Sometimes the disease may be
primarily mediastinal, and the response rates in
this presentation are somewhat inferior.

Anaplastic Large-Cell Lymphoma

This is a rare T-cell tumor.

It might present as an HLH illness. HLH in an
older child should raise the consideration of this
tumor as the primary cause.

The tumor cells are T cells and express CD30
classically. There is a typical cytogenetic alteration
associated with this tumor, which is the t(2;5)
translocation and involves the nucleophosmin
gene on chromosome 5.

The product of this fusion gene may be identified
by immunohistochemistry using antiserum to

Diffuse High-Grade B-Cell Lymphoma

e Diffuse large B-cell lymphoma is most
commonly nodal disease, and the most

ALK protein. Probes are available to identify the
translocation by fluorescent in situ hybridization
(FISH) and are useful diagnostically.
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Clinical

aseSl Diamond-Blackfan Anemia, Transient

1. Red blood cell (RBC) aplasia with a
reticulocytopenic anemia may be a
constitutional disease, Diamond-Blackfan
anemia (DBA), or it may be an acquired
illness.

2. The most common acquired cause is transient
erythroblastopenia of childhood (TEC), but it
may be more rarely a feature of autoimmune
disease or malignant disease in children.

3. Most, but not all, children with DBA are
diagnosed in infancy, and many will have
other evidence of disease, including somatic
abnormality and short stature. Some will have
a family history. There are certain laboratory
and genetic tests that help to make the
diagnosis of DBA.

4. Parvovirus may cause RBC aplasia in the
setting of immune deficiency so that viremia
is prolonged or; when there is shortened RBC
survival and hence the RBC production
failure is more pronounced, for example in
chronic hemolytic anemia.

DBA or TEC?

Both these disorders will present in early life with a

reticulocytopenic anemia. TEC is a self-limiting dis-

order of uncertain etiology. The following are the
features that help to distinguish these two conditions
for the clinician:

e Age at presentation. Most DBA is diagnosed in
infancy, and most TEC is diagnosed after infancy.
However, DBA is heterogeneous, and some will
present later in life, even in adult life. Some TEC
will present in infancy. Age at presentation does
not absolutely distinguish the two.

.028

Erythroblastopenia, or Other Cause of
Red Cell Aplasia in Children

DBA is a multisystem disorder. There are
associated somatic abnormalities. These are
discussed in Chapter 10. Growth may be affected.
There might be a family history in DBA. No such
history is found in TEC. The same genetic lesion
may cause very different hematologic disease in
different family members.

The anemia is usually macrocytic in DBA,
although this is not the case in TEC until the
recovery phase, when there is a reticulocytosis.
Other cytopenias are seen more commonly in
TEC than in DBA. The RBC adenosine deaminase
(ADA) level is elevated in DBA. The hemoglobin
F level is elevated in DBA but also may be
increased during the recovery phase of TEC.
There are particular genetic mutations associated
with DBA that are described in Chapter 10 and
should be looked for in a new potential case of DBA.
TEC patients will recover. DBA patients will not
usually recover without treatment. Both patients
may require transfusion therapy as supportive
care. Usually only one or two transfusions are
necessary in TEC patients because there is
recovery thereafter. Thus in unclear cases, it is
desirable to withhold steroids until failure of
recovery is demonstrated, or a positive diagnosis
of DBA is made (ADA or genetic). Given

that long term steroid therapy is required

to maintain remission in DBA, erroneously
commencing steroids in a case of TEC is a poor
outcome for a child who would have recovered
spontaneously.

Other Causes of RBC Aplasia

Parvovirus B19 is specifically cytopathic to RBC
presursors. In anyone with this virus, there is

therefore a RBC aplasia associated with infection.
Once the virus is cleared by the immune system,
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Diamond-Blackfan Anemia, Transient Erythroblastopenia, or Other Cause of Red Cell Aplasia in Children

the RBC aplasia stops. There are two
circumstances where this RBC aplasia is
apparent:

Where the immune system does not clear the
virus: such as infection during fetal life; or
where there is immune deficiency associated
with HIV infection or primary immune
deficiency (PID); and during acute lymphoid
leukemia (ALL) treatment following
hematopoietic stem cell transplantation
(HSCT). In such cases, the chronic infection is
associated with chronic RBC aplasia.

Where there is shortened RBC survival so that
the drop in Hb during transient infection is
more noticeable than when RBC survival is
normal. This is the aplastic crisis of chronic
hemolytic anemia of hereditary spherocytosis
or other inherited hemolytic anemias.

The parvovirus serology (IgM and IgG) should be
positive in acute infection when the immune

.028

system is competent, or parvoviremia should be
detectable by PCR when the immune system is
incompetent.

RBC aplasia may be the first or most prominent
manifestation of a bone marrow failure syndrome
(see Chapter 10). The hematologist must look for
other cytopenias and for associated clinical
features.

Refractory anemia is part of the myelodysplastic
syndromes and forms part of the differential
diagnosis of such a presentation (see Chapter 38).
Pure RBC aplasia may be associated with
malignancy. Thymoma is the classic such
malignancy, but this is rare in childhood.

Pure RBC aplasia may be autoimmune and
associated with childhood systemic lupus
erythematosus (SLE), and there may be anti-
EPO antibodies in renal patients given
erythropoietin (EPO) for the anemia of renal
disease.

15:13:01,



Clinical

Scenario

1. The hematologist is involved in two ways in
the child with inflicted injury as the cause
of bleeding. Children may be referred for
evaluation of bruising or bleeding and the
haematologist might be the first to suspect
inflicted injury as the cause. They may also be
consulted as experts where inflicted injury is
thought by others to be the cause of bruising or
other bleeding but hematological causes must
be excluded, including as part of a legal process.

2. The importance of thorough history and
examination and a knowledge of safeguarding
procedures are imperative where the
hematologist is the first to suspect non-
accidental injury (NAI) in a child referred for
evaluation of bruising and bleeding.

3. There are no proven evidence-based strategies
to dictate the hematologic evaluation of
children with bleeding and/or bruising in the
context of suspicion of NAI, and hence
practice varies.

4. No single panel or test rules out a bleeding
disorder.

5. Virtually any bleeding disorder can present
with bruising/bleeding symptoms that can
mimic NAI

6. NAI can occur in a child with an inherited
bleeding disorder.

7. Fractures or other injuries are never caused by
bleeding disorders.

Introduction

A child with bruising may be referred to the hema-
tologist who is the first to suspect in clinic that

.029

Approach to Evaluation for a Bleeding
o . Disorder in a Child with Suspected Inflicted
®_ orNonaccidental Injury

inflicted injury or NAI is the cause of the bleeding.
The hematologist in such a setting must act as
a pediatrician first and a hematologist second. The
child’s welfare and safety depend on appropriate diag-
nosis being made and the appropriate procedures
being followed. Excluding a bleeding disorder is
insufficient.

The history must be consistent with the bruising
observed. If excessive bruising is observed for the
history given then either the child has a bleeding
disorder or that history is incorrect. Other injuries
must also be sought. Fractures are never caused by a
bleeding disorder and a skeletal survey might be con-
sidered routine in such a setting. If shaking is sus-
pected, then an ophthalmological examination for
retinal hemorrhage is mandated.

All hospitals will have safeguarding procedures
and policies where NAI is suspected and the prac-
ticing hematologist must know these procedures and
follow them.

More commonly the hematologist is involved
in NAI as an ‘expert’. They exclude hematologic
causes of the observed injuries. They are con-
sulted by pediatric colleagues or social workers,
as part of the routine investigation of children
with NAIL It is important that this is done thor-
oughly and completely in such cases since the
hematologic investigations might become part of
legal proceedings. Moreover, on occasions a child
being managed for/ or suspected of NAI, will in
fact have a bleeding disorder, and a rapid positive
diagnosis stops a family being accused of some-
thing they did not do. Finally, some children with
bleeding disorders suffer from NAI, and only an
experienced hematologist can reasonably separate
the usual symptoms of a bleeding disorder from
those caused by non accidental mechanisms of

injury.
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Approach to Evaluation for a Bleeding Disorder in a Child with Suspected Inflicted or Nonaccidental Injury

Table €S8.1 Guidance for Categorizing Bruising from Suspected NAI According to Location

Location suspicious for NAI

Face (excluding forehead)
Ears

Neck

Upper arms/legs or thighs
Trunk

Hand/wrist

Genitalia

Buttocks

Approach to Evaluating for a Bleeding
Disorder in a Child with Bruising

Suspicious for NAI

Virtually any bleeding disorder can present with bruis-
ing. The number and distribution of bruises can help to
discriminate bruising secondary to bleeding disorders
or NAI (Table CS8.1). Bruising in an infant who is
nonmobile (i.e. not yet crawling or walking) is suspi-
cious for NAI. Pattern of bruising as slap or object
marks is not likely to be secondary to a bleeding dis-
order. There are other medical disorders that can cause
bruising, such as connective tissue disorders, and testing
should be directed toward identify those as a cause of
bruising if the history or physical examination warrants.

The following factors may not exclude the need
for a bleeding disorder evaluation, since it is impera-
tive to be thorough and complete, but are clear evi-
dence in their own right of NAI:

e Bruising secondary to witnessed trauma

e Locations or patterns of bruising that are
suspicious for NAI (e.g. slap/object or bite marks)

Which Tests for Evaluation of a
Bleeding Disorder Should Be Carried
Out for Bruising?

Bleeding disorders that can cause bruising include
platelet disorders, coagulation factor deficiencies,
von Willebrand disease, and, rarely, fibrinogen dis-
orders or disorders of the fibrinolytic pathway.
A suggested testing panel to distinguish bruising sec-
ondary to bleeding disorders versus NAI is as follows:

e Full blood examination and blood film

e Prothrombin and activated partial thromboplastin
time (PT/APTT)
e Von Willebrand panel

Location less suspicious for NAI

Forehead

Exposed arms
Shins/ankles

Spinous process of back
Hips

e DPlatelet function screening test (PFA-100)
e Thrombin time (TT)

e Fibrinogen assay/concentration

e FXIII assay

If these tests are all normal, then it is reasonable to
state that there is no evidence of a bleeding disorder
(in the absence of clear family history that would
direct the clinician to further investigation, or a clin-
ical examination that would suggest a collagen-, vas-
cular or other connective tissue disorder). Significant
malnutrition may result in bruising or bleeding for
example due to scurvy (vitamin ¢ deficiency), without
abnormalities in the tests listed.

The PFA-100 level is frequently abnormal due to
either sample problems or recent nonsteroidal anti-
inflammatory drug (NSAID) intake. PFA-100 is only
a screening test and does not prove a platelet function
disorder, and if the test is repeatedly and consistently
abnormal, then formal platelet function testing is re-
quired to confirm any diagnosis. As explained in
Chapter 3, no child should be labeled with a diagnosis
of a bleeding disorder on the basis of one abnormal
test, and careful attention to preanalytic variables is
required.

Bleeding Disorder Evaluation in
Children Presenting with
Intracranial Bleeding

There are associated injuries that strongly direct the
clinician to suspect NAI Retinal bleeding suggests
shaking. An examination by a pediatric ophthalmology
team is mandatory. A skull fracture implies trauma as
the cause of intracranial bleeding.

The coagulation testing for a bleeding disorder in
isolated intracranial bleeding should be the same as
those in bruising and bleeding as above. Being thorough

18:47:17,
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Approach to Evaluation for a Bleeding Disorder in a Child with Suspected Inflicted or Nonaccidental Injury

and complete is important. The investigations and the
results that they yield may be subject to cross examin-
ation in a legal process. Appropriate age-associated
reference ranges become critical in this circumstance
(see Chapter 4). The absence of a specific investigation,
however rare a cause of bleeding it might be, might lead
to an inappropriate conclusion that the child has been
injured. Hence the history, family history and examin-
ation are paramount to determine if any additional
testing is required.

False-positive tests can occur in certain circum-
stances, especially if sample integrity is compromised.
Presence of a lupus anticoagulant or transient factor
inhibitor can prolong PT or APTT. Children with
ICH can have a transient coagulopathy, and testing

.029

in those circumstances should be repeated after the
acute presentation. However, false negative tests can
also occur in the setting of sample activation for
example. Just as we would never diagnose a bleeding
disorder based on one test, if our clinical suspicion is
high, then we should not exclude a bleeding disorder
based on one test either.

Apart from testing for coagulopathies, careful
review of diagnostic imaging to exclude vascular ano-
malies such as arteriovenous (AV) malformations is
important. Children with a bleeding disorder can also
suffer NAIL The investigation and diagnosis of such
injury can be difficult and require a collaborative
approach including a pediatric hematologist and a
forensic or safeguarding pediatrician.
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Clinical

Scenario

¢ ' Thrombosis

1. Up to 90 percent of thromboses in neonates
are central catheter related.

2. Umbilical venous catheters and
percutaneously inserted central catheters
(PICCs) are the most common catheters
placed in neonates.

3. Birth weight < 1,000 g, infections, and longer
catheter days are risk factors.

4. Common sites of catheter-related thrombi are
the hepatic vein, the inferior vena cava (IVC),
and the right atrium.

5. Most thrombi are detected on imaging as an
incidental finding.

6. Complications include infection and occlusion;
death is rare.

7. Testing for prothrombotic risk factors for
catheter-related thrombosis in the presence of

other clinical risk factors is currently not
recommended.

8. Management of a neonate with catheter-

related thrombosis is primarily based on the
clinical context and risk factors present.

Clinical Presentations of
Catheter-Related Thrombosis

1. Distal extremity swelling with central catheters in
limbs, occasionally bilateral leg swelling with IVC
thrombosis

2. Head, neck, or arm edema, superior vena cava
(SVC) syndrome, arrhythmias with upper
extremity central catheters

3. Thrombocytopenia

4. Catheter malfunction

5. Sepsis

.030

The Neonate with Catheter-Related

In the neonatal intensive care unit (NICU), about 15
percent of babies and 50 percent of all preterm infants
with birth weight (BW) < 1,000 g have an umbilical
or peripherally inserted central venous -catheter
(CVC) placement. CVC placement is one of the most
important risk factors for thrombosis and is likely due
to large catheter size relative to the vessel diameter
and vessel wall damage. Duration of catheterization,
BW < 1,000 g, and the number of catheterizations
have been investigated as possible risk factors but not
conclusively proven. It remains unclear why some in-
fants with indwelling catheters develop thrombotic
events, whereas others do not. Prophylactic heparin
infusion for umbilical arterial catheters and peripher-
ally inserted arterial catheters prolong the duration of
catheter use by preventing occlusion but do not pre-
vent thrombosis.

Management

The treatment of CVC-related thrombosis remains ill
defined, but most clinicians would treat a symptom-
atic thrombus, occlusive thrombus, or one that is
propagating. The clinical dilemma of choosing to
treat or to watch conservatively arises if the thrombus
is detected as an incidental finding on imaging for
another clinical indication and the neonate is asymp-
tomatic. In these circumstances, it is reasonable to
consider clinically watching the neonate for evolving
symptoms and using radiologic surveillance to watch
for thrombus propagation. This approach is also
appropriate if there is a contraindication to antith-
rombotic therapy because of clinical instability or
bleeding. Spontaneous resolution may occur in some
nonocclusive thromboses or in umbilical venous cath-
eter (UVC)-related thromboses.

If the neonate has occlusive thrombosis and is
symptomatic, antithrombotic therapy with unfractio-
nated heparin (UFH)or low-molecular-weight hep-
arin (LMWH) is indicated. Antithrombotic therapy
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The Neonate with Catheter-Related Thrombosis

Figure €59.1 Types of occlusion
sheath

Intraluminal
clot

Mural
thrombosis

Venous
thrombosis

is also indicated for central venous catheter (CVC)-
related intracardiac thrombi with high-risk features,
which include a right atrial thrombus that is >2 cm in
diameter, pedunculated, mobile, or snake shaped. The
risks and benefits of each therapeutic option should
be individualized based on the location of the throm-
bus, its extent, and the risk of bleeding. There is a
relative contraindication to antithrombotic therapy in
a neonate who is less than 34 weeks of gestational age
and less than 2 weeks postnatal age because of the
risk of intracranial hemorrhage (ICH). The decision
to treat any neonate with thrombosis should be made
by a multidisciplinary team that includes input from
the neonatologist and the hematology team. This
rationale stems from the fact that there are no ran-
domized, controlled clinical trials that have clearly
established the efficacy and safety of existing treat-
ment regimens. LMWH is the treatment of choice for
confirmed CVC thromboses that are progressive and
in the absence of renal dysfunction. It is important to

.030

remember that preterm neonates require increased
doses of LMWH to achieve a therapeutic target anti-
Xa level compared with term infants.

Thrombolytic therapy is recommended in neo-
nates in whom there is a concern for limb or organ
compromise. Tissue plasminogen activator (tPA) is a
more preferable option among other thrombolytic
agents such as urokinase and streptokinase because
of fibrin specificity, poor antigenicity, and short half-
life. The treatment of these neonates should preferen-
tially target the use of tPA through the venous cath-
eter with prior administration of fresh frozen plasma
(FFP) or plasminogen concentrates for effective thro-
mbolysis. Therapy with tPA needs close clinical moni-
toring of hematologic parameters and should be
guided by radiologic imaging. Recommendations for
prevention of catheter-related thrombosis involve
the use of catheters only in acute need and prompt re-
moval if malpositioned and when they are no longer
needed (see Figure CS9.1).
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Clinical
Scenario

1. Renal vein thrombosis is the most common
spontaneous thrombosis in the neonatal
period.

2. Prematurity is frequently associated with
renal vein thrombosis.

3. Males are more commonly affected than
females.

4. RVT is frequently detected shortly after birth.
Some are detected in the antenatal period.

5. At least one of cardinal sign of flank mass,
hematuria, or thrombocytopenia is the
presenting feature at diagnosis.

6. Adrenal hemorrhage is not uncommon.

7. Thrombophilia testing is not advocated in
most circumstances.

8. Decreased renal perfusion and parenchymal
hemorrhage are predictors of poor clinical
outcome.

The presence of one of the cardinal signs of renal
vein thrombosis (RVT) - flank mass, hematuria, or
thrombocytopenia - prompts the clinician to get a
diagnostic evaluation. Other signs and symptoms that
raise suspicion for RVT are the presence of hyper-
tension or oliguria/anuria. Ultrasound Doppler is the
most convenient modality for diagnosis of RVT, easily
obtained at the bedside and most commonly used. The
acute management is a multidisciplinary approach by
neonatologists, hematologists, nephrologists, and radi-
ologists. The nephrologist guides fluid and electrolyte
management and assesses the need for dialysis and
correction of acid-base imbalance. The hematologist
is consulted for anticoagulation management.

.031

Neonatal Renal Vein Thrombosis

Acute Management of a Neonate with
Renal Vein Thrombosis

The choice of anticoagulation versus conservative
management is influenced by the extent of RVT on
ultrasound, presence of renal failure, and whether the
neonate is premature. The important features for the
hematologist to note on ultrasound are

e Is the RVT unilateral or bilateral?
e Is the inferior vena cava involved?
e Is adrenal hemorrhage present?

For unilateral kidney involvement without renal im-
pairment, either supportive therapy or antithrombotic
therapies with unfractionated heparin (UFH) or low-
molecular-weight heparin (LMWH) are options.
Follow-up imaging is important if the decision is made
to continue supportive therapy only to assess for further
thrombotic extension. If there is unilateral kidney
involvement with inferior vena cava (IVC) extension
or renal impairment, antithrombotic therapy should be
initiated with UFH or LMWH if there are no contra-
indications. For bilateral kidney involvement with or
without IVC involvement, initial therapy with tissue
plasminogen activator followed by UFH or LMWH
should be considered. Other things to note are that
preterm infants require higher doses of UFH or LMWH
for therapeutic anti-Xa effect. Because both agents are
eliminated by the kidneys, they need dose reduction
and/or more careful monitoring for drug accumula-
tion/bleeding symptoms in the presence of renal insuffi-
ciency. It is prudent to get a head ultrasound prior to
starting antithrombotic therapy, especially in preterm
infants. If the decision is made to start antithrombotic
therapy, it is usually continued for 3 months.

About 10 percent of RVT is complicated by the
presence of adrenal hemorrhage. Left-sided RVT is
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more commonly associated with this because the left
adrenal vein drains directly into the left renal vein.
Presence of adrenal hemorrhage is not considered a
contraindication to antithrombotic therapy unless
there is an increase noted on follow-up imaging.

Is Thrombophilia Testing Indicated?

Because RVT is most often a spontaneous thrombotic
phenomenon, some clinicians suggest thrombophilia
testing. Protein C, protein S, and antithrombin levels
have to be interpreted in the context of gestational age
and day of life reference ranges. Thrombophilic risk
factors are found in more than half the neonates with
RVT. Similar to other thrombotic disorders, RVT is
thought to be multifactorial, and other risk factors in
addition to thrombophilia are considered to contrib-
ute to its pathogenesis. The results of thrombophilia
testing do not change immediate management and
are of limited value in predicting recurrence or longer
term outcome. Hence the value of thrombophilia
testing remains controversial. The risk of recurrence
of thrombosis in these infants is unknown.

.031

Neonatal Renal Vein Thrombosis

What Are the Predictors of RVT
Outcome?

Whether anticoagulation affects short- or long-term
outcome of renal function or risk of thrombosis
recurrence is unknonw. Findings on Doppler that
are predictors of poor renal function include
e Decreased perfusion of the affected kidney
Presence of hemorrhagic infarction on the initial
Doppler ultrasound
e Enlarged kidneys in the acute phase
Requirement for dialysis

What Is the Long-Term Renal
Outcome?

Regardless of treatment choice in the acute phase,
there is a risk of renal scarring and renal atrophy.
Hypertension can develop in up to 25 percent of
infants with either unilateral or bilateral renal
involvement. A small percentage of infants with bi-
lateral renal involvement can develop end-stage
renal disease.
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1. Inherited thrombocytopenia may present at
any age.

2. Bleeding manifestations can be variable and
not dependent on platelet number.

3. Mutation in one gene can cause different
phenotypic expression (e.g. MYH-9 mutations)

4. Some inherited thrombocytopenias are
associated with characteristic identifying
features or are part of a constellation of
findings specific to a syndrome.

5. Inherited thrombocytopenia may be
associated with platelet dysfunction.

6. Despite identification of novel mutations,
more than half of children with inherited
thrombocytopenia have a disorder that has
not been characterized.

7. Management will include the prevention of
bleeding episodes. The use of platelet
transfusion will be associated with a risk of
sensitization (to HLA proteins or to other
platelet proteins), and such sensitization will
reduce the efficacy of future platelet
transfusions. The decision to use platelets
should be carefully considered, and the future
risks weighed against the risk posed by the
current bleeding episode.

Introduction

Inherited thrombocytopenias are a heterogeneous
group of disorders that are variable in their clinical
presentation, bleeding manifestations, course, and
prognosis. Identification of novel mutations has
helped in diagnosing the cause of thrombocytopenia
in those cases where the cause of the thrombocyto-
penia was thought to be ‘unknown or idiopathic’ or

.032

Inherited Thrombocytopenia

erroneously diagnosed as immune thrombocyto-
penia (ITP). A correct diagnosis has helped to antici-
pate clinical course, prognosis, and even
management of these disorders and avoided
unnecessary therapy with steroids or intravenous
immunoglobulin (IVIG) and in some cases even
splenectomy. Additionally, better understanding of
inherited thrombocytopenia has helped unravel
unique aspects of megakaryopoiesis and the biology
of platelet production.

(lassification of Inherited
Thrombocytopenia

Inherited thrombocytopenia can be classified based
on platelet size, mode of inheritance, or mechanism
of platelet production. Because platelet size can be
readily assessed based on mean platelet volume
(MPV) on the complete blood count (CBC) and
evaluation on a peripheral blood smear, classifying
inherited thrombocytopenia based on platelet size is
the most practical way to classify these disorders
(Table 21.1).

Generic Pointers in the History or
Physical Examination in Inherited
Thrombocytopenia

Inherited thrombocytopenia can present at any age.
Therefore, for a child presenting to the pediatric
hematologist for evaluation of thrombocytopenia,
for the initial visit, every effort should be made to
gather previous counts. History should include
inquiries regarding the presence of bleeding symp-
toms and any history of bleeding during hemostatic
challenges. For example, for boys it is important to
ask about any history of bleeding after circumcision
and so on.
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Table 21.1 Inherited Thrombocytopenia Based on Platelet Size

Disorder
Large platelet size

MYH-9-related disorders, including May-Hegglin

anomaly, Sebastian, Fletchner, Epstein syndromes

Bernard-Soulier syndrome

Type 2B von Willebrand disease (VWD)

Paris-Trousseau and
Jacobsen syndromes

Gray platelet syndrome
GATAT-related X-linked cytopenia
FLNA-related disorders
TUBBI-related disorders

Upshaw-Shulman syndrome

Single-gene disorders

Sitosterolemia

Normal platelet size

Congenital amegakaryocytic thrombocytopenia
(CAMT)

Thrombocytopenia absent radius (TAR)

Familial platelet disorder

ANKRD26-related thrombocytopenia

Congenital thrombocytopenia radioulnar
synostosis (CTRUS)

CYCS-related disorder

Small platelets

Wiskott-Aldrich syndrome (WAS)
X-linked disorders

Chapter 21: Inherited Thrombocytopenia

Inheritance Gene

Autosomal MYH9

dominant

(AD)

AD/ GPIBA,

autosomal GP1BB

recessive

(AR)

AD GPIBA

AD FLIT

AD, AR NBEAL2

X-linked GATAT

X-linked FLNA

AD TUBB1

AR ADAMTS13

AD ITGB3,
ITGA2B

AR ABCG5,
ABCGS8

AR MPL

- RBMS8A

AD CBFA2

AD ANKRD26

AD HOXATIT

AD cYes

X-linked WASP

X-linked WASP

[ ]

Suspicion of inherited thrombocytopenia on history
will be raised if:

Platelet counts are always low or when an

acquired etiology cannot be clearly elicited.

.032

Associated defects

Leukocyte inclusions, renal failure,
deafness

Facial dysmorphology, heart
defects, feeding difficulties,
developmental delay

Hemolytic anemia

Microangiopathic hemolytic
anemia (MAHA)

Stomatocytosis, hemolytic anemia

Bone marrow aplasia

Absent radii

Myelodysplastic syndrome (MDS),
acute myeloid leukemia (AML)

Predisposition to leukemia

Radioulnar synostosis, bone marrow
aplasia

Eczema, immunodeficiency

Mild or no immunodeficiency

Other family members have thrombocytopenia.

However, absence of family history does not rule

inherited thrombocytopenia out.

15:14:34,
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e A family history of AML or MDS in close relatives
(e.g. familial platelet disorder with RUNXI or
ANKRD?26).

e A personal history of eczema and repeated
infections (WAS).

e An associated finding of developmental delay,
feeding difficulties, and cardiac defects (Jacobsen).

Some inherited thrombocytopenias present as syn-
dromic disorders. A careful physical examination is
essential to diagnose those groups of disorders.
There is incomplete arm supination (CTRUS).
Skeletal survey shows absence of radii (TAR).
There are facial dysmorphic features (Jacobsen).
There is presence of deafness or cataracts (MYH-9).

Evaluation of Peripheral Blood Smearin
Inherited Thrombocytopenia

The peripheral blood smear provides vital pieces of
information that can aid diagnosis. First, one must
establish that the thrombocytopenia is truly present
and is not secondary to platelet clumping (due to
ethylenediaminetetraacetic acid [EDTA] effect, and
the platelet count is normal when the CBC is repeated
and the anticoagulant is changed to citrate). Evalu-
ation of platelet size helps to classify most inherited
thrombocytopenias, but a mean platelet volume
(MPV) determination may not always be reliable or
accurate. Because large platelets are also a feature of
immune-mediated thrombocytopenia, it is important
to look for abnormalities in other cell lines (e.g. Dohle
body inclusions in leukocytes in MYH-9-related dis-
orders). Some of the features to note on the peripheral
blood smear are as follows:

e Giant platelets (platelet larger than a RBC) in
MYH-9-related disorders

e Hemolytic anemia/stomatocytes in GATAI-
related disorder/sitosterolemia

e Microangiopathic hemolytic anemia (congenital
deficiency of ADAMSTS13)

Electron microscopy is not readily available from
most centers but can be useful in establishing the
diagnosis of some rare forms of inherited thrombo-
cytopenia (e.g. absence of alpha granules in gray
platelet syndrome). Rarely, platelets with both a
decreased number and large alpha granules are seen
in Jacobsen syndrome.
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Inherited Thrombocytopenia Associated
with Disorders of Platelet Structure,
Function, and Accelerated Destruction

Inherited thrombocytopenia resulting from bone
marrow failure is discussed in detail in Chapter.
The following is a brief review of the more common
forms of inherited thrombocytopenia associated
with disorders of platelet structure, function, and
accelerated destruction.

MYH-9-Related Disorders

These are the most common forms of inherited
thrombocytopenia. They exemplify the concept that
mutations in one gene (in this case, MYH-9) can cause
different phenotypic expression. May-Hegglin, Sebas-
tian, Epstein and Fechtner syndromes were previously
recognized as separate disorders but are all now col-
lectively referred to as the MYH-9 group of disorders,
since they are caused by mutations in this gene. Muta-
tions can be throughout the gene, but it is now known
that when a mutation affects the head domain of
myosin-9, patients have lower platelet counts and more
bleeding symptoms, and they develop renal disease and
deafness later in life, whereas a mutation in the tail
region results in higher platelet counts and no associ-
ated defects. The diagnosis is suspected in a patient
with giant platelets and characteristic Dohle body
inclusions in leukocytes that are cytoplasmic aggregates
of abnormal myosin protein. Thrombocytopenia is
usually not severe, although the FBC may be lower
than the actual platelet count because the analyzer
may not count the large platelets of this disorder as
platelets (rather counting them as red cells). The major
morbidity is from the associated renal disease and
deafness. Testing for MYH9 mutation is commercially
available at many centers. Active management is
required for surgeries and in women with menorrha-
gia, but overall treatment is supportive.

Bernard-Soulier Syndrome

Bernard Soulier was one of the earliest forms of
thrombocytopenia to be described. The disorder has
both monoallelic (AD) and biallelic (AR) forms and is
caused by mutation in the GP1b/IX/V complex that is
involved in adhesion of platelets to exposed suben-
dothelium during vessel wall trauma. In the mono-
allelic form, bleeding can be severe, and patients often
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have large platelets and giant forms on the peripheral
blood smear. The less-common biallellic form is asso-
ciated with a mild reduction in the platelet count with
absence of any clinically relevant bleeding symptoms.
Diagnosis is established by platelet aggregation stud-
ies showing absent or markedly reduced response to
the agonist ristocetin or by glycoprotein expression
(flow cytometry) study that shows reduced GP1b/IX/
V glycoprotein expression. Management is primarily
controlling the bleeding symptoms, often with platelet
transfusions. These patients can develop platelet
refractoriness secondary to development of alloanti-
bodies to GP1b similar to that seen in patients with
Glanzmann thrombasthenia.  Severely affected
patients — especially those in whom there is such
sensitization - might be offered bone marrow
transplantation.

Wiskott-Aldrich Syndrome (WAS) and
X-Linked Thrombocytopenia

This syndrome is caused by mutation in the WASP
gene located on the X chromosome. X-linked
thrombocytopenia is a milder form of WAS and
should not be confused with thrombocytopenia
associated with GATAI mutation, which is also
frequently referred to as X-linked thrombocytopenia.
WAS should be suspected in a patient with eczema,
immune dysregulation, and recurrent infections.
The platelets are moderate to severely reduced in
number and are characteristically small in size.
Gene sequencing is available as well as flow cyto-
metry for expression of the WAS protein. Patients
either succumb to infections, development of lym-
phoproliferative disease/lymphoma, or severe bleed-
ing and are usually cured with hematopoietic stem
cell transplantation (HSCT). Once diagnosis is
established and while awaiting HSCT, these chil-
dren need antibacterial prophylaxis and monthly
IVIG. X-linked thrombocytopenia is usually man-
aged with supportive care.

General Principles of Management
of Inherited Thrombocytopenia

Prevention and treatment of bleeding episodes
is the cornerstone of management of inherited
thrombocytopenia.
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e Families and general practitioners should be
educated regarding avoidance of drugs that impair
platelet function (e.g. nonsteroidal anti-
inflammatory drugs [NSAIDs]).

e Good dental hygiene should be encouraged to
avoid dental procedures and extractions that can
result in bleeding.

e It is prudent for patients with severe
thrombocytopenia to avoid activities or sports
with a high risk of trauma such as contact
sports.

e Menorrhagia in young women can be managed
with hormonal therapy or by the use of
antifibrinolytic agents.

e DPlatelet transfusions are generally reserved for
severe bleeding complications, and their use
should be restricted to selected clinical
scenarios. Where platelet transfusion is elective,
HLA-selected platelets might be chosen to
reduce HLA sensitization. Note that
alloantibodies against mutated platelet proteins
(e.g. glycoprotein Ib in Bernard-Soulier disease)
can follow platelet transfusion because this
native protein is different. This is a feared
complication of platelet transfusion. The
decision to use platelet transfusion therapy in
these conditions should be made by an
experienced pediatric hematologist.

Role of Thrombopoietic Agents in the
Management of Inherited
Thrombocytopenia

There is limited experience with these agents in
pediatrics. Their use has been reported in case
series or case reports in patients with severe
thrombocytopenia associated with MYH-9-related
disorders. They have an advantage over platelet
transfusions, especially in the group of inherited
thrombocytopenic disorders that have a high risk
of developing alloimmunization or platelet refrac-
toriness. They are unlikely to be of benefit where
there is associated platelet dysfunction or in
patients with CAMT, in whom there is lack of
thrombopoietin receptor (TPO receptor) expres-
sion. Their use should be carefully weighed against
potential long-term side effects of therapy.
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1. Nonspecific thrombocytopenia is common in
sick children, especially neonates.

2. Spurious thrombocytopenia is very common in
pediatrics owing to activation of the sample
during collection. Careful inspection of the
blood film and repeat testing are often required.

3. There are a number of specific illnesses
associated with thrombocytopenia, including
hypersplenism, disseminated intravascular
coagulation (DIC), and some vascular
malformations.

4. Many drugs commonly used in tertiary
pediatric hospitals can cause iatrogenic
thrombocytopenia.

5. The most common acquired cause of isolated
thrombocytopenia in well children is immune
thrombocytopenic purpura (ITP).

6. ITP in children follows a different clinical
course than ITP in adults.

7. Many children with acute ITP do not require
treatment.

Introduction

Thrombocytopenia is arguably the most common
abnormality identified on full blood examination
(FBE) in children. Spurious thrombocytopenia is espe-
cially common, usually due to difficult collection, failure
to properly mix the tube (leading to failure of EDTA to
effectively stop coagulation), or occasionally EDTA-
driven platelet clumping. Careful inspection of the
sample and careful blood film examination usually can
identify such problems, but occasionally, only a fresh
sample from a clean venipuncture (including taking the
sample into a citrate tube) can ensure that the child does
indeed have a normal numbers of platelets.

.033

Acquired Thrombocytopenia and Inmune
) Thrombocytopenic Purpura (ITP)

Many children with viral or bacterial infections or
other inflammatory disorders will develop transient
and nonspecific thrombocytopenia that usually
resolves as the underlying illness resolves, although
there may be a lag time. Often the thrombocytopenia
in these children is not so low as to require any
intervention but may do so, especially if surgery is
required for other indications. Of course, equal
numbers of children will develop thrombocytosis in
the setting of infection or inflammation, and this
almost never requires treatment.

Splenomegaly and hypersplenism can be associ-
ated with significant thrombocytopenia, and if liver
disease is also present, then the bleeding risk can be
increas