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Bone Marrow Failure
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Acquired Aplastic Anemia

Acquired aplastic anemia in children is a rare disorder (two per million children per
year in North America and Europe [1]) associated with variable peripheral blood
cytopenias and a hypocellular bone marrow. It can be broadly divided into mild to
moderate (non-severe), severe, and very severe depending on the degree or severity
of the peripheral blood cytopenias in the presence of a hypocellular marrow. Mild to
moderate aplastic anemia is defined as marrow cellularity of <50% and any two of
the following: absolute neutrophil count (ANC) <1500/pl, platelet count <100,000/
pl, and absolute reticulocyte count (ARC) <40,000/pl [2]. Severe aplastic anemia
(SAA) is associated with severe hypoplastic marrow (bone marrow cellularity
<25%) and at least two of the following: ANC <500/pl, platelet count <20,000/ul,
and absolute reticulocyte count <20,000/pul [3]. Very severe aplastic anemia (VSAA)
is defined by fulfilling criteria for SAA plus ANC of <200/pl [4]. Mild to moderate
aplastic anemia can be associated with spontaneous resolution or can progress to
SAA [5]. Severe and very severe aplastic anemias (SAA) are life-threatening disor-
ders. Major advances in diagnostic and therapeutic (including immunosuppressive
therapy or IST) resulted in long-term survival for more than 90% of the cases [6].
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Acquired aplastic anemia can be secondary to irradiation, drugs (e.g., chemother-
apy, chloramphenicol, NSAIDs, and benzene), infections (EBV, CMV, HHV6, par-
vovirus B19, HIV, and hepatitis), pregnancy, nutritional deficiency (e.g., vitamin
B12, folate and trace elements), and immune diseases (e.g., SLE) or “idiopathic”
when no clear etiology can be identified. There is strong evidence that idiopathic
acquired aplastic anemia is an immune destruction-mediated phenomena associated
with an abnormal hematopoietic microenvironment [7-9]. The clinical signs and
symptoms of aplastic anemia result from the pancytopenias. Spontaneous petechial
skin rash, easy bruising, epistaxis, gum bleeding, or heavy menses in postmenarchal
females are manifestations of thrombocytopenia. Anemia can present as fatigue,
lack of energy, exercise intolerance, respiratory distress, and pallor. Infectious com-
plications (e.g., fever, gingivitis, and skin abscesses) are a consequence of neutrope-
nia. Organomegaly is not a typical clinical finding in aplastic anemia, and its
presence should raise the suspicion of other diagnoses (infections and malignan-
cies). Prompt diagnostic evaluation and early therapeutic intervention (IST or
hematopoietic stem cell transplantation HSCT) are associated with improved out-
comes [10]. Inherited bone marrow failure syndromes (IBMFS) and hypoplastic
myelodysplastic syndrome (MDS) can have similar clinical presentation and must
be distinguished from idiopathic acquired aplastic anemia. It is important to obtain
a detailed history including exposure to medications and chemicals, comprehensive
family history, and complete physical examination. Standard laboratory evaluations
include complete blood count, reticulocyte count, peripheral smear, chemistries,
unilateral bone marrow aspiration, and biopsy for histology and cytogenetics.
Chromosomal breakage studies, telomeres’ length, and genetic testing may be help-
ful to rule out IBMFS. Testing for paroxysmal nocturnal hemoglobinuria (PNH) by
flow cytometry [11] is also important as PNH can present with marrow failure and
pancytopenia and can also be an early clonal evolution in SAA. Once the diagnosis
is established, HLA typing of the patient and related family members should be
sent. Despite improvement in survival for patients with SAA [12], infection and
bleeding remain as major causes of morbidity and mortality [13, 14]. SAA patients
are profoundly immunocompromised and at risk of life-threatening infections
including fungal infections [15]. Prophylactic antimicrobials (fungal and
Pneumocystis jiroveci prophylaxis) are recommended [16] especially during peri-
ods of prolonged leukopenia and IST. Antibacterial prophylaxis may be considered
in patients with vSAA [16]. Fever and neutropenia require immediate medical
attention and hospitalization as they can progress rapidly to septic shock. Cultures
(blood and urine), imaging (e.g., CT scans or chest X-ray), and prompt initiation of
broad-spectrum antimicrobials (including antifungal agents for prolonged fever) are
critical and can be lifesaving. Treatment should be initiated without waiting for
culture results. There are currently no data to support the routine use of growth fac-
tors (GCSF or GMCSF) in patients with SAA. It may shorten the duration of neu-
tropenia but did not improve overall survival, and prolonged use of high doses may
be associated with malignant transformation [17, 18]. On the other hand, one large
meta-analysis showed no association between the use of growth factors and the
progression to MDS, acute leukemia, or PNH [19]. Granulocyte transfusions may
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be considered in life-threatening infections and neutropenia knowing that there is
limited data to support it [20]. Several studies reported a negative impact of the
number of blood products transfused prior to HSCT on the outcome after HSCT
[21], and a restrictive blood product transfusion policy should be applied in patients
with SAA who are candidates for HSCT; that being said, this should not delay a
transfusion when indicated. Patients with active bleeding should receive platelet
transfusions. Prophylactic platelet transfusion in asymptomatic patients with plate-
let count of <10,000/pl is recommended [22]. Higher platelet transfusion threshold
(<20,000/pl) is recommended in patients at risk of rapid platelet consumption (e.g.,
fever or patients receiving IST) or those with history of life-threatening bleeding
(gastrointestinal or central nervous system bleeding) [16]. There is no data to sup-
port the use of non-HLA-matched apheresis platelets over pooled platelets in non-
allosensitized patients [23]. HLA-matched single-donor apheresis platelets should
be used if the patient is platelet refractory and HLA antibodies are positive [24]. The
addition of the thrombopoietin receptor agonist eltrombopag to the standard IST
regimen was associated with improved hematologic response after 6 months with-
out increasing the risk of clonal evolution [25]. Red blood cell transfusion is recom-
mended for patients with hemoglobin level <8 g/dl or those with symptomatic
anemia, and a higher threshold may be indicated in patients with other comorbidi-
ties (cardiac and/or respiratory) [26]. Erythropoietin should be avoided due to the
resulting delay in definitive SAA therapy. Transfusions from related family mem-
bers should be avoided as this may increase the risk of HLA sensitization and graft
rejection if a matched related donor (MRD) bone marrow transplant could be an
option. Blood products should always be leukoreduced and irradiated [27]. CM V-
negative blood products are not routinely recommended if universal leukodepletion
is applied [28, 29]. Treatment options for patients with SAA are hematopoietic stem
cell transplantation (HSCT) and IST. The backbone of IST is antithymocyte globu-
lin (ATG) in combination with the calcineurin inhibitor cyclosporine. Steroids are
used during ATG therapy to prevent serum sickness (fever, rash, bronchospasm, and
elevated liver enzymes 2-3 weeks after starting ATG) followed by rapid taper.
Prolonged steroid use in SAA is ineffective and can increase the risk of infectious
complications and gastrointestinal hemorrhage in the setting of severe thrombocy-
topenia. Horse ATG was proven to be associated with higher rates of hematologic
response (68%) at 6 months and superior overall survival (96% at 3 years) com-
pared to rabbit ATG [13]. ATG can be associated with rare immediate severe allergic
(anaphylactic) reaction that can be predicted by skin test followed by desensitiza-
tion for those who are allergic [30]. Horse ATG should be infused over at least 4 h
through a 0.2 to 1 micron inline filter. Strongly consider premedication with anti-
pyretics, antihistamines, and/or corticosteroids to prevent reactions. Cyclosporine
blood levels should be closely monitored to avoid toxicities (nephrotoxicity, hyper-
tension, hypertensive encephalopathy, hepatotoxicity, electrolyte abnormalities, and
opportunistic infections). The current recommendation of primary therapy is HSCT
with a bone marrow graft for patients who have MRD [31, 32]. IST is usually the
first line of therapy in patients who lack full HLA-matched related donor and is
associated with hematologic recovery in 50-70% of cases with excellent long-term
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survival [33]. Matched unrelated donor (MUD) or unrelated cord blood HSCT
should be offered to all patients who do not respond to IST within 3—6 months [34,
35]. MUD HSCT was reported to be superior to second course of IST [36]. If MUD
is unavailable, a second course of IST may be considered. Recent data may suggest
that first-line therapy with HSCT forms MUD or even haploidentical donor HSCT
is comparable or even superior to IST [37].

Fanconi Anemia

Fanconi anemia (FA) is a genetic disease characterized by marrow failure, predis-
position to malignancies, and congenital abnormalities. This disorder was first
described by pediatrician Dr. Guido Fanconi in 1927 after describing a family of
three brothers with aplastic anemia and developmental defects [38]. FA is the most
common of the rare inherited bone marrow failure syndromes, with a heterozygous
carrier frequency of 1 in 300, with at least 20 different gene mutations described to
date, known as “complementation groups,” on which FANCA gene mutations are
the most common. FA is a widely heterogeneous disease associated with multiple
congenital malformations in different organ systems. Examples include the skin
(hyper or hypopigmentation), musculoskeletal (thenar hypoplasia, absence or
hypoplasia of the radius/thumbs, scoliosis, clubfoot), gastrointestinal (esophageal
atresia, tracheoesophageal fistula, duodenal web, anal atresia), cardiopulmonary
(ventricular septal defects, patent ductus arteriosus, pulmonary atresia), central
nervous system (hydrocephalus, microcephaly), urogenital (undescended testes,
micropenis, vaginal hypoplasia, urethral stenosis), renal (horseshoe kidney, hydro-
nephrosis), ears (deafness, low-set ears), and endocrine (failure to thrive, short
stature, glucose intolerance, infertility) [39]. FA is not classically associated with
mental retardation. Patients with FA are often followed by multiple subspecialists
since birth due to these congenital anomalies, which should raise suspicion for the
diagnosis. However, up to 25% of patients will not display classic phenotypic fea-
tures of the disease. A unifying feature is marked chromosomal instability and
defects in DNA repair, for which increased breaks and radial formations in chro-
mosomes are seen when cultured with diepoxybutane (DEB) or mitomycin C
(MMC). This functional testing should be performed in a CLIA (Clinical
Laboratory Improvement Amendments)-approved lab that has established exper-
tise in performing this assay as a reference center. On occasion, patients’ blood
lymphocytes may not exhibit the degree of hypersensitivity to DEB and MMC
crosslinking agents that would be expected for someone with FA, known as rever-
tant somatic mosaicism [40, 41]. This occurs when there is spontaneous functional
correction of the gene mutation and can sometimes lead to a milder phenotype of
marrow failure. However, this could then create false-negative results on chromo-
somal fragility testing. If there is strong suspicion for FA, a skin biopsy should be
sent to perform DEB/MMC testing on fibroblasts [42]. Greater than 90% of all
patients will develop marrow failure before the age of 40 years old, with most
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presenting within the first decade of life [43]. Patients with FA have increased risk
of developing all forms of hematological malignancies, with the most common
being acute myeloid leukemia (10-37%) and myelodysplastic syndrome (11—
34%), which often presents as refractory cytopenias with multilineage dysplasia.
Patients with hematological malignancies frequently present during teenage years
or young adulthood [44]. Solid tumor risk is also high, with a 700-fold risk of
squamous cell carcinomas compared to the general population. Solid tumors are
rare in the FA pediatric population, with exception of those with FANCD1/BRCA2,
FANCN/PALB2, and FANCIJ/BRIP1 complementation groups. Chemotherapy
regimens must be adjusted when treating hematological malignancies and solid
tumors for concern of increased toxicity. Most patients will need to undergo bone
marrow transplantation for marrow failure. The conditioning regimen must also be
limited in doses of agents which cross-link DNA. Fatal sinusoidal obstruction syn-
drome (SOS) as well as severe mucositis can affect management in the critical care
setting. X-rays and CT scans, while necessary, should be thoughtfully used to limit
ionizing radiation exposures. Each FA patient’s underlying congenital defects
must be considered when he or she becomes critically ill. For example, problems
with tracheal stenosis could affect airway management; specific heart defects
could impact fluid management. Patients who have urogenital concerns could be
more prone to urinary tract infections and urosepsis when immunocompromised.
Prior transfusion burden could impact iron overload, which can further increase
the risk of SOS in FA.

Diamond-Blackfan Anemia

Diamond-Blackfan anemia (DBA) was initially described by Diamond and
Blackfan in 1938 [45]. However, it was not until 25 years later that a full case
series based on 25 years of experience on congenital hypoplastic anemia was pub-
lished. This mainly described patients who had normocytic normochromic ane-
mia, lacked erythroid precursors in the bone marrow, and had the absence of
clinical leukopenia and/or thrombocytopenia [46]. Since then, despite the advances
and efforts in understanding the etiology of the disease, the mainstay therapies
remain unchanged. These therapies are packed red blood cells’ (PRBCs) transfu-
sion, corticosteroids, and hematopoietic stem cell transplantation (HSCT), the last
one reserved for severe non-remission cases. DBA usually presents early in life,
even in utero, due to the early severity of anemia (hydrops fetalis). Therefore, the
classic phenotype of a patient with DBA is short stature, thumb anomalies, and
congenital heart disease. This is in the context of macrocytic normochromic ane-
mia (not described by Blackfan and Diamond) and reticulocytopenia in patients
before 1 year of age [47, 48]. Nonetheless, at least 50% of the patients have only
one congenital anomaly, and in approximately 25% of the cases, patients may go
unnoticed due to the lack of anomalies and present later in life as adolescents or
young adults [48-51]. Bone marrow biopsy will confirm normocellular marrow
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with the lack of erythroid precursors [51]. The diagnosis is further confirmed
through an elevated pre-transfusion serum adenosine deaminase (erythrocytes)
with a sensitivity and specificity of 84% and 95%, respectively [52]. This can be
confirmed with the ongoing increased knowledge of the pathophysiology of DBA,
locating the biogenesis in the ribosomes in at least 50% of the cases, with the
majority of them inherited in an autosomal dominant pattern with incomplete pen-
etrance [53]. These ribosome gene mutations seem to activate p53 pathways lead-
ing to the apoptosis of progenitor cells [54-57]. Among approximately 20 different
genes, mutations in the RPS19 gene can be detected in up to 25% of the cases of
DBA. In addition, genes such as GATA1 and TSR2 (XLR) have been described
[51]. Differential diagnoses are described in this chapter such as Fanconi anemia,
Shwachman-Diamond syndrome, dyskeratosis congenita, or transient erythroblas-
topenia of childhood (transient red cell hypoplasia). Once the diagnosis is con-
firmed, urgent treatment with PRBCs is needed due to severe anemia. Then,
corticosteroids should be started at a dose of 2 mg/Kg a day in patients older than
12 months [47]. Corticosteroids may achieve a goal of complete or partial remis-
sion in up to 80% of the cases; however eventually a subset of patients will become
refractory; only 37% patients will have a sustained response without the need of
PRBCs [47, 58]. Response is expected within 4 weeks after initiation of therapy.
If patients continue to require transfusion(s), then they are considered to have
refractory disease. All data from corticosteroid treatment is based on retrospective
studies. Tapering should be slow, and the maintenance dose recommended to avoid
toxicities should be less than 0.5 mg/kg/day. In addition, the use of steroids before
1 year of age is avoided due to the significant impact on growth and development.
Patients on prolonged steroids warrant close monitoring for steroid-related com-
plications (i.e., bone density, susceptibility to infections). If patients become
refractory, then they may require chronic PRBCs transfusions with the goal of
keeping the hemoglobin above 8 g/dl to lessen effects on growth and development
[49, 59]. The major and most detrimental effect of chronic transfusions is the
development of iron overload and the subsequent multiorgan involvement that
could increase morbidity and mortality in the transfusion-dependent population.
This should be promptly treated with iron chelation, and patient’s organs such as
the heart and liver should be closely monitored for dysfunction due to iron
overload.

In addition, patients with DBA are at increased risk of malignancies such as
gastrointestinal carcinomas, myelodysplastic syndromes, and myeloid leukemia,
and in rare occasions this could be the initial presentation [47, 60, 61]. HSCT is
the only curative option for the hematological manifestations in patients with DBA
who are transfusion dependent and steroid refractory or patients with other hema-
topoietic abnormalities such as MDS/leukemia. Chemotherapy and posttransplant
complications require co-management with transplant physicians and a
hematologist-oncologist [62].
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Dyskeratosis Congenita

Dyskeratosis congenita (DKC) is a rare and highly variable phenotype condition
that was initially described in 1906 in a dermatologic conference [63]. The principal
triad of abnormal skin pigmentation, nail dystrophy, and mucosal leukoplakia char-
acterizes the most severe phenotype [63—65]. In addition, patients with DKC are at
higher risk of bone marrow failure, variable immunodeficiency (severe opportunis-
tic infections), myelodysplastic syndrome/acute myeloid leukemia, solid tumors,
and pulmonary fibrosis. Other nonclassical features may develop later in adulthood
and include early gray hair, liver cirrhosis, emphysema, esophageal and urethral
strictures, and head/neck squamous cell carcinoma, making the diagnosis more dif-
ficult and delayed [48]. The sole presence of pulmonary fibrosis and bone marrow
failure in a patient has been found to be highly predictive of DKC [66].

The biological finding, however not unique to patients with DKC, is abnormally
short telomere length, which encompasses the whole spectrum of telomere biology
disorders [67, 68]. Telomeres are essential for maintaining chromosomal (DNA)
stability [68]. The measurement can be performed clinically in peripheral lympho-
cytes via Flow-FISH [69, 70]. Lymphocytes’ telomere lengths below the first per-
centile have a sensitivity and specificity of 97% and 91%, respectively [70]. Genetic
mutation identified in 50-60% of the cases can be helpful in confirming the diagno-
sis. The most common gene mutation is in the DKC1 gene, which is inherited in an
X-linked recessive fashion, can be seen in up to 25% of all cases. However, up to
25% of patients with DKC have unknown genetic variants. Other genes include
TERC, TERT (associated with adult-onset pulmonary fibrosis), RTEL1, and TINF2
among others (14 pathogenic known genes) that are inherited in autosomal domi-
nant or recessive pattern [71]. The treatment utilized for patients with telomeropa-
thies is based on using derivatives of androgens or synthetic steroids to improve
telomere length [62]. Hematologic response is seen in up to 60-80% of the patients.
However, common side effects include virilization, dyslipidemias, liver toxicity,
splenic peliosis, bone fractures, and muscle cramps [72, 73]. Bone marrow failure
in patients with DKC does not respond to immunosuppressive therapy [74]. The
aforementioned treatments and complications describe clearly the complexity in
managing patients with DKC. Moreover, these patients due to their liver and lung
issues and their ongoing supportive therapies should be closely monitored for
potential additional toxicities, especially medications that affect the DNA and/or are
metabolized in the liver. HSCT is the only potential curative strategy for the patients
who do not have a hematological response to medical treatment or for patients with
severe bone marrow failure/immunodeficiency [75, 76]. Due to high sensitivity to
DNA-disrupting medications, patients are conditioned with reduced intensity pre-
parative regimens for their transplant. As described before, some of the phenotypes
may be aggravated by the HSCT, and the complications warrant co-management
with the bone marrow transplant physician and the respective specialists [59].
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Schwachman-Bodian-Diamond Syndrome

First described by two different groups in 1964 for which the disease has its name-
sake [77, 78], Schwachman-Bodian-Diamond syndrome (SBDS) is characterized by
progressive marrow failure (most commonly with neutropenia), exocrine pancreatic
insufficiency, acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS),
and skeletal abnormalities. It is inherited in an autosomal recessive fashion with an
incidence of 1 in 77,000 and a carrier frequency of 1 in 110 [79]. SBDS is a clinical
diagnosis in which a genetic diagnosis can be made in approximately 90% of indi-
viduals who have biallelic mutations in the SBDS gene, which is located on chromo-
some 7 [80]. SBDS uniformly has an exocrine pancreatic defect associated with
steatorrhea and often failure to thrive, similar to that of a patient with cystic fibrosis.
Evaluation includes checking fat-soluble vitamin levels (vitamins A, D, E, K), low
serum trypsinogen, elevated fecal fat levels, and MRI imaging of the pancreas dem-
onstrating a small-sized pancreas with fatty replacement [81]. The marrow dysfunc-
tion has been characterized as neutropenia, although thrombocytopenia and anemia
can also occur. One of the most concerning features of this disease is the risk of
transformation to AML or MDS, with an estimated risk of 19% at 20 years and 36%
at 30 years [82]. Other concerns for this disease include an association with endo-
crine abnormalities including insulin-dependent diabetes mellitus, growth hormone
deficiency, hypothyroidism, cardiac issues including myocardial necrosis [83], and
skeletal abnormalities typically at growth plates, with more than 50% of patients
having metaphyseal dysostosis or rib cage abnormalities [84]. Patients are referred
to hematopoietic stem cell transplant (HSCT) for progressive cytopenias, develop-
ment of AML, or MDS with excessive blasts [85]. Congenital defects of the skeletal
system and associated endocrine and cardiac dysfunction may create additional con-
cerns in the posttransplant setting when considering fluid management, sepsis, and
cardiorespiratory concerns.

Intensive Care Considerations

Patients with bone marrow failure syndromes (congenital and acquired) are at risk
of life-threatening complications related to their primary disease or as a result of
treatment (Table 7.1). Isolated cytopenias and pancytopenia can result in life-
threatening hemorrhage, respiratory and/or cardiac failure, and sepsis. Chronic
blood product transfusions is the mainstay of supportive treatment for most marrow
failure syndromes which are associated with high risk of iron overload resulting in
multiple organs’ damage/dysfunction (Table 7.1), risk of transmission of infectious
diseases, alloimmunization, and transfusion reactions (including TRALI or
transfusion-related acute lung injury). Inherited marrow failure syndromes can be
associated with congenital malformations (craniofacial, thoracic cage, cardiac,
renal, pulmonary among others) which can impact ICU care in regard to airway
management, fluid balance, and risk of infectious complications.
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Table 7.1 Common complications of bone marrow failure syndromes and syndrome-specific

intensive care considerations

Common complications associated with all bone marrow failure syndromes are:
Pancytopenia-associated complications (bleeding (gastrointestinal hemorrhage, intracranial
hemorrhage, menorrhagia), anemia (respiratory distress, ischemic heart disease, and heart
failure), and infections (neutropenic fever, sepsis, and septic shock) including fungal, viral,

bacterial, and parasitic

Progression to myelodysplastic syndrome and acute leukemia

Treatment-related (chronic blood transfusion) complications (iron overload resulting in liver
fibrosis, cirrhosis and hepatocellular cancer, exocrine and endocrine pancreatic insufficiency,
renal insufficiency, adrenal insufficiency, and cardiac failure) and red cell and HLA

alloimmunization

Risk of difficult airway and intubation (for inherited bone marrow failure syndromes)

Bone marrow failure syndrome

Intensive care considerations

Acquired aplastic anemia

Immunosuppressive therapy-related complications
(antithymocyte globulin-associated anaphylactic
reaction, calcineurin inhibitor-associated PRES
(posterior reversible encephalopathy syndrome), and
acute kidney injury)

Fanconi anemia

Skeletal (microcephaly), urogenital (horseshoe, ectopic
or absent kidneys, hypospadias, cryptorchidism, uterine
malformations), cardiac (septal defects, truncus
arteriosus), gastrointestinal (tracheoesophageal fistula,
annular pancreas), and central nervous system (absent
corpus callosum, hydrocephalus) malformations
Hematopoietic stem cell transplantation-related
complications (high risk of sinusoidal obstruction
syndrome and severe mucositis)

Diamond-Blackfan anemia

Craniofacial (microcephaly, micrognathia, cleft lip/
palate), cardiac (septal defects, coarctation of aorta),
and urogenital (absent and horseshoe kidney,
hypospadias) malformation

Dyskeratosis congenita

Pulmonary fibrosis and respiratory failure (at
presentation or post-allogeneic stem cell
transplantation), pulmonary arteriovenous
malformation

Liver fibrosis and cirrhosis

Cardiac abnormalities (septal defects, myocardial
fibrosis, and dilated cardiomyopathy)

Esophageal and upper airway disease and stenosis, risk
of esophageal varices and aspiration

Schwachman-Bodian-Diamond
syndrome

Severe exocrine and endocrine pancreatic insufficiency
(malabsorption, failure to thrive, fat-soluble vitamin
deficiency)

Cardiac abnormalities (myocardial necrosis and cardiac
failure)

Skeletal dysplasia (metaphyseal changes in the
costochondral junctions and rib cage abnormalities
during infancy and early childhood), delayed dentition,
dental dysplasia, and craniofacial abnormalities

HLA human leukocyte antigen
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