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Chapter 1
The Changing Landscape of the Critical 
Care of Pediatric Immunocompromised 
Hematology and Oncology Patients

Christine N. Duncan

Immunocompromised children and adolescent patients who have hematologic or 
oncologic diseases represent a small percentage of patients treated in pediatric 
intensive care units (PICUs) but have a disproportionately high mortality rate. A 
single-center study of 1278 patients admitted to a pediatric hematology-oncology 
service over an 11-year period found an admission rate of 4.2% with an overall 
PICU mortality rate of 38.9% [1]. Risk factors for PICU admission included 
older age, diagnosis of nonmalignant disease, and treatment with HCT. A more 
recent retrospective multicenter cohort analysis of almost 250,000 consecutive 
PICU admissions using the Virtual PICU Systems database identified 10,365 
patients diagnosed with a malignancy who were admitted to PICUs for reasons 
other than perioperative admissions during the study period [2]. Children with 
cancer accounted for 11.4% of all PICU deaths and had mortality of 6.8% (43% 
in those who were mechanically ventilated) compared to 2.4% in patients without 
malignancy.

Outcome data regarding patients admitted to PICUs who have nonmalignant 
hematologic or immunologic diseases is limited, with the exception of those treated 
with hematopoietic cell transplantation (HCT). Far more is known about patients 
with oncologic diagnoses, and the literature is most robust regarding those treated 
with HCT. The survival of children with hematologic and oncologic diseases has 
improved in recent years despite remaining higher than those of other patients treated 
in the PICU (Table 1.1). A meta-analysis of mortality trends of children treated in the 
PICU after HCT over time showed a significant decrease in mortality associated 
with the year of inclusion as did a large single-center study comparing outcomes 
over time [3, 4]. However, interpreting comparisons of mortality across multiple 
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Table 1.1 Published mortality of hematology, oncology, and HCT patients over time

Reference Study period Population
Number of PICU 
patients

PICU mortality 
(%)

Hayes et al. [5] 1987–1997 HCT 39 73
Hallahan et al. [6] 1987–1996 Oncology and 

HCT
150 27

Diaz De Heredia et al. 
[7]

1991–1995 HCT 31 45

Lamas et al. [8] 1991–2000 HCT 44 70
Kache et al. [9] 1992–2004 HCT 81 82 (1992–1999)

41 (2000–2004)
Cheuk et al. [10] 1992–2002 HCT 19 84
Diaz et al. [11] 1993–2001 HCT 42 69
Jacobe et al. [12] 1994–1998 HCT 40 44
Heying et al. [13] 1995–1999 Oncology

(no HCT)
48 25

Tamburro et al. [4] 1996–2004 Oncology and 
HCT

329 41

Tomaske et al. [14] 1998–2001 HCT 26 58
Gonzalez-Vincent et al. 
[15]

1998–2002 HCT 36 53

Hassan et al. [16] 1998–2008 HCT 19 17
Faraci et al. [1] 1999–2010 Hematology/

oncology
54 39

Asperberro et al. [17] 2000–2006 HCT 53 51
Bartram et al. [18] 2000–2008 Sickle cell 

disease
46 7

Chima et al. [19] 2004–2010 HCT 155 37
Duncan et al. [20] 2005–2006 HCT 129 38
Zinter et al. [21] 2009–2012 HCT 1102 16.2
Zinter et al. [2] 2009–2012 Oncology 10,365 6.8
Rowan et al. [22] 2009–2014 HCT 222 60

HCT hematopoietic cell transplantation

studies must be done with caution. The published literature is comprised almost 
exclusively of retrospective studies, and the inclusion criteria are not  consistent 
across studies. Some studies include only those felt to be at highest risk for worst 
outcome, specifically HCT patients supported with mechanical ventilation, whereas 
others include patients with all oncology diagnoses and admitted to the PICU for all 
indications. There are multiple reasons for the improved outcomes including scien-
tific advances in critical care, hematology, oncology, and HCT. Equally important 
have been advances in supportive care and infectious disease management.

The severity of illness of immunocompromised hematology and oncology 
patients admitted to PICUs is broad including planned postoperative admissions, 
semi-urgent admissions of patients with worsening illness, and the emergent trans-
fer of rapidly decompensating children. Equally broad are the reasons for critical 
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illness in this diverse population including infection, organ compromise, and com-
plications of the primary disease. The management of critically ill immunocompro-
mised children and adolescents must be guided by the primary disease and patient’s 
treatment. General principles of the initial management and stabilization of criti-
cally ill hematology and oncology patients, in most cases, can follow practices 
applied to other children. Thereafter, the management is strongly influenced not 
only by the reason for the need for critical care, but by the unique features of the 
underlying disease as well. For example, the early care of a child with sickle cell 
anemia experiencing acute respiratory dysfunction may mirror that of a patient with 
acute lymphoblastic leukemia or one with severe combined immune deficiency. 
After the primary stabilization of the patient, an understanding of the underlying 
disease is key to the next steps of diagnosis and management. In the example, one 
may consider acute chest syndrome as the cause of the respiratory distress in the 
patient with sickle cell anemia. Clearly this would not be on the list of potential 
etiologies in a child with leukemia in whom infection may be a chief concern. The 
therapy that the child receives to treat the primary disease is important as the critical 
illness may be a direct result or influenced heavily by the treatment. A clear example 
is that of children undergoing HCT who may have organ compromise, bleeding, 
infection, graft-versus-host disease, and other toxicities related to the recent and 
past therapy in addition to underlying comorbidities.

A goal of this textbook is to provide an understanding of the specific aspects of 
different diagnoses and therapies that impact the critical care of immunocompro-
mised hematology and oncology patients. It is unrealistic to expect PICU providers 
to have a comprehensive understanding of all the diseases and therapies used in this 
population and for hematologists-oncologists to fully understand advances in ICU 
care. This is particularly true given the rapidly changing landscape of pediatric hema-
tologic and oncologic care. Recent years have seen the development and expanded 
use of molecularly targeted medications, chimeric antigen receptor T-cell (CAR-T) 
therapy, and gene therapy. Each of these and other emerging therapies carry unique 
risks. Because of the complexity of diagnoses and treatment, a collaborative relation-
ship between the PICU and the disease-specific teams is important to the care of 
these patients. Different models for cooperative care are addressed later in this text.

Multiple research consortia including the Pediatric Acute Lung Injury and Sepsis 
Investigators and Pediatric Blood and Marrow Transplant Consortium have focused 
on the care of immunocompromised  hematology and oncology patients. The work 
of these and other groups is important as the community works to improve the sur-
vival of these vulnerable patients.
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Chapter 2
Diagnosis and Treatment-Related 
Complications of Acute Leukemia

Lauren Pommert, Steven Margossian, and Michael Burke

 Introduction

Acute leukemia remains the most common malignancy in children and accounts for 
one third of all pediatric cancer diagnoses, with 75% of those being acute lympho-
blastic leukemia (ALL) [1]. In the United States, there are approximately 3,100 
children and adolescents under 20 years of age who are diagnosed with ALL each 
year and 750 who are diagnosed with acute myeloid leukemia (AML) [2]. Significant 
progress has been made in the treatment of pediatric leukemias over the past 
70 years with current long-term survival rates above 90% for ALL and 60–70% for 
AML, compared to virtually 0% survival in the 1950s [3, 4]. This improvement has 
been attributed to the introduction of prophylactic intrathecal therapy; intensifica-
tion of multi-agent chemotherapy; refined treatment stratification based on somatic 
mutations and early treatment response measured by minimal residual disease; 
introduction of targeted chemotherapeutic agents; and overall advances in support-
ive care [3, 5]. Most of these developments have been accomplished through ran-
domized clinical trials performed by major international cooperative study groups 
[3]. Recent research has been directed toward risk stratification and response-based 
prognostic factors to allow for intensification of treatment for high-risk patients and 
decreasing acute toxicities and long-term sequelae through targeted novel agents, 
leukemia signal pathway inhibitors, immunotherapy, and cellular therapy [6]. 
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Despite our advances in treatment and improvements in survival, 2–4% of patients 
with leukemia still experience treatment-related deaths [7]. These are most often 
attributable to infections; bleeding or thrombosis; tumor burden complications such 
as superior vena cava syndrome, hyperleukocytosis, leukostasis, and tumor lysis 
syndrome; and therapy-induced organ toxicities [7]. Here, we will review some of 
the most common toxicities and oncologic emergencies associated with the diagno-
sis and treatment of childhood acute leukemia that may require management in the 
pediatric intensive care unit (PICU).

 Tumor Lysis Syndrome

Tumor lysis syndrome (TLS) is characterized by metabolic abnormalities resulting 
from the rapid release of intracellular contents from malignant cells into the blood-
stream. This process can overwhelm the patient’s normal physiologic mechanisms 
of maintaining homeostasis and result in life-threatening hyperkalemia, hyperurice-
mia, hyperphosphatemia, hypocalcemia, and/or uremia. Both uric acid and calcium 
phosphate, when serum levels become high enough, can precipitate in the renal 
tubules leading to acute renal failure, worsened electrolyte abnormalities, and even 
death [6, 8]. TLS may occur spontaneously related to high tumor burden and 
increased cell turnover but is most commonly observed 12–72 h after the initiation 
of chemotherapy secondary to leukemic cell death and cell lysis [6, 8, 9]. The inci-
dence of TLS in AML is 3.4% compared to 5.2% for ALL [10]. Risk factors for 
developing TLS in ALL and AML include high presenting white blood cell count 
(hyperleukocytosis) and pre-existing kidney injury (dehydration, oliguria, anuria, 
renal insufficiency or failure) [8, 9, 11]. Patients have a higher risk for developing 
TLS (defined as >5%) when the white blood count (WBC) is >50,000 for AML 
compared to >100,000 for ALL. Likewise, intermediate risk for developing TLS 
(1–5%) is seen with a WBC between 10,000–50,000 for AML and 50,000–
100,000 in ALL. Patients are at a lower risk for developing TLS (<1%) when WBC 
is <10,000 in AML and <50,000 in ALL [8, 11].

 TLS Classification and Grading

A classification system was previously developed to differentiate clinical tumor 
lysis syndrome (CTLS) and laboratory tumor lysis syndrome (LTLS) to help iden-
tify which patients may require immediate therapeutic intervention [3]. LTLS is 
present if patients have either serum levels above the high end of normal or a 25% 
change from baseline in two or more of the following lab values: uric acid, potas-
sium, phosphate, and calcium within 3 days before or 7 days after starting chemo-
therapy. CTLS is defined by the presence of LTLS plus one or more of the three 
most significant clinical complications associated with TLS: renal insufficiency, 
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cardiac arrhythmias/sudden death, and/or seizures. Clinical signs of TLS may 
include nausea, vomiting, lethargy, edema, fluid overload, cardiac dysrhythmias, 
seizures, muscle cramps, tetany, syncope, altered mental status, and/or death sec-
ondary to electrolyte abnormalities [6, 8, 9]. At diagnosis and during induction or 
re-induction chemotherapy, while patients are at greatest risk of developing TLS, 
vigilant electrolyte monitoring of serum uric acid, phosphate, potassium, creatinine, 
calcium, and lactate dehydrogenase (LDH) should be performed in addition to strict 
fluid management and monitoring total fluid input and urine output. Laboratory 
evaluations for TLS should begin every 4–6 h or more frequently based on the clini-
cal condition and/or laboratory results in patients at risk for this oncologic compli-
cation [8, 11].

 TLS Management

Aggressive hydration and diuresis are the main treatments of TLS to improve a 
patient’s intravascular volume, maintain renal perfusion, and increase urinary flow. 
This enhances glomerular filtration and urinary excretion of uric acid and phosphate 
with the goal to decrease crystal formation [6, 8, 9]. Patients should receive 2–4 
times of their daily fluid maintenance (3 L/m2/d or 200 mL/kg/d if <10 kg) without 
the addition of potassium, calcium, or phosphate. Urine output should be main-
tained at >100 mL/m2/h (>3 mL/kg/h if <10 kg) with a urine-specific gravity <1.010 
[6, 9]. Diuretics may be required to maintain adequate urine output but are contra-
indicated in patients with hypovolemia or obstructive uropathy [8]. Although urine 
alkalinization was historically part of TLS management, it is no longer recom-
mended as it can lead to metabolic alkalosis and worsen obstructive uropathies dur-
ing the treatment of hyperuricemia [8, 9]. Below we will discuss each of the 
electrolyte derangements and treatment strategies which are also summarized in 
Table 2.1.

 Hyperuricemia

After the release of intracellular nucleic acids into the bloodstream, adenine and 
guanine are metabolized to xanthine, which is then broken down to uric acid by the 
enzyme xanthine oxidase which results in hyperuricemia [12]. Hyperuricemia is 
defined as serum uric acid >476 μmol/L or 8 mg/dL [8, 9]. In the presence of an 
acidic urine, uric acid can crystallize in the renal tubules causing obstruction, which 
can lead to acute obstructive neuropathy and renal dysfunction [9].

There are multiple medications available for treatment of hyperuricemia in addi-
tion to aggressive IV hydration to help improve renal excretion. The most com-
monly used medication, allopurinol, inhibits xanthine oxidase and prevents 
formation of new uric acid; however it does not reduce elevated levels of pre- existing 
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uric acid [8, 9, 13]. Dosing for allopurinol ranges 50–100 mg/m2/dose PO every 8 h 
(maximum 300  mg/m2/d) or 10  mg/kg/d divided every 8  h (maximum dose 
800 mg/d). In addition, allopurinol can be given 200–400 mg/m2/day IV in one to 
three divided doses (maximum 600 mg/d) [8, 9]. When used prophylactically in 
pediatric patients with a variety of cancers including acute leukemia at high risk for 

Table 2.1 Electrolyte derangements associated with TLS and their management

Fluid management Aggressive IV hydration (without K+, 
phosphate or Ca+2) at 2−4x maintenance rate 
(3 L/m2/d or 200 mL/kg/d if ≤10 kg)
Maintain urine output at ≥100 mL/m2/h. 
(≥3 mL/kg/h if ≤10 kg) with a urine specific 
gravity ≤1.010
Diuretics can be used to maintain urine output 
(furosemide 0.5–1.0 mg/kg) but are 
contraindicated in patients with hypovolemia or 
obstructive uropathy

Electrolyte 
abnormalities

Monitor serum uric acid, phosphate, potassium, 
creatinine, calcium, and LDH every 4–6 h

Hyperuricemia ≥476 μmol/L or 8 mg/
dL or 25% increase 
from baseline

Allopurinol: 50–100 mg/m2/dose PO every 
8 h – maximum 300 mg/m2/d or 10 mg/kg/d 
divided every 8 h – maximum dose 800 mg/d. 
Can be given IV 200–400 mg/m2/day IV in 1–3 
divided doses – maximum 600 mg/d
Urate oxidase (rasburicase): 0.2 mg/kg IV daily 
to BID

Hyperkalemia >6.0 mmol/L 
or > 6.0 mg/L or 25% 
increase from baseline

Asymptomatic: sodium polystyrene sulfonate 
(1 g/kg with 50% sorbitol)

Symptomatic: insulin (0.1 units/kg IV) and 
glucose infusion (25% dextrose 2 mL/kg) or 
sodium bicarbonate (1 to 2 mEq/kg IV push)
Arrhythmias: calcium gluconate (100 to 
200 mg/kg/dose) by slow IV infusion (not 
through the same line as sodium bicarbonate 
due to the risk of precipitation)
Dialysis if severe

Hyperphosphatemia >2.1 mmol/L or 25% 
increase from baseline

Phosphate binders such as aluminum hydroxide 
(50–150 mg/kg/day PO or NG q6hr)
Dialysis if severe

Hypocalcemia ≤1.75 mmol/L or 25% 
decrease from baseline

Symptomatic: calcium gluconate 50–100 mg/kg 
IV

Dialysis Renal dysfunction
Volume overload
Persistent electrolyte derangements which do 
not respond to medical management
Acidosis
Uremia
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developing TLS, it prevented hyperuricemia in 92% of patients [14]. Allopurinol 
can be started prophylactically 12–24 h prior to the start of chemotherapy and con-
tinued for 3–7 days or until uric acid levels and other TLS labs have normalized and 
risk for ongoing TLS has decreased [8]. Limitations to the use of allopurinol include 
its inability to break down preformed uric acid; the associated increase in levels of 
xanthine and hypoxanthine, both of which have lower solubility in urine and can 
precipitate in the renal tubules; its interference with renal clearance of other purine 
chemotherapies (i.e., 6-mercaptopurine); and its renal excretion which requires a 
dose reduction in patients with renal failure [8, 9, 15, 16].

In patients with acute leukemia found to have hyperuricemia at diagnosis, treatment 
with recombinant urate oxidase (rasburicase) is indicated and allows for rapid break-
down of the pre-existing uric acid to allantoin which is renally excreted without pre-
cipitation [9, 15, 17]. Rasburicase (0.2 mg/kg) is administered IV once daily in 50 mL 
normal saline over 30 min and can be repeated daily or twice daily as needed. Clinical 
judgment should be used for duration of therapy based on response and subsequent uric 
acid levels [6, 8, 16]. Once rasburicase is given, blood samples to measure uric acid 
levels should be immediately placed on ice and run within 4 h of collection [8].

Rasburicase is more potent and faster-acting than allopurinol [16, 17]. Goldman 
et al. [16] performed a randomized study in children with acute leukemia and lym-
phoma comparing oral allopurinol to IV rasburicase which found that 4 h after the first 
dose, patients randomized to rasburicase had an 86% decrease in uric acid levels com-
pared to a 12% decrease in the allopurinol group (p < 0.0001). In a retrospective review 
by Cairo et al. [13] comparing pediatric and adult patients with TLS treated with either 
allopurinol or rasburicase, the rasburicase group had more effective treatment of their 
hyperuricemia which was associated with significantly shorter ICU stays, overall hos-
pital stays, and lower total inpatient costs. Rasburicase is contraindicated in patients 
with G6PD deficiency which can result in a hemolytic crisis when given.

 Hyperkalemia

Hyperkalemia is defined as a serum potassium >6.0 mmol/L and results from mas-
sive cellular degradation and release of intracellular potassium [9]. Supplemental 
oral and IV potassium should be eliminated in patients at risk for TLS, and continu-
ous cardiac monitoring should be used for patients who develop hyperkalemia. 
Immediate intervention may be required if levels are greater than 7.0–7.5 mmol/L 
or there is ECG evidence of widening QRS complexes or peaked T waves. 
Asymptomatic patients can be treated with sodium polystyrene sulfonate (1 g/kg 
with 50% sorbitol). Symptomatic patients can be treated with rapid-acting insulin 
(0.1 units/kg IV) and glucose infusion (25% dextrose 2 mL/kg) or sodium bicarbon-
ate (1–2 mEq/kg IV push) to induce the influx of potassium into the cells. In patients 
with arrhythmias, calcium gluconate (100–200 mg/kg/dose) by slow IV infusion 
can be given, but not through the same line as sodium bicarbonate due to the risk of 
precipitation [6, 8, 11].
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 Hyperphosphatemia

Hyperphosphatemia secondary to release of intracellular phosphate can result in 
tissue precipitation after binding to calcium (calcium phosphate) which can lead to 
hypocalcemia, acute obstructive uropathy, and renal failure. Phosphorus levels 
>2.1 mmol/L should be treated with aggressive hydration and phosphate binders 
such as aluminum hydroxide 50–150 mg/kg/day enterally given every 6 h. If hyper-
phosphatemia is severe, patients should receive hemodialysis or continuous veno-
venous hemofiltration (CVVH) [6, 8, 11].

 Hypocalcemia

Hypocalcemia occurs due to precipitation of calcium with phosphate in the setting 
of hyperphosphatemia and is defined as serum calcium <1.75 mmol/L [8, 9]. In 
general, treatment of asymptomatic hypocalcemia is not recommended due to the 
risk of increased precipitation with phosphate and worsening acute kidney injury. 
Typically, the hypocalcemia resolves without treatment as TLS improves. For 
patients who have symptomatic hypocalcemia causing muscular, cardiovascular, or 
neurologic complications, calcium gluconate (50–100 mg/kg IV) can be used for 
treatment; however, this will increase the risk of calcium phosphate precipitation 
and acute kidney injury such that the risks/benefits should be weighed for each 
patient [8, 9].

 Indications for Dialysis

Although rasburicase has dramatically decreased the need for dialysis in patients 
with moderate/severe TLS, about 1.5% of pediatric patients still require this for 
renal insufficiency, volume overload, acidosis, persistent electrolyte derange-
ments, and/or uremia which are not responsive to medical management [6, 9, 15]. 
Hemodialysis is the preferred modality for rapid clearance of potassium and uric 
acid in the setting of life-threatening hyperkalemia or hyperuricemia [9, 12, 18]. 
Otherwise, continuous renal replacement (CRRT) (such as continuous veno-
venous hemodialysis (CVVHD), CVVH, continuous arteriovenous hemofiltra-
tion (CAVHD), or continuous arteriovenous hemodialysis (CAVHD)) is preferred 
at high dialysate flow rates (3–4 L/h) to decrease the rate of rebound hyperkale-
mia and hyperphosphatemia [12, 18, 19]. CRRT is the preferred modality for 
hyperphosphatemia because clearance is time dependent [12, 19]. Peritoneal 
dialysis is generally not recommended in children with TLS due to its poor uric 
acid clearance [9, 12].
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 Hyperleukocytosis and Leukostasis

Hyperleukocytosis is defined as a WBC count greater than 100,000/mm3 [20]. 
Symptoms and complications from hyperleukocytosis are secondary to leukostasis 
which is the accumulation of peripheral leukemic blasts in the vasculature resulting 
in increased blood viscosity, microvascular obstruction, and/or tissue hypoxia [20–
22]. Interactions between blasts and endothelial cells which result in the secretion 
of cytokines and adhesion receptors are also thought to play a role in further blast 
recruitment and endothelial damage leading to leukostasis [20, 22, 23]. Although 
hyperleukocytosis is more common in ALL than AML, hyperviscosity and leu-
kostasis occur at lower WBC counts in patients with AML (100,000/μL compared 
to >400,000/μL in ALL) resulting in higher rates of clinical symptoms and early 
death (9–16% for AML compared to 2–6% in ALL) [20–25]. This difference is 
likely secondary to the larger mean cell volume of myeloblasts (particularly FAB 
subtypes M4 and M5) which are twice as large as lymphoblasts and therefore cause 
a higher fractional volume of leukocytes and increased viscosity at a lower total 
WBC count [20, 22, 23]. For patients with AML, the following features have been 
associated with hyperleukocytosis: infants less than 1 year of age; FAB subtypes 
M1, M4, or M5; chromosomal rearrangements in 11q23; inversion chromosome 16; 
or having FLT3-ITD [20, 25]. For ALL, patients are at greater risk of developing 
hyperleukocytosis if they have infant ALL, T-cell ALL with a mediastinal mass, or 
if their leukemias have chromosomal rearrangements involving 11q23 or transloca-
tions of t(4:11), t(1:19), and t(9:22) or loss of p16 [20, 22].

The higher rates of early morbidity and mortality seen in patients with hyperleu-
kocytosis are attributed to intraparenchymal brain hemorrhage, pulmonary leu-
kostasis syndrome (defined as infiltrates on chest x-ray, tachypnea, and hypoxia), 
severe TLS, and/or disseminated intravascular coagulopathy (DIC) [20–22]. Due to 
this risk of early mortality, children presenting with WBC counts over 100,000/μL 
should be evaluated for symptoms of hyperleukocytosis and leukostasis including 
respiratory distress, hypoxemia, diffuse interstitial or alveolar infiltrates, altered 
mental status, headache, dizziness, visual field changes, seizures, signs of right ven-
tricular overload, myocardial ischemia, priapism, acute limb ischemia, bowel 
infarctions, and renal vein thrombosis [20, 22].

Treatment of hyperleukocytosis focuses on aggressive hyperhydration (2–4 
times maintenance fluids), treatment of any underlying TLS, and prompt cytore-
duction of the leukemia which can be achieved with leukapheresis, hydroxyurea, 
and/or induction chemotherapy [6, 20, 22, 23, 25]. One particular problem in 
hyperleukocytosis is that if the WBC count is not reduced prior to the start of 
induction chemotherapy, leukostasis, TLS, and DIC can be further worsened with 
treatment [22]. In this setting, hydroxyurea can be very efficient in reducing the 
WBC count, often by 50–80% within 24–48 hours, and can be given orally at doses 
of 50–100 mg/kg/day [20]. Leukapheresis can be a life-saving procedure in which 
WBCs are  rapidly removed from the  peripheral circulation and plasma, while the 
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RBCs and platelets are returned to the patient through a closed-circuit cell apher-
esis [22, 23]. The main indication for this is evidence of leukostasis-related com-
plications [22]. The use of leukapheresis in asymptomatic hyperleukocytosis is 
controversial, and there has been no general consensus regarding its prophylactic 
use for the prevention of leukostasis in pediatric leukemia. Additionally, leuka-
pheresis is not recommended for treatment of patients with acute promyelocytic 
leukemia (APL) due to its association with worsening of the coagulopathy and 
increased risk of death [6, 23].

To date, there have been no randomized trials evaluating the benefits of leukapher-
esis, and there are currently no guidelines for when or how long to use it once it has 
been initiated in pediatrics [20, 23]. One study that examined the early complications 
in hyperleukocytosis and leukapheresis in patients with pediatric leukemia demon-
strated that leukapheresis resulted in an average WBC count reduction of 53%, and 
there was no significant difference in responses to induction treatment in patients 
who underwent leukapheresis compared to those who did not [23]. Another recent 
Children’s Oncology Group (COG) study of patients with AML demonstrated that 
leukapheresis did not reduce induction mortality [25]. Potential disadvantages of 
leukapheresis include requiring placement of a large bore central venous catheter 
which may require anesthesia and can predispose patients to bleeding or thrombosis 
at the catheter site; limited availability for apheresis at the pediatric center; patient 
blood loss; fragmentation of the WBCs leading to possible DIC and early death; 
requiring citrate as the anticoagulant in the apheresis circuit which can lead to hypo-
calcemia; and/or the potential delay of induction chemotherapy while awaiting 
apheresis [20, 23]. Additionally, packed red blood cell (PRBC) transfusions and high 
hemoglobin concentrations in patients with hyperleukocytosis can result in increased 
blood viscosity and have been associated with worsening leukostasis and increased 
morbidity and mortality [6, 20–23, 25]. Therefore, PRBCs should be transfused cau-
tiously, and only after treatment for hyperleukocytosis is initiated as long as the 
patient is hemodynamically stable. Because severe thrombocytopenia is a known risk 
factor for central nervous system (CNS) hemorrhage in patients with hyperleukocy-
tosis [26] and platelets do not significantly add to blood viscosity [6], platelets should 
be transfused liberally for the treatment of thrombocytopenia [25] to  maintain a 
platelet goal of >50,000 in the setting of hyperleukocytosis.

 Mediastinal Masses and Superior Vena Cava Syndrome

Anterior mediastinal masses are characteristic of T-cell ALL and estimated to occur 
in 53–64% of newly diagnosed pediatric patients [27]. These masses, caused by 
thymic enlargement, can result in compression of the trachea and/or mediastinal 
vessels and heart, leading to superior vena cava syndrome (SVCS) and cardiorespi-
ratory compromise [27, 28]. The superior vena cava carries blood from the head, 
arms, and upper torso to the heart, supplying one third of the body’s venous return 
[29]. Compression of this vessel can cause increased venous pressure in the upper 
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body resulting in edema of the head, neck, and arms, often with cyanosis, plethora, 
and distended superficial vessels leading to thrombosis, cerebral edema, and/or 
hemodynamic instability secondary to decreased venous return [29]. As the trachea 
and the right mainstem bronchus are more compressible in children, especially in 
infants and toddlers compared to adults, respiratory symptoms can be more pro-
nounced [29]. Common clinical signs of a mediastinal mass include shortness of 
breath, cough, stridor, respiratory distress, orthopnea, dyspnea, chest pain, syncope, 
hoarseness, and dysphagia, all of which may be worsened by the supine position 
[30–33].

As part of the work-up for newly diagnosed patients with acute leukemia, 
posterior- anterior and lateral chest x-rays should be performed to evaluate for the 
presence of a mediastinal mass. In patients who are found to have mediastinal wid-
ening or cardiorespiratory symptoms, chest computed tomography (CT) with con-
trast and echocardiogram can be performed (as long as the patient is clinically 
stable) in order to assess the severity of cardiopulmonary compression (Fig. 2.1) 
[28, 30]. The CT can be performed in the prone position if the supine position exac-
erbates symptoms [6]. Anterior mediastinal masses can be due to other malignan-
cies as well including Hodgkin and non-Hodgkin lymphoma and less frequently 
neuroblastoma, germ cell tumors, or other sarcomas [2].

Children with anterior mediastinal masses may be at significant risk of life- 
threatening complications from general anesthesia, including death from airway 
obstruction and cardiovascular collapse which is estimated to occur in 15% of cases 
[30, 34, 35]. This is primarily due to direct airway compression, decreased lung vol-
umes and compliance, loss of normal bronchial smooth muscle tone, and loss of 
normal negative pressure on the trachea with inspiration. In addition, there is the 

Fig. 2.1 CT images of patient with T-cell ALL demonstrate a large anterior mediastinal mass 
measuring approximately 8.8 cm × 3.3 cm and causing narrowing and mass effect on the SVC, 
brachiocephalic veins, and trachea
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potential for cardiac compression, decreased venous return, and decreased cardiac 
output [28, 34, 36]. Conscious sedation and anti-anxiolytics may also be contraindi-
cated as they can decrease respiratory drive and dilate peripheral vessels which can 
lead to decreased venous return [6]. Children are at greater risk of anesthetic compli-
cations if their mediastinal mass is >45% of the chest diameter; they have orthopnea 
or acute respiratory distress, have compression of the mainstem bronchus, and/or 
have a tracheal cross-sectional area <50% predicted or evidence of SVCS [28, 31, 33, 
34]. Management of airway collapse in these patients can be extremely difficult as 
masses at or below the level of the carina may cause an inability to ventilate or oxy-
genate despite endotracheal intubation [28]. Recommendations for children with 
mediastinal masses who are undergoing general anesthesia include maintenance of 
spontaneous ventilation, avoidance of muscle relaxants, immediate availability of 
airway manipulation tools (reinforced tracheal tubes, mainstem bronchus intubation, 
rigid bronchoscopy), and the availability of heliox and cardiopulmonary bypass [31]. 
Arterial extracorporeal membrane oxygenation (ECMO) has been successfully used 
to support a patient through diagnosis and treatment of their mediastinal mass [37].

Management of SVCS and airway compression caused by a leukemic medias-
tinal mass involves treatment of the underlying malignancy with chemotherapy 
which results in the mass rapidly shrinking over a period of days to weeks [29, 33, 
34]. Intravenous corticosteroids (methylprednisolone or dexamethasone 1 mg/kg 
every 6 hours) should be given empirically to patients who have respiratory or 
cardiovascular compromise [32, 33, 36]. In addition, tumor lysis syndrome pre-
cautions should be initiated when steroid treatment is started [6]. Supportive care 
management includes elevation of the head of the bed to decrease hydrostatic 
pressure, supplemental oxygen, and anticoagulation for any thrombosis-related 
SVC obstruction [32].

 CNS Emergencies

Patients with acute leukemia may be at increased risk for CNS complications 
either from the leukemia itself or the therapy required to treat it. These can range 
from arterial/venous thrombosis, intracranial hemorrhage (ICH), CNS leukemia 
(often in the setting of hyperleukocytosis), chemotherapy-related toxicities 
effecting the CNS, cranial irradiation, and leukemia-associated coagulopathies 
or infection [6].

In regard to ICH, patients at greatest risk include those with acute promyelocytic 
leukemia (APL) as a result of the significant coagulopathy associated with this form 
of AML and patients with hyperleukocytosis (WBC >400,000 × 109/L in ALL [21]; 
WBC >100,000 × 109/L in AML [20]), secondary to hyperviscosity and  subsequent 
leukostasis [6, 38]. Patients with ICH typically present with altered mental status, 
acute motor and/or speech impairments, headache, vomiting, and/or seizures [6]. 
Treatment in both of these cases is primarily supportive with platelets and plasma to 
correct the coagulopathy and minimize further bleeding with the potential for leu-
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kapheresis to decrease blood viscosity in cases of hyperleukocytosis [6]. In cases 
where the CNS event escalates to increased intracranial pressure and the risk of 
herniation exists, emergent neurosurgical intervention may be necessary.

Systemic and intrathecal chemotherapy as well as CNS irradiation can result in 
arterial ischemic strokes and/or venous thromboembolism [6]. Venous thromboem-
bolism can be relatively common in patients with acute leukemia and is discussed 
in further detail in the thrombosis section of this chapter. In patients who experience 
an arterial ischemic stroke, treatment is often supportive and aimed at maximizing 
cerebral perfusion. Typically, patients are maintained in the supine position for 
48 hours and kept normothermic, normoglycemic, and normotensive or minimally 
hypertensive with adequate circulating blood volumes to minimize morbidities and 
potential mortality [6]. Data supporting the safety and efficacy of thrombolytic ther-
apy in pediatric patients with arterial thrombosis is lacking and therefore has not 
been routinely recommended.

Methotrexate, an antimetabolite which inhibits folate synthesis, is associated 
with a 3–15% incidence of neurotoxicity in patients with leukemia which includes 
subacute leukoencephalopathy [38]. The mechanism is thought to be disruption of 
CNS folate homeostasis and/or direct neuronal damage from the cytotoxic agents 
[39]. Patients can present with transient stroke-like hemiparesis and/or weakness, 
encephalopathy, seizures, aphasia, and emotional liability that can wax and wane 
and typically develops 2–14 days after receiving methotrexate either intravenously 
or intrathecally [38, 39]. If MRI of the brain is performed, it typically demonstrates 
characteristic white matter hyperintensities on T2-weighted and fluid-attenuated 
inversion recovery consistent with cytotoxic edema in the white matter tracts [38, 
39]. The CSF is typically normal, and electroencephalogram (EEG), when per-
formed, shows nonspecific diffuse or focal slowing [38]. Most neurologic symp-
toms will resolve within 7  days including MRI findings returning to normal. 
Additionally, patients typically will tolerate subsequent methotrexate treatment 
without recurrence of similar CNS symptoms [38, 39].

Cytarabine, a pyrimidine nucleoside analogue, commonly given in high systemic 
doses or intrathecally for patients with AML, can also cause an acute encephalopa-
thy characterized by cerebellar dysfunction with dysarthria, nystagmus, gait ataxia, 
confusion, and/or somnolence 2–5 days after treatment. MRI of the brain may dem-
onstrate white matter changes in the cerebellum, and CSF studies are typically nor-
mal [38]. Symptoms tend to improve over the course of weeks; however, complete 
resolution of symptoms is seen in only 30% of patients, and further cytarabine treat-
ment is often excluded [38]. Intrathecal chemotherapy, in general, can cause an 
aseptic meningitis or chemical arachnoiditis which affects up to 10% of patients 
with leukemia. Patients typically present with headache, meningismus, nausea, 
vomiting, fever, and/or altered mental status where the CSF analysis shows a 
 pleocytosis with negative cultures. Clinical care is again predominantly supportive, 
and patients can typically go on to receive further intrathecal chemotherapy without 
additional complications [38].

Nelarabine, a purine analogue used in the treatment of T-cell ALL, has been 
associated with acute neurotoxicity characterized by Guillain-Barre-like demyelin-
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ating ascending neuropathy which occurred in 1.3% of pediatric patients during the 
early phase trials [40–42]. When this occurs, care is supportive, and symptoms gen-
erally seem to be reversible after discontinuation of this medication; however, 
reports of death do exist [40].

Posterior reversible encephalopathy (PRES) can also be seen in patients under-
going leukemia treatment. This reversible neurologic complication is characterized 
by headache, altered mental status, seizure, vision changes, and brain MRI white 
matter changes in the bilateral parieto-occipital lobes [38, 43, 44]. The underlying 
mechanism is not fully understood but is proposed to be related to sudden elevations 
in blood pressure and medication-induced vascular endothelial damage resulting in 
capillary leakage and vasogenic edema [38, 43]. Patients are at greater risk of PRES 
if they have hypertension and renal impairment or are on specific immunosuppres-
sive medications such as calcineurin inhibitors in patients treated with hematopoi-
etic cell transplantation [38, 43]. This complication occurs most commonly during 
induction therapy where high-dose steroids are given but has been associated with 
other chemotherapeutic medications including vincristine, intrathecal methotrexate, 
cytarabine, and asparaginase [38, 43]. This condition is reversible when recognized 
promptly and is highly treatable with antihypertensive and antiepileptic medications 
[38, 43]. In most cases, PRES resolves in about 48 hours with the brain MRI find-
ings resolving over 3–6 months [44].

Other causes for seizures in patient with leukemia which have not already been 
discussed include electrolyte disturbances (e.g., hyponatremia secondary to 
vincristine- induced SIADH), CNS leukemia, and primary CNS infections. The 
evaluation of patients presenting with seizures should include at a minimum, a 
CBC, electrolyte, creatinine, BUN, hepatic function panel, and coagulation profile 
in addition to CNS imaging and an EEG once the patient has been stabilized. 
Electrolyte derangements should be corrected, anticonvulsant therapy should be 
used, and antibiotics and antifungal medications are indicated in patients with fevers 
and meningeal signs and those in whom infection is a concern [6].

Spinal cord compression secondary to epidural involvement of leukemia (most 
often with chloromas) is a very rare presentation of acute leukemia or relapsed dis-
ease and is more commonly seen in patients with AML; however, case reports in 
ALL exist [45–47]. Spinal hematomas resulting in cord compression can be a com-
plication of lumbar punctures, particularly in patients who have profound thrombo-
cytopenia and/or coagulopathy [48]. Symptoms of spinal cord compression can 
include back pain, extremity weakness, sensory abnormalities, paralysis, and urinary 
or fecal incontinence/retention [6]. Early symptom recognition is critical and essen-
tial to achieve better outcomes of spinal cord compression-related symptoms [46]. 
MRI of the spine remains the gold standard for diagnosis [6]. Initial treatment 
includes dexamethasone to decrease vasogenic cord edema (pediatric dosing of 
1–2 mg/kg followed by 0.25–0.5 mg/kg every 6 hours has been suggested) followed 
by chemotherapy, radiation, and/or surgery to reduce or remove the mass [6, 45, 46].
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 Thrombosis

Venous thrombosis (VT) can be a relatively common complication of treatment in 
children with acute leukemia. A meta-analysis of 1,752 pediatric patients with 
acute leukemia from 17 prospective trials demonstrated an incidence of 5.2% for 
symptomatic thrombosis [49]. Risk factors for thrombosis include the underlying 
leukemia burden, presence of central venous catheters (CVL), chemotherapy-
induced coagulation defects, and/or pro-thrombotic hereditary risk factors [49, 
50]. The most common sites of thrombosis include central venous catheters (usu-
ally in the upper extremities) and the cerebral venous sinuses [49, 51]. Line-
associated thromboses typically present with upper extremity pain or swelling and 
CVL dysfunction, whereas sinus venous thromboses present with headache, sei-
zure, and/or acute neurologic changes [50]. The risk for thrombosis development 
is greatest during induction therapy for ALL when patients have their highest 
leukemia burden while undergoing cytolysis from the chemotherapy which 
includes asparaginase and glucocorticoids, both known to raise the risk VT [49, 
51]. Glucocorticoids increase pro-clotting factor VIII and von Willebrand factor 
and decrease plasminogen and alpha-2 plasmin, both of which have fibrinolytic 
effects [52]. Asparaginase depletes several hemostatic proteins including plas-
minogen, antithrombin, and fibrinogen which increase the risk of thrombosis [53]. 
Reexposure to asparaginase is feasible and safe in patients who have previously 
developed an asparaginase-associated VT and is typically given in conjunction 
with anticoagulation once the previous thrombosis has resolved [50, 51].

The pediatric CHEST guidelines suggest that anticoagulation for thrombosis 
should be with either (1) low-molecular-weight heparin (LMWH) or (2) unfrac-
tionated heparin (UFH) followed by LMWH for a minimum of 3 months until the 
precipitating factor has resolved (e.g., use of asparaginase) [54]. But therapy must 
be tailored to the individual patient. Therapeutic LMWH heparin is typically 
started at 1  mg/kg/dose every 12  h and should be monitored to target anti-Xa 
activity (range, 0.5–1.0 units/mL) in a serum sample taken 4–6 hours after subcu-
taneous injection (>3rd dose) [54]. As the mechanism of heparin anticoagulation 
involves antithrombin III (AT), some centers periodically monitor AT levels dur-
ing anticoagulation and replete when levels fall below 50–75% [2]. Thrombolysis 
therapy should be used only for life- or limb-threatening thrombosis [54]. Because 
a CVL generally remains in place in these patients, prophylactic LMWH antico-
agulation is often continued until the line is removed; however, the risk-benefit 
ratio for treatment of VT should be evaluated on an individual basis in this com-
plex patient population [54]. The risk of bleeding complications in pediatric 
patients with leukemia on anticoagulation is relatively low at 2%, and thus often 
the benefit of preventing further thrombosis may outweigh the potential risk of 
bleeding [49].
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 Typhlitis

Typhlitis, also known as neutropenic enterocolitis, is an important gastrointestinal 
complication observed in patients with acute leukemia characterized by abdominal 
pain, fever, and neutropenia [6, 55, 56]. Abdominal distension, diarrhea, nausea, 
vomiting, and GI bleeding can also occur, and symptoms typically improve rapidly 
upon neutrophil recovery [6, 55, 57, 58]. The incidence is estimated to be ~10% in 
pediatric patients with leukemia and is seen more frequently in patients with AML 
compared to those with ALL. It is important to note that typhlitis is associated with 
a 5–20% mortality rate, most often from sepsis [55–57, 59].

The pathogenesis of typhlitis is thought to be multifactorial. The most common 
associations include chemotherapy, underlying immunosuppression, mucositis, 
impaired vascular blood flow to the intestines, and/or bacterial overgrowth and 
translocation leading to bowel wall edema, mucosal ulceration, and necrosis. This 
pathology most often affects the cecum and transverse colon, although other areas 
of the colon and the rectum can be involved [6, 55–57]. Symptoms can be diag-
nosed clinically or by imaging with abdominal CT or ultrasound which can dem-
onstrate bowel wall edema and, in advanced stages, pneumatosis and/or abdominal 
free air [6, 56]. Bacteremia and sepsis are common complications of typhlitis with 
the most likely causative organisms being Pseudomonas species, Escherichia coli, 
Clostridium species, Staphylococcus species, Streptococcus species, and 
Enterococcus species [6]. Fungal pathogens as the causative organism in typhlitis, 
including Candida and Aspergillus species, are less common but have been 
reported [6].

Overall outcomes for typhlitis tend to be good with conservative medical man-
agement alone which includes bowel rest, parenteral nutrition, abdominal decom-
pression, and broad-spectrum antibiotics to cover gram-negative organisms, 
anaerobes, and fungi, with the occasional use of granulocyte colony-stimulating 
factor (G-CSF) to improve neutrophil recovery [6, 55–58]. Surgical intervention is 
required in 4–8% of cases due to clinical deterioration despite conservative manage-
ment, the presence of bowel necrosis, complete bowel obstruction, intestinal perfo-
ration, and/or abdominal abscess requiring drainage [6, 56, 58, 60].

A retrospective chart review of a large pediatric center in the United Kingdom 
identified 40 oncology patients who developed typhlitis during a 5-year period, 67% 
of whom had a diagnosis of acute leukemia [56]. One hundred percent of these 
patients presented with abdominal pain, and 78% presented with the typical triad of 
fever, abdominal pain, and neutropenia. Thirty-seven patients (92.5%) were treated 
with conservative medical management, and three patients required surgery (bowel 
necrosis (n = 1) and bowel perforation (n = 2)). One child died within 24 h of the 
diagnosis of typhlitis in the conservatively treated group due to Pseudomonas aeru-
ginosa septicemia. A second retrospective chart review of children with acute leu-
kemia over a 3-year period at a single pediatric institution identified a 4.5% incidence 
of typhlitis (10 patients) in patients who were admitted with neutropenic fever, 7.4% 
of patients with ALL, and 28.5% of patients with AML [57]. Again, 100% of 
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patients presented with abdominal pain and 90% had fever and nausea. The median 
duration of symptoms was 6 days (range, 2–11 days), and median period of neutro-
penia was 14 days (range, 3–25 days). All patients in this cohort were treated con-
servatively with medical management. Three patients developed bacteremia with 
Candida species (1), E. coli (1), and viridans group strep (1), and two died of sepsis 
with multi-organ failure. Overall, typhlitis in a child with acute leukemia can be 
successfully treated with conservative management; however, early diagnosis and 
treatment remain critical to mitigate potential mortality.

 Pancreatitis

Between 2 and 18% of patients treated with asparaginase, an essential chemothera-
peutic agent in the treatment of ALL, develop acute pancreatitis, which is a cause 
of substantial morbidity [6, 61–64]. Asparaginase, available in three commercial 
formulations (native E. coli L-asparaginase, pegylated-asparaginase, and Erwinia 
L-asparaginase), works by reducing plasma concentrations of asparagine by 
metabolizing it into aspartic acid and ammonia. This asparagine depletion results 
in the deprivation of this amino acid in the leukemic blasts resulting in cell death 
[61, 63]. The use of asparaginase in multi-agent chemotherapy regimens has 
improved survival in ALL, and early discontinuation of this therapy, most com-
monly the result of hypersensitivity or pancreatitis, has been associated with infe-
rior outcomes [63, 65, 66].

Pancreatitis typically occurs within 2  weeks of asparaginase exposure where 
patients present with a constellation of symptoms that can include abdominal pain, 
nausea, vomiting, fever, back pain, hypotension, elevated serum amylase and lipase 
(at least three times the upper limit of normal), and/or characteristic findings of 
pancreatitis on abdominal imaging [62, 64]. In severe cases, acute pancreatitis can 
lead to a systemic inflammatory response (SIRS) resulting in pancreatic hemor-
rhage, necrosis, intestinal perforation, and/or sepsis and carries a 2% overall mortal-
ity rate [62]. Late complications of asparaginase-associated pancreatitis include the 
development of pancreatic pseudocysts, insulin-dependent diabetes, and chronic/
relapsing pancreatitis or abdominal pain [62, 64]. Treatment of acute pancreatitis is 
predominantly supportive management with fluid resuscitation, broad-spectrum 
antibiotics to cover gram-negative and anaerobic organisms (at least until an infec-
tion can be ruled out), complete bowel rest, parenteral nutrition, IV narcotics for 
pain control, and close clinical monitoring for further complications [6, 64]. 
Fortunately, most cases of asparaginase-associated pancreatitis are self-limited and 
can be treated medically; however, surgical drainage of pancreatic abscesses, pseu-
docyst, or necrotizing pancreatitis may be required based on the patient’s clinical 
course, presence of obstruction, and/or severe abdominal pain [6]. Further treatment 
with asparaginase should be discontinued in cases of severe grade 3–4 pancreatitis, 
as there is an almost 50% risk of subsequent pancreatitis with asparaginase reexpo-
sure [62, 64].
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 Acute Promyelocytic Leukemia and Differentiation Syndrome

Acute promyelocytic leukemia (APL) is a subtype of AML occurring in 5–10% of 
children with de novo AML, characterized by a block in differentiation at the pro-
myelocytic stage of hematopoiesis caused by a reciprocal translocation between 
the promyelocytic (PML) gene on chromosome 15 and the retinoic receptor α 
(RAR-α) gene on chromosome 17 [67, 68]. APL is considered a medical emer-
gency and, in pediatrics, can be associated with a 7.4% risk of death during induc-
tion therapy due to profound disseminated intravascular coagulopathy (DIC) and 
differentiation syndrome [67, 69–71]. Treatment for the coagulopathy is early ini-
tiation of chemotherapy and aggressive replacement of coagulation factors with 
fresh frozen plasma, fibrinogen, and/or cryoprecipitate in addition to platelet trans-
fusions to maintain fibrinogen concentration above 100–150  mg/dL, platelets 
above >50 × 109/L, and PT/PTT near-normal range [68–70]. Leukapheresis must 
be avoided in this patient population due to increased risk of fatal hemorrhage 
secondary to the overwhelming release of anticoagulant factors from leukemic 
cells during the pheresis procedure [69].

All-trans retinoic acid (ATRA) and arsenic (ATO) therapy have become the stan-
dard of care in standard-risk APL patients to differentiate the leukemic promyelo-
cytes into mature granulocytes [68, 70]. In high-risk patients, ATRA in combination 
with anthracycline-based chemotherapy has led to significantly improved outcomes 
for this disease with 10-year overall survival of 89% and event-free survival of 76% 
[72]. ATRA should be started at the first suspicion of APL at a pediatric dose of 
25 mg/m2 divided twice a day [68, 72].

Differentiation syndrome (DS), formerly known as retinoic acid syndrome, is a 
relatively common and serious complication occurring in 10–20% of pediatric 
patients with APL who are receiving induction therapy with ATRA and/or ATO and 
is associated with a 4% risk of death [70]. It is clinically characterized by unex-
plained fever, weight gain, peripheral edema, dyspnea with interstitial pulmonary 
infiltrates, pleuro-pericardial effusions, hypotension, and/or renal failure [6, 69, 70, 
73]. These symptoms can occur at any time within days to weeks of starting ATRA 
or ATO, with most frequent occurrences in the first and third weeks of treatment 
[73]. Patients with a WBC >10,000/μL (considered high risk) are at increased risk 
of this complication [68, 73]. The pathogenesis of DS is not fully understood but is 
thought that ATRA/ATO therapy may lead to a systemic inflammatory response 
syndrome (SIRS), endothelial damage with capillary leak and occlusion of the 
microcirculation, and tissue infiltration, resulting in the DS phenotype [73]. At the 
earliest clinical suspicion of DS, dexamethasone 0.5–1 mg/kg (max 10 mg per dose) 
IV every 12 h should be started to help mitigate the syndrome [69]. ATRA, ATO, 
and other chemotherapy should only be stopped if symptoms are life-threatening 
and should be resumed when symptoms resolve [69, 73]. Prophylactic use of ste-
roids in patients with APL and an elevated WBC count has been associated with 
decreased morbidity from DS in adults with APL, but due to a lack of data in pedi-
atrics, this practice remains controversial in children [6, 70].
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 Conclusion

Due to large collaborative and international randomized clinical trials conducted by 
the COG and other pediatric consortia over the past 50 years, survival rates of chil-
dren with acute leukemia have significantly improved. However, these patients con-
tinue to suffer from disease-related and treatment-related complications associated 
with a 2–4% death rate, often requiring ICU management. To further decrease these 
toxicities and risk of death, research has been aimed at identifying potential genetic 
risk factors and certain phenotypic patient subsets that might predispose one to 
develop certain acute organ toxicities and/or disease-related complications. If dis-
coveries could be made, such as identifying a genetic polymorphism to a specific 
chemotherapeutic agent predicting increased toxicity, guidelines could be devel-
oped for treatment adaptation to decrease treatment-related toxicities and long-term 
organ effects which would improve the overall quality of life for these patients. 
Leukemia treatment in the next decade will incorporate cellular-based therapies 
including chimeric antigen receptor therapies. This treatment modality has a unique 
set of toxicities which will be reviewed elsewhere in this textbook.

In summary, a myriad of possible serious disease and/or treatment-related com-
plications exist for children and young adults with acute leukemia, many of which 
may necessitate ICU management. This chapter outlined the diagnosis and manage-
ment of these oncologic emergencies, most of which can be successfully treated 
through a team-based approach incorporating both oncology and ICU care.
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Chapter 3
Neuro-oncologic Emergencies

Jessica Clymer and Peter E. Manley

 Introduction

Primary central nervous system (CNS) tumors are the second most common pedi-
atric cancer diagnosed in the United States each year. Comprising approximately 
22% of new cases of pediatric cancer per year, CNS tumors are second only to 
pediatric leukemia in incidence. Brain and CNS tumors are the most common 
solid tumor in children with an annual age-adjusted incidence rate of 5.47 per 
100,000 population [1, 2]. While brain and CNS tumors are the second most com-
mon pediatric cancer, they account for the majority of cancer-related mortality in 
children [3].

However, survival of pediatric patients with primary brain tumors has increased 
over the years, but the treatment of brain tumors has the potential for significant and 
life-threatening neurologic complications. It is imperative that critical care profes-
sionals recognize and appropriately treat common neurologic emergencies associ-
ated with these tumors. These emergencies can be the result of direct effects of the 
CNS tumor (increased intracranial pressure, seizures, spinal cord compression), 
indirect effects (CNS infection), or complications of various treatment strategies 
(chemotherapy toxicity, radiation necrosis, pituitary damage). Prompt diagnosis and 
treatment of these emergencies may not only be lifesaving but can preserve neuro-
logic function both in the short term and have long-lasting effects on overall quality 
of life.
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 Increased Intracranial Pressure/Hydrocephalus/Herniation

In children with primary CNS tumors, a frequent emergency that develops is 
increased intracranial pressure (ICP). This can arise because of hydrocephalus, 
vasogenic edema, or combination of the two. If not addressed adequately, increased 
intracranial pressure can progress to irreversible neurologic deficits, herniation, and 
death.

The Monro-Kellie doctrine serves as the basis of understanding the pathophysi-
ology of increased intracranial pressure. The intracranial volume ranges from 1400 
to 1700 mL. The brain constitutes roughly 80% of that volume, with blood and 
cerebrospinal fluid (CSF) each comprising an additional 10% [4]. Given the fixed 
volume of the cranial vault, owing to the rigid skull surrounding it, the Monro-
Kellie doctrine states that an increase in volume of the brain, blood, or CSF must 
trigger a decrease in one or both of the other components. When the system fails to 
compensate appropriately, there is a resultant increase in intracranial pressure.

One cause of increased ICP commonly encountered in children with primary CNS 
tumors is hydrocephalus. This occurs due to obstruction of the CSF outflow system. For 
example, pineal tumors may block CSF outflow from the 3rd ventricle resulting in dila-
tation of the lateral ventricles, or posterior fossa tumors can obstruct the 4th ventricle 
resulting in dilatation of the entire ventricular system. As CSF cannot drain adequately, 
its volume within the cranial vault increases and therefore results in increased ICP.

A common symptom of elevated intracranial pressure is headache. The classic 
description of headache associated with elevated ICP is one that is most severe in the 
morning due to nocturnal hypercarbia causing vasodilatation and supine posture [5]. 
However, this dogma has been challenged, and some report that morning headache 
occurs in a minority of patients presenting with increased ICP [6]. Other presenting 
symptoms of elevated intracranial pressure include vomiting, diplopia from abdu-
cens nerve palsy, and papilledema. When unchecked, elevated intracranial pressure 
may result in brainstem compression manifested by Cushing’s triad of hypertension, 
bradycardia, and irregular breathing, which heralds impending herniation.

With imminent herniation, patients with elevated ICP often become stuporous; 
therefore management often starts with securing an airway. Sedation and intubation 
have the added benefit of being means of lowering elevated ICP. Sedation lowers 
intracranial pressure, though at the expense of a reliable neurologic examination. 
Intubation allows for hyperventilation to a pCO2 of 26–30 mm Hg which causes 
vasoconstriction and decreased cerebral blood flow quickly albeit transiently [7].

Following these short-term interventions, osmotherapy is the mainstay of medi-
cal treatment of increased ICP. Hyperosmolar agents such as hypertonic saline and 
mannitol are used to create an osmotic gradient across the blood-brain barrier and 
shift fluid out of the brain thereby lowering ICP [8, 9]. Neither of these agents can 
be continued indefinitely as repeated doses without time for clearance between 
doses can lead to a rebound increase in ICP. Additionally, corticosteroids, specifi-
cally dexamethasone, play a critical role in alleviating vasogenic edema associated 
with brain tumors, by decreasing vascular permeability of the blood-brain barrier, 
leading to decreased ICP. Finally, following these temporizing interventions, one 
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must quickly determine if surgical interventions are necessary and/or appropriate 
for management of hydrocephalus, particularly in the case of obstructive hydro-
cephalus. Neurosurgical interventions include insertion of an extraventricular drain 
to alleviate pressure, endoscopic third ventriculostomy, or insertion of a ventriculo-
peritoneal shunt.

 Seizures/Status Epilepticus

Another complication of primary brain tumors are seizures. Brain tumors are struc-
tural abnormalities that can cause cortical irritability and subsequent seizures. 
Prophylaxis with antiepileptic drugs is not commonly recommended, as a subset of 
patients with brain tumors never experience seizures [10]. Tumors located in epilep-
togenic areas such as the cortex, mesial temporal lobe, and insula are more likely to 
cause seizures. Low-grade gliomas are more epileptogenic than high-grade gliomas 
[11]. Of patients with low-grade gliomas, those with oligodendroglioma are more 
likely to develop seizures than those with astrocytoma likely owing to their cortical 
location and white matter involvement [12, 13].

Specific seizure semiology often reflects the tumor’s location. Brain tumor 
patients generally have localization-related epilepsy with subtypes including simple 
partial seizures, complex partial seizures, and focal seizures with secondary gener-
alization [13]. Status epilepticus can occur at any stage of a tumor’s course – at 
presentation, progression, or during periods of stability [14]. In addition to seizure 
location, seizures can be triggered in those with CNS tumors as a complication of 
treatment whether due to electrolyte abnormalities, treatment-related posterior 
reversible encephalopathy, or by medications, which lower the seizure threshold 
commonly used as supportive care in cancer patients.

After recognition of status epilepticus, treatment according to standard management 
algorithms is vital. First-line treatment of status epilepticus starts with prompt admin-
istration of a benzodiazepine (IV lorazepam or IM midazolam if IV access cannot be 
obtained) followed by phenytoin if needed. Third-line treatments include phenobarbi-
tal, valproic acid, lacosamide, and levetiracetam [15]. Choosing ongoing antiepileptic 
drug therapy in children with brain tumors are challenging due in large part to the 
potential interactions between antiepileptic drugs and chemotherapy. Levetiracetam is 
often recommended as initial maintenance monotherapy given its efficacy, tolerability, 
and pharmacokinetic properties when used in combination with chemotherapy [16].

 Spinal Cord Compression

Spinal cord compression from an epidural mass is a somewhat common complica-
tion in specific pediatric cancers such as soft tissue sarcoma, neuroblastoma, medul-
loblastoma, atypical teratoid rhabdoid tumors (AT/RT), and lymphoma [17, 18]. It 
constitutes a neuro-oncologic emergency as favorable neurologic outcome depends 
on early recognition and management.
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Prior to spinal cord compression, those with spinal tumors may report pain, par-
ticularly in the case of extradural masses arising from the bone. Another source of 
pain is Lhermitte’s sign, an electrical sensation spreading from the spine to the arms 
or legs following neck flexion. This pain is due to irritation or compression of the 
dorsal columns. While Lhermitte’s sign suggests cord dysfunction, other classic 
signs include weakness, loss of sensation, and bowel or bladder dysfunction. If 
compression occurs in the cervical or high thoracic region, patients can develop 
autonomic dysreflexia with bradycardia and hypertension, which can be triggered 
by constipation or an excessively full bladder.

A bolus of dexamethasone is the first-line treatment when cord compression is 
recognized. Steroids should be continued at a maintenance dosing schedule until 
definitive treatment can be achieved. Definitive treatment may include surgery, radi-
ation therapy, or both. Small studies in adult patients have shown that those patients 
with acute onset (<48 h) of paraplegia and radiographically proven cord compres-
sion were more likely to regain the ability to walk and had improved pain control 
with treated with surgery followed by radiation compared to radiation alone [19]. 
Surgery can be avoided in patients with radiosensitive/chemosensitive tumors. 
Thus, multidisciplinary evaluation by neurosurgery, radiation oncology, and oncol-
ogy is vital in the management of acute spinal cord compression.

 Encephalopathy with Chemotherapy

Certain cytotoxic and biologic agents can produce neurotoxicity (Table 3.1). The 
severity depends on the treatment dose, duration, and concomitant use of other neu-
rotoxic therapies.

Within days of administration, high-dose methotrexate, ifosfamide, high-dose 
cytarabine, and procarbazine can all cause acute encephalopathy including confu-
sion, hallucination, drowsiness, and seizures. Additionally, high doses of cytarabine 
can cause cerebellar syndromes including progressive and potentially permanent 
ataxia [20, 21]. Intrathecal chemotherapies including methotrexate or cytarabine 
can cause aseptic meningitis with symptoms including neck pain, headache, fever, 
nausea, and vomiting. These intrathecal agents can also cause transverse myelopa-
thy with paraplegia, leg pain, sensory level, and even neurogenic bladder dysfunc-
tion [22]. Unfortunately, treatment for most of these neurotoxic side effects is drug 
cessation and supportive care, with the exception of ifosfamide encephalopathy, 
which responds to treatment with methylene blue. (50 mg Q4 hours until resolution 
of symptoms or 1 mg/kg for children under 50 kg.)

Newer biologic agents can cause neurologic side effects as well. Bevacizumab, 
an anti-VEGF monoclonal antibody, can be associated with thromboembolic stroke, 
intracranial hemorrhage, and has been associated with PRES. Cessation of therapy 
and supportive care are the mainstays of treatment with bevacizumab toxicity. 
Ipilimumab, an anti-CTLA-4 monoclonal antibody, has been associated with acute 
inflammatory reaction including myopathy, aseptic meningitis, temporal arteritis, 
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and Guillain-Barre syndrome. These neurologic complications are often immune 
mediated and therefore are treated with immune modulating therapies such as cor-
ticosteroids or IVIG.

 Endocrinopathies

Endocrine dysfunction and disruption of water regulation are common findings of 
patients with intracranial neoplasms, particularly those arising from the sella and 
parasellar regions. Tumors that commonly arise in this area include craniopharyn-
gioma, germ-cell tumors, astrocytomas, or pituitary adenomas and may present 
with endocrinopathies. Additionally, endocrinopathies and disordered water metab-
olism may result from surgical resection or manipulation of these lesions.

Disordered water regulation can be associated with anatomic injury to the hypo-
thalamus, pituitary stalk, or posterior pituitary gland before or during surgery for 
sella or parasellar neoplasms. This damage changes water metabolism controlled by 
the antidiuretic hormone (ADH). ADH is produced by neurons of the paraventricu-
lar and supraoptic nuclei. It is then transported along the axons of the hypothalamic 
neurons and stored in the posterior pituitary. ADH is then released in response to 
two major stimuli: a raise in plasma osmolality and a decrease in blood pressure/
circulating blood volume. After ADH is released, it acts on the kidneys and blood 

Table 3.1 Chemotherapy neurologic toxicities and their treatments

Complication Agents Treatment

Encephalopathy Ifosfamide,
HD-MTX, HD-cytarabine, 
procarbazine, vincristine

Methylene blue (for Ifosfamide induced 
only), discontinue drugs

Aseptic meningitis IT-MTX, cytarabine
Cetuximab
Ipilimumab

Discontinue/reduce drugs
Discontinue drug
Discontinue drug, IV corticosteroids, 
IVIG, plasmapheresis

Cerebellar 
syndromes

HD-cytarabine Discontinue drugs

Seizures Cisplatin, cytarabine, 
cyclophosphamide, ifosfamide, 
vincristine

Discontinue drugs

Stroke Bevacizumab Discontinue drugs
PRES Cisplatin, cyclophosphamide, 

gemcitabine, bevacizumab
Discontinue drugs

Myelopathy IT-MTX and cytarabine Discontinue drugs
Guillen-Barre 
syndrome

Ipilimumab Discontinue drugs, IV corticosteroids, 
IVIG, plasmapheresis

Acute sensory 
dysesthesia

Ifosfamide, cytarabine (rare) Discontinue/reduce drugs, anti-epileptics 
(carbamazepine, lamotrigine, gabapentin), 
tricyclic antidepressants, SSRIs
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vessels resulting in water reabsorption at the renal collecting duct and stimulating 
vasoconstriction respectively [23]. Disorders of water metabolism can occur due to 
a decrease in ADH release resulting in central diabetes insipidus, or excess ADH 
release resulting in water retention, and the syndrome of inappropriate ADH secre-
tion (SIADH). Additionally, an ADH-independent condition, cerebral salt wasting 
syndrome (CSWS) can occur after neurosurgical interventions.

Diabetes insipidus (DI) is defined as the presence of inappropriate hypotonic 
polyuria in the presence of high or normal serum sodium [24]. While the presence 
of serum hyperosmolality and hypernatremia are suggestive of DI, these findings 
may be absent if the patient is conscious, with an intact thirst mechanism and access 
to free water. Thus, to screen for potential development of postoperative DI, close 
measurement of urine output and fluid intake, urine specific gravity, and serum 
sodium are vital. Treatment includes replacement of urine/fluid losses as well as 
administration and titration of vasopressin or desmopressin (the former having a 
shorter duration of action and thus easier to titrate if water metabolism continues to 
evolve). While DI can be transient or permanent, the risk of permanent DI is higher 
in younger patients, males, those with large intrasellar masses [25], in those with a 
preoperative diagnosis of DI, and following surgery for craniopharyngioma [26].

While DI is the predominate process resulting in hypernatremia, intracranial 
neoplasms and their treatment can also result in hyponatremia. In fact, hyponatre-
mia occurs in 10–15% of pediatric patients following intracranial tumor surgery 
[27, 28]. Postoperative hyponatremia is commonly associated with two conditions: 
the syndrome of inappropriate antidiuretic hormone (SIADH) and CSWS.   
Unfortunately, clinical distinction between the two can be challenging; however, 
it is vitally important as their treatment is divergent (Table 3.2).

SIADH is a syndrome of hypoosmolar hyponatremic euvolemia. It is character-
ized by an even fluid balance/euvolemia, hyponatremia, hypoosmolality, increased 
urine osmolality, and elevated urine sodium concentration in an individual with nor-
mal salt and water intake [29]. These symptoms are a result of excessive ADH 
release and therefore increased water reabsorption from the glomerular filtrate at the 
distal nephron. This produces inappropriately concentrated urine despite serum 
hypoosmolality. The key feature distinguishing SIADH from CSWS is volume sta-
tus as SIADH is a state of euvolemia, while CSWS is one of hypovolemia. Thus, 
patients with SIADH will be unlikely to have changes in blood pressure, body 
weight, heart rate, or other signs associated with volume loss. Once the diagnosis of 
SIADH has been established, it is treated with fluid restriction and possible admin-
istration of diuretics such as furosemide.

On the other hand, CSWS is a syndrome marked by hypovolemia and/or net 
negative fluid balance, hyponatremia and serum hypoosmolality, and an elevated 
urine osmolality and elevated urine sodium [29]. CSWS is caused by excessive 
renal sodium and water excretion and is often associated with an increase in urine 
output [30]. The sodium excretion is higher than that of water, and therefore the 
urine is inappropriately concentrated. Again, accurate assessment of volume status 
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Table 3.2 Differentiation of sodium abnormalities

DI: Diabetes insipidus

SIADH: Syndrome of 
inappropriate antidiuretic 
hormone

CSW: Cerebral salt 
wasting

Disorder ADH Deficit
Decreased reabsorption of 
water by the distal tubules 
of the kidney
Loss of free water in the 
urine

ADH Excess
Inappropriate secretion of 
ADH
Increased permeability of 
renal distal tubules and 
increased water reabsorption

Renal sodium loss
Decreased renal 
sodium reabsorption
Free water loss

Volume 
status

Decreased, hypovolemia Increased; fluid overload Decreased, 
hypovolemia

CVP Decreased Normal or increased Decreased
Weight Decreased Normal or increased Decreased
Salt 
balance

Variable Variable Negative

Serum 
sodium

Increased Decreased Decreased

Urine 
sodium

Decreased or normal Increased Markedly increased

Serum 
osmolality

Increased Decreased Increased or normal

Urine 
osmolality

Decreased Increased Increased

Urine spec 
gravity

Decreased Increased Normal or slightly 
increased

Signs/
symptoms

Polyuria, hypoosmolar 
urine (clear), hyperosmolar 
plasma, hypernatremia, 
thirst, polydipsia, 
dehydration, shock, 
fatigue, mental status 
changes, seizure, 
irritability, lethargy, 
tachycardia, poor perfusion

Decreased concentrated urine, 
hyponatremia, hypertension, 
mental status changes, 
seizures, lethargy, nausea, 
vomiting

Differentiate from 
SIADH with 
confirmed 
hypovolemia
Anorexia, nausea, 
vomiting, weakness, 
hypotension, 
tachycardia, poor 
skin turgor, syncope

Treatment Evaluate and replace fluid/
urine loss frequently
Administer and titrate 
vasopression (IV or 
DDAVP) for UO M 2 mL/
kg/h.
Prevent overtreatment, 
hypernatremia correction 
should be about 2 mEq/L/h

Restrict fluids and consider 
giving furosemide
Correct hyponatremia with 3% 
NaCL infusion for goal 
sodium of >/= 125 mEq/L.  
Replaced deficit over 24–48 h. 
Observe for water intoxication 
and cerebral edema due to 
rapid overcorrection of 
hypernatremia

Isotonic saline 
volume loss 
replacement
Enteral sodium 
replacement
Use of 3% saline is 
restricted to sodium 
levels <125 mEq/L 
and is done over 24 h
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is vital to distinguishing SIADH from CSWS. Classic signs of hypovolemia include 
hypotension, weight loss, increased heart rate, increased capillary refill time, and 
loss of skin turgor. Once the diagnosis of CSWS has been established, the mainstay 
of treatment includes the replacement of the sodium and water lost as a result of 
pathologic natriuresis and diuresis. Initial management includes administration of 
isotonic fluids (often normal saline) with the goal of restoring intravascular volume. 
Once euvolemia is achieved, if hyponatremia persists, management can then be 
directed at correcting hyponatremia. This can be achieved through oral sodium 
replacements, hypertonic saline administration, or mineralocorticoid use [29]. 
Generally speaking, the serum sodium concentration should be corrected slowly 
with an average increase no more than 0.5 mEq/L/h [31].

Not only do intracranial neoplasms and their treatments cause abnormalities in 
water metabolism, they can also be associated with endocrinopathies. Such hor-
mone deficiencies are often due to injury of the hypothalamus and/or pituitary 
(either through direct surgical injury or a delayed effect of radiation therapy). Such 
injuries can cause partial or total hypopituitarism. The risk of postoperative hypopi-
tuitarism varies according to case series and tumor type; however, it peaks at 75% 
for craniopharyngioma [32]. Pituitary hormone deficiencies can include decreased 
levels of ACTH, TSH, GH, LH, and FSH.

Adrenal insufficiency (AI) is a potentially life-threatening endocrinopathy. It can 
present as central AI following neurosurgical intervention (oftentimes pituitary sur-
gery) or as secondary AI due to persistent corticosteroid use. In either case, it must 
be promptly recognized and treated with glucocorticoid replacement. Additionally, 
it is vital that patients and families understand the importance of recognizing an 
adrenal crisis and receive instruction on steroid replacement in times of stress, such 
as with surgeries or acute illnesses.

Additional endocrinopathies may not be readily apparent postoperatively or 
immediately following treatment of brain tumors but rather may develop over time. 
Their deficiencies are often not life-threatening or urgent; however, their normaliza-
tion can significantly alter a patient’s quality of life. One can monitor TSH/T4 for 
thyroid axis function. Sex hormone monitoring can be done with morning serum 
testosterone in males or with LH, FSH, and menses history in premenopausal 
females. The growth hormone axis can be monitored by serum insulin-like growth 
factor-1 (IGF-1) though if low is often confirmed with a GH stimulation test.

 Radiation Injury and Radiation Necrosis

The nervous system is vulnerable to the effects of radiation, and thus its use in the 
treatment of brain tumors can be associated with tissue injury at various time points 
during and after radiation therapy. Acute injury (during or less than 1 month after 
radiation therapy) is associated with capillary injury with associated leak and 
edema. Neurologic symptoms can include somnolence, headache, nausea, vomit-
ing, and exacerbation of baseline neurologic deficits and are often responsive to 
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corticosteroids. Early-delayed injury (1–6 months post radiation therapy) complica-
tions are often due to edema and demyelination. Patients may present with somno-
lence syndrome (increased drowsiness, fatigue, anorexia, irritability), and MRI may 
demonstrate increased edema and contrast enhancement concerning tumor progres-
sion, termed pseudo-progression. Again, symptoms are often responsive to cortico-
steroids. Late injury (more than 6 months after radiation therapy) is hypothesized to 
be due to small- to medium-sized vessel injury as well as demyelination and is often 
referred to as radiation necrosis.

Radiation necrosis is a well-characterized toxicity of brain tumor treatment, 
which refers to necrotic degradation of brain tissue following intracranial radiation. 
MRI findings include white matter contrast enhancement, soap-bubble/swiss-cheese 
enhancement, along with edema and mass effect early followed by volume loss later 
[33]. These imaging findings may or may not be associated with new neurologic 
findings such as confusion, seizures, or focal neurologic deficits. Retrospective 
studies of children report widely varying rates of radiation necrosis of 3–26%. 
Radiation necrosis poses a challenge as it can occur at any time during and after 
radiation therapy – from acute (during and immediately after radiation therapy) to 
late-delayed (months to years after radiation therapy) though most often is a late 
stage complication of radiation therapy. One meta-analysis found that children 
treated with proton radiation therapy who presented with radiation necrosis were 
younger and had shorter time to development of radiation necrosis [34]. Additionally, 
they found that younger children tended to present with ataxia and older children 
with headache when diagnosed with radiation necrosis, though this may be due to 
tumor location (infratentorial vs. supratentorial) in the two age groups. Thus, when 
a child who has received radiation therapy in the past presents with new MRI 
changes and/or new neurologic findings, one must consider radiation necrosis as a 
potential etiology.

Radiation necrosis is thought to occur as a result of cerebral vascular injury. It 
begins as acute cellular injury with endothelial cell death; this causes platelet 
aggregation, thrombus formation, and occlusion of microvasculature [35]. Vascular 
endothelial growth factor (VEGF) is released by the dysfunctional endothelial 
cells, which results in capillary leakage, brain edema, neuronal demyelination, and 
damage of the blood-brain barrier. It is hypothesized that radiation leads to cellular 
injury and vascular damage, which in turn leads to tissues hypoxia. This results in 
degradation of collagen, disruption of the blood-brain barrier [36], release of 
VEGF, capillary leakage [37], perivascular inflammation, and edema. This process 
can occur throughout the white matter or focally. Total radiation dose, volume of 
irradiated area, as well as fractionation regimen are predictive of risk of radiation 
necrosis [38].

Once recognized, there are typically three modalities of treatment for radiation 
necrosis – corticosteroids, bevacizumab, and hyperbaric oxygen therapy. These can 
be used alone or in combination [34]. While corticosteroids are often the mainstay 
of early treatment of radiation necrosis due to their potent anti-inflammatory effects, 
they are associated with a significant adverse effect profile, making them less likely 
to be used long term. Bevacizumab is humanized monoclonal antibody that blocks 
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VEGF, an important mediator of capillary leakage and brain edema [38]. Hyperbaric 
oxygen is thought to improve tissue oxygenation, which leads to a reduction of 
inflammation and neovascularization.

 CNS Infection

Central nervous system (CNS) infections are an important cause of neurologic mor-
bidity and mortality in patients with cancer. While the risk of general CNS infec-
tions is greatest in those patients with significant and prolonged immunosuppression, 
patients with CNS tumors pose a unique risk group. Having disrupted the blood- 
brain barrier with cranial surgery, frequent need for ventricular shunt placement, 
and skin breakdown from radiation therapy, patients with brain tumors are at risk for 
cutaneous skin flora infections. Such pathogens include Staphylococcus aureus, 
Staphylococcus epidermidis, Propionibacterium acnes, and Candida species [39, 
40]. These patients may or may not manifest typical signs/symptoms of CNS infec-
tion, such as fever, headache, nuchal rigidity, if in the midst of chemotherapy, and 
therefore immunodeficiency [41]. Instead, altered mental status may be the only 
indication of a CNS infection. Early recognition and diagnosis of CNS infections 
with prompt initiation of antimicrobials is vital.

 Conclusions

Children with CNS tumors are at risk for a variety of life-threatening and/or neuro-
logic function compromising complications due to their tumors, treatment of their 
tumors, or indirect effects of their tumors. Prompt recognition and management of 
these complications has the potential to preserve neurologic function already at risk.
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Chapter 4
Solid Tumors Outside of the Central 
Nervous System

Hilary C. Schreiber and James S. Killinger

Solid tumors which occur outside of the central nervous system (CNS) have some 
similar, relevant characteristics important in the pediatric intensive care unit (PICU). 
In addition to tumors which arise in the anterior mediastinum, there are other 
disease- specific complications documented in this section. Many of the critical care 
issues focus on the postsurgical care of children after having (often) large tumors 
removed from the chest, the abdomen, or the pelvis. In this chapter, three distinct 
solid tumors will be discussed, highlighting these critical care issues. Furthermore, 
focus on the emerging “fast-track” or early recovery after surgery (ERAS) concepts 
in the perioperative period for children appears to improve surgical outcomes in 
some patient populations.

 Anterior Mediastinal Masses

Anterior mediastinal masses present a unique clinical dilemma for surgeons, oncol-
ogists, interventional radiologists, anesthesiologists, and intensivists. With a new 
mass in the anterior mediastinum, a biopsy is often needed for the definitive diagno-
sis, to initiate appropriate therapy. However, depending on the size and location of 
the mass, the anesthesia risk of obtaining a tissue biopsy may outweigh the benefit 
of obtaining tissue prior to initiating a potential therapy. Because of this unusual 
risk-benefit analysis, the approach to anterior mediastinal masses requires a thought-
ful, multidisciplinary approach.
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In children, the leading causes of anterior mediastinal mass are lymphoma 
(Hodgkin’s and non-Hodgkin’s), leukemia, thymoma, histiocytosis, and 
 neuroblastoma, all with varying treatment strategies [1–3]. Typically, the sedation 
and anesthesia needed for obtaining appropriate tissue for diagnosis are done in an 
operating room or interventional radiology suite. However, it is important for the 
pediatric intensivist to understand the rationale for sedation and anesthesia, as com-
plications will impact the post-biopsy course in the PICU.

 Airway and Cardiovascular Compromise

Symptomatic tracheal compression is a significant concern to anesthesia providers 
and is thought to be an increased risk of airway compromise intraoperatively. It has 
been demonstrated that children with >50% decrease in tracheal cross-sectional 
area are more likely to be symptomatic [4] and are at highest risk of developing 
intraoperative airway complications [5, 6]. Conversely, children with <50% decrease 
in the cross-sectional area of the trachea are less likely to have intraoperative airway 
compromise [7, 8].

From a physiologic standpoint, anterior mediastinal masses grow and develop in 
the same space with not only the trachea and main stem bronchi but also major 
components of the cardiovascular system. Thin-walled structures that are more 
responsive to changes in intrapleural pressures are particularly at risk: superior vena 
cava, right atrium, and pulmonary artery. With this in mind, maintaining a spontane-
ously breathing patient with negative intrapleural pressures is important, as the 
inspiratory muscle tone, elastic recoil of the chest wall, and displacement of the 
diaphragm serve to maintain functional residual capacity [9].

Developing the anesthesia plan in a multidisciplinary fashion serves to best 
address the diagnostic needs and the anesthesia risks of getting tissue. To that end, 
patients with anterior mediastinal masses can be divided into three broad categories 
for anesthesia [9]:

• Low risk: Asymptomatic of mildly symptomatic, without postural symptoms or 
radiographic evidence of significant compression of structures

• Intermediate risk: Mild to moderate postural symptoms, tracheal compression 
<50%

• High risk: Severe postural symptoms, stridor, cyanosis, tracheal compression 
>50% or tracheal compression with associated bronchial compression, pericar-
dial effusion or SVC syndrome

With each incremental increase of risk, increased attention needs to be paid to 
both the possible increased risks and the potential risk mitigation strategies:

• Awake intubation: For patients requiring general anesthesia with an anterior 
mediastinal mass, the preferred method to secure the airway is via awake, fiber- 
optic bronchoscopy [10]. Attention is to be paid to minimize laryngospasm with 
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topical anesthetics and with rescue plan in case of airway loss or hemodynamic 
collapse during or after intubation.

• Reinforced endotracheal tube: For patients with both tracheal and bronchial 
compression from an anterior mediastinal mass, a reinforced endotracheal tube 
may be passed beyond the obstruction in order to ventilate the patient [9]. 
However, reinforced endotracheal tubes may have unusual complications should 
the patient bite down on the tube or the reinforcement dissect into the lumen of 
the tube [11–13].

• Rigid bronchoscopy: Like the use of the reinforced endotracheal tube, the rigid 
bronchoscopy can be useful in patients with both tracheal and bronchial obstruc-
tion from an anterior mediastinal mass [14]. A rigid bronchoscope may be a 
particularly useful temporizing method to maintain oxygenation and ventilation 
should the need for emergent cardiopulmonary bypass arise.

• Cardiopulmonary bypass: In addition to the rescue availability of cardiopulmo-
nary bypass (CPB), CPB has been used prophylactically in select patients thought 
to be at greatest risk of cardiovascular collapse following induction of anesthesia 
with an anterior mediastinal mass [15–17]. This may be particularly true in 
adults, who are less responsive to changes in positioning compared to pediatric 
patients [16].

• Prone positioning: This may be more useful in children than in adolescents and 
adults with anterior mediastinal mass. As older patients have a more ossified 
thoracic cage compared to children, the impact of prone positioning may not 
have the same effect in either the intubated or the extubated patient [14].

• Heliox: Heliox is a mixture of helium with oxygen at 70/30 and may be a useful 
adjuvant for use during a procedure both to obtain tissue from an anterior medi-
astinal mass [18] and to facilitate the extubation of a patient with an anterior 
mediastinal mass [19].

• In a long-standing mass, which may lead to some degree of laryngomalacia, the 
laminar flow from the heliox mixture may aid in delivering flows to the distal 
airways, beyond the residual obstruction.

 Neuroblastoma

Neuroblastoma is the most common extracranial solid tumor in children, with 
approximately 650 new cases per year and an incidence of 10.5 cases/million/year 
for children younger than 15 years of age [20, 21]. It is most predominantly seen in 
children younger than 5 years of age. Derived from neural crest cells, neuroblas-
toma involves organs of the sympathetic nervous system, with the adrenal glands 
being the most common primary site.

Prognosis is highly variable based on risk group. Patients are stratified to low 
risk, intermediate risk, and high risk based on tumor stage, age at diagnosis, pres-
ence of the oncogene, MYC-N amplification, histology, tumor differentiation, DNA 
ploidy, and 11q aberration. High-risk features include age greater than 18 months at 
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the time of diagnosis, MYC-N amplification, and metastatic disease. Patients with 
low- and intermediate-risk disease have an overall survival rate greater than 90%, 
while those with high-risk disease have an overall survival rate of less than 50% [20, 
22].

Neuroblastoma treatment depends heavily on the risk group of the patient. In 
patients with low-risk disease, surgical resection, if possible, is often curative, with 
no need for systemic chemotherapy. Infants younger than 12 months with localized 
disease, Stage 4S, may also have spontaneous regression of disease without need for 
surgery or chemotherapy. These patients can be observed alone with overall survival 
rate of approximately 100% at 3 years. Intermediate-risk patients are treated with 
multiagent chemotherapy and surgical resection if possible [21].

High-risk patients, who represent about 50% of all patients with neuroblas-
toma, are difficult to treat and have much lower long-term survival compared to 
low- and intermediate-risk patients [20]. Regimens to treat these patients consist 
of induction, local control, consolidation, and maintenance therapy. Children’s 
Oncology Group (COG) induction consists of alternating cycles of chemotherapy 
with multiple agents, including topotecan, cyclophosphamide, vincristine, doxo-
rubicin, cisplatin, and etoposide. Local control includes surgical resection and/or 
radiation therapy. Consolidation often consists of high-dose, myeloablative che-
motherapy with autologous stem cell rescue [23]. Maintenance therapy is designed 
to prevent relapse after patients achieve a clinical remission. In recent years, 
immunotherapy has been used either alone or with isotretinoin as maintenance 
therapy for patients in remission. Immunotherapy consists of anti-GD2 monoclo-
nal antibodies such as humanized 3F8 (Hu3F8) and chimeric 14.18 (dinutuximab) 
[22]. These antibodies have become an important component of treatment for 
neuroblastoma.

 Immunotherapy for Neuroblastoma

A major new component to neuroblastoma therapy, in addition to chemotherapy, 
surgery, and radiation, is immunotherapy. Several different antibodies exist to target 
ganglioside GD2, which is expressed on the surface of neuroblastoma cells [24]. 
These immunotherapies have been incorporated into neuroblastoma treatment as an 
important component of maintenance therapy but require careful monitoring during 
and following infusion due to their side-effect profile. Dinutuximab is a commer-
cially available chimeric human-murine monoclonal antibody to GD2. A similar 
monoclonal antibody, Hu3F8, is used at Memorial Sloan Kettering Cancer Center 
(MSKCC). These antibodies are associated with infusion-related side effects that 
are important for pediatric critical care practitioners. Dinutuximab is infused in the 
inpatient setting, sometimes in the PICU, with infusions from 10 to 20 hours for 
4 consecutive days. Hu3F8 is given in the outpatient setting over 30 minutes every 
other day for a total of three doses per cycle.
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During the infusion, pain is the most common adverse event, with grades 3–4 pain 
in the abdomen, back, and extremities occurring in about 50% of patients [25]. GD2 
is expressed on neuroblastoma cells, but also on peripheral nerve cells, leading to 
severe pain during infusion often requiring high doses of opioids for  management. 
Respiratory depression requiring reversal of narcotics with naloxone can occur due to 
the opioid doses needed to achieve adequate pain control. In some cases, adequate 
pain control can only be achieved with continuous infusions of analgesics such as 
opioids with dexmedetomidine, lidocaine, or ketamine, each of which has adverse 
effects of which the critical care physician should be aware. Opioids with dexmedeto-
midine can lead to hypotension and bradycardia [26]. Continuous lidocaine infusion 
is generally safe but has a narrow therapeutic window, with toxicity leading to CNS 
depression [27]. Ketamine infusions are well tolerated without hallucinations or respi-
ratory compromise but can lead to dysphoria and nystagmus [28, 29]. These alterna-
tive or adjuvant analgesics improve pain control and may also decrease opioid use.

These antibodies are also immunogenic and can generate anaphylactic-like 
hypersensitivity responses, bronchospasm, urticaria, hypotension, hypertension, 
and capillary leak [25]. Anaphylaxis and anaphylactoid reactions can be treated 
with epinephrine. Bronchospasm responds to short-acting beta-agonists such as alb-
uterol. Rash and urticaria are managed with antihistamines. Hypotension and capil-
lary leak respond to fluid resuscitation. In patients receiving both antihistamines and 
opioids, the hypotension can be more profound, requiring multiple fluid boluses, 
although patients generally tolerate the periods of hypotension and maintain perfu-
sion and mentation while receiving fluids.

Hypertension is seen acutely with pain but can also be a later effect with Hu3F8 
and has been linked to posterior reversible encephalopathy syndrome (PRES) [30]. 
PRES can present with headache, altered mental status, visual disturbances, and 
seizure. It is diagnosed based on clinical and radiographic findings. Patients with 
PRES frequently require management in the PICU for close neurological monitor-
ing. Treatment involves blood pressure control, optimization of electrolytes, and 
antiepileptic medications as needed for seizures [31].

 Spinal Cord Compression

Neuroblastoma can extend from the sympathetic chain into the spinal canal and 
cause peripheral nerve root or spinal cord compression. Additionally, leptomenin-
geal disease or osseous metastases can lead to spinal cord compression. Spinal cord 
compression in neuroblastoma is seen in about 10–15% of cases, most frequently 
in progressive, terminal disease, but it can be a presenting symptom in 1–4% on 
cases [32]. Spinal cord compression requires rapid treatment to prevent permanent 
neurologic sequelae, although even with treatment up to 50% of patients have 
residual neurologic deficits [33]. Treatment modalities include neurosurgical 
decompression, radiation therapy, high-dose systemic glucocorticoids, and 
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chemotherapy. The best treatment modality to prevent long-term neurologic 
sequelae remains unclear, and each treatment modality is associated with short- and 
long-term complications.

Chemotherapy can be used for treatment of intraspinal neuroblastoma, but does 
not provide immediate relief of spinal cord compression symptoms. Neurosurgical 
decompression provides the most immediate relief of symptoms, but it is not clear 
if there is any difference in long-term outcomes in these patients. Radiation can also 
provide rapid relief of symptoms but is associated with long-term side effects, espe-
cially in young, developing children. For patients who have disease progression and 
subsequent spinal cord compression despite chemotherapy, neurosurgery or radia-
tion therapy is an appropriate treatment [33]. Glucocorticoids can reduce edema and 
provide rapid relief of symptoms but also have not necessarily been shown to impact 
long-term outcomes [33]. Treatment of these patients often involves multidisci-
plinary teams including the PICU, neurosurgery, and oncology to determine the best 
approach for each patient.

 Surgery and Surgical Complications

Surgical resection is an important component of neuroblastoma treatment. The sur-
geries are often long, technically difficult cases that involve dissection of tissue in 
the thorax, abdomen, and sometimes the spine. Average operative time is around 
8.5 hours, and average estimated blood loss is around 30 cc/kg [34]. These proce-
dures involve retroperitoneal lymph node dissection, hepatic lobe biopsy, and dis-
section of the tumor from major surrounding vasculature including the renal arteries, 
mesenteric arteries, and the aorta. Additionally, most of the surgeries are done via a 
thoracoabdominal approach leading to placement of a thoracostomy tube and 
manipulation of the diaphragm. Fluid shifts following surgery can result in hemo-
dynamic instability (hypotension, decreased urine output, and poor perfusion). 
Patients often require multiple fluid boluses in the first 24–48 hours postoperatively, 
and around 33% of patients require vasoactive medications for fluid refractory 
hemodynamic instability. Patients may remain intubated following surgery for 
1–4 days (average 1.5 days). In a minority of patients, around 3%, the best surgical 
procedure requires nephrectomy. Additional surgical complications include small 
bowel obstruction (3%), systemic or local infection postoperatively (3%), and clini-
cally significant intraoperative bleeding (6%) [34].

 Metastatic Osteosarcoma

Osteogenic sarcoma is the most common bone tumor in children and young adults 
[35]. Though the overall survival in osteosarcoma is roughly 75% [36], metastatic 
disease to the lung can occur within the first 12 months after initiation of treatment 
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[37]. Relapse of osteosarcoma in the lung occurs in greater than 30% of patients 
[38]. The survival in children with metastatic disease to the lung has as low as a 40% 
and 22% 3-year and 5-year survival, respectively [39]. As a result, children with 
metastatic disease to the lung are in need of complete resection in order to maximize 
survival benefit. Systemic therapies are not as reliable a treatment modality for 
improving survival, as the ability to achieve complete resection is the most relevant 
prognostic factor for long-term survival [40]. Children undergoing open thoracot-
omy for metastatic disease resection represent an important patient population for 
many PICUs. While not solely a PICU issue, the comprehensive care from preop-
erative planning through discharge provides an important framework for discussion 
of the multidisciplinary, comprehensive care plan which can be so effective for chil-
dren undergoing major surgery, both in the chest and in the abdomen.

 Surgical Approach

The surgical approach to patients with pulmonary metastatic disease varies based on 
several clinical factors. While the majority of patients presenting with pulmonary 
metastatic disease have bilateral pulmonary disease, there may be between 24% and 
40% of patients who present with unilateral disease [38]. For those presenting with 
bilateral pulmonary disease, it remains controversial as to approach this as a single- 
stage operation via median sternotomy or staged thoracotomies [38, 39].

The most common approach to either unilateral or bilateral metastatic disease is 
via thoracotomy. Postoperative complications from thoracotomy surgery include 
pleural pain, bleeding, respiratory failure, and need for mechanical ventilation [39]. 
Management of these predictable issues often falls to the multidisciplinary team 
caring for the patient in the PICU or acute care ward. For patients undergoing tho-
racotomy surgery, thoracic epidural pain management has proven to be a safe and 
effective mode of nonsystemic pain relief [41, 42]. Avoidance of systemic narcotics 
and sedatives has significant advantages in the “fast-track” surgical approach to 
perioperative care (discussed below) and at reducing the risk for oversedation and 
the development of delirium in the postoperative period [43]. While the majority of 
patients undergoing thoracotomy do not have other significant postoperative issues 
beyond pain, those who have intraoperative bleeding complications may continue to 
have significant bleeding postoperatively requiring frequent blood transfusion or 
even re-exploration to stop active bleeding [39].

 Desmoplastic Round Blue Cell Tumor

Desmoplastic round blue cell tumors (DSRCT) represent a very small percentage of 
solid tumors in children. In fact, a recent publication found a total of 450 cases in 
the literature since its discovery in 1989 [44]. However, the novel approach to this 
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rare tumor gives insight into the future of multimodality treatment of solid tumors 
which may be relevant to those who care for critically ill children.

Sharing some biological similarities to both Ewing sarcoma and Wilms tumor, 
DSRCT is thought to originate in the peritoneum and spread locally to the intraperi-
toneal organs. Without surgical debulking, it is universally fatal [45]. The most gen-
erally accepted treatment regimens involve Ewing-like regimen involving 
cyclophosphamide or ifosfamide, doxorubicin, and vincristine, surgical cytoreduc-
tion, and radiotherapy [44–46]. The surgical cytoreduction can be a big surgery. As 
the tumors can be as large as 40 cm, and invading multiple intraperitoneal organs, 
the cases can be quite long (up to 12 hours), with complications consistent with 
other long surgeries that have significant fluid shifts [45, 47, 48]. Surgery entails 
resection of tumor implants commonly found on the omentum, diaphragm, spleen, 
Morrison’s pouch, abdominal wall peritoneum, small bowel mesentery, and pelvis 
[47, 48]. Pain, fluid shifts, systemic inflammatory response, wound dehiscence, and 
surgical site infections are all possible following this surgery [48].

In addition to the standard regimen of systemic chemotherapy, cytoreduction 
therapy, and radiation, there have been a variety of studies aimed at addressing the 
residual intraperitoneal nodules [44, 47, 48]. The use of hyperthermic intraperito-
neal chemotherapy (HIPEC) in some uterine cancers has shown some efficacy [49, 
50]. The same approach has been explored in the use of hyperthermic cisplatin or 
oxaliplatin +/− mitomycin and/or irinotecan in DSRCT [51, 52]. The data as of yet 
are inconclusive, and the use of HIPEC is best used in the framework of a clinical 
trial. The early studies of the use of HIPEC had clinically relevant side effects to the 
pediatric intensivist with renal failure and urinary tract infection complications [48]. 
Another potential therapy targeting residual intraperitoneal tumor in DSRCT is the 
use of immunotherapy remote from the tumor debulking surgery. The efficacy of 
intraperitoneal 131I-8H9, which targets surface cell antigen 4Ig-B7H3 expressed in 
DSRCT, is currently being evaluated. In this protocol, an intraperitoneal catheter is 
placed during the debulking surgery, and intraperitoneal 8H9 is instilled via surgi-
cally placed intraperitoneal catheter as an adjunct to the systemic chemotherapy, 
cytoreductive surgery, and radiotherapy (Abstract presented at Connective Tissue 
Oncology Society Annual Meeting, 2016).

 Enhanced Recovery After Surgery

Enhanced recovery after surgery (ERAS) programs are designed to utilize a multi-
disciplinary team to optimize recovery for postoperative patients, leading to 
increased patient (and caregiver) satisfaction, efficient use of hospital resources, and 
reduced hospital length of stay without increasing the rate of readmission [53]. The 
concepts for ERAS derive from the experience of adult patients undergoing elective 
colonic surgery [54], elective rectal and pelvic surgery [55], and pancreaticoduode-
nectomy [56]. The elements of the adult-derived ERAS programs highlight the sur-
gical experience in totality, from preadmission counseling through maximization of 
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intraoperative pain management with mid-thoracic epidural anesthesia/analgesia 
and short-acting anesthetic agents, careful use of intraoperative fluids, postoperative 
mobilization plan, nonnarcotic pain management, prevention of nausea and vomit-
ing, minimizing drains and catheters, and stimulation of gut motility [57]. These 
principles have been documented in children undergoing large abdominal surgeries 
for inflammatory bowel disease [53] and can be applied to our patients undergoing 
surgery for metastatic osteosarcoma, neuroblastoma, and DSRCT as well as other 
common thoracic and abdominal surgeries performed on children with solid tumors.

Applying these concepts to children has been retrospectively documented for 
relatively common surgical procedures such as appendectomy [58], renal surgery 
[59, 60], and even cardiac surgery [61]. Furthermore, these concepts have also been 
evaluated in prospective studies in ambulatory surgeries [62], as well as in pediatric 
colorectal surgery specifically [53].

Though there may be institution-dependent variation, our experience at MSKCC 
has been positive, with all elective surgeries now being screened for participation in 
ERAS. Areas of focus include preoperative, intraoperative, and postoperative, 
although there are several elements of ERAS that span the entirety of the periopera-
tive period, from preadmission screening to follow-up after discharge. Several ele-
ments are critical for success:

• Active patient involvement
• Audit of compliance and outcomes
• Multidisciplinary team involvement

 Preoperative

ERAS is intended to encompass the entirety of the surgical experience for patients 
and their families. The elements in the preoperative arena are:

• Targeted patient and parent education and selective bowel preparation
• Reduced fasting duration
• Carbohydrate “preload” drinks
• After admission and before the initiation of surgery, non-opioid analgesia and 

regional anesthesia barring any contraindications
• Active patient and parent involvement
• Appropriate management of expectations from the multidisciplinary team.

 Intraoperative

Intraoperatively, the surgical and anesthesiology teams work together to improve 
the perioperative experience. Important aspects of the intraoperative experience 
include:
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• Actively warming of the patients to maintain normothermia.

 – The use of Bair Hugger and warmed intravenous fluids as necessary

• Goal-directed fluid therapy to minimize water and sodium overload.
• Maximizing regional anesthesia so as to decrease opioid use.
• Alternatively, non-opioid infusions can be used with anesthetic inhalational 

agents to provide appropriate sedation and analgesia for the case.
• Postoperative nausea and vomiting protocols that include dexamethasone and 

ondansetron.
• Close attention to the need (or lack of need) for postoperative drains to remain in 

place, including nasogastric tubes.

 Postoperative

Postoperative care focuses on return of normal function. The multidisciplinary team 
works together to achieve the goal of timely, appropriate discharge while meeting 
the postoperative needs of the patient. The important elements include:

• Minimizing intravenous fluids
• Initiating early oral nutrition when appropriate
• Early indwelling urinary catheter removal
• Early ambulation to aid in reducing postoperative ileus and delirium

Throughout the perioperative period, there is also a focus on active patient 
involvement (including clear discharge criteria), active multidisciplinary team 
involvement, and continued auditing of compliance and outcomes for quality 
improvement. This comprehensive team approach involves representation from 
hospital administration, nursing, advanced practice providers, anesthesia, surgery, 
pediatrics, child life, physical and occupational therapy, nutrition, and the pediatric 
ERAS coordinator. In studies in routine pediatric surgery, length of stay was 
reduced, as well as reduced post-discharge convalescence [53, 62]. Whether these 
results are reproducible in a pediatric oncology population is a question actively 
being investigated.
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Chapter 5
Primary Immunodeficiency Diseases

Fayhan Alroqi, Abdulrahman Alsultan, and Mohammed Essa

 Introduction

The immune system has a fundamental role in protection from infection. One man-
ner of protection is mediated by innate immunity through blocking the entry of 
microbes and mediating inflammation and subsequent direct microbial killing [1]. 
Another mode of defense is necessary for the elimination of those pathogens that 
resist innate immunity. For that reason, adaptive immunity ensured by T and B lym-
phocytes is important to maintain proper protection [2]. Several studies have shown 
high rate of infections in patients who have deleterious genetic mutations that affect 
immune system and lead to primary immunodeficiency diseases (PIDs). The 
International Union of Immunological Societies listed in their recent report more 
than 350 PIDs. PIDs are classified according to the primary defective component of 
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the immune system. Defects of innate immunity include congenital defects of 
phagocyte number or function, Toll-like receptors (TLR) signaling pathway defi-
ciency, and complement deficiencies. On the other hand, PIDs due to defect in adap-
tive immunity include severe combined immunodeficiencies (SCIDs), combined 
immunodeficiencies (CIDs) with or without syndromic features, antibody deficien-
cies, and immune dysregulation [3].

Patients with PID are most often present with recurrent infections that range 
from mild infection to severe sepsis with multi-organ failure. They can also present 
with other manifestations including allergy, autoimmunity, persistent inflammation, 
lymphoproliferation, and cancers [4]. Therapeutic options for PID patients range 
from starting antimicrobial agents and immunoglobulin replacement therapy to the 
advanced treatments like hematopoietic cell transplantation and gene therapy. This 
group of patients requires an urgent management to decrease disease-associated 
morbidity and mortality. However, a significant number of those patients need criti-
cal care management because of life-threatening complications.

The aim of this review is to highlight the defining features of PIDs as well as 
their classification and phenotypes with particular emphasis on the management of 
these serious disorders.

 Normal Immune System

The immune system is a very complex system that has a crucial role in protecting 
our body from dangerous invaders. These invaders can elicit immune responses and 
include a wide range of infectious and noninfectious antigens. Therefore, the 
immune system must be able to defend against different types of microbial antigens. 
This protective measure explains the high frequency of the infectious complications 
in those patients with immune system defects. It is also important for this system to 
recognize the harmful noninfectious antigens such as foreign macromolecules, 
tumor cells, and transplanted organs or tissues. Our immune system has the capabil-
ity to differentiate between self- and nonself antigens to avoid attacking the body’s 
own tissue. Failure of this fundamental property, self-tolerance, results in immune 
dysregulation and autoimmunity. In this section, we will outline the normal func-
tions of innate and adaptive immunity.

 Innate Immunity

Innate or naïve immunity is the first line of defense that provides a nonspecific and 
immediate protection against a wide variety of organisms. It is a mature system that 
does not require previous exposure to the pathogen to work effectively. This immune 
response is important in preventing and controlling infections by promoting inflam-
mation and antiviral defense as well as stimulating the adaptive immune system to 
respond to the invading antigens. It provides protection through multiple defensive 
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mechanisms including (1) physical and chemical barriers such as the skin, mucous 
membranes, low stomach pH, lysozymes, and others; (2) proteins that include com-
plements, C-reactive protein, and cytokines; and (3) numerous cells such as granu-
locytes, macrophages, dendritic cells, natural killer cells, and other innate lymphoid 
cells. This part of the immune system uses molecules and receptors such as Toll-like 
receptors and NOD-like receptors to recognize invaders by identifying the common 
shared structures between classes of microbes (pathogen-associated molecular pat-
terns) or some molecules released from damaged cells (damaged-associated molec-
ular patterns) [5].

 Adaptive Immunity

There are two types of adaptive or acquired immunity: cellular and humoral immu-
nity. The main cellular components of humoral immunity are B lymphocytes, while 
the T lymphocytes are the main component of cellular immunity. Both lymphocytes, 
B and T, developed from bone marrow stem cells that give rise to the common lym-
phoid progenitors. B lymphocytes continue steps of differentiation in the bone mar-
row starting from the stage of pro-B cells to the mature B cells that subsequently 
move to the secondary lymphoid organs. These mature B cells proliferate on exposure 
to foreign antigens and differentiate into plasma cells that secrete antibodies. Those 
antibodies are vital for protection against extracellular organisms as they neutralize 
toxins, prevent the entry of pathogens, and activate the complement system to enhance 
microbial phagocytosis. On the other hand, T lymphocytes differentiate into mature T 
cells and get trained to recognize self- and nonself antigens in thymus. Subsequently, 
they move on from thymus to the blood and lymphoid organs as variable cell subsets 
including T-helper cells (CD4), T-cytotoxic cells (CD8), and T-regulatory cells. Cell-
mediated immunity is important for protection against intracellular organisms like 
some bacteria, viruses, fungi, and parasites. The T-cell response starts with microbial 
phagocytosis by antigen- presenting cells like macrophages, which process and pres-
ent the antigen on their cell surface. T-helper cells recognize the presented antigen and 
initiate activation and proliferation of multiple cells including phagocytes, B cells, 
cytotoxic T cells, and other cells to promote an effective destruction of the microbe. 
For subsequent exposures, cellular immunity is important in the development of 
memory T and B cells that is needed to mount future immune responses against previ-
ous antigens. Finally, both innate and adaptive immunity need to have good collabora-
tion to provide effective defense against invaders [6].

 Primary Immunodeficiency Diseases

Defects in innate or adaptive immunity can lead to serious disorders known as 
immunodeficiency disorders. These immune defects are classified into primary 
(congenital) and secondary (acquired) immunodeficiencies. PIDs are a 
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heterogeneous group of genetic disorders that lead to increased susceptibility to 
infections, tumors, and/or autoimmunity. Secondary immunodeficiency disorders 
are not inherited like PIDs but acquired during life as a consequence of other 
causes, such as severe malnutrition, immunosuppressive medications, or infections. 
In this section, we will focus on the classification and the clinical manifestations of 
PIDs [7].

 Classification

PIDs are classified according to the clinical features and the primary component of 
the immune system that is affected. Innate immunity disorders include congenital 
phagocytic disorders, complement deficiencies, Toll-like receptor (TLR) pathway 
defects, and interleukin-12/interferon-gamma (IL-12/INF-γ) pathway defects. 
Adaptive immunity disorders include humoral immune defects like hypogamma-
globulinemia and cellular immune defects such as DiGeorge syndrome. Most of the 
defects in cellular immunity lead to combined immunodeficiencies (CIDs) or even 
severe combined immunodeficiencies (SCIDs) which highlights the importance of 
cellular immunity in providing effective B-cell-mediated antibody production and 
class switching [3].

 Clinical Manifestations

The clinical manifestations of PIDs are variable according to the component of the 
immune system that is primarily disrupted (Table 5.1).

Innate Immunodeficiencies
Phagocytes: Microbial phagocytosis by macrophages and neutrophils is one of the 
most important mechanisms of innate immunity. The phagocytic defects range 
from defects in phagocytic number like neutropenia to defects in migration or intra-
cellular killing like leukocyte adhesion defects (LAD) and chronic granulomatous 
disease (CGD). Patients with phagocytic defects suffer from recurrent chest infec-
tions, lymphadenitis, deep-seated abscesses, and oral stomatitis. Those infections 
are usually due to bacterial (catalase positive bacteria), fungal (Candida and 
Aspergillus), and mycobacterial infections [8, 9].  

Complements: The complement system is an essential part of innate immunity 
as it promotes inflammation (C3a, C5a), opsonization (C3b), and microbial killing 
(membrane attack complex). It consists of three pathways: classical, alternative, 
and lectin pathway. Early classical pathway defects (C1q, C1r, C1s, C4, C2, C3) 
lead to autoimmunity and increased risk of infections due to encapsulated organ-
isms, while late classical pathway defects (C5–C9) as well as alternative pathway 
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Table 5.1 Classification and clinical presentations of primary immunodeficiency diseases

Classification Examples Clinical manifestations

Immunodeficiencies 
affecting cellular and 
humoral immunity

Severe combined 
immunodeficiencies

Respiratory and gastrointestinal 
infections. Oral thrush and 
disseminated BCGitis

Combined 
immunodeficiencies

Respiratory and gastrointestinal 
infections and liver/biliary tract 
disease

Combined 
immunodeficiencies with 
associated or syndromic 
features

Wiskott-Aldrich syndrome Thrombocytopenia with small 
platelets, recurrent bacterial and viral 
infections, bloody diarrhea, eczema, 
lymphoma, and autoimmune disease

Ataxia-telangiectasia Ataxia, telangiectasia, pulmonary 
infections, lymphoreticular and other 
malignancies, increased alpha 
fetoprotein, increased radiosensitivity, 
and chromosomal instability

Predominantly antibody 
deficiencies

Agammaglobulinemia Severe bacterial infections with absent 
B cells

Common variable 
immunodeficiency

Clinical phenotypes vary: most have 
recurrent infections, some have 
polyclonal lymphoproliferation, 
autoimmune cytopenias, and/or 
granulomatous disease

Diseases of immune 
dysregulation

IPEX (immune 
dysregulation, 
polyendocrinopathy, 
enteropathy X-linked)

Autoimmune enteropathy, early-onset 
diabetes, thyroiditis, hemolytic 
anemia, thrombocytopenia, eczema, 
elevated IgE, and IgA.

Familial hemophagocytic 
lymphohistiocytosis (HLH)

Fever, hepatosplenomegaly HLH, and 
cytopenias

Congenital defects of 
phagocyte number or 
function

Leukocyte adhesion 
deficiency

Delayed cord separation, skin ulcers, 
periodontitis, leukocytosis

Chronic granulomatous 
disease

Infections with deep-seated abscesses, 
autoinflammatory, and IBD phenotype

Defects in intrinsic and 
innate immunity

Mendelian susceptibility to 
mycobacterial disease 
(MSMD)

Susceptibility to mycobacteria and 
salmonella

TLR signaling pathway 
deficiency with bacterial 
susceptibility

Pyogenic bacterial infections

Complement deficiencies Deficiency in early 
complement pathway 
components (C1q, C1r, C2, 
C4)

Systemic lupus erythematosus, 
multiple autoimmune diseases and 
infections with encapsulated 
organisms

Deficiency in late 
complement pathway 
components (C5, C6, C7, 
C8, C9)

Neisserial infections
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defects (factor D, properdin) are associated with recurrent meningitis caused by 
Neisseria species [10]. 

Toll-Like receptors: TLRs, pattern recognition receptors, are important in recog-
nizing different microbes and dying cells. Defects in TLRs lead to a wide range of 
infections. TLR3 pathway defects increase the risk for herpes simplex encephalitis, 
while defects in myeloid differentiation primary response 88 (MyD88) and interleu-
kin-1 receptor-associated kinase 4 (IRAK4) are associated with increased susceptibil-
ity to pyogenic bacterial infections that cause meningitis or other invasive infections.

IL-12/INF-γ pathway: Patients with disseminated mycobacterial disease and 
recurrent infections with Salmonella species or herpesviruses should be screened 
for defects in IL-12/INF-γ pathway. Genetic defects in this pathway lead to 
Mendelian susceptibility to mycobacterial disease (MSMD). These defects include 
mutations in INF-γ receptor 1/2, IL-12 p40, IL-12 receptor B1, signal transducer 
and activator of transcription1 (STAT1), interferon-stimulated gene15 (ISG15), and 
interferon regulatory factor 8 (IRF8). In addition to IL-12/INF-γ pathway defects, 
the risk for disseminated mycobacterial diseases is increased in other disorders that 
involve NF-κB pathway like NF-κB essential modulator (NEMO) deficiency [11].

Humoral Immunodeficiencies
Humoral immune defects are the most common type of PIDs. Patients with antibody 
deficiency, due to defective B-cell development, maturation, and/or function, present 
with recurrent sinopulmonary infections and chronic suppurative otitis media. The 
most common isolated organisms are extracellular microbes like Streptococcus 
pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis. Defects in 
humoral immunity might lead to other clinical manifestations including skin 
abscesses, viral meningitis, intestinal giardiasis, lung lymphocytic infiltration, and 
autoimmunity [12].

Cellular Immunodeficiencies
SCIDs are the most serious form of cellular immunodeficiencies in which there is a 
profound defect in lymphocyte-dependent adaptive immunity. Patients with SCID 
usually start to acquire life-threatening infections early in life and typically die in 
infancy if untreated. These infections include pneumonia, meningitis, chronic diar-
rhea, and disseminated viral, bacterial, and mycobacterial diseases. The most com-
mon isolated organisms are the intracellular pathogens that include Candida 
albicans, Pneumocystis jirovecii, Cryptosporidium, Mycobacterium species, and 
herpesviruses. There is also an increased susceptibility to extracellular organisms in 
patients with SCID due to defective antibody response that might be attributed to 
intrinsic B-cell defect or lack of T-cell help. Physical examination reveals failure to 
thrive, oral thrush, skin rash, lack of palpable lymphoid tissue, and absence of thy-
mic shadow in chest imaging. SCIDs are classified according to the peripheral lym-
phocytic profile to four general categories including T−/B+/NK+, T−/B+/NK−,  T−/B−/
NK+, and T−/B−/NK− [13]. CIDs and leaky SCIDs like Omenn syndrome might 
present like the classical SCID, but they are usually less severe due to the presence 
of residual T-lymphocyte number and/or function [14].
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Immune Dysregulation
Some forms of PID are associated with significant autoimmunity and lymphoprolif-
eration due to defective immune tolerance. Central immune tolerance for cellular 
immunity is achieved in thymic tissue by clonal deletion or successful inactivation of 
the autoreactive T-cell clones that recognize self-antigens with high affinity [15]. 
Compelling evidence has shown high rates of autoimmunity in genetic disorders that 
affect thymic central tolerance like the observed profound immune dysregulatory 
manifestations in autoimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy syndrome due to AIRE gene mutation [16]. Peripheral immune tolerance is 
important for the autoreactive T cells that escaped thymic tissue to the periphery. This 
kind of tolerance is usually obtained by the suppressive function of the T-regulatory 
cells [17]. Defects that affect T-regulatory cell number and/or function, like the 
immunodysregulation, polyendocrinopathy, enteropathy, and X-linked inheritance 
syndrome (IPEX) and IPEX-like disorders, present with autoimmunity, lymphopro-
liferation with lymphocytic infiltration in multiple organs, and allergic disorders [18]. 
Immune homeostasis in the periphery is also achieved by apoptosis of these autoreac-
tive lymphocytes. Autoimmune lymphoproliferative syndrome (ALPS) is an example 
of immune dysregulation due to defect in apoptosis [19].

 Diagnosis

The diagnosis of PID is readily entertained when a patient presents with unex-
plained frequent or invasive infections. A detailed history including family history 
and physical examination are important to delineate the possible underlying defect 
of the immune system that leads to high microbial susceptibility and other immune 
complications. The laboratory evaluation is essential for the diagnosis of primary 
immunodeficiency and also for providing early effective treatment that leads to 
reduced patient morbidity and mortality (Table 5.2) [20].

Investigation of patients with putative phagocytic defect includes absolute neu-
trophilic count (ANC) and peripheral blood smear for congenital neutropenia, serial 
ANCs for cyclic neutropenia, oxidative burst test for CGD and CD18 expression for 
LAD1. Patients who have sinopulmonary infections and or autoimmunity should be 
screened for suspected complement deficiency by measuring C3 and C4 levels as 
well as testing the total hemolytic complement activity (CH50) and alternative path-
way hemolytic activity (AP50). Regarding TLRs, it can be tested independently by 
measuring IL-1β, IL-6, TNF-α, and CXCL10 productions after the stimulation of 
peripheral blood mononuclear cells with TLR-specific ligands.

Evaluation of humoral immunodeficiency involves B lymphocyte enumeration 
by flow cytometry, measurement of serum immunoglobulins (IgA, IgM, IgG, and 
IgE), and specific antibody titers in response to protein and polysaccharide antigens. 
It is important to compare serum immunoglobulin levels with the age-adjusted nor-
mal values. If any specific antibody titer is below normal range, it is recommended 
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to revaccinate the patient with killed vaccine and to assess the titer 4–6 weeks after 
vaccination.

The initial evaluation for patients with an underlying cellular immune defect 
is obtained by calculating the absolute lymphocyte count (ALC). It is important 
to exclude HIV infection in patients with low lymphocytic count before enter-
taining the diagnosis of PID due to cellular immune defect. Lymphocyte enu-
meration, naive/memory T-cell flow cytometry, and T-lymphocyte proliferations 
after both antigen and mitogen stimulation are helpful in confirming a diagnosis 
of SCID or CID.

Genetic testing is widely available nowadays. Knowing the genetic defect is 
important not only for confirming diagnosis but also essential for anticipating prog-
nosis and family counseling [21].

 Complications

Patients with PID are prone to multiple complications that need urgent diagnosis 
and appropriate management. Some of these complications are attributed to pro-
gression of the disease, while others are secondary to the offered therapy like 
Hematopoietic cell transplantation (HCT). In this section, we will discuss some of 
the complications related to the disease progression.

Infectious Complications
The knowledge of the type of immunodeficiency is crucial to guide us for the best 
empirical antimicrobial treatment as the early administration and appropriateness of 
antimicrobials are major prognostic factors in treating sepsis in PID patients [22]. 
The main infections for antibody and complement deficiencies are sinopulmonary 
infections due to extracellular encapsulated organisms. Infections due to 

Table 5.2 Laboratory tests of immune function

Immune function Screening tests

Humoral immunity Serum immunoglobulin levels
Serum-specific antibody titers
Flow cytometry to enumerate B-cell subsets

Cellular immunity T-cell receptor excision circles (TREC) newborn screening
Flow cytometry to enumerate T-cell subsets and NK cells
In vitro proliferative response to mitogens and antigens

Phagocytic cells Blood cell count with differential
Neutrophil staining, morphology on a peripheral blood smear
Dihydrorhodamine (DHR) reduction or nitro blue tetrazolium
Flow cytometry for adhesion molecules

Complement CH50 assay (total hemolytic complement activity)
AH50 assay (alternative pathway hemolytic activity)
Level or function of individual complement components
Lectin pathway function
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intracellular organisms like Gram-negative bacteria, fungal, and mycobacterium are 
more prominent in cellular and phagocytic immune defects. Chest infection attrib-
uted to Pneumocystis jirovecii is classically described in patients with severe CD4 
lymphopenia like those patients with SCID. Viral infections and other opportunistic 
infections are likely to occur early in SCID patients but usually later in CID. The 
main observed viruses in humeral immunodeficiency are enteroviruses while in cel-
lular immunodeficiency they are herpesviruses (CMV, HSV, VZV, HHV6) and 
respiratory viruses such as influenza, RSV, and adenovirus (Table 5.3).

Noninfectious Complications

Pulmonary complications: Pulmonary complications are very common in patients 
with PID. Most of these complications are attributed to the infection of either upper 
airway leading to sinusitis and otitis media or lower airway and lung parenchyma 
causing bronchiolitis, bronchitis, pneumonia, and lung abscesses. Noninfectious 
pulmonary complications also have been reported among patients with PID. Chronic 
bronchiectasis is a major pulmonary complication in humoral and combined immu-
nodeficiencies. Chest high-resolution computed tomography (HRCT) should be 
considered for all immunodeficient patients with chronic chest symptoms to moni-
tor their disease progression. High-dose immunoglobulin replacement therapy, 
aggressive antibiotic treatment, and physiotherapy are the most important preven-
tive measures. Interstitial lung disease (ILD) is another noninfectious complication 
especially in those with humoral immunodeficiency. ILD includes lymphocytic 
interstitial pneumonia, follicular bronchiolitis, granulomatous lung disease, and 
organizing pneumonia. Granulomatous-lymphocytic interstitial lung disease 
(GLILD) is the most common form of ILD that is associated with poor clinical 

Table 5.3 Type of organisms associated with PIDs

Immune defect Type of organisms

Antibody 
deficiencies

Enteroviruses
Encapsulated organisms (Streptococcus pneumoniae, Haemophilus 
influenzae, Moraxella catarrhalis, and Staphylococcus aureus). 
Pseudomonas aeruginosa, Mycoplasma

Giardia lamblia

SCIDs/CIDs CMV, EBV, RSV, and other viruses
Encapsulated organisms and other organisms like Listeria monocytogenes 
and gram-negative organisms
Atypical mycobacterium, including BCGitis
Candida species, Aspergillus species, and other fungal infections
Pneumocystis jirovecii, Toxoplasma gondii, Cryptosporidium parvum

Phagocytic 
defects

Catalase-positive organisms (Staphylococcus aureus, Pseudomonas, 
Burkholderia, and Serratia)
Atypical mycobacterium
Candida, Aspergillus, and Nocardia

Complement 
deficiencies

Encapsulated organisms (Streptococcus pneumoniae and Neisseria)
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outcomes, and using immunosuppressive therapies like rituximab and azathioprine 
can lead to clinical improvement. Patients with PID may also present with hilar and/
or mediastinal adenopathies either due to infections, lymphoproliferative disorders, 
or malignancy. Organizing pneumonia (OP), known as bronchiolitis obliterans, is a 
relatively rare complication in PID patients. It is recommended to do inspiratory and 
expiratory HRCT to show the characteristic air trapping, alveolar opacities, and 
ground-glass consolidation. Lung biopsy might be considered to confirm the diag-
nosis. There are other rare complications that should be considered in PID patients 
including pulmonary alveolar proteinosis in patients with SCID due to adenosine 
deaminase deficiency and pulmonary dysgenesis in patients with DiGeorge syn-
drome [23–25].

Hemophagocytic lymphohistiocytosis (HLH) in PIDs: HLH is a life-threatening 
syndrome that should be considered in any critically ill child who has history of 
persistent fever, hepatosplenomegaly, and pancytopenia. It is caused by hyperstimu-
lated but inefficient immune system that results in hyperinflammatory response and 
cytokine storm [26]. Diagnosis is based on fulfillment of HLH-2004 diagnostic cri-
teria [27]. HLH is a known complication of some PIDs such as SCID, CID, and 
CGD. Most cases of HLH in PID are associated with infections. Viral infections due 
to EBV, CMV, and adenovirus are frequently observed with HLH in SCID and CID 
patients, while bacterial, fungal, and Leishmanial infections are more associated 
with HLH in CGD patients [28]. Although an etoposide-based regimen (HLH-94) is 
the standard treatment protocol in patients with familial HLH and XLP, there is no 
consistent approach to treat HLH in patients with PID [29]. Steroids and IVIG are 
important components of therapy; however, the use of etoposide might be harmful in 
some patients [28]. The addition of rituximab should be considered in EBV- induced 
HLH [30]. The definitive therapy for PID patients who presents with HLH is HCT.

Autoimmunity: Autoimmunity is a significant manifestation of PID that presents 
with antibody-mediated inflammation and lymphoproliferation [31]. The most com-
mon autoimmune disorders in PID patients are immune thrombocytopenic purpura 
(ITP) and autoimmune hemolytic anemia (AIHA). IVIG, steroids, rituximab, siroli-
mus, abatacept, and ultimately HCT are examples of treatment strategies to manage 
autoimmunity in PID [32].

Inflammation and autoimmunity in Omenn syndrome (OS): Oligoclonal autore-
active T cells in Omenn syndrome can trigger a severe inflammatory reaction that 
affects multiple organs causing generalized skin erythroderma, hepatosplenomeg-
aly, lymphadenopathy, and other autoimmune manifestations. OS is associated with 
hypereosinophilia, high IgE, and high memory cells in the absence of maternal 
engraftment [14]. It is important to diagnose OS promptly to start immunosuppres-
sive therapies such as steroids and cyclosporine to suppress the autoreactive T-cell 
clones and to ameliorate the autoimmune manifestations prior to HCT [33].

Graft-versus-host disease (GVHD) secondary to transplacental maternal engraft-
ment (TME): The immune system in normal newborns eliminates maternal T cells 
that pass through the  placenta. However, typical SCID patients might not be able to 
reject transplacental maternal T cells leading to persistent TME [34]. TME in SCID 
patients might be uneventful; however, some patients will have features of GVHD, 
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mostly in the skin and liver, that could be severe and resemble OS [35]. In addition, 
TME increases the risk of GVHD and possibility of graft rejection posttransplant in 
SCID patients [34, 36]. It is imperative that all SCID patients receive irradiated 
blood products to prevent transfusion-associated GVHD that could be fatal and it 
occurs secondary to engraftment and proliferation of transfused T cells [37].

 Management

General Medical Management
PID patient needs urgent medical treatment to eliminate disease-associated compli-
cations [7]. Treatment of the innate immunity disorders depends on the type of 
defect. Phagocytic defects are primarily managed by supportive therapy that 
includes antibiotic such as cotrimoxazole and antifungal such as itraconazole pro-
phylaxis. INF-γ-replacement therapy was reported to be beneficial in patients with 
CGD. Subcutaneous recombinant granulocyte colony-stimulating factor has been 
used successfully to increase ANC in severe congenital neutropenia.

Immunoglobulin G (Ig) replacement therapy is the mainstay of therapy in anti-
body deficiency. It comes in different preparations that can be given through intrave-
nous access (IVIG) or subcutaneously (SCIG). The usual dose of IVIG is 
400–600 mg/kg/month, while the usual dose of SCIG is 100 mg/kg/week. Providing 
higher doses of Ig has been reported to be effective in treating some complications 
of hypogammaglobinemia like bronchiectasis, viral meningoencephalitis, and auto-
immunity. Prophylactic antibiotic such as amoxicillin might be beneficial in those 
patients who are continuing to have persistent sinopulmonary infections despite 
optimal Ig replacement therapy.

Patients with SCID or CID require aggressive management with Ig replacement 
therapy and prophylactic antibiotic (cotrimoxazole) to decrease infection-related 
morbidity and mortality. Antifungal and antiviral prophylactic therapies are usually 
recommended for high-risk patients. Infections should be treated aggressively with 
parenteral broad-spectrum antibiotics that will be narrowed subsequently based on 
the results of cultures. Positive pressure isolation and meticulous skin and mucosal 
hygienic care are necessary to avoid infections. Good nutritional support is recom-
mended for those patients with diarrhea and failure to thrive. Blood products must 
be irradiated and lymphocyte depleted to prevent fatal (GVHD). Patients should 
avoid all live virus vaccines as they could develop disease from attenuated viruses 
and may even die after exposure to these vaccines. Babies with SCID should avoid 
breastfeeding from CMV-seropositive mothers. Enzyme replacement therapy with 
polyethylene glycol-modified bovine adenosine deaminase (PEG-ADA) is recom-
mended for the management of SCID patients due to adenosine deaminase defi-
ciency before HCT [21]. Immunosuppressive  medications might be used to control 
autoimmunity in PID patients and also to control the persistent inflammation that 
associated with maternal engraftment or autoreactive leaky SCID like Omenn syn-
drome [38].
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Critical Care Management
Patients with PID are at high risk for morbidity and mortality due to their underly-
ing compromised immune systems. The most common reason for admission to 
pediatric intensive care unit (PICU) is infectious pulmonary complications that 
require assessed ventilation. Avoiding intubation and mechanical ventilation if pos-
sible is a major goal in the management of respiratory failure in PID patients as the 
mortality risk is higher in those patients requiring ventilation support [39]. Severe 
infections that need broad-spectrum antibiotics and inotropic support are important 
indications for critical care management. Sepsis and pneumonia were reported to be 
the most common causes of death in PID patients. For that reason, infections in this 
group of patients need urgent intervention to avoid major complications [40]. 
Empirical broad-spectrum antimicrobial treatment should be initiated as soon as 
possible in any event of fever or more severe symptoms. It is very important to 
monitor central line devices and to consider antibiotic locks if needed. Persistent 
positive blood culture may require central line removal.

Other complications that necessitate PICU management include bleeding, acute 
kidney injury (AKI), cardiac, and liver dysfunction. Early diagnosis and appropriate 
interventions that include inotropic support and renal replacement therapy might be 
life-saving in critically ill PID patients.

There are several risk factors that predict poor outcome in PID patients including 
requirement of mechanical ventilation, the use of inotropes and renal replacement 
therapy, presence of organ failures, higher pediatric logistic organ dysfunction 
(PELOD) score, and prolonged length of PICU stay [39]. Previous studies showed 
that the overall mortality rate of PID patients was 1.99% [41]. The highest rate was 
seen in younger children less than 5 years of age due to the early in life presentation 
of SCID and other severe forms of PID. Mortality rate varied considerably between 
patients affected by different PID categories. The death rate was highest among 
patients with combined T- and B-cell immunodeficiency, familial HLH, and neutro-
phil dysfunction [40].

Hematopoietic Cell Transplantation
Allogeneic (HCT) is the treatment of choice in many immunodeficiency disorders 
including SCIDs, CIDs and phagocytic disorders [42]. The purpose of transplanta-
tion in PIDs is to replace the defective immune cells, i.e., restoring the immune 
system with a functional lymphocytes or neutrophils. However, if the defect is in 
trafficking at the thymus level, HCT may not solve the problem such as DiGeorge 
syndrome. HCTs include transplantation from matched or mismatched related and 
unrelated donors, cord blood transplantation, and haploidentical transplantation.

Since SCID is fatal, HCT should be initiated as soon as possible. Using stem 
cells from an (HLA)-matched sibling, it provides good immune recovery and excel-
lent long-term outcome. Encouraging results have been reported among patients 
with SCID who underwent HCT at the age of 3.5 months or younger regardless of 
donor type [43]. However, the outcome of HCT is less satisfactory in older patients 
except for those who have no active infections at the time of transplantation. Patients 
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with some types of SCID can receive stem cells without conditioning therapy – this 
will correct T cells, but B cells may take longer time to recover. Many experts con-
sider giving conditioning or immunosuppressive therapy in Omenn syndrome with 
autoreactive T cells or SCID with maternal engraftment. The rate of complications 
is higher in patients with radiation-sensitive SCID and Omenn syndrome who do 
not have HLA-matched sibling donors [44].

Recently, many patients with combined immunodeficiencies have been identified 
and offered HCT with conditioning therapy as a potentially curative treatment 
option. The intensity of the regimen depends on the underlying genetic defect, 
patient factors such as the presence of active infection, and the source of stem cells. 
HCT from a matched sibling donor provides curative treatment for patients with 
Wiskott-Aldrich syndrome [45]. Results from matched unrelated donors are also 
good, but mixed chimerism and autoimmune cytopenia are common 
posttransplantations.

Although, patients with immune dysregulation and autoimmunity benefit from 
immunosuppressive therapies, alternative strategies can be considered depending 
on the severity of the underlying defect. In particular, HCT is highly recommended 
for patients with IPEX and IPEX-like disorders [46].

Cellular therapy is the treatment of choice for phagocytic defects like CGD and 
LAD who have HLA-matched family donors. Overall survival in patients with CGD 
is currently around 93% after using reduced intensity regimen with no obvious dif-
ference between transplants from related and unrelated donors [47].

HCT should be considered without delay in patients with X-linked lymphopro-
liferative disease (XLP) and Chediak-Higashi syndrome (CHS). Immunosuppressive 
treatment is required to treat the accelerated phase in XLP. HCT can cure the hema-
tological and immunological manifestations of CHS, but it does not prevent pro-
gressive neurological deterioration [48].

Gene Therapy
Gene therapy involves introducing normal genetic material into patient’s cells to 
compensate for the abnormal gene. It is currently being investigated in patients with 
certain SCIDs, such as X-linked SCID and ADA deficiency, especially if no avail-
able matched sibling donor [49]. Prospective studies are required to follow the dura-
tion of immune reconstitution status post-gene therapy and to document the 
long-term safety of these gene-transduced cells in human.

 Conclusions

The immune system is essential for protection from infectious and noninfectious 
invaders. This protection is achieved by collaboration between innate and adaptive 
immunity. Congenital defect in innate or adaptive immunity leads to PID. There are 
more than 350 PIDs that are classified according to the defective component of the 
immune system. Although the most common presentation of PID is recurrent 
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infections, other manifestations are common including allergic disorders, autoim-
munity, lymphoproliferation, and cancers. PID patients are at high risk for morbidity 
and mortality due to the underlying immune defect and the presence of complica-
tions. Pulmonary complications and sepsis are the most common indications for 
PICU care. The management of PIDs varies from medical treatment with IVIG and 
prophylactic antibiotic to advanced therapies like HCT and gene therapy.
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Chapter 6
Care of the Critically Ill Pediatric Sickle 
Cell Patient

Tolulope Rosanwo, Jennifer A. McArthur, and Natasha Archer

 Introduction and Chapter Overview

Sickle cell disease (SCD) is the most common inherited genetic disease in the 
United States with 1 in 13 Americans of African descent found to be carriers (sickle 
cell trait) and an estimated 100,000 individuals living with the disease. The inci-
dence of SCD in West and Central Africa is even more pervasive as 1000 babies 
with SCD are born daily, and 1 in 4 Africans in the regions with the highest inci-
dence of SCD have the trait [1].

Sickle hemoglobin (Hb S) within the red blood cell (RBC) polymerizes under 
hypoxic conditions. Hb S polymerization distorts the cell’s biconcave shape and 
characteristic flexibility, providing the main pathological bases of this disease, 
hemolysis and vaso-occlusion (Fig. 6.1). Occluded and damaged vasculature con-
tributes to pan-organ damage impacting the cardiovascular, hepatic, splenic, muscu-
loskeletal, neurological, renal, and pulmonary systems predominantly.
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SCD is a debilitating disorder, and all patients are at high risk of both sudden 
and deadly vaso-occlusive complications. The most common indication for 
intensive care unit (ICU) admission is acute chest syndrome (ACS) [1]. Shock, 
stroke, and multiple organ failure are also potential causes of critical illness 
(Fig. 6.2) [2, 3]. In the United States and Great Britain, pediatric SCD patients 
account for roughly 2% of pediatric ICU (PICU) admissions. Eight percent of 
SCD patients will require at least one ICU admission within an 8-year follow-up 
[4], and 13% of patients with ACS will require ICU admission and mechanical 
ventilation [5]. Even more alarming, the mortality of SCD patients admitted to 
the ICU can be as high as 44% [6]. Timely admission to the ICU facilitates  
better outcomes for patients, and it is imperative for physicians to regard 
even  apparently uncomplicated vaso-occlusive episodes as potentially life 
threatening.

This chapter will highlight the impact of SCD-related organ damage in a criti-
cally ill pediatric patient and outline evidenced-based strategies for management 
in the intensive care setting.

Fig. 6.1 The pathology of sickle cell disease. (1) Intracellular sickle hemoglobin (Hb S) polymer-
ization contributes to the hallmark red cell deformation seen in SCD.  Intravascular hemolysis 
releases hemoglobin, activating endothelin-1 (ET-1). ET-1 inactivates the production of nitric 
oxide (NO) from arginine, exacerbating vasoconstriction. (2) Inflexible sickled cells vaso-occlude 
capillaries resulting in ischemia and infarction. (3) SCD is an inflammatory state. Red cells adhere 
to platelet-monocyte aggregations via adhesion molecules like vascular cell adhesion protein 1 
(VCAM-1) in vaso-occlusive episodes. Hydroxyurea, one of the two FDA-approved pharmaco-
logical treatments for pediatric sickle cell disease, reduces sickling via the upregulation of fetal 
hemoglobin production and the reduction of circulating leukocytes, reducing inflammation and 
vaso-occlusion)
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 Cardiovascular Concerns

23.4% of SCD adult death at home or in the hospital is sudden [7]. This figure is not 
known in children, although pediatric patients with sickle cell trait alone have a 
21-fold higher risk of sudden cardiac death than those with completely normal 
hemoglobin [8]. The cardiac concerns discussed below, particularly cardiomegaly, 
left ventricular dysfunction, arrhythmias, and pulmonary hypertension (PH), con-
tribute to sudden cardiac death [9]. Appropriate management of the cardiac conse-
quences of SCD will reduce this risk in the critical SCD ICU patient.

 Baseline Cardiovascular Pathology in SCD

 Cardiomegaly and Left Ventricular Dysfunction

The SCD patient’s underlying anemia reduces their oxygen-carrying capacity 
despite increased baseline cardiac output [10]. Severe anemia correlates with 
 ventricular dilation leading to both compensatory hypertrophy and increased left 

Stroke, meningitis

Diastolic dysfunction,
myocardial ischemia

Sickle hepatopathy, intrahepatic
cholestasis, hepatic sequestration crisis

Papillary necrosis,
acute kidney injury

Acute chest syndrome,
Pulmonary hypertension

Splenic sequestration,
splenic infarction

Cholelithiasis

Bone marrow infarction,
osteomyelitis

Fig. 6.2 Acute complications of sickle cell disease (Acute complications of SCD can impact 
nearly every organ system. Acute chest syndrome and stroke are leading causes of ICU admission. 
Each acute complication will be addressed in the chapter sections below)
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ventricular (LV) mass. The sustained elevated cardiac output contributes to the car-
diomegaly seen in most sickle cell patients after 3 years of age [11]. Enlarged hearts 
despite usually normal coronary vasculature put children with lower hemoglobin 
levels at risk for induced ischemic ECG changes [12]. It is also to be noted that 
children with LV hypertrophy have lower average sleep and waking oxygen satura-
tion. Sleep studies are informative predictors of cardiomegaly risk. An ACE inhibi-
tor like enalapril can reduce cardiac remodeling in advanced cases. SCD patients are 
also prone to LV dysfunction although the link between vaso-occlusion and reduced 
ventricular contractility is not apparent.

 Cardiac Consequences of Iron Overload

Twenty percent of children with SCA are regularly transfused to reduce their stroke 
and ACS risk. The regular supply of RBCs, “bags” of iron-containing hemoglobin 
can push patients into an iron-overloaded state with cardiac consequences. Free iron 
fuels the formation of reactive oxidative species (ROS), leading to lipid, protein, 
and DNA abnormalities. In this toxic state during which transferrin is fully bound 
to iron, non-transferrin bound iron (NTBI) enters cardiomyocytes as ferrous iron via 
L-type Ca2+(voltage-dependent) channels. Iron accumulates in the epicardium, ven-
tricular septum, papillary muscles, and ventricular wall.

Iron deposition begins first in the ventricular myocardium and then the atrial 
myocardium [10]. The accumulation clinically manifests as progressive cardiac 
dysfunction beginning with diastolic dysfunction followed by systolic dysfunction 
and heart failure [13]. First-degree heart block and supraventricular arrhythmias are 
also lethal consequences of cardiac iron toxicity [14].

Diagnosis via signs of cardiotoxicity measured by ECG, echocardiogram, and 
radionucleotide angiography are not suggested as these are not apparent until late/
severe stages of iron overload. T2* magnetic resonance for cardiac iron, however, is 
a noninvasive way to detect iron deposition in subclinical patients.

 ICU Concerns

High-output cardiac failure and high-grade diastolic dysfunction and PH are the 
most common cardiac concerns in the ICU in adult patients but are usually less 
severe in pediatric patients.

 Diastolic Dysfunction

Both diastolic dysfunction and PH are poor prognostic indicators for SCD ICU 
patients. In a cohort of 107 patients between 3 and 18 years of age, 11.2% had PH, 
a lower percentage than found in adults (32%), and grade I diastolic dysfunction 
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was seen in the majority of patients [11, 15]. Like cardiomegaly, diastolic dysfunc-
tion in children is elevated in patients with lower sleeping and waking oxygen desat-
uration [16]. Non-transfused patients often have a larger LV mass than transfused 
patients. LV end-diastolic diameter, end-systolic diameter, and late-diastolic mitral 
flow are also increased.

 Pulmonary Hypertension

Pulmonary hypertension (PH) is a major cause of early mortality in SCD. Those 
diagnosed have been seen to have a tenfold greater risk of death [15]. Intravascular 
hemolysis, a hallmark of SCD, releases hemoglobin and arginase into the plasma, 
and these proteins are taken up by nitric oxide (NO) and L-arginine, its precursor. 
Subsequent reduced bioavailability of NO exacerbates baseline vaso-occlusion in 
the pulmonary vasculature, as capillaries fail to dilate. Endothelin-1, a vasoconstric-
tor, is also elevated in SCD patients during vaso-occlusive episodes and may con-
tribute to PH severity.

Patients particularly at risk of PH have high rates of chronic intravascular hemo-
lysis evidenced by low steady-state hemoglobin levels, elevated lactic dehydroge-
nase (LDH), bilirubin, and reticulocyte counts.

PH evaluation and diagnosis via echocardiogram has low sensitivity with a posi-
tive predictive value of about 25% (21). This finding might contribute to the under-
reporting of PH in SCD patients. To improve noninvasive diagnosis, measuring the 
N-terminal fragment of brain natriuretic peptide (NT-proBNP) has been encouraged 
[17]. NT-proBNP is a cardiac ventricular prohormone made in response to myocyte 
stretch. BNP, the downstream hormone, facilitates systemic vasodilation. 
NT-proBNP levels are elevated in PH and are also an independent predictor of mor-
tality. In pediatric patients, NT-proBNP is strongly correlated with high reticulocyte 
count [17].

Hydroxyurea and chronic exchange transfusion are long-term management treat-
ments for pulmonary hypertension [18]. However, in the acute setting of right ven-
tricular heart failure, exchange transfusion should also be initiated. In addition, case 
reports have noted that some patients have responded to nitric oxide, endothelin 
receptor antagonists, or prostanoids [19].

 Myocardial Ischemia

Autopsy reports indicate that myocardial infarction (MI) is often underdiag-
nosed in patients with SCD [20]. MI must be considered in any patient present-
ing with chest pain as it may be clinically indistinguishable from more common 
causes of chest pain such as acute chest syndrome, rib infarction, or epigastric 
pain [10].

MI is underdiagnosed perhaps because the mechanism of MI in SCD is not well 
understood. Reduced oxygen content due to underlying anemia and abnormal 

6 Care of the Critically Ill Pediatric Sickle Cell Patient



76

 myocardial microvasculature both could contribute to fibromuscular dysplasia of 
small vessels and ischemic changes. Abnormal platelets seen in SCD may also 
release thromboxane resulting in vasospasm, infarct, and necrosis.

The nonspecific ST-T wave changes existing in some SCA patients make 
ECG often unhelpful in MI diagnosis. However, in one study, a useful pediatric 
scoring system for MI which used ECG in early detection of MI was found to 
be helpful [21]. Cardiac enzymes may also be low in patients with SCD having 
an MI due to cardiomyocyte death secondary to apoptosis instead of necrosis. 
Given the lack of sensitivity of the traditional MI workup in patients with 
SCA, cardiac magnetic resonance has been proposed to detect microvascular 
disease in symptomatic patients. However, it seems more practical to use echo-
cardiogram to look for regional wall motion abnormalities as they are often 
normal at baseline in SCD patients even in patients that have a baseline abnor-
mal EKG [22].

MI management must reduce ischemia via standard medical approaches and 
implement reperfusion of myocardium via thrombolysis or mechanical revascular-
ization. In addition, exchange transfusion has also had a positive effect in MI cases 
in patients with SCD [23, 24]. Keeping in mind that a higher hemoglobin transfu-
sion threshold may be beneficial in all MI patients, simple transfusion may be not 
only faster but clinically more helpful. In the setting of right heart failure, inhaled 
nitric oxide (NO) may be useful as a vasodilator and inhibitor of platelet activation; 
however, there is no clinical data to support this.

 Hepatic and Biliary Concerns

Sickle cell-associated hepatic and biliary complications are numerous and can be 
significant (Table 6.1). Complications secondary to sickling as well as coexisting 
conditions will be addressed in this section.

 Hepatobiliary Clinical Syndromes Secondary to Sickling

 Acute Sickle Hepatic Crisis

One in ten SCD patients will have an acute sickle hepatic crisis. Vaso-occlusive 
obstruction of liver sinusoids results in ischemia, which presents clinically with 
right upper quadrant (RUQ) pain, fever, nausea, jaundice, and hepatomegaly [25]. A 
patient’s alanine transaminase (ALT) and/or aspartate amino transferase (AST) lev-
els may be elevated but not in every case [25]. Patients should be well hydrated with 
intravenous fluids and treated with analgesia if needed.
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 Intrahepatic Cholestasis

Intrahepatic cholestasis is a severe variation of hepatic crisis. The pathological 
mechanism underlying this condition is largely unknown, but it is suspected that 
sickled cells adhere to the hepatic endothelium, facilitating the vaso-occlusive state, 
tissue infarction, and then liver dysfunction [26]. The hypoxic damage that occurs 
as a result leads to both hepatocyte ballooning and intracanalicular cholestasis.

The presentation of intrahepatic cholestasis is nonspecific with acute RUQ pain, 
low-grade fever, hepatomegaly tender with palpation, jaundice, and icteric sclera. 
Upon further investigation, patients will have high bilirubin levels (direct > indirect) 
and, in the progression to hepatic failure, coagulopathy.

Other potential causes with a similar clinical presentation such as biliary obstruc-
tion, sequestration crisis, viral hepatitis, medication-induced toxicity, autoimmune 

Table 6.1 Hepatic and biliary complications of sickle cell disease

Secondary to 
sickling versus 
coexisting 
condition Etiology Presentation Management

Acute hepatic 
crisis

Secondary Vaso-occlusion of 
liver sinusoids

RUQ pain, fever, 
nausea, jaundice, 
↑ALT/AST

Hydration, analgesia

Intrahepatic 
cholestasis

Secondary Sickled cells 
adherence to 
hepatic 
endothelium

RUQ pain, 
low-grade fever, 
tender 
hepatomegaly, 
jaundice
↑ bilirubin

PRBC transfusion

Hepatic 
sequestration 
crisis

Secondary Sickled cells 
trapped in liver 
vasculature

RUQ pain, 
hepatomegaly, ↓ 
hematocrit

Simple transfusion

Hepatic Iron 
overload

Coexisting Transfusion Iron chelation

Viral hepatitis Coexisting Hep A, B, C, E
Acute 
cholecystitis

Coexisting Hemolysis Asymptomatic, 
RUQ

Exchange transfusion

Pyogenic liver 
abscess

Coexisting ↓ GI integrity, 
↑enteric 
microorganisms

Fever, jaundice, 
tender 
hepatomegaly

Drain abscess, 
broad-spectrum 
antibiotics, analgesia, 
hydration

Autoimmune 
hepatitis

Coexisting Unknown ↑ALT/AST, 
jaundice

Prednisolone, 
azathioprine, 
ursodeoxycholic acid

Focal nodular 
hyperplasia

Coexisting Vascular anomaly 
+ vaso-occlusion

Distended 
abdomen, tender 
hepatomegaly

Surgical resection
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disease, and iron overload must be excluded. Diagnosis via ultrasound should reveal 
an enlarged liver with thickened gallbladder wall and no gallstones. Magnetic reso-
nance cholangiopancreatography (MCRP) should detect periportal thickening in the 
absence of intra- and extrahepatic biliary duct dilation.

Liver biopsy is associated with serious complications in SCD patients and should 
be avoided [27]. Histology would reveal sickle thrombin in liver sinusoids, Kupffer 
cell hypertrophy, centrilobular necrosis, and bile stasis.

Packed red blood cell (PRBC) transfusion followed by manual exchange transfu-
sion should be initiated at the onset of treatment with the goal to reduce sickle hemo-
globin to below 30% [28]. Liver transplantation is indicated in patients with fulminate 
failure [29] although recurrence of sickle cell hepatopathy is possible [27]. Fresh 
frozen plasma can also be used to correct coagulopathy [25]. Coagulopathy is com-
mon and worsens as the liver undergoes necrosis. The data on whether bilirubin can 
be used to predict outcomes is inconclusive [30, 31]. Progression to severe liver dis-
ease is possible even if not found on presentation. Therefore patients should be moni-
tored closely until bilirubin levels begin to decrease.

 Hepatic Sequestration Crisis

Hepatic sequestration crisis is a deadly hepatic pathology in SCD patients. When 
sickled RBCs are trapped or “sequestered” in the liver vasculature, the reduced 
levels in circulation exacerbate the anemic state. Patients present with RUQ pain, 
increasing hepatomegaly, and rapidly declining hematocrit levels. Of note that liver 
function enzymes may be at baseline levels.

The main goal of management is to replenish the blood volume to treat hypovo-
lemia and prevent shock [32]. Treatment typically begins with simple transfusion to 
the absolute minimum levels to treat symptomatic anemia (5 cc/kg for children).

“Autotransfusion” or “reverse sequestration” is a phenomenon when sequestered 
blood cells re-enter the circulation causing hyperviscosity syndrome. Death second-
ary to hyperviscosity syndrome is a result of hypervolemia, hypertension, heart 
 failure, and/or intracerebral hemorrhage [33]. Therefore, it is critically important to 
closely monitor hemoglobin levels in hepatic sequestration patients. If the hemoglo-
bin concentration rises above 11 g/dl, phlebotomy should be considered.

 Hepatobiliary Dysfunction Secondary to Coexisting Conditions

 Hepatic Consequences of Iron Overload

Steady-state ferritin levels that are comparatively very low (less than 1000 ng/ml) 
or very high (greater than 3000 ng/ml) can be used to estimate the severity of iron 
overload [34]. Excess iron in chronically transfused patients is deposited in the 
reticuloendothelial cells and is visually determined via T2 magnetic resonance for 
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hepatic iron. In these instances, iron chelation increases excretion of iron. When 
left untreated, iron accumulation in the liver parenchyma results in hemochroma-
tosis and cirrhosis.

 Viral Hepatitis

The incidence of hepatitis A, B, and E is low in the sickle cell population. Hepatitis 
C had been increased in comparison to the general population especially in chron-
ically transfused patients, but that has declined with blood donor screening for the 
virus [35, 36].

 Acute Cholecystitis

Hemolysis, a key component of SCD pathology, necessitates the removal of bilirubin 
from circulation. As a result, almost half of all patients with SCA will have developed 
calcium bilirubinate gallstones by their 18th birthday [37]. Data suggests that most 
SCD patients with cholelithiasis, even those that are asymptomatic, should undergo 
cholecystectomy. Emergent procedures are associated with a higher risk of mortality 
[38]. Increasing the hemoglobin to a goal of 10 g/dl as opposed to more aggressive 
transfusion to reduce Hb S to less than 30%, is recommended [39].

 Pyogenic Liver Abscess

Hepatic infarction is common in SCD as it is detected in 34% of autopsies of patients 
with the disease [40]. Pyogenic liver abscess, a potential consequence of infarct, arises 
after the infarcted tissue facilitates mucosal capillary thrombosis. Gastrointestinal 
integrity is compromised, and commensal enteric microorganisms overgrow [41]. 
Other causes of increased risk of pyogenic liver abscess are secondary to functional 
asplenia or impaired opsonin phagocytic function seen in complement pathways [41].

Patients appear very ill, presenting with fever, jaundice, and tender hepatomeg-
aly. Abdominal radiograph (elevation of the right diaphragmatic cupola) as well as 
ultrasound (abscess in the right hepatic lobe) is useful for diagnosis. To avoid sepsis 
and rapid decline, the abscess must be drained carefully with broad-spectrum anti-
biotics administered. IV fluids as well as appropriate analgesics are also necessary 
in management [42].

 Autoimmune Hepatitis

In a single study from 1999 to 2015, 17% of pediatric SCD patients with hepatic 
dysfunction were diagnosed with autoimmune liver disease [43]. These patients, 
often female, presented with increased liver enzymes and progressive jaundice. 
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Patients can also present with acute hepatitis and acute liver failure. Autoimmune 
hepatitis is difficult to diagnose but is suspected in patients with elevated ALT/AST, 
positive autoantibodies, hypergammaglobulinemia, and interface hepatitis with his-
tological evidence of portal plasma cell infiltrates without evidence of other disease. 
Young patients have achieved full remission with treatment including prednisone, 
azathioprine, and ursodeoxycholic acid [43].

 Focal Nodular Hyperplasia

Although the etiology is unclear, it is suspected that SCD patients with an 
underlying vascular anomaly such as an arteriovenous malformation in combi-
nation with vaso-occlusion are at risk for focal hyperplasia of the liver as the 
ischemic tissue regenerates [44]. These patients present with distended abdo-
mens and tender hepatomegaly. Diagnosis can be made via liver radionuclide 
scans in which a significant defect in liver filling is apparent. Ultrasound can 
detect the mass, while selective arteriography can detect both a mass and its 
blood supply.

If the mass is providing symptomatic pressure on internal organs and there is 
internal bleeding caused by abdominal trauma or significant discomfort, surgical 
resection is an appropriate treatment. Uncontrollable bleeding and blood loss result-
ing in death is a risk of this intervention [44].

 Hemodynamic Concerns

 Thromboembolism in Sickle Cell Disease

SCD is a hypercoagulative state [45]. The prevalence of pulmonary embolism 
(PE) in hospitalized patients is more than three times higher than in racially 
matched controls [46]. PE, normally presenting in middle-aged to older adults 
(average age 57 years), can also occur in younger (average age 28 years) SCD 
patients [46].

 Risk Factors Secondary to Sickling

SCD is a disease of both RBC and endothelial dysfunction, key drivers of the hyper-
coagulable state. Structural changes in the sickled RBC membranes expose phos-
phatidylserine, which degrades lipids, inactivates coagulation proteins, and creates 
oxidative stress. Antiphospholipid antibodies are common in SCD patients, increas-
ing their risk of thrombotic events [47].
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 Risk Factors Secondary to Traditional Causes

Venous thromboembolism, which is more common in severe disease, is associ-
ated with increased mortality [48]. Deep vein thrombosis prophylaxis is recom-
mended in adult hospitalized patients, but there is no standard practice for 
children. Pediatric SCD patients who have higher risk of venous thromboembo-
lism (VTE) may undergo prophylactic pharmacologic therapies especially if in a 
critical care setting, mechanically ventilated, hospitalized for 5  days or more 
(particularly if postpubertal), fighting systemic infection, using oral contracep-
tion, and immobile [49–52]. Low molecular weight heparin may be advanta-
geous in this patient population as the response is highly predictable, does not 
require IV access (as this may be difficult in SCD patients), and does not cross 
the placenta (if the patient is pregnant).

 Splenic Concerns

The spleen’s involvement in SCD pathology has been closely studied. The spleen is 
often rendered afunctional in SCD patients by 10 years of age, if not earlier, second-
ary to splenic infarction [37]. Patients with homozygous hemoglobin SS disease are 
at the greatest risk of functional asplenia, while half of compound heterozygotes 
maintain splenic function. As the patient becomes functionally asplenic, the risk of 
infection by encapsulated organisms such as Haemophilus influenzae and 
Streptococcus pneumoniae increases. In much of the resource-limited countries of 
the world impacted by SCD, the leading cause of death in children is infection. 
Splenic concerns of particular note in the pediatric SCD ICU patient are sepsis as a 
result of serious bacterial infection and splenic sequestration crisis.

 Splenic Sequestration Crisis

Splenic sequestration is a consequence of vaso-occlusion in the spleen in one third 
of young children with hemoglobin SS disease usually between 6 months to 2 years 
of age [53, 54]. This crisis requires blood flow to the spleen, putting young children 
with hemoglobin SS disease at higher risk than adults. RBCs pool in occluded blood 
vessels resulting in a systemic drop in hemoglobin and blood volume. Shock and 
death occur as a result.

Patients at risk include those with auto-infarcted spleens to the point of fibrosis. 
The risk is also elevated in patients with past parvovirus B19 infection [55]. Upon 
examination, patients present with a rapidly enlarging spleen, decreased hemoglo-
bin count, and reticulocytosis [56].
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Transfusion of packed RBCs is necessary to raise hemoglobin to previous steady- 
state level and decrease Hb S so that blood begins to flow again resulting in auto-
transfusion of trapped splenic blood. Avoid saline infusion or the expansion of 
plasma before blood is available, as this is likely to lead to heart failure. Ten to fif-
teen percent of patients die as a result of splenic sequestration, often prior to transfu-
sion [53, 54]. Therefore, timely transfusion following diagnosis is paramount. 
Although mortality risk is the greatest for a patient during their first sequestration 
crisis, up to 50% of patients not splenectomized will have a repeated crisis [54]. 
Therefore, most clinicians will recommend splenectomy once the patient is stable 
and if they are already 5 years of age.

 Sepsis

Fever in any child with SCD is a cause for concern and may be the only presenting 
symptom in sepsis. While viral causes are common, functional asplenia puts chil-
dren with SCD at increased risk of bacteremia and sepsis. Pneumonia is the most 
common infection leading to sepsis in children with SCD; other serious causes 
include urinary tract infection, osteomyelitis, and meningitis [57, 58]. Broad- 
spectrum antibiotics such as ceftriaxone or cefotaxime should be used in febrile 
patients. Vancomycin must be added if bacterial organisms are found in CSF fluid.

 Musculoskeletal Concerns

Infarcts within the bone marrow are a major cause of pathology of SCD and classic 
precipitant of pain crisis. Poor blood supply increases the risk of avascular necrosis 
and joint damage in adult patients. Osteomyelitis, secondary to bacterial infection, 
is less common in adults and more common in children. Additionally, in younger 
patients and adults, fat embolism syndrome (FES) can be a serious complication of 
bone marrow necrosis.

 Fat Embolism Syndrome

In patients without infection, FES contributes to 9% of acute chest syndrome (ACS) 
cases in children and adolescents with previously “mild” disease [59]. Necrotic 
bone marrow precipitates the release of fat globules into venous circulation. Patients 
often present with a history of mild disease with a seemingly uncomplicated vaso- 
occlusive crisis (VOC) and at times thrombocytopenia. This is then followed by a 
rapid decline resulting to respiratory failure, altered mental status, and/or coma. 
Exchange transfusion should be implemented as soon as fat embolism syndrome is 
suspected as more than half of diagnoses occur at autopsy [59].
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 Neurological Concerns

Cerebrovascular incidents occur in up to 11% of SCD patients under 20 years of 
age – particularly those with hemoglobin SS disease and those that have not been 
screened with transcranial Doppler [60]. In most pediatric cases, ischemic stroke 
predominates over hemorrhagic stroke, although hemorrhagic stroke risk begins to 
increase in the late teens [60]. The key challenge in managing stroke in this popula-
tion is in discerning stroke from other cerebrovascular manifestations of SCD  – 
mainly migraines, meningitis, cerebral malaria, and seizure disorder.

 Initial Management of Possible Stroke

The initial treatment of a possible cerebrovascular incident is guided by presenting 
symptoms. When suspecting acute ischemic stroke, instead of a hemorrhagic event, 
simple and/or exchange transfusion should be implemented [61]. If a patient pres-
ents with fever and acute neurologic findings, treatment for bacterial infection is 
essential until meningitis is ruled out via differential diagnosis. Patients with bacte-
rial meningitis often present with septic features. It is of note that fever can be a 
presenting symptom of stroke.

 Diagnosis

Standard clinical and neuroimaging are usually satisfactory in the diagnosis of stroke. 
CT scan is adequate in children to diagnose ischemic stroke, but MRI is more sensi-
tive in that it excludes other diagnoses of cerebrovascular manifestations. Children 
under 8 years of age may require sedation for MRI imaging. Magnetic resonance 
angiography (MRA) or CT angiography can be used to determine the existence of 
large vessel arteriopathy to exclude aneurysm [62]. If cerebral venous sinus thrombo-
sis is suspected, MRI with magnetic resonance venography (MRV) is sensitive [63].

Baseline laboratory testing is critical in the diagnosis and management of a cere-
brovascular manifestation of SCD. A complete blood count, reticulocyte count, as 
well as sickle hemoglobin percentage are informative. Blood cross-matching is 
needed for transfusion therapy. Coagulation studies as well as a basal metabolic 
panel are necessary to rule out other clinical phenotypes such as hypoglycemia.

 Ischemic Stroke

While managing a patient with ischemic stroke, it is important to protect the airway 
from aspiration and maintain oxygen saturation at 95% [64]. It is important to keep 
patients calm and comfortable. Further cerebral ischemia occurs via vasoconstriction 
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in hyperventilating and crying patients. Similar to management of traumatic brain 
injury, cerebral perfusion pressure should be maintained by ensuring adequate blood 
pressure, normoglycemia should be the goal, and fever should be avoided. Normal 
carbon dioxide levels should be maintained to avoid decreased cerebral perfusion 
seen with hyperventilation or increased intracranial pressure seen with hypercarbia. 
Patients should be hydrated with isotonic saline (1.25–1.5 normal rate). Hypotonic 
saline will exacerbate cytotoxic cerebral edema and should be avoided [64].

Simple transfusion to the patient’s baseline should be done carefully to avoid 
hyperviscosity syndrome and transitioned to exchange transfusion [64]. To date, 
there are no randomized clinical trials comparing transfusion to other interven-
tions. However, it is suspected that transfusion reduces the Hb S and hypoxemia 
facilitating the vaso-occlusive state. It has been found that recurrent strokes are 
reduced in children receiving exchange transfusion as opposed to only simple 
transfusion [65].

Anticoagulation is generally not recommended in treatment of ischemic stroke. 
However, as SCD is a hypercoagulable state, prophylactic anticoagulation may be 
appropriate in the event of arterial dissection, cerebral sinus thrombosis, or throm-
boembolism following a hemorrhagic episode [64].

 Hemorrhagic Stroke

Hemorrhagic stroke, more commonly seen in adult patients, impacts 3% of 
patients with SCD, patients under 20 years of age [60]. In the event of a hemor-
rhagic stroke, management is dependent on the etiology whether it be ischemic 
transformation, subarachnoid hemorrhage secondary to aneurysm, or intraven-
tricular hemorrhage.

 Ischemic Transformation

Ischemic transformation should be managed similarly to the typical intracerebral 
hemorrhage. Anticoagulation must be terminated. Platelet transfusion should be 
implemented if needed to keep platelet counts above 100,000 cells per microliter.

 Subarachnoid Hemorrhage

Subarachnoid hemorrhage is often secondary to aneurysm. Management should 
focus on maintaining blood pressure at normal values and providing the appropriate 
analgesia. If intracranial pressure is too great and ventriculostomy is scheduled, 
transfusion is recommended prior to the procedure [66].
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 Intraventricular Hemorrhage

The patients at risk of intraventricular hemorrhage are those who present with a 
subarachnoid hemorrhage which spreads into the ventricles [67] or previously had 
an ischemic stroke, months to years prior to this event [68]. Hemorrhage into the 
third ventricle or cerebral aqueduct is often detected late in its course. Ventricular 
drainage may be warranted.

 Renal Concerns

Sickle cell nephropathy (SCN) begins in childhood and can eventually progress into 
renal failure [69]. Before a patient reaches 10 years of age, glomerular changes are 
apparent in even asymptomatic children with SCD.

 Baseline Renal Pathology in SCD

The kidney’s natural hyperosmolar, acidotic, and hypoxic environment is a prime 
site of further complication in SCD – particularly in the vasa recta capillaries. There, 
microthrombotic infarction and extravasation of blood into the renal medulla can 
occur. The natural history of SCN is often progressive. The repetitive infarction of 
the renal medulla first leads to hyposthenuria (secretion of dilute urine with a low 
specific gravity in comparison to blood plasma) in infancy to isosthenuria (excretion 
of urine with specific gravity equivalent to blood plasma) by adolescence. Papillary 
infarcts are responsible for renal papillary necrosis, which presents with painless 
hematuria (Fig. 6.3).

 Acute Kidney Injury

Acute kidney injury (AKI) is common in hospitalized SCD patients. In one cohort 
of patients admitted with ACS, AKI occurred in 8% children [70]. In another cohort 
of children admitted with vaso-occlusive crisis, 50% developed AKI [69]. Three 
quarters of vaso-occlusive episodes are compounded by acute multiorgan failure, 
and hemodialysis is a necessary treatment in 19% of these episodes [2].

Risk factors for AKI depend on the type of kidney injury: prerenal, intrinsic, or 
postrenal. In children, prerenal and intrinsic causes are most common as repeated 
bouts of vaso-occlusive crisis; volume depletion secondary to hyposthenuria and the 
use of NSAIDs contribute to AKI [71].
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Infancy

• Hyperfiltration, hypertrophy,
 hyposthenuria 

Childhood

• microalbuminuria

Any age

• hematuria, acute kidney injury

Middle adulthood

• macroalbuminuria

Later Decades

• chronic kidney disease, decreased
 GFR, end stage renal disease

Fig. 6.3 Natural history of sickle cell nephropathy (SCN) (Sickle cell nephropathy (SCN) begins 
in childhood and progresses in severity to adulthood. While hematuria and acute kidney injury can 
occur at any age, hyperfiltration is seen in early life, while chronic kidney disease and end-stage 
renal disease are typically seen in the later decades of life)

 Prerenal AKI

Hyposthenuria, which begins often in infancy, results in intravascular volume deple-
tion facilitating prerenal injury.

 Intrinsic AKI

Direct damage to the kidney via rhabdomyolysis, infection, NSAID use, sepsis, 
drug-induced nephrotoxicity (see “Iatrogenic Concerns” section), renal vein throm-
bosis, and hepatorenal syndrome results in intrinsic kidney disease.

 Postrenal AKI

Papillary necrosis is a rare but possible cause of postrenal AKI. Thrombi, blocking 
the urinary tract, is a risk factor for this phenomenon.

T. Rosanwo et al.



87

 Pulmonary Concerns

Since the introduction of the pneumococcal conjugate vaccine in 2000, pediatric 
SCD-related mortality in the United States has shifted from predominantly infection 
to mortality risks seen in adult patients such as acute chest syndrome (ACS) and 
stroke [72]. ACS is the most common cause of ICU admission and death with mor-
tality rates ranging from 1.8% to 25%. Pulmonary hypertension (PH), asthma, and 
restrictive lung disease are additional compounding factors leading to poor ICU 
outcomes in SCD patients. In this section, ACS, the most severe pulmonary con-
cern, will be discussed in detail.

 Precipitating Factors

Isolated and seemingly uncomplicated vaso-occlusive crisis is a key precipitating 
factor of ACS in hospitalized sickle cell patients [5]. Infection, pulmonary vascular 
obstruction by pulmonary arterial thrombi and fat emboli, and chest wall pain crisis 
precipitating alveolar hypoventilation also contribute to ACS onset. However, in 
40% of cases the precipitating cause is known [5].

 Diagnosis

Chest radiograph or CT scan revealing alveolar consolidation in lower zones is 
often indicative of ACS in addition to one or more of these signs symptoms: chest 
pain, fever, increased work of breathing, or hypoxemia relative to baseline [5, 73]. 
Children with severe disease should undergo echocardiogram to assess for interven-
able PH and/or cor pulmonale.

 Complications and Severity

Severe ACS cases are complicated by acute respiratory distress syndrome (ARDS). 
This syndrome often presents with PH, right ventricular dilation, and cor pulmonale 
in the most severe cases.

Increased right ventricular afterload as a result of in situ thrombi, fat embolism, 
pulmonary vasoconstriction, hemolysis, or worsening anemia is a major complica-
tion of ACS leading to poor outcomes. In a pediatric study of ACS, pulmonary 
embolism was the most common cause of death in ACS. As pediatricians commonly 
do not prescribe anticoagulants in ACS, there may be a danger of under-prescribing 
these medications in comparison to adult patients [74].
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Markers of severe ACS include high LDH, a dramatic and sustained drop in 
hemoglobin, thrombocytopenia, elevated respiratory rate, extensive lobar involve-
ment on lung imaging, PH, and AKI.

 Catastrophic Sickle Cell Disease Syndrome

SCD-related multiorgan failure (SMOF) or “catastrophic SCD syndrome” has 
been defined as the sudden onset of organ failures involving the lungs (severe 
ACS), liver, and/or kidneys [2, 75]. Clinical signs of this syndrome include a swift 
reduction in hemoglobin level and platelet count and shock (the most common 
cause of death in this syndrome) in the absence of a history of severe disease [2]. 
SMOF often overlaps with fat embolism and thrombotic microangiopathy syn-
dromes, particularly in patients with a worsening presentation despite aggressive 
transfusion [76, 77].

 Respiratory Support

The mode of respiratory support is critical in ACS cases. Mechanical ventilation is 
correlated with a high mortality rate during acute complications of SCD [75, 78]. 
Instead, a protective ventilator strategy is suggested to protect the right ventricle as 
high mean airway pressures can worsen pulmonary hypertension which is com-
monly seen in ACS [79]. Guiding principles include limiting plateau and driving 
pressures with a low tidal volume and prone position and limiting positive end- 
expiratory pressure (PEEP) as much as possible [80, 81].

 Early Intervention Prevention

While early transfusion shortens the duration and improves oxygenation in estab-
lished ACS [82] and may even prevent ACS during VOC, delayed hemolytic trans-
fusion reactions are particularly hazardous in a critical patient with ACS; therefore 
careful blood matching and indication for transfusion are required. This is explained 
further in the “Iatrogenic Concerns” section.

 Iatrogenic Concerns

When a patient is deteriorating despite seemingly appropriate management, it is 
important to consider iatrogenic causes of worsening presentation. Reactions to par-
ticular medications and blood products can be catastrophic.
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 Toxic Side-Effects to Medications

Opioid overdose in the critical care setting is possible during management of pain-
ful VOC. High doses of inconsistent levels of these drugs increase the risk of this 
outcome [83]. In cases of AKI, close attention to nephrotoxic drugs and antibiotics 
such as gentamicin is imperative. It is recommended to avoid antibiotics known to 
cause acute tubular necrosis of the kidney. Other antibiotics such as piperacillin/
tazobactam may cause drug-induced cardiac toxicity such as bradycardia [84]. 
Fluoroquinolones, ketolides, and macrolides predispose patients to a myriad cardiac 
toxicities including ventricular tachycardia and QTc prolongation [85].

 Delayed Hemolytic Transfusion Reaction (DHTR)

DHTR arises when alloimmunization to RBC antigens or human leukocyte antigens 
occurs following transfusion. Patients of an older age, female sex, and clinical history 
of frequent transfusion and acute transfusion elevate the risk of this reaction [86–89].

The onset is variable often beginning 24 h to 21 days following a transfusion, and 
the presentation is insidious, often mimicking acute VOC [89]. Patients present with 
an acute drop in hemoglobin – a particular fall in HbA levels (evidence of donor 
RBC destruction), increased LDH, hemoglobinuria (a result of intravascular hemo-
lysis), and relative or absolute reticulocytopenia. Diagnosis is often inconsistent. 
New RBC antibodies or a positive direct antiglobulin test are suggestive in combi-
nation with the clinical picture above [89].

Hyperhemolysis syndrome is a further complication of DHTR where the hemoglo-
bin falls below the pre-transfusion level. Patients undergoing this reaction should not 
be transfused unless the anemia is life-threatening. An erythropoiesis- stimulating agent 
and intravenous iron may be helpful as well as an immunomodulatory therapy [89, 90].

 Conclusion

The intensive care unit is the site of half of SCD-related deaths [91]. The high risk 
of mortality in this vulnerable population is often underappreciated by clinicians. 
Careful attention to detail and meticulous evidenced-based management of this 
unique population in the critical care setting have potential to improve outcomes.
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Chapter 7
Bone Marrow Failure

Sajad Khazal, Jorge Ricardo Galvez Silva, Monica Thakar, 
and David Margolis

 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/μl, platelet count <100,000/
μl, and absolute reticulocyte count (ARC) <40,000/μl [2]. Severe aplastic anemia 
(SAA) is associated with severe hypoplastic marrow (bone marrow cellularity 
<25%) and at least two of the following: ANC <500/μl, platelet count <20,000/μl, 
and absolute reticulocyte count <20,000/μl [3]. Very severe aplastic anemia (vSAA) 
is defined by fulfilling criteria for SAA plus ANC of <200/μl [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/μl is recommended [22]. Higher platelet transfusion threshold 
(<20,000/μl) 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]. CMV- 
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 FANCJ/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.

S. Khazal et al.



103

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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Chapter 8
Hematopoietic Stem Cell Transplant 
and Cellular Therapy

Priti Tewari, Rajinder Bajwa, Agne Taraseviciute, Jerelyn Moffet, 
David McCall, and Kris M. Mahadeo

 Overview of HCT + CT

Hematopoietic cell transplantation (HCT) and cellular therapy (CT) offer poten-
tially curative treatment for patients with a wide array of high-risk malignancies and 
nonmalignant diseases (Table 8.1) [1–3]. Autologous HCT refers to infusion of the 
patient’s own hematopoietic stem cells (HSCs) which were previously collected and 
cryopreserved, usually following myeloablative chemotherapy and/or radiation; 
this facilitates the patient’s hematopoietic recovery following high-dose consolida-
tion therapy [4–7]. Allogeneic HCT refers to infusion of HSCs from a donor, who 
(i) may be related (MRD) or unrelated (MUD), and (ii) full histocompatible match 
(10/10 or 8/8) or mismatched (including haplo-identical) donors. Allogeneic graft 
source may be from bone marrow or peripheral blood stem cells (PBSC). Related 
and unrelated umbilical cord blood HSCs are also used for allogeneic HCT with 
permissive mismatch (4/6–6/6) given the relatively naïve T cells in these units (pro-
vided there is an adequate cell dose per unit); double cord units may be used to 
overcome limited cell dose of a single unit [8]. Cell therapies such as chimeric 
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antigen receptor T-cell therapy (CAR-T) have been used to successfully treat chil-
dren and young adults with relapsed and/or refractory pre-B cell CD-19+ acute 
lymphoblastic leukemia (ALL) or young adults with CD-19+ lymphoma [9]. 
Clinical trials exploring the role of gene therapy and editing for the cure of nonma-
lignant diseases are ongoing [10].

While up to 35% of the more than 2500 children who undergo HCT in the United 
States each year require intensive care support for life-threatening complications 
[11], the number of pediatric HCT patients who survive following PICU admission 
is increasing. Unfortunately, these patients may have up to eight times greater odds 
for pediatric intensive care unit (PICU) mortality than do other critically ill children 

Table 8.1 Evidence-based indications for allogeneic and autologous stem cell transplantation [1–3]

Allogeneic Autologous
High-risk/relapsed/refractory 
malignant disease Nonmalignant disease

High-risk/relapsed/
refractory

Acute myeloid leukemia Severe aplastic anemia Neuroblastoma
Acute lymphoblastic leukemia Hemoglobinopathy

  Sickle cell disease
  Thalassemia

Germ cell tumor

Acute promyelocytic leukemia Bone marrow failure syndromes
  Severe aplastic anemia
  Dyskeratosis congenita
  Diamond-Blackfan anemia
  Congenital amegakaryocytic 

thrombocytopenia
  Severe congenital neutropenia
  Fanconi anemia

Medulloblastoma

Chronic myeloid leukemia Immunodeficiencies
  Severe combined 

immunodeficiency
  IPEX syndrome
  Chronic granulomatous disease
  Wiskott-Aldrich syndrome

Hodgkin’s lymphoma

Lymphoma
  T-cell non-Hodgkin 

lymphoma
  Lymphoblastic B-cell 

non-Hodgkin lymphoma
  Burkitt’s lymphoma
  Hodgkin lymphoma
  Anaplastic large cell 

lymphoma

Inherited metabolic disorders
  Hurler syndrome
  Hunter syndrome
  Krabbe disease
  Metachromatic leukodystrophy

Non-Hodgkin 
lymphoma

Treatment related AML/MDS Adrenoleukodystrophy Burkitt’s lymphoma
Myelodysplastic syndromes Osteopetrosis Anaplastic large cell 

lymphoma
Hemophagocytic disorders Diffuse large B-cell 

lymphoma
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[12]. Importantly, for pediatric HCT patients who survive intensive care admission, 
their 1-year survival and organ function are similar to those pediatric HCT patients 
who never require intensive care [12, 13]. While almost half of pediatric and young 
adult patients who received tisagenlecleucel CAR therapy on the pivotal clinical 
trial required intensive care support, the outcomes among this high-risk disease 
cohort are quite promising [14].

 HCT Timeline

In some cases, even when initial disease presentation warrants care in the intensive 
care setting, an HCT evaluation may be necessary around the time of diagnosis. 
Early referral to HCT, prior to development of organ toxicity and comorbidity may 
significantly improve outcomes. The National Marrow Donor Program® (NMDP)/
Be The Match® and the American Society for Blood and Marrow Transplantation 
(ASBMT) have developed guidelines for the prompt referral to HCT [15]. This 
allows for appropriate planning and early donor identification (or optimal time to 
autologous collection) and avoids delays in progression to HCT (Fig. 8.1).

Diagnosis with HCT 
indication

• Early HCT referral
• Ongoing monitor of primary 
 disease
• Ongoing monitor of infection 
 and organ function
• Start appropriate antimicrobial 
 prophylaxis

Donor search

• Suitable matched
 family donors
• NMDP search
• Alternate donor
 search/workup if necessary
• Donor clearance

Optimal timing of HCT

• No delay due to donor
 workup
• No delay due to patient
 workup
• No unnecessary 'bridging'
 chemotherapy
• Minimization of organ toxicity

Fig. 8.1 Optimal timing of consultation of hematopoietic stem cell transplant service. Early refer-
ral to Hematopoietic Stem Cell Transplant (HCT) Service for a patient with HCT indication is 
important to organize timing of patient/donor workup; this should prevent unnecessary delays and 
faciliate timely and safe HCT
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 Autologous Apheresis and Mobilization

Stem cell mobilization refers to the process of stimulating stem cells out of the bone 
marrow space into peripheral circulation for apheresis. Mobilization regimens may 
include growth factor alone or in combination with chemotherapy or immuno- 
stimulants [16, 17]. Typically, autologous HSC apheresis should occur as early in 
the treatment course as possible to ensure sufficient marrow mobilization for collec-
tion. Some have suggested that the more immunocompetent the host at the time of 
apheresis (pre-mobilization T-cell status), the better the survival after HCT [18–20]. 
Prior to stem cell mobilization, the patient will undergo pre- collection testing 
(Table  8.2) [21] to ensure that he/she is medically appropriate to proceed. The 
patient should be hemodynamically stable and able to tolerate fluid shifts and be 
free of active infection. If a patient requires intensive care support at the time of 
apheresis, consider obtaining an echocardiogram to assess for evidence of systolic 
or diastolic dysfunction and pulmonary hypertension. Institutional guidelines will 
generally outline specific hematologic criteria to proceed with collection. Due to the 
relatively low circulatory volume and narrow vessels of pediatric patients, hypoten-
sion, hypocalcemia, and catheter-related pain are not infrequent side effects during 

Table 8.2 Standard components of HCT donor/recipient medical clearance

Pre-HCT workup
Donor Patient

HLA testing HLA testing
Confirmatory HLA typing Confirmatory HLA typing
Infectious disease testing Infectious disease testing
Physical exam Physical exam
CBC/chemistries CBC/chemistries
ABO/RH testing ABO/RH testing
Pregnancy testing (if applicable) Pregnancy testing (if applicable)
EKG EKG
CXR CXR
Sickledex/hemoglobinopathy assessment Echo
High-risk behavior assessment Performance status (Lansky/Karnofsky)
Health history questionnaire Pulmonary function testing
Clearance by an independent providera Renal function testing

Chest/sinus CT scan (optional)
Dental evaluation
Primary disease assessment/managementb

Final selection of appropriate preparative 
regimen

HLA human leukocyte antigen, CBC complete blood count, CT computed tomography
aHCT donors should have a medical evaluation also performed by an independent physician not 
involved in the recipient’s care
bEvaluation may be tailored based upon individual scenarios prior to HCT [21]
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pediatric apheresis [22–26]. Monitoring of ionized calcium (iCa) in blood with 
anticipatory calcium supplementation may avoid hypocalcemic tetany, especially 
among infants and younger children who may be unable to articulate symptoms. 
The use of albumin in addition to irradiated packed red blood cells to prime the col-
lection pathway in patients weighing less than 30 kg may avoid hypovolemia. Once 
sufficient autologous HSC cells are obtained, they are cryopreserved for later use. 
Prior to high-dose consolidation chemotherapy with autologous HCT, patients must 
be again evaluated to determine eligibility to safely proceed. A preparative regimen 
will be finalized, with dose adjustments made for current renal function and other 
regimen changes as necessary based on organ function assessment.

 Allogeneic Donor Search

Human leukocyte antigen (HLA) typing is used to match patients and donors for 
allogeneic HCT.  If a patient is considered an allogeneic HCT candidate, high- 
resolution HLA typing of the patient and potential family donors should be com-
pleted early after diagnosis. If no histocompatible matches are found, a preliminary 
search of the unrelated donor and cord blood registries may be performed to identify 
a matched unrelated donor (MUD). At some institutions and depending upon the 
disease indication for HCT, a related haplo-identical donor may be prioritized over 
a MUD donor. Once an optimal donor has been selected, this donor will undergo 
HLA confirmatory typing and a medical examination to confirm donor eligibility. If 
the selected donor is found to be ineligible, the process is repeated with the next best 
available donor, until a donor is confirmed. This process can take several weeks to 
be completed, so early initiation of a donor search is important.

 Pre-HCT and CT Evaluation

A comprehensive evaluation is performed to confirm that the HCT-CT recipient/
patient is medically suitable to proceed (Table  8.2) [21]. This typically includes 
assessment of cardiac, lung, and renal function and screening for the presence of 
occult infection. Disease-specific screening may also be performed to ensure the 
patient has not advanced beyond the potential benefit of HCT-CT.

 Chimeric Antigen Receptor (CAR) Therapy

Chimeric antigen receptors (CAR) consist of an extracellular antigen-recognition 
domain, linked to at least one intracellular signaling. The extracellular portion of 
the CAR allows recognition of a specific antigen, and the signaling domain(s) 
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stimulate T-cell proliferation, cytolysis, and cytokine secretion to eliminate the 
target cell. The patients’ cells are isolated, activated, and genetically modified to 
generate CAR cells [9, 27–41].

The first step in generating autologous (CAR) T cells is to collect CD3+ lympho-
cytes by apheresis of the patient. However, patients requiring intensive care support 
may have leukopenia and/or other disease-related complications, which make ade-
quate collection more challenging. Early leukapheresis that is timed to avoid admin-
istration of chemotherapy and other agents that may diminish circulating T cells 
may optimize chances of successful collection. Eligibility for leukapheresis collec-
tion is performed as described above. Once an adequate collection is achieved, pro-
duction of CAR-T cells may take 2–4 weeks. A major limitation of autologous CAR 
therapy is the time required for manufacture. Bridging chemotherapy may be 
required during this period. Patients should be monitored for tumor lysis syndrome 
and receive anti-microbial prophylaxis if indicated. Allogeneic CAR cells may 
allow for an off-the-shelf third-party approach to therapy [42]. Once CAR cells are 
available, the patient typically receives lympho-depleting chemotherapy followed 
by infusion of the cells.

 Preparative or Lympho-depletion Regimen

On the day of initiation of the preparative or lympho-depletion regimen, an interim 
assessment should be performed to ensure that the patient still meets eligibility cri-
teria. This usually includes screening for signs/symptoms of active infection and/or 
new organ toxicity and confirming no significant interval height/weight changes. 
Good communication between intensive care and HCT-CT teams ensures that 
adjustments are made if indicated. Review of side effects related to specific drugs/
treatment modalities used in the preparative regimen may be useful to the patient/
caregivers as well as to the treatment team. Prophylactic medication orders should 
be confirmed (such as anticonvulsants used with busulfan, proton-pump inhibitor, 
nausea, and antimicrobial prophylaxis). Myelosuppressive medications should be 
discontinued prior to infusion of the cell therapy product when appropriate.

 Infusion of Hematopoietic Stem Cells or CAR-T Cells

Oxygen, suction, and emergency medications (epinephrine, diphenhydramine, and 
corticosteroids) should be readily available prior to infusion. The patient/caregiver 
should be counselled to report symptoms such as shortness of breath, rash, chills, 
chest pain, and back pain. Infusion should occur through the largest patent lumen. 
Whether an in-line filter is indicated or contraindicated will depend upon the prod-
uct being infused and should be confirmed prior to infusion. Premedications with 
drugs such as acetaminophen and diphenhydramine should be administered. 
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Corticosteroids should not be routinely used for premedication and may be contra-
indicated for CAR infusions. Vital signs and urine output should be monitored 
closely and diuresis considered when larger volume infusions occur.

Infusion of cellular therapy products is generally safe, but serious adverse reac-
tions may occur in approximately 11% of cell therapy infusions [43]. In a retrospec-
tive study of pediatric HCT recipients, independent risk factors for developing a 
serious adverse reaction included stem cell source (PBSC vs marrow (odds ratio 
(OR) 1.8; 95% confidence interval (CI), 0.4–9); cord vs marrow (OR 7.3; 95% CI, 
1.3–40), overall P = 0.0001). White blood cell count and granulocyte content were 
not found to be risk factors in this pediatric population [43]. Dimethyl sulfoxide 
(DMSO) is a cryoprotectant used in cell products as a preservative when a given 
product needs to be cryopreserved while a patient awaits HCT or CT. It preserves 
cell viability, durability, and ability for stem cells to successfully repopulate marrow 
and is a critical component of autologous, cord blood transplant products, and CT 
products [44]. Characteristic adverse reactions associated with DMSO have been 
reported. These include nausea, vomiting, abdominal pain, chills, fever, and rarely 
severe respiratory depression, neurotoxicity, and cardiac arrhythmias [43, 45–52]. 
Hydration, allopurinol administration, slowing the rate of infusion, and reduction of 
cryopreservation volume (and DMSO content) are all strategies used to reduce 
DMSO toxicity [26].

During HCT acute hemolytic infusion reactions may occur when there is 
donor- recipient ABO or other red cell antigen incompatibility. Symptoms include 
fever, tachycardia, chills, dyspnea, back and chest pain, bleeding, shock, dissemi-
nated intravascular coagulation (DIC), and hypotension. Abnormal laboratory 
parameters may include hemoglobinemia, hemoglobinuria, hyperbilirubinemia, 
and a positive direct antiglobulin test. Measures to restore blood pressure, urine 
output, and correct coagulopathy are important management strategies. Delayed 
hemolytic transfusion reactions may occur as up to 2 weeks following cell therapy 
infusion. Unexplained anemia, jaundice, low-grade fevers, and hemoglobinuria 
may be present. Febrile nonhemolytic infusion reactions occur when the patient 
has an increase in baseline body temperature by at least 1° centigrade with/with-
out chills. Allergic infusion reactions may be due to atopic substances which 
interact with antibodies present in the donor or recipient plasma. Urticaria, facial/
glottal edema, wheezing, pulmonary edema, and anaphylaxis may occur. 
Anaphylactoid infusion reactions may be characterized by dyspnea, laryngeal 
spasm, bronchospasm, pulmonary and/or laryngeal edema. Transfusion-related 
acute lung injury (TRALI) caused by white blood cells and/or their components 
usually from the donor (and rarely the recipient) presents most often as transient 
non-cardiogenic pulmonary edema with/without leukopenia. These reactions usu-
ally respond to antihistamines, corticosteroids, and/or epinephrine. Transfusion-
associated circulatory overload (TACO) results from volume overload with 
cardiogenic pulmonary edema.

Bacterial infusion reactions occur from infusion of contaminated products, typi-
cally with gram-negative organisms. Prompt treatment with appropriate antibiotics 
and supportive care are important to preclude death [53].
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General management principles for cell therapy infusion reactions include (i) 
consideration of slowing/halting the infusion, (ii) activation of emergency  supportive 
care measures, and (iii) confirmation of product details for accuracy. If symptoms 
resolve uneventfully without intervention, an infusion-related event is unlikely. If an 
infusion-related event is considered likely, a transfusion reaction laboratory evalua-
tion should be initiated [53].

 Overview of PICU Outcomes

The leading cause of admission to the PICU among pediatric HCT patients is respi-
ratory failure followed by severe septic shock [54]. Pediatric HCT patients who 
require PICU care for severe sepsis have a 30–40% mortality rate compared to 
12% for pediatric cancer (non-HCT) patients [55–57]. While HCT patients like 
non-HCT cancer patients may have neutropenia when septic, HCT patients are 
more profoundly immunocompromised with various arms of the immune system 
simultaneously affected. Other variables associated with a negative impact on the 
event-free survival of HCT patients admitted to the PICU include (1) the type of 
transplantation, (2) the need for inotropic support, (3) an elevated C-reactive pro-
tein level (>10 mg/dL), and (4) a high oncological-PRISM (O-PRISM) score [56, 
58, 59]. On multivariate analysis, only the O-PRISM score influenced event-free 
survival (≤10 points, 54.6 +/− 15.3%; >10 points, 8.6 +/− 5.8%; P = 0.007) [58].

Despite the fact that HCT patients are usually no longer severely neutropenic 
following initial hospital discharge, they remain significantly immunocompro-
mised and at risk for infectious complications. Thus, it is not surprising that in 
studies evaluating hospital readmission risk factors in post-HCT patients, the most 
common identified cause was infection. Other causes of readmission include graft 
failure, extramedullary relapse, GVHD, and bleeding disorders [60]. Recipients of 
allogeneic HCT are twice as likely to be readmitted compared to recipients of 
autologous HCT [61]. Patients who are readmitted to the hospital in the first 
6 months following HCT may have a decreased 1-year OS compared to patients 
who were not readmitted [61, 62].

 Toxicities Following HCT and CT

Preparative regimens preceding HCT typically consist of a combination of chemo-
therapeutic agents and/or irradiation with nonoverlapping toxicities. The choice of 
higher intensity myeloablative versus reduced intensity and/or non-ablative regi-
mens may depend upon the primary disease, graft, and clinical characteristics of the 
recipient (such as disease burden and/or clinical comorbidities). Reduced intensity 
and non-ablative regimens may result in reversible myelosuppression (if given 
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without HCT) and may be associated with a lower rate of non-hematologic toxicity 
[63]. Unique toxicities associated with individual agents should be reviewed from 
trusted sources prior to administration.

In general, HCT preparative regimens may be associated with cytopenias (that 
may require transfusion support with irradiated blood products as well as growth 
factors), profound immunocompromised state that may require antimicrobial pro-
phylaxis and precautions, mucositis, nausea/vomiting and malnutrition, veno- 
occlusive disease (VOD) (also known as sinusoidal obstruction syndrome (SOS)), 
acute fluid overload, multi-organ failure, graft-versus-host disease, and death. 
Patients who receive a preparative regimen followed by HCT or a lympho-deple-
tion regimen followed by CAR therapy will require time to achieve hematologic 
recovery and immune reconstitution. The length of time for this to occur will 
depend upon the preparative regimen, the primary disease, clinical status of the 
host, and cell source used [64, 65]. Unique post-infusion toxicities associated 
with CAR therapy include cytokine release syndrome (CRS) and CAR-T related 
encephalopathy syndrome (CRES) [65].

 Toxicity Related to Hematologic Recovery and Immune 
Reconstitution

The duration of cytopenia following HCT and CT may vary based upon intensity of 
the preparative regimen, pre-existing clinical variable of the recipient, and donor 
source. Patients may require transfusion support with irradiated packed red blood 
cells and platelets until they achieve hematologic recovery. Patients with graft fail-
ure and/or acute graft rejection may undergo prolonged cytopenia until autologous 
recovery occurs and/or they undergo a second HCT. Common transfusion thresh-
olds for HCT patients are 7–8 gm/dL for blood and 20 × 109/l for platelets or for 
symptomatic anemia and thrombocytopenia. Appropriately matched, irradiated 
blood products should be used for HCT patients. A higher platelet transfusion 
threshold of 30 × 109/l is used for patients with veno- occlusive disease (VOD) on 
treatment with defibrotide or other thrombolytic therapy. HCT patients with VOD, 
multi-organ dysfunction, respiratory failure, or other comorbidities like severe 
mucositis, liver dysfunction, and refractory hypertension as well as those requiring 
dialysis and/or who experience or at high risk for CRES, may be at a higher risk of 
bleeding and require a higher platelet threshold. Low-dose platelet transfusions 
given more frequently are preferred to high-dose platelets [66], and these should be 
infused over 30 min, unless there are concerns due to small patient size. Platelets 
can be infused once, twice daily, or more frequently to achieve the desired thresh-
old, and a continuous infusion may be helpful in refractory cases. Volume-reduced 
platelets can be used in small patients with fluid overload issues.

Acute life-threatening bleeding is a rare complication during HCT and more 
commonly seen in patients with VOD and multi-organ failure and/or on thrombo-
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lytic therapy and those requiring ventilator or renal replacement therapy (RRT). 
Patients with life-threatening bleeding have a poor 3-year survival (17%) as 
 compared to those without bleeding (67%). Management of such bleeding 
involves treatment of shock, platelet and blood transfusions, discontinuation of 
thrombolytic therapy, and control of coagulopathy by infusion of FFP and cryo-
precipitate or rarely use of recombinant activated factor VII [67–69]. Diffuse 
alveolar hemorrhage (DAH) is a life-threatening bleeding complication associ-
ated with rapid decompensation along with very high mortality. This clinico-
pathologic diagnosis is characterized by acute dyspnea, decrease in hemoglobin, 
hypoxemia, and new infiltrate on chest radiograph (CXR) with/without hemopty-
sis. Bronchiolar lavage (BAL) may show progressively more bloody sequential 
fluid aliquots. Treatment is challenging. Management strategies may include (i) 
platelet transfusion support, (ii) use of intravenous, instilled, or inhaled recombi-
nant factor VIIa, (iii)aminocaproic acid, or tranexamic acid (iv) increased mean 
airway pressure through the use of mechanical ventilation to help tamponade 
bleeding and/or (v) use of highdose steroids [70]. Extracorporeal membrane oxy-
genation (ECMO) has been explored as a supportive care management option for 
patients with DAH [71]. To date, there is no proven therapy for DAH and further 
research is needed.

Growth factor support may be used to promote hematologic recovery follow-
ing HCT.  Eltrombopag is an oral thrombopoietin receptor agonist which has 
been used for persistent thrombocytopenia after allogeneic HCT [72, 73]. 
Granulocyte colony- stimulating factor (G-CSF) may decrease the period of neu-
tropenia and/or hasten recovery if the patient develops an infection following 
HCT [74, 75]. Infection prevention practices and prophylaxis are important, 
even following resolution of neutropenia, since patients may not recover normal 
lymphocyte counts for several months after HCT-CT [75]. Immunosuppressive 
medications to prevent graft- versus- host disease (GVHD) impair immune func-
tion even in the presence of adequate cell counts. Impaired cellular and humoral 
immunity may persist for months and sometimes years following HCT render-
ing patients at risk for life-threatening infections from encapsulated bacteria, 
fungal and viral pathogens [75]. Active GVHD may prolong this period and 
exacerbate risk. Serum immunoglobulin levels may reflect survival of long-
lived plasma cells that have survived preparative regimens and may not reflect 
immunity to specific pathogens [75]. Environmental exposure and revaccination 
stimulate the memory B lymphocyte pool to restore humoral immune responses 
[75]. For patient receiving CD19+ directed CAR therapy, transient or permanent 
B cell aplasia and hypogammaglobinemia/agammaglobulinemia may be seen. 
Adjunctive administration of intravenous immune globulin may be indicated for 
these patients to maintain adequate trough levels (> 400 μg/L) and/or provide 
specific immunity during active infection.

Typically infectious risk stratification should include consideration of the clini-
cal scenario along with timing post HCT or CAR infusion (Table 8.3) [76–84]. The 
risk of bacterial sepsis is highest among patients who have not yet achieved neutro-
phil recovery (absolute neutrophil count >500/mm3 for 3 consecutive days) follow-
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ing HCT. Pediatric patients undergoing HCT require high vigilance for sepsis as 
they may not manifest more common signs/symptoms such as fevers while they are 
leukopenic and/or receiving immunosuppressive therapies.

Patients undergoing HCT who develop severe sepsis have shown a fourfold 
higher mortality rate, compared to those without HCT, and are more likely to 
develop end-organ dysfunction. While patients with immune dysfunction represent 
a known group predisposed to severe sepsis, even higher mortality is observed 
among patients undergoing HCT compared to immunocompromised who have not 
received HCT, despite similar ventilator-free days and vasoactive infusion-free days 
[57]. HCT patients may have an increased risk of bacterial sepsis due to prolonged 
central venous catheter line days, mucosal barrier injuries from mucositis, and skin 
breakdown secondary to preparative regimens. Close clinical monitoring and 
prompt empiric treatment of a suspected infection with or without fevers with 
broad-spectrum antibiotics are imperative after sending appropriate cultures. 
Empiric antimicrobial therapy may be tailored based upon risk factors such as 
mucositis, multidrug resistance risk profile, and prior infectious history [85]. A de- 
escalation empiric sepsis treatment strategy that employs an upfront regimen cover-
ing the most dangerous resistant pathogens may be appropriate among HCT patients 
[86]. Patients with refractory fevers and/or symptoms may require a change in ther-
apy. For patients with severe sepsis and ongoing neutropenia, donor granulocyte 
infusions may be considered [87, 88].

Viral infections are another significant cause of infectious morbidity and mortal-
ity following HCT. Tables 8.3 and 8.4 summarize potential viral pathogens seen 
among patients following HCT as well as diagnostic and therapeutic considerations 
[76, 77, 81, 83, 84]. Patients are typically screened for signs and symptoms of com-
munity respiratory viral infections prior to HCT.  Patients with community viral 
infections prior to HCT may be delayed. Strict adherence to infection prevention 
practices on units (including PICUs) with immune-compromised HCT patients is 
imperative to prevent nosocomial infection-related mortality. Other opportunistic 
viral infections may be associated with hemorrhagic cystitis, pneumonitis, colitis, 
encephalitis, and/or graft failure/rejection (Tables 8.3 and 8.4) [76, 77, 81, 83, 84].

The overall incidence of invasive fungal infections (IFI) among pediatric 
HCT recipients was 14.5% in one retrospective single center study [80]. 
Predominant organisms included Candida species (51%) and Aspergillus spe-
cies (26%); Candida albicans accounted for 18.8% of all fungal species identi-
fied; there was a strong trend toward an increase in rare molds in more recent 
years [80]. The respiratory tract was the main site of infection (52.6%), with 
urine and blood also noted as significant sites [80]. Antifungal prophylaxis strat-
egies, infection prevention practices, and the use of serum biomarkers (galacto-
mannan and beta-D-glucan assays) may assist in prevention and early detection 
of invasive fungal infections [80]. While culture and histopathology are needed 
to prove fungal infection, radiographic and serum biomarkers may allow for 
noninvasive methods of detection of probable IFIs. Therapeutic drug monitor-
ing when available should be used to ensure optimal therapeutic effect while 
minimizing toxicity [81].
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Table 8.4 Viral pathogens/therapy options [76, 77, 81, 83, 84]

Virus Disease manifestations
Detection 
methods

Evidence-based 
therapeutic options/
agent References

CMV Pneumonia
Colitis
Retinitis
Meningitis
Ventriculitis

Antigenemia
  Blood
  Tissue
  Stool
PCR
  Blood
  Tissue
  Nasal wash
  BAL

Foscarnet
Ganciclovir
Brincidofovira

Viral cytotoxic 
lymphocytesa

Valacyclovir
Letermovir

[75, 89–92]

RSV Upper respiratory 
disease
Lower respiratory 
disease

PCR
  Nasal wash
  BAL

Ribavirin [93–95]

Parainfluenza Upper respiratory 
disease
Lower respiratory 
disease

PCR
  Nasal wash
  BAL

DAS181a [96]

Influenza Upper respiratory 
disease
Lower respiratory 
disease

PCR
  Nasal wash
  BAL

Oseltamivir [94]

Adenovirus Upper respiratory 
disease
Lower respiratory 
disease
Disseminated disease
Hepatitis
Colitis

PCR
  Nasal wash
  BAL
  Stool

Cidovifor
Brincidofovira

Viral cytotoxic 
lymphocytesa

[97–99]

HHV6 Encephalitis PCR
  Blood
  CSF

Foscarnet [100]

BK Cystitis
Nephritis

PCR
  Blood
  Urine

Cidofovir
Viral cytotoxic 
lymphocytesa

[101, 102]

VZV Zoster
Encephalitis

PCR
  Swab of 

vesicle fluid
  Blood

Acyclovir
Foscarnet

[75]

EBV Post-transplant 
lymphoproliferative 
disorder

PCR
  Blood

Rituximab
Viral cytotoxic 
lymphocytes
Decrease 
immunosuppression 
when possible

[105], 
[104]

(continued)
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 Mucositis

Oral mucositis (OM) is a potentially debilitating early adverse effect associated 
with the intensity of the preparative regimen during HCT and has been more com-
monly associated with myeloablative conditioning regimens as well as GVHD pro-
phylaxis regimens with methotrexate. Intensive oral hygiene may reduce the 
incidence and severity of mucositis [107, 108]. Herpes simplex infections of the 
oropharynx may mimic severe oral mucositis. HCT patients who experience muco-
sitis may have a higher incidence of fever, serious infection, use of narcotics, par-
enteral nutrition, increased length of hospitalization, and mortality [109–111]. 
Please refer to Table  8.5 for classification and management of OM [107–110, 
113–121].

 Acute Fluid Overload

Acute fluid overload (AFO) may result from an excess of fluid intake and/or may be 
related to acute kidney injury (AKI) as a result of various factors affecting renal 
blood flow and tubular function. Excess fluid intake may occur during HCT due to 
hyperhydration for cyclophosphamide, increased need for intravenous medications, 
and blood product support. Early AKI is generally related to acute tubular necrosis 
(ATN), veno-occlusive disease, septic shock, and nephrotoxicity induced by medi-
cations (chemotherapeutics, antibiotics, and immunosuppressants) [123]. Aggressive 
fluid resuscitation for hypotension following bleeding, sepsis, or dehydration may 
result in AFO, especially in the setting of compromised renal function [124]. In 
these instances, earlier initiation of vasopressor support in lieu of repeat fluid bolus 
administration may be beneficial. Strict monitoring of intake and output, daily or 
more frequent weight, and clinical assessments can result in earlier detection of 

Table 8.4 (continued)

Virus Disease manifestations
Detection 
methods

Evidence-based 
therapeutic options/
agent References

JC Encephalitis
Cystitis

PCR
  CSF
  Blood

Decrease immune 
suppression when 
possible
Viral cytotoxic 
lymphocytesa

[105, 106]

HSV 1, HSV 2 Mucocutaneous 
disease

PCR
  Vesicle 

Fluid
  Blood

Acyclovir [75]
Foscarnet

Summary of common viral infections, their disease manifestation, most common detection 
 methods along with therapeutic options
aCurrently under investigation
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Table 8.5 Mucositis [107–120]

Grade 0 1 2 3 4

NCI CTCAE No 
symptoms

Asymptomatic 
or mild 
symptoms

Moderate pain, not 
interfering with 
oral intake;  
modified diet

Severe pain, 
interfering 
with oral 
intake

Life- 
threatening 
Mucositis

Clinical 
description 
(upper)

No 
findings

Painless 
ulcers, 
erythema

Patchy ulceration, 
pseudomembranes

Confluent 
ulcerations, 
bleeding

Tissue 
necrosis, 
spontaneous 
bleeding

Clinical 
description 
(lower)

No 
findings

Asymptomatic Mild symptoms, 
abdominal 
discomfort, 
diarrhea

Stool 
incontinence

Management Topical 
anesthetics
Intermittent 
narcotics

Soft foods, liquid 
diet
Topical anesthetics

Assessment 
for total 
parenteral 
nutrition
Adjust oral 
medications to 
intravenous 
when possible

Total 
parenteral 
nutrition
Adjust oral 
medications to 
intravenous 
when possible
Continuous 
intravenous 
narcotic 
infusion
Intubation for 
airway 
protection

Additional 
risk factors

Risk of bacteriemia 
(bacterial 
translocation) with 
mucosal barrier 
injury

Risk of 
bacteriemia 
(bacterial 
translocation) 
with mucosal 
barrier injury

Risk of 
bacteriemia 
(bacterial 
translocation) 
with mucosal 
barrier injury
Risk of 
Respiratory 
failure, may 
require 
intubation for 
airway 
protection

Supportive 
care/
prevention 
strategies

Keratinocyte growth factor
Oral rinses
Cryotherapy
Low-level light therapy

AFO. HCT patients who experience prolonged hospitalizations and require inten-
sive care unit (ICU) support may require reassessment for “dry weight” as the fluid 
and nutritional status may have changed from admission. Euvolemic assessments 
should consider intake and output, hospital admission weight, nutritional status, 
weight trends, insensible losses, and clinical judgment [124].
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Fluid restriction may be utilized to achieve fluid balance. However, this may be 
challenging among HCT patients who often require multiple intravenous medica-
tions and blood product support. Careful attention must be made to maintain nutri-
tion and an appropriate hydration status during administration of nephrotoxic 
medications. HCT patients with 5% fluid overload (FO) should be started on diuret-
ics such as furosemide (if no contraindication) and titrated to achieve euvolemia 
without affecting hemodynamic stability. In HCT patients with hypoproteinemia (as 
in patients with VOD), combining furosemide with albumin administration may 
improve hemodynamics, oxygenation, and fluid balance [125, 126].

Patients with 10% FO with or without renal impairment should be initiated on 
CRRT if there are no contraindications [123, 124, 127]. Early initiation of CRRT to 
allow for sufficient blood product and nutrition administration while preventing FO 
has been associated with improved outcomes [123, 128, 129].

 SIADH

Syndrome of inappropriate antidiuretic hormone (SIADH) is the continuous release 
of ADH by the pituitary leading to the retention of free water by the kidneys with a 
decrease in plasma osmolality. Objective findings include oliguria, hyponatremia, 
hypoosmolality, continued urinary excretion of sodium, increased urine specific 
gravity, and normal renal and adrenal function [130–133]. Common causes in a 
transplant setting include high-dose cyclophosphamide, melphalan, cisplatin, and 
vincristine and underlying central nervous system tumors [130, 131]. Frequent 
serum sodium, serum osmolality, and urine-specific gravity monitoring is helpful to 
monitor for SIADH [132]. Treatment consists of fluid restriction and 3% hypertonic 
saline (up to 2 ml/kg) for patients with symptomatic hyponatremia. Overall correc-
tion of hyponatremia should occur slowly to prevent osmotic demyelination (avoid 
more than 8–10 mEq/L over the first 24 h) [134].

 Hepatic Veno-occlusive Disease

VOD or sinusoidal obstruction syndrome (SOS) is a potentially fatal complication, 
occurring in up to 30% of children undergoing HCT. The spectrum of clinical fea-
tures is varied, and most patients with mild to moderate VOD are usually managed 
on the HCT units, while patients with severe VOD can develop life-threatening 
multi-organ dysfunction and require pediatric intensive care unit (PICU) support.

Chemotherapy and radiation given as part of preparative regimens for HCT lead 
to toxic injury to the endothelial cells lining the hepatic sinusoids and hepatocytes. 
This leads to occlusive thrombotic clots in the sinusoids, obstructing blood flow to 
the central vein [135]. There are no specific or sensitive biomarkers for diagnosis of 
VOD.  Endothelial injury, cytokine-mediated inflammation, and complement may 
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have a role in the pathogenesis of VOD. Severe VOD (S-VOD) is associated with 
development of multi-organ failure (MOF) including renal failure (54%), pulmonary 
failure (23%), cardiac failure (63%), and changes in mental status (78%). Mortality 
for patients who develop S-VOD has ranged between 75 and 98% with the most 
common causes of death being MOF or sepsis [136]. In S-VOD, extravasation of 
fluid leads to weight gain, edema, ascites, pleural and pericardial effusions, and 
depletion of the intravascular volume. Increased intra-abdominal pressure from 
worsening ascites can cause decreased renal perfusion by direct pressure on the renal 
vasculature and pulmonary dysfunction due to decreased excursion of the diaphragms 
[137]. Hypoxia, renal dysfunction, and sudden onset multi-organ failure (MOF) are 
the common reasons for patients with VOD to be transferred to the PICU.

Fluid overload, hepatomegaly, and hyperbilirubinemia were the main clinical 
features of the modified Seattle and the Baltimore Criteria proposed for diagnosis of 
VOD in adults in the 1980s. For lack of better alternatives, this was applied to chil-
dren until 2017 [138–140]. It is now well known that up to 30% of pediatric patients 
never develop hyperbilirubinemia throughout the course of VOD [141, 142]. In 
2017 the European group for Blood and Marrow Transplantation (EBMT) pub-
lished criteria for the diagnosis and grading of severity of VOD in children 
(Table 8.6) [122].

Early initiation of specific therapy with defibrotide and supportive care are critical 
to improved outcomes in VOD. Defibrotide was approved in the United States for the 
treatment of S-VOD in 2016. While the majority of cases of VOD fall into the mild or 
moderate category, approximately 25% of cases are severe [136, 138, 139, 143–146]. 
Treatment with defibrotide is recommended for 21 days or until resolution of MOF 
and signs of VOD. The ideal time to commence defibrotide  therapy is not certain. 
Cryoprecipitate transfusion is suggested to maintain fibrinogen >150 mg/dl in a VOD 
patient with bleeding, but correction of abnormal clotting tests results by infusion of 
fresh frozen plasma or cryoprecipitate is not recommended [137].

Table 8.6 EBMT diagnostic criteria for hepatic SOS/VOD in children. (With permission 
from …. [122])

No limitation for time of onset of SOS/VOD
The presence of two or more of the followinga

Unexplained consumptive and transfusion-refractory thrombocytopeniab

Otherwise unexplained weight gain on 3 consecutive days despite the use of diuretics or a 
weight gain >5% above baseline value
cHepatomegaly (best if confirmed by imaging) above baseline value
cAscites (best if confirmed by imaging) above baseline value
Rising bilirubin from a baseline value on 3 consecutive days or bilirubin ≥2 mg/dL within 72 h

Abbreviations: CT computed tomography, HCT hematopoietic cell transplantation, MRI magnetic 
resonance imaging, SOS/VOD sinusoidal obstruction syndrome/veno-occlusive disease, US ultra-
sonography. aWith the exclusion of other potential differential diagnoses. b≥1 weight-adjusted 
platelet substitution/day to maintain institutional transfusion guidelines. cSuggested: imaging (US, 
CT, or MRI) immediately before HCT to determine baseline value for both hepatomegaly and 
ascites
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Given the high fatality rate of S-VOD and the limited options for treatment, 
several groups have generated consensus statements regarding the treatment of 
S-VOD [147–149]. Fluid restriction (50–75% of normal maintenance fluids) may 
be critical for patients with acute fluid overload. Blood products and medications 
alone may be equal to the daily fluid requirements for small children. Controlled 
diuresis may be necessary to achieve euvolemia in patients with VOD [137]. 
Worsening renal function with electrolyte imbalance and fluid overload refractory 
to diuresis suggest the need to start renal replacement therapy (RRT). Paracentesis 
should be considered in the management of ascites if conservative management 
fails or in the setting of intra-abdominal hypertension/abdominal compartment 
syndrome or among patients developing pulmonary dysfunction due to tense asci-
tes [137]. Volume controlled drainage at a rate of 5 ml/kg/h may be adequate in 
most circumstances with close monitoring for hypotension and hypothermia. 
Continuous pump controlled drainage or manual setup for a continuous drainage 
is preferred, and open drainage to gravity is discouraged to prevent hypovolemic 
shock due to rapid fluid shifts from intravascular to extravascular spaces (perito-
neum). Infusion of 5% or 25% albumin is helpful to correct hypoalbuminemia 
after paracentesis. A consensus report on the supportive care management of chil-
dren with VOD covered many aspects related to care of children with VOD and 
peritoneal and pleural drains [137], including time of insertion and removal. 
According to these guidelines, VOD patients with pleural effusions causing pul-
monary dysfunction may benefit from thoracocentesis to maintain adequate oxy-
genation. In VOD for patients with both pleural effusions and ascites who become 
hypoxic, a peritoneal drain may improve the pulmonary dysfunction and avoid 
insertion of a pleural drain [150]. The pleural drains can be clamped once the 
drainage is <3 ml/kg/day for 24 h, and if no further accumulation occurs, the drain 
can be removed.

 Transplant-Associated Thrombotic Microangiopathy (TA-TMA)

Transplant-associated thrombotic microangiopathy (TA-TMA) is considered in 
the differential diagnosis in a patient undergoing HCT with hypertension, ane-
mia, thrombocytopenia, elevated LDH, and proteinuria. Risk factors which have 
been associated with the development of TA-TMA include exposure to irradia-
tion, busulfan, cisplatin, fludarabine and rapamycin, and calcineurin inhibitors 
(CNI) as well as viral infections and possibly acute graft-versus-host disease 
(aGVHD) [151, 152]. A series of six patients who developed TA-TMA and had a 
high prevalence of deletion in the complement Factor H (CFH)-related genes and 
CFH autoantibodies were reported in 2013 [153]. The authors postulated that 
dysregulation of the alternative complement pathway may have a role in the 
pathogenesis of TA-TMA. Encouraging response to treatment with eculizumab, 
a monoclonal antibody which prevents the formation of C5b-9, has further sup-
ported the role of complement in the pathogenesis of TA-TMA and aHUS [154, 155].  
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Diagnostic criteria for TA-TMA are listed in Table 8.7 [156]. TA-TMA should be 
suspected among patients undergoing HCT, who develop proteinuria ≥30 mg/dL, 
severe hypertension, and acute elevation of lactate dehydrogenase (LDH) [156]. 
The management of TA-TMA includes supportive care with withdrawal of the 
offending agents like CNI, treatment of hypertension and underlying infection(s) 
if any, and treatment of aGVHD. If CNI are weaned off, alternative GVHD pro-
phylaxis may be indicated. Patients with polyserositis may require drainage of 
the pericardial, pleural, or ascitic fluids. In rare cases a pericardial-pleural win-
dow may be indicated. Specific treatment of TA-TMA is targeted therapy with 
eculizumab to achieve complete blockade of the upregulated complement activa-
tion pathway [155–158]. Weight-based dosing (600 mg for patient wt. 10–40 kg, 
900 mg for wt. >40 kg and 300 mg for wt. between 5 and 10 kg) of eculizumab 
for induction may be used with dose titration recommended until the desired 
level (CH50 < 10%) is achieved [154]. Eculizumab should be continued until the 
signs and symptoms of TA-TMA have resolved, after which maintenance therapy 
is initiated [154]. During maintenance, eculizumab is given every 2 weeks for 
approximately four doses, after which further treatment may be discontinued. 
Among patients receiving simultaneous renal replacement therapy, dosing titra-
tion may be indicated.

Table 8.7 Diagnostic criteria for TA-TMA. (With permission to reprint from… [156])

A. Microangiopathy diagnosed on tissue biopsy
or
B. Laboratory and clinical markers indicating TMA
Laboratory or clinical 
marker Description

Lactate dehydrogenase 
(LDH)a

Elevated above the upper limit of normal for age

Proteinuriaa, b A random urinalysis protein concentration of ≥30 mg/dL
Hypertensiona, b <18 years of age: blood pressure at the 95th percentile value for age, 

sex, and height
≥18 years of age: blood pressure ≥ 140/90 mm Hg

De novo 
thrombocytopeniab

Thrombocytopenia with a platelet count <50 × 109/L or a ≥50% 
decrease in the platelet count

De novo anemiab A hemoglobin below the lower limit of normal for age or anemia 
requiring transfusion support

Evidence of 
microangiopathyb

The presence of schistocytes in the peripheral blood or histologic 
evidence of microangiopathy on a tissue specimen

Terminal complement 
activationb

Elevated plasma concentration of sC5b-9 above upper normal 
laboratory limit

aPresent: consider diagnosis of TA-TMA. Monitor very closely
bAt TA-TMA diagnosis indicate high features associated with poor outcome: consider therapeutic 
intervention
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 GVHD

Graft-versus-host disease (GVHD) is a potentially devastating complication associ-
ated with allogeneic HCT; alloreactive donor lymphocytes trigger a dysregulated 
immune response in healthy host tissue resulting in inflammation and damage to 
those tissues. Acute GVHD occurs following neutrophil recovery (engraftment) and 
typically affects the skin, gastrointestinal (GI) tract, and liver. Acute GVHD was 
traditionally thought to occur prior to day +100 following HCT, but the diagnosis is 
now based on clinical symptoms [159]. The skin is the most commonly affected 
organ in acute GVHD and can present with a spectrum from self-limited areas of 
skin erythema to macular pruritic rashes to even full thickness skin bullae and blis-
ters resulting in life-threatening desquamation.

Upper GI acute GVHD is characterized by unexplained abdominal pain, nausea, 
anorexia, and/or vomiting; lower GI GVHD is characterized by abdominal pain with 
diarrhea and, in severe cases, ileus [159, 160]. Using severity stratification, quantifi-
cation of stool output based on the weight of the child may upstage the grade of GI 
GVHD and guide treatment strategies. Although several biomarkers are under inves-
tigation, GVHD remains a clinical diagnosis. Acute hepatic GVHD most commonly 
is associated with cholestatic jaundice and transaminitis. Isolated hepatic GVHD is 
rare. When present, hepatic GVHD is typically associated with progression of uncon-
trolled GI GVHD or shortly following wean of immunosuppressive medications.

With rare exceptions, allogeneic HCT recipients receive primary GVHD prophy-
laxis. Common GVHD prophylaxis medications include calcineurin inhibitors 
(cyclosporine/tacrolimus) with other immune modulators such as methotrexate, 
mycophenolate mofetil, and corticosteroids. Stringent therapeutic drug monitoring 
(TDM) of calcineurin inhibitors (cyclosporine, tacrolimus, sirolimus) is important 
to maintain therapeutic and avoid toxic levels. Post-HCT cyclophosphamide is 
another prophylaxis strategy used to promote tolerance in alloreactive host and 
donor T cells, leading to suppression of both graft rejection and GVHD after allo-
geneic HCT [161, 162].

Patients with acute GVHD will typically resume or continue their calcineurin 
inhibitors and initiate first-line treatment with administration of corticosteroids. 
While this is effective in up to 60% of cases [163, 164], it confers an added risk of 
immunosuppression, along with significant side effects of hypertension, hypergly-
cemia, pancreatitis, osteopenia, avascular necrosis, emotional lability, and psycho-
sis. Patients with steroid-refractory or steroid-unresponsive GVHD require a 
second-line treatment option. Potential second-line agents include infliximab, basi-
liximab, and ruxolitinib. Extracorporeal photopheresis (ECP) is a promising sec-
ond-line therapy for refractory GVHD which is immunomodulatory rather than 
immunosuppressive. During this procedure T lymphocytes are functionally inacti-
vated following treatment with psoralen plus ultraviolet A therapy. While the mech-
anism of  photopheresis is not clearly understood, photoinactivation of the exposed 
T lymphocytes occurs [165, 166]. Patients typically undergo leukapheresis proce-
dure several times a week; the procedure requires technical expertise with 
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 appropriately trained staff and an indwelling pheresis catheter. During the proce-
dure patients undergo fluid shifts; smaller patients with lower body weights require 
diligent hemodynamic monitoring, and frequently the ECP circuit may require 
priming with either irradiated PRBC or albumin to maintain hemodynamic status 
[166, 167]. Prior to each ECP procedure, patients should have stable fluid status, 
along with adequate baseline hematocrit. Ex vivo cultured adult human mesenchy-
mal stromal cells have been studied for the treatment of steroid-refractory acute 
GVHD in pediatric patients (as an immunomodulatory agent) and show promising 
results [168].

Chronic GVHD may occur in 20–50% of children undergoing allogeneic HCT 
[169–172]. Its pathogenesis remains poorly understood, but T and B lymphocytes 
are thought to play a role in disease development [173–176]. Chronic GVHD has 
features resembling autoimmune and other immunologic disorders such as sclero-
derma, bronchiolitis obliterans (BO), immune cytopenias, and chronic immunode-
ficiency [177]. The management of chronic GVHD has historically mirrored the 
management of acute GVHD [177, 178]. Recent reports support the hypothesis that 
the reestablishment of normal numbers of functional rTregs is required for the clini-
cal resolution of chronic GVHD, which provide insight toward future directions in 
the management of this potentially debilitating morbidity [179, 180].

 Neurologic Complications of HCT

Neurologic complications may be frequently encountered among pediatric patients 
following HCT [181–184]. The most common clinical symptoms, as listed in 
Table 8.8, include seizures, encephalopathy, and motor dysfunction [183, 184]. In a 
large study of 405 pediatric HCT patients, 25 (6.2%) developed encephalopathy in 
the first 100  days post-HCT [185]. In a single institution study of 383 pediatric 
patients (<19 years of age) who underwent allogeneic HCT between 2000 and 2012, 
neurologic complications were present in 70 (18%) of these patients, with 63% of 
neurologic episodes, occurring in the first 100 days following HCT [182].

Table 8.8 Neurological complications

Associations Clinical manifestations Treatment

Posterior 
reversible 
encephalopathy 
syndrome 
(PRES)

Calcineurin 
inhibitors

Increased blood 
pressure, headaches, 
neurological changes, 
seizure

Blood pressure control, hold 
calcineurin inhibitor if possible, 
adjust drug dosage if level high

Encephalopathy TBI, busulfan Mental status change Supportive care
Encephalitis HHV6, HSV, 

VZV, JC, West 
Nile Virus

Mental status change
Seizure
Neurological deficits

Antiviral agents (Foscarnet)
Supportive care, decrease 
immunosuppression (if feasible)

Seizure Busulfan Seizure Antiepileptic prophylaxis (and 
treatment when indicated)
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Chemotherapy used as part of preparative regimens for HCT such as (i) high- 
dose carmustine (BCNU) frequently used as part of the BEAM preparative regi-
men for Hodgkin and non-Hodgkin lymphoma and (ii) busulfan have been 
associated with seizures [183, 186]. It is standard practice to administer anticon-
vulsant medications such as levetiracetam prior to busulfan conditioning [183, 
186]. Among HCT patients who receive cranial radiation or intrathecal chemo-
therapy as part of their preparative regimens, leukoencephalopathy may occur days 
to months after HCT and is characterized by dysarthria, ataxia, confusion, and 
dysphagia [184, 185].

Among patients with neurologic complications, the following risk factors for 
mortality have been reported: days to neutrophil engraftment, extensive chronic 
GVHD, and presence of neurologic sequelae [182]. In the early neutropenic and 
lymphopenic post-HCT period as well as during times of increased immunosup-
pression for the treatment of GVHD, infection-related neurologic complications are 
more common [181, 184]. CNS infections include bacterial meningitis, aspergillus 
infection of the brain, cerebral toxoplasmosis, or viral encephalitis (caused by HSV, 
VZV, HHV-6, EBV, and polyomavirus JC) [183, 184, 187]. Central nervous system 
(CNS) complications may be observed more commonly in pediatric patients under-
going unrelated allogeneic transplantation, compared to related allogeneic or autol-
ogous HCT [184, 188, 189]. Patients with GVHD require extended courses of 
immunosuppression and may have a higher risk of neurologic complications due to 
an increased incidence of CNS infections, intracranial hemorrhage, metabolic 
derangements, medication-related toxicities, and CNS involvement of the primary 
disease [183–185]. Use of calcineurin inhibitors (CNIs) such as tacrolimus or cyclo-
sporine for GVHD prophylaxis and treatment has been associated with neurotoxic-
ity. CNI-related neurologic toxicity is characterized by headache, tremor, seizures, 
cortical blindness, coma, akinetic mutism, or mental status changes [182, 183, 190] 
and is more likely to occur if CNI serum drug levels exceed the therapeutic range; 
this should be reversible once CNI is held [186]. Patients with sickle cell anemia 
undergoing HCT have a higher risk of CNI-associated neurotoxicity and typically 
receive simultaneous anti-seizure prophylaxis; medications, preferably valproic 
acid or levetiracetam, which do not affect cytochrome p450 activity and thereby 
alter CSA and Tacrolimus levels, are used for CNI-associated seizure prophylaxis 
and management [183]. Furthermore, CNIs cause magnesium wasting which can 
further decrease the seizure threshold.

Posterior reversible encephalopathy syndrome (PRES) is another CNI-related 
complication, which may occur among pediatric HCT patients [183, 191]. PRES 
presents with refractory hypertension, headache, vomiting, visual disturbances, 
mental status changes, and seizures. Magnetic resonance imaging (MRI) may 
show vasogenic edema predominantly in subcortical gray and white matter in the 
posterior regions of the brain [191]. The pathophysiology of PRES remains 
unknown with a commonly accepted theory of a hyperperfusion injury model. A 
failure of cerebral autoregulation in relation to the sudden increase in mean arte-
rial pressure (MAP) can lead to arteriolar dilation, hyperperfusion, endothelial 
vascular damage, and disruption of the blood-brain barrier [192]. The  management 
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of PRES includes control of hypertension and seizures as well as changing the 
CNI in favor of a different immunosuppressive agent [183, 191]. PRES is usually 
reversible; however, severe life-threatening complications and irreversible neuro-
logic damage can occur, such as cerebral hemorrhage, cerebellar herniation, and 
refractory status epilepticus [191].

Neurovascular complications such as intracerebral hemorrhage in a patient with 
refractory thrombocytopenia, thromboembolic episodes, subdural hemorrhages, 
and thrombotic thrombocytopenic purpura (TTP) have been reported among pediat-
ric HCT patients [183, 185].

Cardiac Complications of HCT

The overall incidence of fatal cardiac complications in pediatric patients post-HCT 
was previously reported to be quite low (<1%); however, patients who developed 
heart failure had a very high incidence of mortality [193]. More recent data from 
Cincinnati Children’s Hospital suggests that cardiac complications may be more 
common than previously reported when routine screening echocardiograms are per-
formed on day +7 after transplant and on admission to the ICU for any reason [194, 
195]. Abnormal echocardiography in the early post-HCT period was present in 30% 
of patients and revealed pericardial effusions, elevated right ventricular pressure, 
and decreased LV function [194]. Cardiac complications post-HCT may manifest as 
heart failure, pulmonary hypertension, pericardial tamponade, and dysrhythmias 
[193, 196, 197]. Among pediatric patients, cardiac complications may present either 
in the acute setting, (i.e., in the first 100 days post-HCT), or later, often after years 
following HCT [198].

Exposure to medications such as anthracyclines (prior to HCT) and cyclophos-
phamide, alemtuzumab, and total body irradiation (TBI) (during HCT preparative 
regimens) as well as iron overload from frequent red blood cell transfusions 
increase the risk of cardiotoxicity [196, 199–202]. Anthracycline-related cardiac 
toxicity is cumulative and dose-dependent. Risk factors include younger age at 
exposure, female sex, and prior chest radiation [202]. Furthermore, the exposure 
to high-dose cyclophosphamide during conditioning (>150  mg/kg), and prior 
cumulative anthracycline exposure (>100 mg/m2), may increase the risk of car-
diac events [197]. High-dose cyclophosphamide can lead to myocardial necrosis 
and result in clinical symptoms of dyspnea, tachycardia, hypotension, and peri-
cardial effusion within 10  days of administration (reported in post-HCT adult 
series with total cyclophosphamide doses >120–180 mg/kg), culminating in heart 
failure in 28% of cases [198]. Dose reduction of cyclophosphamide has been asso-
ciated with a lower incidence of heart failure (2%) [203]. A recent study also 
found that cumulative anthracycline doses >250 mg/m2 were associated with a 
tenfold increased risk of cardiac complications in HCT survivors, especially in 
those who were very young at the time of exposure or female [202]. Additionally, 
recent studies also point to genetic susceptibility factors that modulate the risk of 
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developing cardiac complications. These include polymorphisms in the NAD(P)H 
oxidase subunit RAC2 and the carbonyl reductase CBR1 [203].

During stem cell infusion, cardiac events, including bradyarrhythmias and cardiac 
death, attributed to DMSO, have been reported [196]. Following HCT, cardiac func-
tion can be further compromised by hyperhydration, blood product administration, 
impaired renal function, and sepsis [193, 203]. Patients may develop pericardial effu-
sions with or without cardiac tamponade. Pericardial effusions may be a manifestation 
of acute cardiac GVHD or transplant associated-thrombotic microangiopathy 
(TA-TMA) and/or infection [196]. In critically ill pediatric HCT patients, echocardio-
graphic abnormalities that require intervention or further screening were found in 
50% of patients and included elevated RV pressure, LVSD, and moderate to large 
pericardial effusions [195]. In addition to pericardial effusions, pulmonary artery 
hypertension is commonly observed in patients with TA-TMA and among patients 
with sickle cell anemia [193]. Interestingly, when routine echocardiography was per-
formed in pediatric patients post-HCT, if elevated RV pressure was observed on day 
+7 post-HCT, this finding was significantly associated with TA-TMA [194].

Attention to repletion of electrolytes, avoidance of acute fluid overload, and care-
ful selection of medications which affect cardiac contractility may reduce serious 
cardiac complications during HCT. Patients with metabolic diseases such as Hurler’s 
syndrome undergoing HCT with pre-existing cardiomyopathy may benefit from 
early cardiology evaluation for judicious management of hypertension, fluid status, 
and heart rate control.

Late cardiovascular complications include the development of life-threatening 
cardiovascular disease (CVD), constrictive pericarditis, valvular heart disease, and 
conduction abnormalities [202, 203]. Long-term survivors are at risk for cardiovas-
cular disease at a rate four times higher than the general population [198].

 Pulmonary Complications Among Pediatric HCT-CT Patients

Lung injury following HCT remains a challenging problem, with increased mortal-
ity, both in the acute peri-HCT period as well as during long-term follow-up [54, 
204–206]. As many as 75% of pediatric patients undergoing HCT experience pul-
monary complications. The presence of respiratory signs or symptoms may pose a 
diagnostic dilemma. Differentiating infectious from noninfectious lung injury is 
important (Tables 8.9 and 8.10), especially among patients with GVHD, where 
management is typically divergent.

Infectious causes of pulmonary compromise in children undergoing HCT may 
vary based upon the immune status of the child (see Tables 8.9). This in turn may 
depend upon such variables as primary disease, preparative regimen, type of donor, 
and time since HCT. Isolation precautions and good hospital ventilation may reduce 
the rate of hospital acquired infection [75, 207]. Frequent serum galactomannan 
surveillance is usually performed among children undergoing HCT during phases 
of immune compromise; a positive result (optical density index ≥ 0.5) may suggest 
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Table 8.9 Infectious pulmonary complications following HCT

Infection Risk Factors Diagnosis Treatment

Invasive fungal 
infections (IFI)
  Molds
  Yeast
  aPneumocystis 

jirovecii (PJP)

All HCT recipients, 
especially if h/o multiple 
relapsed leukemia; 
primary immune 
deficiency; graft-versus- 
host disease; resides in 
areas with endemic fungal 
pathogens

Culture and 
histopathology 
proves IFI, 
radiographic and 
serum biomarkers 
may allow diagnosis 
of probable and 
possible IFIs
Early BAL and/or 
transbronchial 
biopsy may be 
helpful

Triazoles
Amphotericin B
Echinocandins
Therapeutic drug 
monitoring may 
improve efficacy/
toxicity in children 
(difference in 
clearance)
In severe cases, 
combination treatments 
may provide synergy
PJPa

  Pentamidine (IH/IV)
  Bactrim 

(myelosuppressive, 
may negatively 
impact hematologic 
recovery, donor 
engraftment status)

Bacterial infections
Gram-negative
Pseudomonas 
aeruginosa, 
Klebsiella 
pneumoniae, and 
Enterobacter 
cloacae
Gram-positive
Staphylococcus 
aureus and 
α-hemolytic 
streptococci

Prolonged neutropenia
Asplenia

Consolidation on 
imaging
Positive cultures 
(blood/BAL)

Empiric therapy should 
include agents with 
good lung penetration 
with gram-positive and 
gram-negative 
coverage and consider 
prior infectious history.
A de-escalation 
antimicrobial strategy 
to cover multidrug- 
resistant organisms 
should be used

Viral infections
Respiratory 
syncytial virus
Parainfluenza
Influenza
Human 
metapneumovirus
Adenovirus
Cytomegalovirus
Human herpes 
virus-6 (HHV-6)
Rhinovirus

Recent viral infection and/
or exposure
Recipient (virus+ history)/
donor (virus - history)
Impaired T-lymphocyte 
immunity, 
immunosuppressive 
therapy, GVHD

Patchy diffuse 
infiltrates on 
imaging,
Positive viral PCR 
from 
nasopharyngeal 
specimens and/or 
BAL

  Oseltamivir
  Ribavirin
  Ganciclovir
  Foscarnet
  Cidofovir
Supportive care:
Consideration of 
intravenous immune 
globulin (IVIG) and/or 
CMV-immune globulin 
(cytogam)

Infectious pulmonary complications: These are more common in the early HCT period but may 
occur in the late post-HCT period among patients with poor immune reconstitution and/or graft- 
versus- host disease
aPJP treatment is different to mold and yeast
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Table 8.10 Noninfectious pulmonary complication following HCT

Complication Onset Diagnosis Treatment

Idiopathic pneumonia 
syndrome(IPS)

Usually within 
120 days of 
HCT

Widespread alveolar 
injury
Absence of active 
lower respiratory 
tract infection
Absence of cardiac 
dysfunction, acute 
renal failure, or 
acute fluid overload

General management 
guidelines:
Ensure antimicrobial 
prophylaxis and high vigilance 
for superimposing infection, 
with prompt empiric therapy
Administer intravenous 
immunoglobulin (IVIG) for 
levels <500 mg/dL or when 
specific immunity is needed in 
response to pathogen
Minimize gastroesophageal 
reflux (GERD), optimize 
GERD prophylaxis
Optimize nutrition
Some patients may benefit from 
higher hemoglobin (10 g/dL)
See below for specific treatment 
considerations

Engraftment 
syndrome

Within 
5–7 days of 
neutrophil 
engraftment

Fever, dyspnea, and 
hypoxemia

Corticosteroids

Diffuse alveolar 
hemorrhage (DAH)

Usually within 
100 days of 
HCT

Progressive cough, 
dyspnea, hemoptysis
Progressively bloody 
lavage
Diffuse infiltrates on 
imaging

Treat shock
Transfuse platelet and packed 
red blood cells as needed
Discontinue thrombolytic 
therapy
Correct coagulopathy by 
infusion of fresh frozen plasma 
(FFP) or cryoprecipitate or use 
of recombinant activated factor 
VII
Consider maintaining INR >1.5 
(FFP), fibrinogen >100 
(cryoprecipitate), and platelets 
>50 k/uL

Bronchiolitis 
obliterans organizing 
pneumonia (BOOP)/
cryptogenic 
organizing pneumonia 
(COP)

Within 
2–12 months

Fever, dry cough, 
dyspnea
Patchy infiltrates, 
ground-glass 
opacities on imaging
Peribronchiolar 
infiltration/fibrosis, 
intraluminal 
granulation tissue

Early cases:
Inhaled fluticasone, 
azithromycin, and montelukast 
(FAM) with brief steroid burst 
(1 mg/kg per day prednisone) 
and rapid taper (0.25 mg/kg per 
week)
Advanced cases:
Corticosteroids (2 mg/kg/day)
Immunomodulation
  Tumor necrosis factor
  Inhibitors
  Continuous veno-venous
  Hemofiltration (CVVH)
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risk of an invasive fungal infection (IFI) [82]. The diagnostic evaluation for children 
undergoing HCT with fever and/or pulmonary infiltrates may include blood cultures 
(including fungal cultures), serum galactomannan and β-D-glucan, respiratory viral 
panel, serum viral polymerase chain reaction (PCR) testing, computed tomography 
(CT) scan, bronchoscopy, and/or transbronchial biopsy. Rising β-D-glucan (BDG) 
levels suggest pneumocystis jirovecii pneumonia (PJP) among immunocompro-
mised patients who are hypoxic with a high sensitivity; a negative result makes the 
diagnosis unlikely [208]. If a bronchoscopy is performed, a galactomannan optical 
density index of ≥1 from the lavage is suggestive of IFI. Positive fungal cultures 
would confirm the diagnosis. The diagnostic yield of bronchoscopy is variable (31–
80%) but may be improved if performed early and prior to prolonged empiric use of 
antimicrobials and potential clinical decline in the patient’s status [209–211]. In a 
retrospective single center study of over 2000 non-intubated adult HCT recipients, 
earlier bronchoscopy was more than twice as likely to yield a diagnosis of infection 
compared to late examination (73 vs 31%, P < 0.0001) [211]. The role of transbron-
chial biopsy was examined in another retrospective single center cohort among 130 
adult HCT recipients; non-specific interstitial pneumonitis was seen among 18% of 
cases. However, pathogens were rarely identified (<5%), suggesting that transbron-
chial biopsy may contribute to the diagnostic management of noninfectious lung 
injury post-HCT but is less useful in the management of infectious pulmonary com-
plications of HCT [212].

Highly immunocompromised children with invasive fungal infections may not 
have characteristic radiographic findings such as pulmonary nodules with halo, air 
crescent sign, or cavitation, seen more typically among adults with mold-associated 
pneumonia. Imaging findings may often be non-specific, especially among younger 
children [82]. Ground-glass opacities, especially if concurrent with positive sero-
logic markers such as galactomannan, may indicate an IFI, particularly aspergillus. 
Candida and mucor are other important fungal pathogens [82]. A high index of 
suspicion and prompt empiric therapy may optimize outcomes [82, 213].

Table 8.10 (continued)

Complication Onset Diagnosis Treatment

Bronchiolitis 
obliterans syndrome 
(BOS)

Within 
3–24 months

Cough, dyspnea, 
wheezing, afebrile
Obstructive lung 
disease
Usually normal 
chest x-ray
CT: bronchiectasis, 
ground glass
Lymphocytic 
bronchitis; 
bronchiolar 
inflammation with 
luminal obliteration

Early cases:
Inhaled fluticasone, 
azithromycin, and montelukast 
(FAM) with brief steroid burst 
(1 mg/kg per day prednisone) 
and rapid taper (0.25 mg/kg per 
week)
Advanced cases:
Corticosteroids (2 mg/kg/day)
Immunomodulation
  Tumor necrosis factor
  Inhibitors
  Continuous veno-venous
  Hemofiltration (CVVH)
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Lobar infiltrates on imaging may be more suggestive of bacterial pathogens, 
while patchy, diffuse infiltrates may be more suggestive of viral infections. Gram- 
negative bacilli causing bacterial pneumonia include Pseudomonas aeruginosa, 
Klebsiella pneumoniae, and Enterobacter cloacae. Important gram-positive organ-
isms causing bacterial pneumonia are Staphylococcus aureus and α-hemolytic 
streptococci (e.g., Streptococcus mitis) [83]. Community respiratory viral infections 
such as respiratory syncytial virus (RSV), parainfluenza, influenza, human meta-
pneumovirus, and adenovirus are important viral causes of respiratory compromise 
in the immunocompromised child. Cytomegalovirus (CMV) pneumonitis is less 
frequently seen among children undergoing HCT but remains a significant cause of 
morbidity and mortality [83].

For immunocompromised children with fever, pulmonary infiltrates, and/or 
respiratory compromise, empiric broad-spectrum antibiotics should be initiated 
after cultures have been obtained. Choice of broad-spectrum coverage may be 
influenced by the patient’s prior infectious history (multidrug resistance risk 
profile), renal and liver function, drug mechanism of action (bacteriostatic ver-
sus bactericidal), and potential lung tissue penetration [214, 215]. Rapid initia-
tion of appropriate antimicrobial therapy may be a critical factor to achieving 
optimal outcomes [214]. Trimethoprim-sulfamethoxazole is a first-line agent for 
patients with PJP pneumonia, but its use among HCT patients may be associated 
with delayed hematologic recovery and even graft failure [75, 84, 216, 217]. The 
myelosuppressive risks of antimicrobial agents should be weighed against 
potential benefits. HCT recipients usually receive antifungal prophylaxis during 
phases of immune compromise [75, 82]. For pediatric HCT recipients with 
>3 days of fever of unclear etiology that is unresponsive to broad-spectrum anti-
bacterial agents and those with suspected IFI, empiric antifungal treatment with 
an echinocandin or liposomal amphotericin is recommended [82]. For patients 
already receiving mold-active antifungal prophylaxis who require empiric anti-
fungal treatment, it is reasonable to consider switching to a different mold-
active class or optimizing to treatment doses [82]. For profoundly 
immunocompromised children and those with concerns of rapid clinical deteri-
oration due to IFI, adjunctive administration of granulocyte- macrophage col-
ony-stimulating factor (GM-CSF), donor granulocyte infusions, aerosolized 
amphotericin B lipid complex, or combination antifungal therapies have been 
used [213, 218–225].

Patients with community respiratory viral (CRV) infections may benefit from 
antiviral agents such as oseltamivir and ribavirin (oral, inhaled, or intravenous) [75, 
95, 226–230]. Intravenous immune globulin (IVIG) infusion may provide specific 
immunity and provide adjunctive therapy [229]. Ganciclovir is a typical first-line 
agent for CMV pneumonitis, but among HCT recipients, foscarnet may serve as a 
first-line agent, if there is concern regarding myelosuppression associated with gan-
ciclovir. Cytomegalovirus intravenous immune globulin may provide adjunctive 
therapy for children with CMV pneumonitis [231, 232].

The management of children with infectious respiratory complications should 
consider general management principles for those undergoing HCT.  Therapeutic 
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drug monitoring (TDM) should be performed frequently given the multiple medica-
tion interactions that are possible for HCT recipients. TDM for drugs such as azoles 
and antibiotics such as vancomycin are important to avoid toxicity and may require 
more frequent testing than customary for non-HCT recipients. For patients on dialy-
sis or with renal impairment, appropriate medication dose adjustments may be indi-
cated to account for renal clearance [233].

Noninfectious lung injury, as depicted in Table 8.10, following HCT can occur 
in the acute and chronic settings. Idiopathic pneumonia syndrome (IPS) occurs 
acutely following HCT when there is (i) diffuse alveolar injury, (ii) absence of 
lower respiratory tract infection, and (iii) absence of cardiac, renal, or iatrogenic 
causes of pulmonary symptoms [234]. The spectrum of IPS encompasses an array 
of disorders including pediatric acute respiratory distress syndrome (PARDS), dif-
fuse alveolar hemorrhage (DAH), interstitial pneumonitis, peri-engraftment syn-
drome, capillary leak syndrome, bronchiolitis obliterans organizing pneumonia 
(BOOP), and bronchiolitis obliterans syndrome (BOS), though BOOP and BOS 
are typically seen as later complications. IPS likely results from direct toxicity of 
the preparative regimen, undiagnosed pulmonary infections, and/or inflammatory 
cytokines. T-lymphocyte activation may occur in response to injury, and lipopoly-
saccharide (LPS) entry into circulation via the intestinal mucosa may trigger the 
gut-liver-lung axis of inflammation [235]. Patients with IPS may require critical 
care support with oxygen supplementation and mechanical ventilation. A single-
arm multicenter phase II study of inhaled fluticasone, azithromycin, and montelu-
kast (FAM) with brief steroid burst (1 mg/kg per day prednisone) and rapid taper 
(0.25 mg/kg per week) has been associated with a halt in pulmonary decline among 
newly diagnosed IPS [236]. First-line treatment for more advanced disease typi-
cally involves corticosteroids 2 mg/kg/day and inhibitors of tumor necrosis factor 
α (TNF-α) [235, 237]. In a multicenter phase II trial investigating a soluble TNF-
binding protein, etanercept (Enbrel, Amgen, Thousand Oaks, CA), 28 pediatric 
patients with IPS received systemic corticosteroids (2.0 mg/kg/day) plus etaner-
cept (0.4 mg/kg twice weekly × 8 doses). This regimen was associated with a high 
response rate, with 89% overall survival at 28 days, 71% with no oxygen require-
ment and alive at 28 days, and 63% alive at 1 year. The median time to response 
was 10 days (range 1–24 days) [237].

Chronic noninfectious lung injury following HCT may be characterized as 
restrictive or obstructive based on pulmonary function testing. Restrictive lung 
disease may present within the first 3 months following HCT, with obstructive 
disease typically occurring later. Symptoms may be similar, and they are typically 
differentiated based on differences in (i) the ratio of forced expiratory volume in 
1 sec (FEV1) to forced vital capacity (FVC) which is normal in restrictive lung 
disease and decreased in obstructive lung disease and (ii) total lung capacity 
which is normal in obstructive but decreased in restrictive lung disease. The dif-
fusing capacity of the lung for carbon dioxide (DLCO) is typically decreased in 
both forms of chronic lung injury. The pathophysiology of chronic lung injury 
following HCT remains poorly understood but is likely related to ongoing inflam-
matory injury after initial insult(s). The treatment of chronic lung injury following 
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HCT is largely supportive with oxygen supplementation, broad-spectrum antimi-
crobial coverage, and, more recently, etanercept [238].

Noninfectious pulmonary injury may be detected early with prospective pul-
monary function testing. Early signs and symptoms of pulmonary compromise 
should prompt a thorough diagnostic evaluation. Empiric antimicrobial treatment 
may be initiated, while cultures are pending. Antimicrobial prophylaxis is indi-
cated with initiation of immunosuppressive medications. Etanercept and pulse 
steroids are considered in more advanced cases [236, 238, 239].

 Endocrine Complications

Patients undergoing HCT may be at risk for adrenal insufficiency based on prior 
corticosteroid exposure for management of their primary disease (such as acute 
lymphoblastic leukemia) or for supportive care management (such as treatment of 
GVHD) [240]. Patients with adrenoleukodystrophy may have adrenal insuffi-
ciency as a manifestation of their primary disease [241, 242]. These patients usu-
ally require stress-dose steroid administration prior to anesthesia or invasive 
procedures and during periods of stress such as sepsis [241]. The recommended 
stress dose for suspected adrenal crisis is an immediate parenteral injection of 
50  mg/m2 hydrocortisone, followed by appropriate fluid resuscitation and 
50–100 mg/m2 of hydrocortisone/24 h (via continuous iv therapy or divided every 
6 h) [243]. If patients are already receiving high-dose steroids as part of their other 
management, additional steroids may not be required. Prophylaxis against gastro-
intestinal bleeding with antiacid therapy is recommended during periods of stress 
and steroid administration.

In a retrospective single center review, the prevalence of endocrine complica-
tions among pediatric HCT patients was as follows: 1.2% primary hypothyroid-
ism, 7% compensated hypothyroidism, 2.4% hyperthyroidism, 22.4% 
 hypergonadotropic hypogonadism, 2.4% abnormal bone density, and 1.2% sec-
ondary diabetes mellitus [244]. Thyrotoxicosis, though rare, has been reported 
among pediatric HCT patients [245]. The prevalence of endocrine complica-
tions of adult patients who are survivors of HCT is higher, suggesting that long-
term monitoring of endocrine complications following HCT is important [246]. 
Patients with GVHD may be at a disproportionately higher risk of hypothyroid-
ism [244]. Patients undergoing HCT who receive parenteral nutrition and ste-
roids and/or who have sepsis are at risk for hyperglycemia which may require 
insulin administration. Insulin management during HCT admissions require 
careful monitoring for labile blood sugars, which may fluctuate with steroid and 
nutrition adjustments. For patients with pre-existing diabetes who are undergo-
ing HCT or admitted for critical care management, consideration of an insulin 
drip over home regimens should be considered during the acute admission 
phase.
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 Cytokine Release Syndrome (CRS), CAR-T-Related 
Encephalopathy Syndrome (CRES), and CAR-T-Related 
Hemophagocytic Lymphohistiocytosis (HLH)

Immune effector cell-based therapies, including monoclonal antibodies (mAbs) and 
chimeric antigen receptor (CAR-T) cells, have been associated with unique toxicities 
such as cytokine release syndrome (CRS), CAR-T-related encephalopathy syndrome 
(CRES), and CAR-T-related hemophagocytic lymphohistiocytosis (HLH) [41, 247, 
248]. CRS is a well-described albeit non-specific systemic inflammatory response 
typically characterized by tachycardia, fever, hypoxia, hypotension, and multi-organ 
dysfunction [248]. The development of CRS is associated with CAR-T engagement 
and proliferation and subsequent cytokine elevation [249]. Cytokine elevations of 
interleukin-6 (IL-6), interferon gamma (IFN-γ), and interleukin-10 (IL-10) have been 
noted among patients with CRS. Yet, this is not a universal finding among all patients 
who develop CRS and levels of elevation when present do not always correlate with 
severity [249, 250]. In a phase 2, single-cohort, 25-center, global study of tisagenle-
cleucel among pediatric and young adult patients with CD19+ relapsed or refractory 
B-cell acute lymphoblastic leukemia (ALL), CRS occurred in 77% of patients. Among 
these patients, transient increases in serum IL-6, IFN-γ, and ferritin levels were seen 
with CRS and tended to be more pronounced among patients with more severe CRS 
[14]. Anti-IL-6 therapy with tocilizumab was used among 48% of patients, and almost 
half of the patients required critical care support (median stay 7 days) with high-dose 
vasopressors (25%), oxygen supplementation (44%), mechanical ventilation (13%), 
or dialysis (9%) [14]. Guidelines for the diagnosis, grading, and management of 
CRS among children are summarized in Table 8.11. Early signs and symptoms of 
CRS may be mild with sinus tachycardia and fever at presentation. CRS should be 
suspected if at least one of the following four symptoms or signs is present during 
the CRS risk period following CAR-T infusion: (i) fever ≥38 °C, (ii) hypotension 
(age 1–10  years: systolic blood pressure  <  [70  +  (2  ×  age in years)] mmHg; 
age > 10 years: SBP < 90 mmHg; change from baseline and/or reduced requirements 
for chronic anti-hypertensive medications), (iii) hypoxia with an arterial oxygen satu-
ration of <90% on room air, and/or (iv) evidence of organ toxicity [251–253]. 
Attention to pediatric guidelines for age-appropriate norms and considerations is 
important. For example, the Pediatric Acute Lung Injury Consensus Conference 
(PALICC) guidelines for diagnosis and management of pediatric acute respiratory 
distress syndrome (PARDS) and Pediatric RIFLE (Risk, Injury, Failure, Loss, End 
Stage Renal Disease) and KDIGO (Kidney Disease: Improving Global Outcomes) 
definitions of oliguria should be considered [252–255]. Vigilance for prompt recogni-
tion of hemodynamic shock in the child is crucial. The baseline blood pressure range 
of the child should be reviewed pre CAR-T infusion so that relative hypotension from 
an elevated baseline is not missed. Reduced requirements for chronic antihypertensive 
medications may also indicate relative hypotension. It is also important that providers 
use their clinical judgment to determine CRS attribution [251].
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Table 8.11 CRS/CRES [251]

Cytokine release syndrome (CRS) grading and management
Step 1
Age, signs and symptoms

Step 2
CRS 
grading

Step 3
Management

Temperature greater than or equal to 38 °C
No hypotension
No hypoxia
Grade 1 CTCAE v5.0 Organ Toxicity
Pediatric consideration:
Asymptomatic sinus tachycardia (above age 
specific normal range or baseline)
Hypotension: (1–10 years: 
SBP < [70 + (2 × age in years)] mmHg; 
> 10 years: SBP < 90 mmHg)

Grade 1 Acetaminophen as needed for fever
Evaluate for infectious etiologies 
(blood, urine cultures, and chest 
X-ray)
Consider broad spectrum antibiotics 
and filgrastim (if neutropenic)
Assess for adequate hydration
Consider IL-6 antagonist for 
persistent or refractory fevera

Symptomatic management of 
constitutional symptoms and organ 
toxicities

Any temperature and any of the following:
Hypotension that responds to IV fluids or 
low-dose vasopressor
FiO2 requirement <40% (SpO2 < 90% on 
room air) to keep SpO2 > 88%
Grade 2 CTCAE v5.0 organ toxicity
Pediatric consideration:
Hypotension: (1–10 years: 
SBP < [70 + (2 × age in years)] mmHg; 
> 10 years: SBP < 90 mmHg)

Grade 2 Perform grade 1 management (if 
applicable)
IV fluid bolus of 10–20 ml/kg normal 
saline; repeat as necessary to maintain 
SBP above baseline or age normal 
range
Consider IL-6 antagonist (tocilizumab 
12 mg/kg/dose for <30 kg, 8 mg/kg/
dose for ≥30 kg maximum 800 mg/
dose IV every 8 h (titrate frequency 
based on response up to 3 doses/24 h) 
for hypotension refractory to fluid 
boluses or hypoxia
If hypotension persists after two fluid 
boluses and IL-6 antagonist, start 
vasopressors, transfer patient to PICU, 
and obtain ECHO
Use supplemental oxygen as needed
If high risk for severe CRS, 
hypotension persists after IL-6 
antagonist and/or there are signs of 
hypoperfusion or rapid deterioration, 
use
stress-dose hydrocortisone (50–100 
mg/m2/day divided every 6 h) or 
dexamethasone (0.5 mg/kg/dose; 
maximum 10 mg/dose) IV every 6 h 
or methylprednisolone (1–2 mg/kg/
day divided q6–q12 h)
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Table 8.11 (continued)

Any temperature and any of the following:
Hypotension (1–10 years: 
SBP < [70 + (2 × age in years)] mmHg; 
>10 years: SBP < 90) that needs high-dose or 
multiple vasopressors
FiO2 requirement ≥40% and/or requiring 
BiPAP to keep SpO2 > 88%
Grade 3 CTCAE v5.0 organ toxicity
Grade 4 transaminitis (> 20.0 × ULN)
Pediatric consideration:
Oliguria (< 0.5 ml/kg/h for 8 h)

Grade 3 Perform grade 1 and 2 management
Transfer patient to PICU, and obtain 
ECHO if not performed already
Dexamethasone 0.5 mg/kg/dose 
(maximum 10 mg/dose) IV every 6 h 
may increase to 20 mg IV every 6 h if 
refractory (alternatively 
methylprednisolone 1–2 mg/kg/day 
divided q6–q12 h)b

Use supplemental oxygen including 
high-flow oxygen delivery and 
noninvasive positive-pressure 
ventilation

Any temperature and any of the following:
Persistent hypotension despite fluid 
resuscitation and multiple vasopressors
Mechanical ventilation
Grade 4 CTCAE v5.0 organ toxicity (except 
grade 4 transaminitis)
Pediatric consideration:
Anuria (<0.3 ml/kg/h for 24 h or anuric for 
12 h)

Grade 4 IV fluids, IL-6 antagonist, 
corticosteroids, vasopressors, and 
hemodynamic monitoring as in Grade 
1, 2, 3
If lower doses of corticosteroids do 
not lead to clinical improvement, 
consider high-dose 
methylprednisolone (1 g daily for 
3 days followed by rapid taper based 
on clinical response)

Early recognition and intervention is essential to avoid life-threatening complications
CRS should be suspected if any of the above-listed signs and symptoms are present within the 
first 3 weeks of CAR cell therapy, or for CRES, within the first 4 weeks of CAR T-cell therapy
Patients at higher risk of severe CRS: early onset (<3 days) of CRS signs and symptoms, bulky 
disease, and comorbidities
CRS grading should be performed at least twice a day and when there is change in the patient 
clinical status
Persistent fever >3 days or fever > = 39 for >10 h unresponsive to acetaminophen
bIt is not unreasonable for simultaneous administration of both corticosteroids and IL-6 
antagonists or to wait for a response to IL-6 antagonists only (may vary based on products/risk 
factors)
CTCAE v5.0 common terminology criteria for adverse events version 5.0, SBP systolic blood 
pressure, mmHg millimeter mercury, ULN upper limit normal, IV intravenous, FiO2 fraction of 
inspired oxygen, BiPAP bi-level positive airway pressure, ml milliliter, kg kilograms, h hour, 
IL-6 interleukin 6, mg milligrams, PICU pediatric intensive care unit, ECHO echocardiography

(continued)
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Table 8.11 (continued)

CAR-T-cell-related encephalopathy syndrome (CRES) grading and management
Step 1
Age, signs, and symptoms

Step 2
CRES 
grading

Step 3
Management

>12 years (and age-appropriate cognitive 
performance)
  aGrade 1 (per CTCAE v5.0) somnolence, 

confusion, encephalopathy, dysphasia, 
seizure (brief partial seizure, no LOC), 
tremor

  Neurologic assessment score 7–9
≤12 years
  Grade 1 CNS toxicities as above and 

CAPD score <9

Grade 1 Vigilant supportive care; aspiration 
precautions; IV hydration
Withhold oral intake of food/
medicines/fluids and assess 
swallowing
Convert all oral medications and/or 
nutrition to IV if swallowing is 
impaired
Avoid medications that cause CNS 
depression
Low doses of lorazepam (0.05 mg/kg 
(max 1 mg) IV every 8 h) or 
haloperidol (0.05 mg/kg (max 1 mg) 
IV every 6 h) may be used for agitated 
patients with careful monitoring
Neurology consultation
MRI brain with and without contrast; 
diagnostic lumbar puncture with OP; 
MRI spine if focal peripheral 
neurological deficits; CT scan of brain 
may be performed if MRI brain is not 
feasible
Perform EEG; if no seizures on EEG, 
continue levetiracetam
If EEG shows nonconvulsive status 
epilepticus, treat per algorithm A
Consider IL-6 antagonist if associated 
with concurrent CRS

>12 years (and age-appropriate cognitive 
performance)
  aGrade 2 (per CTCAE v5.0) somnolence, 

confusion, encephalopathy, dysphasia, 
seizure (brief generalized seizure), tremor

  Neurologic assessment score 3–6
≤12 years
Grade 2 CNS toxicities as above and CAPD 
score <9

Grade 2 Supportive care and neurological 
workup as per grade 1
IL-6 antagonist if associated with 
concurrent CRS
Dexamethasone 0.5 mg/kg/dose 
(maximum 10 mg/dose) IV every 6 h 
or methylprednisolone 1–2 mg/kg/day 
divided q6–q12 h for CRES not 
associated with concurrent CRS, or if 
refractory to IL-6 antagonist therapy 
when it is administered
Consider PICU transfer if associated 
with grade 2 or greater CRS
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Table 8.11 (continued)

>12 years (and age-appropriate cognitive 
performance)
  aGrade 3 (per CTCAE v5.0) somnolence, 

confusion, encephalopathy, dysphasia, 
seizure (multiple seizures despite medical 
interventions), tremor and incontinence or 
motor weakness, raised ICP (stage 1 or 2 
papilledema with CSF OP <20 mmHg)

  Neurologic assessment score 0–2
≤12 years
  CAPD score >9

Grade 3 Supportive care and neurological 
work-up as per grade 1
PICU transfer is recommended
IL-6 antagonist, if associated with 
concurrent CRS if not administered 
previously
Dexamethasone 0.5 mg/kg/dose 
(maximum 10 mg/dose) IV every 6 h; 
increase to 20 mg IV every 6 h if 
refractory or methylprednisolone 
1–2 mg/kg/day divided q6–q12 h 
around the clock, if symptoms worsen 
despite IL-6 antagonist therapy or for 
CRES without concurrent CRS
Continue corticosteroids until 
improvement to grade 1 and then 
taper or stop
Stage 1 or 2 papilledema with CSF 
OP <20 mmHg, treat per algorithm C
Consider repeat neuroimaging (CT or 
MRI) q 2–3 days if persistent CRES 
greater than or equal to grade 3

  Critical/obtunded/unable to perform CAPD
  High grade (Stage 3, 4, or 5) papilledema, 

CSF OP ≥ 20 mm Hg, or cerebral edema
  Life-threatening prolonged repetitive 

seizure
  Requirement of mechanical ventilation

Grade 4 Supportive care and neurological 
workup as per grade 1
PICU monitoring; consider 
mechanical ventilation for airway 
protection
Neurosurgical evaluation
Consider repeating CT scans
Chemistry panels frequently 
medication adjustment and 
osmotherapy to prevent rebound 
cerebral edema, renal failure, 
hypovolemia/hypotension, and 
electrolyte abnormalities
IL-6 antagonist and repeat 
neuroimaging as per grade 3
Consider high-dose corticosteroids 
(e.g. methylprednisolone IV 1 g/
day × 3 days followed by rapid taper)
Continue corticosteroids until 
improvement to grade 1 and then 
taper
For convulsive status epilepticus, treat 
per algorithm B
Stage 3,4 or 5 papilledema, CSF OP 
≥20 mmHg, or cerebral edema treat 
per algorithm D

(continued)
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CAR-T-related encephalopathy syndrome (CRES) may present concurrently 
with CRS, after its resolution or without antecedent CRS [41, 247, 248]. CRES can 
also present with a wide range of symptoms including handwriting difficulty, delir-
ium, seizures, and cerebral edema [65, 251]. CRES occurred in 40% of children 
with ALL who received tisagenlecleucel during the phase 2 global study [14]. The 
Cornell Assessment of Pediatric Delirium (CAPD) provides a validated screening 
tool for recognition of delirium among children and adolescents (ages birth to 
21 years old) [256]. CAPD screening with use of developmental anchor points may 
be used to perform developmentally appropriate delirium screening for children 
during their CRES risk period [251]. A CAPD score greater than 8 is indicative of 
delirium, with a trend of increasing scores worrisome for CRES severity [251]. 
Alternatively, a neurological assessment score may be performed for older patients 
as previously described [41]. While delirium and handwriting difficulty may repre-
sent the earliest signs of CRES, seizures, papilledema, and cerebral edema are some 
of the most worrisome signs. Patients who receive products associated with a rea-
sonable likelihood of CRES may receive anti-seizure prophylaxis with 
 non- cardiotoxic medications such as levetiracetam. Grading and management of 
CRES are outlined in Table 8.11 [251]. Children who show signs and symptoms of 
CRES may require early assessment by neurology and critical care teams. Seizure 
precautions, airway management considerations, serial funduscopic examinations, 
and appropriate planning for possible status epilepticus and cerebral edema may 
mitigate negative outcomes.

Diagnostic criteria and considerations for CAR-T-related hemophagocytic lym-
phohistiocytosis (HLH) have been previously described [9, 41, 247, 251]. Children 
may be diagnosed with CAR-T-related HLH/MAS if they have a peak ferritin 
>10,000 ng/ml during their CRS phase and develop two of the following: grade ≥ 3 
organ toxicities involving the liver, kidney, or lung, or hemophagocytosis in the 
bone marrow or other organs [9, 41, 247, 251].

Early recognition and close monitoring for worsening status and prompt treat-
ment with anti-IL-6 therapy such as tocilizumab (competitively inhibits the bind-
ing of IL-6 to its receptor IL-6R) and siltuximab (monoclonal antibody (MAb) 

Table 8.11 (continued)

CRES grading with history, physical examination, neurologic assessment score, or Cornell 
assessment of pediatric delirium tool (CAPD) should be performed at least twice a day and 
when there is change in the patient clinical status
The trend in CAPD scores within an individual subject is important; increasing scores can be 
used as a marker for CRES severity
Papilledema scoring according to modified Frisen graded scale of papilledema
aCTCAE neurologic toxicities should be assessed for etiology, in a similar manner to fevers. If 
toxicities are thought to be attributable to CRES, then symptoms should be treated per the 
algorithm
LOC loss of consciousness, CNS central nervous system, CTCAE common terminology criteria 
for adverse events, CSF cerebrospinal fluid, OP opening pressure, IV intravenous, mg 
milligrams, max maximum, EEG electroencephalography, CT computed tomography, MRI 
magnetic resonance imaging, PICU pediatric intensive care unit, IL-6 interleukin 6
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against IL-6) may mitigate severe manifestations of CRS/CRES and CAR-T-
related HLH [14, 257, 258]. Routine administration of corticosteroids to patients 
receiving CAR-T therapy is usually avoided in the absence of CRS as its impact on 
CAR-T expansion remains to be determined. However, prompt steroid administra-
tion in the setting of significant sequelae, particularly if refractory to tocilizumab, 
may be appropriate [251]. Safety mechanisms to eliminate transduced cells have 
also been added to some CAR cells, such as (i) CD19 CAR with a truncated EGFR 
(EGFRt) that can be inactivated with administration of cetuximab [259], (ii) func-
tional co- expression of RQR8 ligand sensitive to the monoclonal antibody ritux-
imab, and (iii) inducible caspase-9 (iC9) that can be pharmacologically activated 
to eliminate transduced cells [251, 260–262]. Anticipatory preparation and precau-
tions for severe sequelae such as management of hemodynamic shock, status epi-
lepticus, and cerebral edema are important. It is important to consider the 
differential diagnoses in the management of these sequelae. For example, broad-
spectrum antibiotics may be appropriate with fever, and fluid resuscitation may be 
indicated for hypotension (without triggering acute fluid overload and cardiorespi-
ratory compromise).
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Chapter 9
Diagnosis, Treatment, and Management 
of Hemophagocytic Lymphohistiocytosis 
in the Critical Care Unit

Melissa Hines, Neel Bhatt, and Julie-An M. Talano

 Introduction

 Definitions, HLH Nomenclature, and Clinical Presentation

Hemophagocytic lymphohistiocytosis (HLH) is a hyperinflammatory syndrome char-
acterized by significant CD8 T-cell and macrophage activation and severe hypercyto-
kinemia. This hypercytokinemia can lead to severe multi-organ dysfunction which 
often requires aggressive supportive care within the intensive care unit. Given the 
syndromic nature of the disease, HLH is defined by the constellation of certain physi-
cal exam findings and laboratory criteria that were initially defined by the Histiocyte 
Society in the HLH-94 protocol [1, 2] and then updated in the HLH- 2004 protocol [3]. 
While these diagnostic criteria were initially intended as inclusion criteria for these 
protocols, they remain the most widespread and accepted clinical diagnostic criteria. 
In the initial HLH-94 definition, patients had to meet five of five diagnostic criteria to 
be included within the study, including fever, splenomegaly, hemophagocytosis, 
hypertriglyceridemia and/or hypofibrinogenemia, and cytopenias [1, 2]. With the 
HLH-2004 protocol, the diagnostic criteria were updated to include elevated soluble 
IL-2 receptor, reduced or absent NK-cell cytotoxic function, and hyperferritinemia 
[3]. Patients were required to meet at least 5 of 8 criteria or harbor genetic defects 
known to cause HLH for inclusion in the study protocol (Table 9.1) [3].
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HLH is often differentiated into primary or familial HLH (fHLH) or secondary 
HLH (sHLH) based on whether a genetic defect associated with HLH can be identi-
fied. Those with a genetic defect are classified as having fHLH, whereas those with 
secondary HLH are thought to have overwhelming immune system activation due 
to infection, malignancy, or another cause rather than disease caused by an underly-
ing genetic defect. The pathophysiology and the current understanding about the 
differentiation of fHLH and sHLH is evolving as many secondary HLH patients are 
found to have other genetic changes that can predispose them to the development of 
HLH. This will be discussed in more detail in the HLH pathophysiology section. 
Regardless, experts typically use the HLH-2004 diagnostic criteria as a guide for 
diagnosis of both fHLH and sHLH. Macrophage activation syndrome (MAS) refers 
to the cytokine storm and inflammation that can be associated with rheumatologic 
disease. While MAS is often categorized as a form of secondary HLH, new diagnos-
tic criteria have been formed in recent years to specifically define MAS associated 
with systemic juvenile idiopathic arthritis (sJIA; Table 9.2), but there are no cur-
rently diagnostic criteria for MAS associated with other rheumatologic diseases.

Fever (91%) and splenomegaly (84%) are two of the most common clinical fea-
tures described in HLH [4]. Fever in HLH patients is particularly notable as it tends 
to be high and persistent despite antimicrobial therapy [5]. Primary HLH patients in 
particular have very prominent organomegaly (hepatomegaly and splenomegaly) 
that often progresses with time [5]. Cytopenias, especially thrombocytopenia (97%) 
and anemia (88%), are common laboratory findings [2]. Neutropenia is less com-
mon (69%) at the time of diagnosis [2]. These patients can also have DIC with sig-
nificant hypofibrinogenemia, but this finding is more variable (primary HLH 
60–65%; secondary HLH 40%) [6]. When hypofibrinogenemia is present, it is 
highly suggestive of HLH and can be helpful in differentiating patients with HLH 
from patients with sepsis who tend to have DIC with hyperfibrinogenemia [5]. 
Elevated ferritin is a marker of inflammatory response and macrophage activation 

Table 9.1 HLH 
diagnostic criteria from 
HLH-2004 protocol

Five of criteria below

Fever
Splenomegaly
Cytopenias (affecting ≥2 of 3 lineages in the peripheral blood)
  Hemoglobin < 9 g/dl (10 g/dl in infants less than 4 weeks)

  Platelets < 100 × 109/L

  Neutrophils < 1 × 109/L

Hypertriglyceridemia and/or hypofibrinogenemia
  Fasting triglycerides ≥265 mg/dl

  Fibrinogen ≤150 g/dl

Presence of hemophagocytosis in bone marrow or other tissue
Low or absent NK-cell activity
Ferritin ≥500 microgram/L
Soluble IL-2 receptor (CD25) ≥2400 U/ml
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and is seen in up to 93% of HLH cases. Hyperferritinemia, particularly >10,000 μg/L, 
is a highly sensitive (90%) and specific (96%) test for HLH and can differentiate 
hyperferritinemia seen in other conditions such as liver disease, chronic transfu-
sions, and infections [7]. Hypertriglyceridemia is common (80%), but is not specific 
for HLH and thought to be secondary to elevated TNF-alpha levels [5, 8]. In addi-
tion to ferritin, elevated serum-soluble IL-2 receptor (α chain; sCD25), a marker of 
T-cell activation, is helpful for diagnosis and disease monitoring [9]. Other HLH 
testing included in the HLH-2004 diagnostic criteria includes tissue or bone marrow 
biopsy with the presence of hemophagocytosis and NK-cell function. Decreased or 
absent NK-cell function is suggestive of HLH but can be normal in both primary 
and secondary HLH [10]. Similarly, the presence of hemophagocytosis can be sug-
gestive of HLH if other clinical and laboratory criteria are met, but is not specific or 
necessary for the diagnosis of HLH [11].

There are several other important clinical and laboratory findings that are not part 
of the HLH-2004 diagnostic criteria which are often found in HLH patients. For 
example, liver dysfunction evident by elevated transaminases and bilirubin (typi-
cally direct hyperbilirubinemia) is a common associated finding [2, 5, 9]. Cases of 
fulminant liver failure and hydrops fetalis have been reported in patients who have 
ultimately been diagnosed with HLH [12]. Elevated AST, ALT, and bilirubin have 
been reported in 76%, 76%, and 51% of the patients, respectively. Other common 
abnormal laboratory findings include elevated LDH, hyponatremia, and hypoalbu-
minemia [1–3, 8]. More variable clinical findings include edema, ascites, respira-
tory failure, lymphadenopathy, rash (30–65%), and CNS involvement [2, 5, 13]. 
Symptoms concerning for CNS involvement include seizures, mental status changes, 
or focal neurologic findings and can be seen in up to 75% of the pediatric HLH 
cases [2, 4, 13, 14]. In the HLH-94 study, patients with CNS HLH (n = 122) pre-
sented with either abnormal CSF studies (CSF pleocytosis, elevated protein; 41%) 
or neurological symptoms (17%) or both (42%) [14]. MRI findings are just as broad 
as the neurologic symptoms in HLH and include leptomeningeal enhancement, 
hemorrhage, and T2 and FLAIR hyperattenuation [15, 16]. Both MRI changes and 
CSF findings can be seen in patients that have no CNS symptomatology. Rare cases 
of isolated CNS HLH (i.e., no or few systemic HLH manifestations) have also been 
reported in the literature which makes the diagnosis challenging [17–19]. Skin man-
ifestations such as rashes are present in up to 65% of the cases [9]. Types of rashes 

Table 9.2 Diagnostic 
criteria for macrophage 
activation syndrome in 
sJIA

Suspected or confirmed diagnosis of sJIA
Fever
Ferritin >684 ng/ml
AND any two of the following:
  Platelet count ≤181 × 109/L

  Aspartate aminotransferase >48 u/L

  Triglycerides >156 mg/dl

  Fibrinogen ≤360 mg/dl
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range from generalized maculopapular to petechiae and purpura [20]. These signs 
and symptoms can be seen in patients with or without an identifiable trigger, such as 
infection. In short, while the presentation of HLH is extremely variable, patients 
that raise suspicion for HLH include those who are persistently febrile with cytope-
nia and hepatosplenomegaly and are often critically ill with some evidence of liver 
dysfunction and/or DIC with hypofibrinogenemia.

 Incidence and Mortality

The incidence of familial HLH has been estimated to be 1 in 50,000 live births with 
average survival of 2 months and a mortality of greater than 90% without therapy 
[4, 21]. The estimated incidence of both primary and secondary HLH is not known 
but has been reported to be 1 in 3000 inpatient admissions in a retrospective review 
at a single center [7]. While mortality has significantly improved over the last 
20 years, it remains high for both adult and pediatric HLH patients. Mortality in the 
adult population has been reported to be 22–59% [22–24]. With the introduction of 
etoposide-based immunochemotherapy, pediatric HLH survival has improved from 
less than 10% to a 5-year survival of 55% to 61% [1, 2, 25]. Familial HLH patients 
that receive a bone marrow transplant have a reported survival of 64% at 3 years and 
58–66% at 5 years [1, 2, 25, 26].

 HLH Pathophysiology

 Primary HLH

The understanding of the pathophysiology of HLH has grown dramatically over the 
last 15 years with the discovery of loss-of-function germline mutations in the PRF1 
gene, which encodes the protein perforin, in familial HLH patients [27–29]. Prior to 
this discovery, it was recognized that HLH patients often exhibited NK cytotoxic 
dysfunction, but the cause of the dysfunction was unknown [30, 31]. Since this ini-
tial discovery, several other genes have been identified to cause the HLH phenotype, 
many of these involving the sorting, trafficking, docking, and fusion of cytotoxic 
granules containing granzymes A and B and perforin to the cell membrane (includ-
ing the proteins LYST, AP-3 complex, Rab27a, Munc 13–4, Munc 18–2, Syntaxin 
11) [9, 32, 33]. In these cases, the cytotoxic granules do not contain perforin, or they 
are unable to stably dock and/or fuse with the cell membrane, preventing optimal 
perforin pore formation and granzymes A and B delivery to the target cell (Fig. 9.1). 
Typically, once the cytotoxic granule saddles up to the cell membrane and fuses, 
perforin proteins come together to form a pore-like structure allowing the release of 
granzymes A and B from the granule of the NK or cytotoxic T cell into the target 
cell. Once in the target cell, granzymes A and B stimulate the apoptosis cascade 
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leading to cell death [35]. In the case of PFR1 mutations (codes the perforin pro-
tein), the cytotoxic granule is appropriately trafficked and can fuse with the cell 
membrane, but there is a decreased or an absent perforin. Therefore, no perforin 
pore is made, and granzyme A or granzyme B is not delivered to the target cell to 
induce apoptosis [32, 33, 36]. These known gene mutations account for FHL 2–5 
(PFR1, UNC13D, STX11, STXBP2) and three other immunodeficiency disorders, 
Griscelli syndrome type 2, Chediak-Higashi syndrome, and Hermansky-Pudlak 

NK cell
LYST, AP-3 complex

Target cell

anti-CD107a
antibody

Granzyme A & B

Perforin

Apoptosis

CD107a

Golgi apparatus

anti-perforin
antibody

Rab 27a
Munc 13-4

Munc 18-2
Syntaxin 11

Protein sorting & trafficking

Fig. 9.1 Function of HLH-related proteins and cytotoxic cell function and the use of CD107a and 
perforin expression assays for diagnosis. LYST (function not fully understood) and AP-3 function 
in protein trafficking and sorting from the Golgi apparatus to the formation of the cytotoxic gran-
ules. As seen in the figure, granzymes A and B, as well as perforin, are packaged in the cytotoxic 
granules. Rab27a function is in cytotoxic vesicle trafficking and cytotoxic vesicle membrane 
fusion to the effector cell membrane. Munc 13–4, Munc 14–2, and Syntaxin 11 assist in the dock-
ing, priming, and fusion of the cytotoxic granule to the effector cell membrane for degranulation. 
Once the cytotoxic vesicle fuses with the effector cell membrane, individual perforin proteins 
come together to form a pore-like structure that allows granzymes packaged in the cytotoxic gran-
ules to pass from the effector cell to the target cell causing target cell death. CD107a is found 
within the membrane of the cytotoxic granule and is expressed in the cell membrane once the 
cytotoxic membrane fuses with the cell membrane during cytotoxic granule degranulation. Perforin 
and CD107a expression testing uses fluorescently conjugated anti-perforin and anti-CD107a anti-
bodies and detects and quantifies the amount of florescence by flow cytometry. Perforin expression 
assay determines the amount of perforin within the cytotoxic vesicles within the cell. In CD107a 
expression testing, NK and cytotoxic T cells are stimulated to degranulate. After degranulation, 
anit-CD107a antibodies attach to CD107a expressed on the cell membrane (This figure was origi-
nally published in Blood. Hines and Nichols [34])
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syndrome type 2 (RAB27A, LYST, AP3B1; Table 9.3), which are all inherited in an 
autosomal recessive fashion [9, 32]. In addition to these disorders, there are two 
X-linked disorders that can lead to an HLH phenotype [3, 9, 32]. X-linked lympho-
proliferative disease types 1 and 2 are caused by a defect in the genes SH2D1A and 
BIRC4, which code for the SAP and XIAP proteins, respectively. SAP protein is 
thought to play a role in effector function of multiple immune cells including NK, 
NKT, and T cells by relaying proper signaling for the polarization of granules [32]. 
Due to the defect in effector function, there can be impaired NK and CD8 T-cell 
cytotoxic dysfunction that is thought to lead to the HLH phenotype, particularly 
after EBV infection [32, 37, 38]. XIAP is an anti-apoptotic protein that inhibits 
caspase activity, but how a defect in this protein leads to HLH pathophysiology is 
not as well understood [32].

How do these defects in cytotoxic function lead to a cytokine storm? Familial or 
primary HLH is an immunodeficiency as well as a hyperinflammatory syndrome. 
The effector function of NK and CD8 T cells kills cells with intracellular infection as 
well as cells that are dysfunctional, such as cancer cells. In addition to the surveil-
lance function that these cells serve, they also play a crucial role in controlling the 
immune response by eliminating immune cells that are no longer needed, including 
antigen-presenting cells. Based on what we know from murine models, both CD8 T 
cells and interferon-gamma are imperative to the formation of the cytokine storm and 
clinical findings of primary HLH [39]. In an HLH flare, the initial immune response 
including immune activation is appropriate but is later complicated by persistent 
antigenemia, persistent antigen presentation, uncontrolled monoclonal expansion of 
CD8 T cells, and hypercytokinemia (predominately INF-gamma) [33, 39–41]. Once 

Table 9.3 Genetic causes of HLH and associated tests

Disease
Gene 
name

Encoded 
protein

Perforin 
expression

CD107a 
upregulation

NK cell 
cytotoxicity

FHL2 PRF1 Perforin ↓ ↓ Normal ↓ or 0
FHL3 UNC13D Munc13–4 Normal ↓ ↓ ↓ or 0
FHL4 STX11 Syntaxin 11 Normal ↓ ↓ ↓ or 0
FHL5 STXBP2 Munc18–2 Normal ↓ ↓ ↓ or 0
Griscelli RAB27A Rab27a Normal ↓ ↓ ↓ or 0
Chediak- 
Higashi

LYST LYST Normal ↓ ↓ ↓ or 0

XLP1a SH2D1A SAPb Normald Normald ↓ or normal
XLP2 BIRC4 XIAPc Normale Normale ↓ or normal
HPS2f AP3B1 AP3g Normal ↓ ↓ ↓

aX-linked lymphoproliferative syndrome
bsignaling lymphocytic activation molecule (SLAM)-associated protein
cX-linked inhibitor of apoptosis
dSAP expression decreased
eXIAP expression decreased
fHermansky-Pudlak syndrome type 2
gadaptor protein 3 complex
This figure was originally published in Blood. Hines and Nichols [34]

M. Hines et al.



165

there is a triggering event, such as a viral infection, CD8 T cells are activated by 
antigen-presenting cells (APCs) and monoclonally expand both in the blood and in 
the tissue and secrete interferon-gamma. Interferon-gamma activates and then 
recruits macrophages to the area [32, 33]. Macrophages in turn secrete multiple cyto-
kines, including IL-18, IL-10, IL-6, IL-1beta, and TNF-alpha, which provide a feed-
back loop for further CD8 T-cell activation and proliferation [32, 39, 42]. This 
process of CD8 T-cell activation continues, since virally infected cells cannot be 
eliminated due to defective degranulation of CD8 T cells and NK cells, leading to 
persistent antigenemia and cytokine production [33, 40, 43]. APCs are typically 
removed by NK and CD8 T cells but remain in this case due to the ineffective cyto-
toxic function of these cells [33, 40, 41]. Continued activation and expansion of the 
CD8 T cells lead to massive amounts of interferon-gamma [39]. NK and CD8 T cells 
with degranulation defects have prolonged contact with the target cells, which can 
cause a fivefold increased release of interferon-gamma and promote hypercytokin-
emia [44]. All aspects of this immune dysfunction lead to signs and symptoms of 
HLH, including hyperferritinemia, increased soluble IL-2 receptor (sIL2R), cytope-
nias, splenomegaly, hemophagocytosis, hypertriglyceridemia, fever, and hypofibrin-
ogenemia [5].

 Secondary HLH

sHLH patients have the same HLH phenotype as those with fHLH, but they lack the 
known HLH-associated genetic mutations. Secondary HLH can be induced by 
infection, rheumatologic disease, or malignancy. Infection-associated HLH can be 
due to viral, bacterial, fungal, or parasitic infection [45]. The most common viral 
culprits are the DNA viruses, including EBV, HHV6, parvovirus, HSV, CMV, and 
adenovirus [45]. HLH secondary to influenza and HIV (typically with superinfec-
tion) has also been described. Bacterial-associated HLH has been described particu-
larly with Mycobacterium, as well as Staphylococcus aureus, Ehrlichia, Rickettsia, 
and Mycoplasma [45]. Parasitic infections are a common cause of HLH in countries 
outside of the United States, and causative agents include Leishmania (particularly 
visceral leishmaniasis), Plasmodium, and Toxoplasma. Histoplasmosis (particularly 
disseminated), Candida, and Cryptococcus are fungal agents that have been associ-
ated with HLH in the literature [33, 45].

HLH-like presentation associated with rheumatologic disease is typically referred 
to as MAS or MAS-HLH. The rheumatologic disease most commonly associated 
with MAS is sJIA [46]. Up to 10% of sJIA patients develop overt MAS, but there is 
 evidence that up to 30% of patients may have subclinical MAS [47]. In addition, 
MAS has been described in SLE, adult-onset Still’s disease, dermatomyositis, 
Kawasaki’s disease, rheumatoid arthritis, and inflammatory bowel disease [46]. 
Malignancy- associated HLH is more commonly seen in adult patients but can also be 
seen in pediatric patients. It is most often associated with lymphomas, particularly T 
cell or NK cell, or leukemias [48]. It is thought that HLH may manifest due to 
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immune dysregulation from dysfunctional leukemic or lymphoma cells with ensuing 
hypercytokinemia. Often there is a concomitant viral infection, particularly EBV 
[33, 48]. In addition to HLH resulting directly from the malignancy, there are reports 
of HLH resulting after bone marrow transplant [49, 50], as well as malignancy-
related therapies including chemotherapy and immunomodulation [33, 48]. The 
majority (88%) of patients that develop HLH related to cancer-directed therapy often 
have a concomitant infection, so infectious disease work-up is important in these 
patients [48].

The pathophysiology for secondary HLH is not as well understood as fHLH. Unlike 
the pathophysiology of primary HLH, secondary HLH pathophysiology cannot be 
completely explained by a defect in cytotoxic function, as many secondary HLH 
patients have normal NK-cell cytotoxic function when tested [10, 51]. Cytotoxic dys-
function and the sizable innate immune activation appear to work in concert leading 
to the subsequent cytokine storm and phenotype of HLH. It also appears that depend-
ing on the etiology of the secondary HLH, the predominance of innate immune sys-
tem activation versus cytotoxic cell dysfunction may vary. The cytotoxic dysfunction 
that may occur in secondary HLH can be due to a direct, but reversible, defect in 
cytotoxic function or a relative cytotoxic dysfunction due to decreased numbers of NK 
or CD8 T cells [33, 52]. The acquired cytotoxic dysfunction is particularly important 
in certain viral infections, such as EBV, influenza, and HSV, where the cytotoxic dys-
function is virally induced [44, 53, 54]. Prolonged increased IL-6, which can be seen 
in infection but is particularly common in rheumatologic disorders, can also play a 
role in acquired cytotoxic dysfunction by decreasing perforin and granzyme B expres-
sion [55]. In addition to acquired defects in cytotoxicity, overactivation of the innate 
immune system also plays an important role in the development of HLH, particularly 
MAS and sepsis or bacterial-induced HLH. Both sepsis and MAS are characterized 
largely by innate immune system activation by Toll-like receptors (TLRs) as well as 
high levels of IL-6, which have been shown to amplify TLR signaling [56]. In a recent 
murine model, it was demonstrated that blatant HLH phenotype with hypercytokin-
emia could be produced by repeated stimulation of TLR9 [57]. Contrary to primary 
HLH murine models, this process does not appear to be dependent on CD8 T-cell 
activation or interferon- gamma secretion [57, 58]. Based on multiple murine cytokine 
neutralization studies, there is no single cytokine that is responsible for driving HLH/
MAS pathophysiology [33, 43]. IL-1 family, IL-6, IL-10, IL-18, and INF-gamma all 
appear to play a role in the pathophysiology and the MAS/HLH phenotype [33, 43, 
57, 58]. While the differences between primary and secondary HLH or MAS may 
seem esoteric, the differences in pathophysiology will be crucial in predicting the best 
novel therapies, such as cytokine neutralization, that will be the most effective.

 Evolving Understanding of Secondary HLH

Traditionally, secondary HLH has referred to patients that have the phenotype of 
HLH, but do not have bi-allelic mutations in HLH-associated genes. The distinc-
tion between primary and secondary HLH has become more complex as we have 
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learned that some secondary HLH patients also carry polymorphisms (of unknown 
significance) or mono-allelic mutations in HLH-associated genes, although it is 
controversial if the reported polymorphism cause disease [36, 59–63]. In addition 
to mutations or polymorphisms in HLH-associated genes, there have been muta-
tions and other variants found in secondary HLH patients with whole-genome 
sequencing, including mutations in genes involved with microtubule organization, 
vesicle transport, NK-cell receptors, cytokine production and signaling, inflamma-
some activation, and TLR signaling [33, 64]. This is an interesting concept as it 
suggests that these variants or mono-allelic mutations could lead to a small decrease 
in cytotoxic function or other immunopathology that may predispose an individual 
to develop HLH with an infectious or rheumatologic trigger. This may be an expla-
nation why some individuals are predisposed to the development of HLH with 
infection while others may not.

 HLH Versus Sepsis Pathophysiology

Are sepsis and HLH really that different? There are many similarities, but there 
are some very important differences between the immune response in HLH com-
pared to sepsis. The best understanding that we have about immune function dur-
ing the initial phases of sepsis and an HLH flare is from genomic expression 
profiling within the pediatric population and serum cytokines from both adult and 
pediatric studies. According to genomic expression profiling in sepsis, there is 
initially a large activation of the innate immune system, likely due to DAMPs 
(damage-associated molecular patterns) and/or PAMPs (pathogen-associated 
molecular patterns), and then the cytokine storm [65]. In sepsis, there is an imme-
diate downregulation of adaptive immunity, increased apoptosis particularly of T 
cells, as well as decreased antigen presentation over the ensuing days (due to IL-4 
and IL-10) [65]. However, in a primary HLH flare, there is a similar downregula-
tion in genes related to adaptive immunity but also a downregulation in innate 
immunity and proteins related to promoting apoptosis [66]. Contrary to serum 
cytokine profiles, in genomic expression profiling, both HLH and sepsis patients 
demonstrated upregulation of genes related to the same cytokines, including IL-6, 
IL-10, and IL-1 family [65, 66]. Serum cytokine levels in HLH patients usually 
show an overwhelming predominance of INF-gamma (consistent with over-
whelming CD8 T-cell activation) and IL-10 (released in an attempt to control the 
immune response) [42, 67–69]. TNF- alpha and IL-6 are elevated within the HLH 
group, but not predominant [36, 42, 67–69]. In sepsis, IL-6 and IL-10 levels tend 
to predominate with some elevation of TNF-alpha [36, 68, 70, 71]. Interestingly 
in sepsis, a low INF-gamma is associated with a poorer prognosis [72], most 
likely a herald for overwhelming immune suppression and lack of T cells. In sum-
mary, both syndromes have a similar initial release of cytokines with subsequent 
cytokine storm with a paradoxical but needed early attempt to control the immune 
response with the downregulation of multiple genes related to adaptive 
immunity.
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In primary HLH, this attempted downregulation of the immune system is inef-
fective due to the lack of cytotoxic function of NK and CD8 T cells to appropri-
ately dampen activated immune cells resulting in continued, unrestricted immune 
system activation and cytokine release. In sepsis, the term for this reactive down-
regulation of the immune system has been coined compensatory downregulation 
syndrome (CDS) [73, 74]. In sepsis, downregulation of the immune system can 
be adequate, over-exaggerated, or inadequate. If the CDS is adequate, then the 
infection is cleared and the immune system returns to homeostasis and the patient 
will slowly improve. If CDS is overexaggerated, then immunoparalysis (defined 
as TNF-alpha release <200 pg/ml with ex vivo lipopolysaccharide stimulation or 
monocyte HLA-DR) can occur with inadequate clearance of initial infectious 
agent or new nosocomial infection with multi-organ dysfunction syndrome 
(MODS) and increased risk of mortality [74, 75]. Interestingly, there is another 
newly described phenotype of MODS/sepsis in the literature, MAS-like MODS 
or macrophage activation-like syndrome [76–81]. This entity is thought to be 
caused by inadequate downregulation of the immune system with continued 
inflammation. Unfortunately, there is no consistent definition of these patients. 
Some fulfill five of eight HLH diagnostic criteria or the H-score [80, 82], while 
other studies describe sepsis characterized by hyperferritinemia, hepatobiliary 
dysfunction, and DIC with or without cytopenias [36, 76, 78, 81, 83]. The lead-
ing hypothesis for the pathophysiology for this subgroup of sepsis is thought to 
be partly due to CDS.  Due to sepsis-related CDS, there is thought to be a 
decreased overall number of NK cells and/or function leading to impaired prun-
ing of activated immune cells, including antigen-presenting cells and macro-
phages, as well as overactivation of the innate immune system via TLRs. While 
the literature is still young, those with hyperferritinemic (>1980  ng/ml or 
>4420  ng/ml) sepsis represent an at-risk group with high mortality (44–46%) 
[78, 81]. These MAS-like MODS/sepsis patients may not fit all HLH criteria, but 
they may represent patients in the HLH spectrum of inflammation that may ben-
efit from some amount of immunosuppression [78, 80, 82, 83]. Despite this 
growing evidence for MAS-like MODS/sepsis, much work still needs to be done 
including more clearly defining this phenotype of sepsis within the literature and 
determining best therapy.

In conclusion based on emerging data, there are many potential reasons why 
sepsis and HLH appear phenotypically the same, particularly at initial presentation. 
There is a growing body of evidence to suggest that the amount of inflammation 
seen in sepsis, HLH, and MAS is not dissimilar, but rather each entity is represented 
on a spectrum of inflammation.

 HLH Evaluation and Testing

There are several tests (Table 9.4) that can be sent immediately with a quick turn-
around that can assist in the diagnosis of HLH. This includes complete blood cell 
count, coagulation studies with fibrinogen, ferritin level, lactate dehydrogenase 
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(LDH), albumin, bilirubin (total and direct), and liver function studies. Other tests that 
are helpful for HLH diagnosis include soluble IL-2 receptor level (also known as 
CD25) and NK-cell function; however, in most institutions these are send-out labs and 
do not have a quick turnaround time. Soluble IL-2 receptor level acts as a barometer 
for the amount of T-cell activation and can be helpful in the diagnosis of HLH and 
following disease activity. The use of NK-cell function for HLH diagnosis is more 
nuanced as many secondary HLH patients will have normal NK-cell function [10, 
51]. In addition steroids can cause NK-cell dysfunction making the study invalid once 
patients have received steroids. NK-cell function can also be normal in primary HLH 
patients, so a normal NK-cell function result does not rule out  primary HLH [10]. 
Soluble CD163 is a marker of scavenger macrophage activation and may aid in mak-
ing the diagnosis along with other tests. Patients with sepsis or infectious 

Table 9.4 Initial testing for diagnosis and suggested testing are listed in the table. Those indicated 
with an astericks (*) represent tests that often require specialized testing at a send-out lab with 
varying expected return times. NK cell function, CD25 level, CD107a mobilization, perforin 
expression, XIAP, and SAP expression usual takes 2 to 5 days for results to return. Time for HLH 
genetic testing often requires 4 to 6 weeks

Recommended laboratory and diagnostic studies for HLH

Initial testing

Complete blood count
Basic metabolic panel
LDH
Coagulation studies including fibrinogen
Albumin
Liver function panel
Ferritin
Soluble IL-2 receptor or CD25 level*

NK-cell function*

Bone marrow biopsy
  Hemophagocytosis
Optional:
Abdominal ultrasound to determine hepatosplenomegaly if not palpable
Tests to consider in primary HLH

Lumbar puncture
  CSF cell count
  CSF protein level
MRI head with and without contrast
CD107a mobilization*

Perforin/granzyme B expression*

HLH genetic panel*

In males:
XIAP and SAP expression*

Tests for HLH monitoring

Ferritin Once to twice weekly
Soluble IL-2 receptor or CD25 level Once weekly
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mononucleosis could also show elevated sCD163 levels; however there is minimal 
overlap compared to the levels seen in patients with HLH [84]. Bone marrow biopsy 
for the evaluation of hemophagocytosis can be helpful for the diagnosis of HLH, par-
ticularly in patients where the cause of persistent cytopenias is unclear, specifically in 
the context of a possible HLH at malignancy diagnosis, chemotherapy-related HLH, 
or HLH in the setting of bone marrow transplant. The result of the bone marrow 
biopsy must be considered in the whole of the clinical picture and alone cannot prove 
or disprove the diagnosis of HLH. Primary HLH patients can have a normal bone mar-
row biopsy particularly early in their illness [5, 11]. In addition, hemophagocytosis 
can be found in critically ill patients without HLH, and hemophagocytosis is not 
always seen in HLH patients [36, 85–87]. Because of these reasons, hemophagocyto-
sis is considered neither a sensitive nor a specific finding to diagnose HLH, and HLH 
diagnosis should not solely depend on the finding of hemophagocytosis but rather the 
complete clinical picture [86]. DIC or coagulopathy does not necessarily preclude 
performing bone marrow biopsy as the risk of bleeding is low. In addition, there are 
two functional flow cytometry tests that determine perforin/granzyme B expression 
and CD107a mobilization that typically have a turnaround time of 2–5 days (Fig. 9.1) 
[10, 51]. These tests have been found to be both sensitive and specific for predicting 
the presence of an HLH-associated gene mutation [10, 51]. There are two other flow 
cytometry tests, SAP and XIAP expression, which should be sent in male patients for 
work-up for possible X-linked lymphoproliferative disease. Please see Table 9.3 for 
expected results for NK-cell function, CD107a mobilization, and perforin expression 
for different HLH-associated mutations.

While primary or familial HLH is most commonly thought of in neonates or 
those under 1 year of age, many familial HLH patients may not present until later in 
life depending on the severity of their mutation (i.e., and thus the degree of cyto-
toxic dysfunction). Due to this reason, genetic testing should be considered in all 
pediatric patients to determine if they have germline mutations associated with 
fHLH, especially in patients less than 1 year of age, or if perforin/granzyme B, SAP, 
XIAP expression, or CD107a mobilization testing is abnormal. For HLH genetic 
testing, next-generation sequencing (NGS)-based assays are commercially avail-
able to test for the genetic syndromes responsible for abnormal T-cell and NK-cell 
cytotoxicity leading to HLH development [88]. These tests take several weeks to 
result and should be sent early in the work-up in cases of high clinical suspicion.

In addition to testing required for HLH diagnosis, there are some additional tests 
that are helpful in determining additional type of HLH-specific therapy required, as 
well as response to therapy. Most patients with high suspicion of HLH should have 
a baseline MRI head and lumbar puncture with CSF studies (CSF cell count and 
differential and CSF protein level) [2, 15, 16]. These studies should be performed 
even if patients have no neurologic findings, as CSF pleocytosis and MRI findings 
can be seen in patients that are asymptomatic [14, 16]. Due to higher mortality and 
significant morbidity in patients with abnormal CSF at diagnosis, patients with neu-
rologic symptoms, CSF pleocytosis, and/or MRI findings may require additional 
intrathecal therapy [2, 14, 16, 36]. In addition to CSF studies, all patients need a full 
infectious work-up including blood cultures, common viral etiologies (EBV, CMV, 
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hepatitis viruses, adenovirus, influenza), and possible fungal etiologies even if there 
is suspicion of primary HLH. Rheumatology may need to be consulted to assist in 
further investigation of a possible underlying rheumatologic disorder. Both ferritin 
and soluble IL-2 receptor can be followed weekly to twice weekly to monitor 
patients’ progress on therapy [2, 30].

 Intensive Care Presentation and Management

In addition to the early diagnosis of HLH, most of the ICU (intensive care unit) 
management for HLH patients hinges on anticipation of HLH-related multi-system 
organ failure and providing adequate supportive care while getting immunosuppres-
sive therapies initiated in a timely fashion. Another key point of management is the 
understanding that the severity of disease can change drastically in a matter of hours 
(sometimes as little as 6–12 h). Given this factor, another important aspect for care 
of HLH/MAS patients is frequent reevaluation and communication with the oncol-
ogy, immunology, and/or rheumatology teams, especially if there is worsening in 
the patient’s status, to determine if another agent or additional doses of agents, such 
as steroids, etoposide, anakinra, alemtuzumab, or a novel therapy, need to be given.

ICU care is centered around the management of quickly evolving multi-system 
organ failure, including cardiovascular, renal, hepatobiliary, neurological, respira-
tory, and hematological systems, including cytopenias and coagulopathy [89]. 
Reported reasons for ICU admission in the limited literature for HLH ICU patients 
(total of 80 patients described) include respiratory failure or ARDS (30–50%), neu-
rologic decompensation (encephalopathy, seizure; 20–21%), shock or hypotension 
(18–22%), acute renal failure (16%), fulminant liver failure (7–30%), and bleeding 
(5%; Table 9.5) [90–92]. HLH patients had failure of two or greater organs at ICU 
admission [90, 92]. There were 44% of patients that were not diagnosed with HLH 
prior to ICU admission [90], which highlights the need for intensivists to have a low 
threshold for ruling out this diagnosis in the ICU particularly in patients with 
quickly decompensating MODS. These patients typically require multiple forms of 
interventional support including mechanical ventilation (57–100%), vasopressors 
(43–80%), and renal replacement therapy (17–75%; Table 9.5) [90–93]. ARDS was 
described in as many as 90% of the patients in one study [92]. In addition to respira-
tory failure secondary to parenchymal disease, respiratory failure can occur due to 
significant organomegaly with decreased thoracic compliance and respiratory 
impingement. As many as 90% have been reported to have hepatomegaly and 76% 
with splenomegaly [2, 90–92]. In the pediatric cohort, many patients required 
aggressive respiratory and cardiac support. The use of the high-frequency oscilla-
tory ventilation and/or inhaled nitric oxide was described in three patients (20%) 
that required mechanical ventilation, and 22% of the cohort required three or more 
vasopressors [91]. While up to one third of the ICU patients described required 
renal replacement therapy, clinical indication for renal replacement therapy (i.e., 
fluid overload vs. acute renal failure vs. oliguria) was not described; however, these 
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patients can have extremely low albumin levels (1.6–3.2), capillary leak, and edema 
secondary to the severity of cytokine storm [2, 92]. Anecdotally, these patients often 
have severe fluid overload and may benefit from continuous renal replacement ther-
apy. In addition, many critically ill HLH patients require support with multiple 
transfusions, particularly platelet (mean platelet count 48–61 × 109/L) and FFP or 
cryoprecipitate transfusions (mean INR 1.4, mean PTT 57.3, mean fibrinogen 130–
157 mg/dl) [90–92]. Anemia (mean hemoglobin 8.3–10 g/dl) can be present, but is 
not as severe or as prominent as thrombocytopenia [90–92]. In one study, patients 
required an average of 8.5 units of product per person [92]. In a pediatric study, non- 
survivors required more blood products than survivors with a mean of 7 packed red 
cell transfusions, 4.5 transfusions of FFP, and 12.5 transfusions of platelets [91]. 
Many of these patients will have some amount of liver dysfunction ranging from 
transaminitis (41%) and hyperbilirubinemia (mean bilirubin 6.45 mg/dl) to fulmi-
nant liver failure (7–30%) [90, 92]. Exploration of possible infectious etiologies 
needs to be performed and infections aggressively treated. HLH ICU non-survivors 
had higher organ dysfunction and mortality indexes at ICU admission compared to 
survivors and more often required supportive therapies including mechanical venti-
lation, renal replacement therapy, inotropes, and transfusion [90, 91]. Average 
length of ICU stay is 5.7–8.5 days [90–92]. Despite aggressive supportive therapy, 
ICU mortality is high in this subset of patients ranging from 35% to 70% [90–92].

If these supportive measures are ineffective, extracorporeal life support (ECLS) 
can be considered within this patient cohort. Initiation of ECLS may allow time for 
immunosuppressive therapies to be effective. A recent study evaluating the survival 
of pediatric HLH patients on ECLS showed a survival rate of only 30% [94]. This 
is significantly lower than the general pediatric ECLS survival of 59% but is com-
parable to other immunocompromised pediatric cohort survival (31%) and neonatal 

Table 9.5 This table describes the described causes of ICU admission as well as the extensive 
supportive measures that are often required

Reasons for ICU admission
Respiratory failure 30–50%
Encephalopathy or seizure 20–21%
Hypotension/shock 18–22%
Acute renal failure 16%
Fulminant liver failure 7–30%
Bleeding or coagulopathy 5%
ICU supportive care requirements
Vasopressors 43–88%
Mechanical ventilation 57–100%
  iNO and/or oscillator (pediatric) 20%
Renal replacement therapy 17–75%
Frequent blood product transfusions ~8.5 units of product (adult)
  Packed red blood cells 1–7 transfusions (average pediatric)
  Fresh frozen plasma 0–4.5 transfusions (average pediatric)
  Platelets 0–12.5 transfusions (average pediatric)
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cardiac and E-CPR (extracorporeal cardiopulmonary resuscitation) patients (38%) 
[94]. Indication for ECLS included respiratory failure, cardiac failure, and E-CPR 
with 63% being placed on venoarterial ECLS [94]. Unfortunately, no clear risk fac-
tors could be identified for increased mortality (including age, sex, time of ventila-
tion prior to cannulation, vasopressors, or nitric oxide use), but all of the patients 
that were placed on ECLS for cardiac failure or E-CPR died [94]. There was also no 
indication whether these patients were primary or secondary HLH [94]. Care should 
be taken when managing anticoagulation on the circuit as many of these patients 
have underlying coagulopathy (DIC; 17%) and the most common complication 
reported was bleeding with >50% of patients reported to have bleeding at the can-
nula site and 17% with pulmonary or intracranial hemorrhage [94]. Infection status 
should also be considered when evaluating for ECLS candidacy, particularly in pri-
mary HLH patients since viremia or fungal diseases are more likely to persist due to 
their underlying cytotoxic defect which can complicate their ECLS course. Other 
patients with secondary HLH with infection (influenza, tick-borne diseases) have 
successfully cleared infection on ECLS [95–98].

A unique consideration within this group of patients is the various neurologic 
symptoms that can manifest including seizure, encephalopathy, focal deficits, ataxia, 
generalized hypotonia or hypertonia, or meningismus [15, 16]. With new onset 
symptoms, CT scan can be helpful to rule out intracerebral hemorrhage or significant 
cerebral edema. An attempt to manage cerebral edema with hypertonic therapy can 
be considered, but this has not been studied within the HLH population. Neurosurgical 
consult should be considered with both hemorrhage and cerebral edema for possible 
surgical intervention since both are potentially reversible phenomena once immuno-
suppressive therapy is started. Early initiation of HLH therapy is imperative to pre-
vent or decrease the severity of long-term neurological sequelae [15, 16]. MRI and 
lumbar puncture should be obtained once the patient is stable.

 HLH-Directed Therapy

Because of the diagnostic challenges and significant mortality associated with HLH, 
when there is a high degree of suspicion, treatment often needs to be started before 
all HLH-specific testing has resulted. Patients often develop disease characteristics 
over time, and the delay in diagnosis could make it too late to initiate therapy. Organ 
failure (high sequential organ failure score) has been associated with significantly 
increased mortality in adult patients admitted to the ICU [99]; therefore an early 
consultation of an HLH expert is of utmost importance.

In broad terms, the management of familial or primary HLH includes a short- 
term approach in a critically ill child controlling over-inflammation, targeting acti-
vated immune cells, and treating infections and a long-term approach replacing the 
defective immune system through a hematopoietic cell transplant (HCT) in familial 
HLH or refractory secondary HLH.  Etoposide, an epipodophyllotoxin, was first 
used in the 1980s for HLH therapy and has become a mainstay in familial HLH 
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therapy [100]. The mechanism for use in HLH is thought to be due to its ability to 
reverse defective apoptosis and to target activated T cells which are a known impor-
tant driving force for the development of primary HLH [101, 102]. Similarly, corti-
costeroids have been the mainstay of HLH therapy and have been successfully used 
in combination with vinblastine/etoposide/teniposide/antithymocyte globulin [33, 
35–37] [21, 103–105]. In 1994, the Histiocyte Society implemented the first inter-
national protocol (HLH-94) to treat previously untreated children and adolescents 
(<16 years of age) with primary and secondary HLH. [1, 106] Patients were treated 
with an 8-week regimen using the combination of dexamethasone (10 mg/m2 for the 
initial 2 weeks followed by a taper over 2 months), and etoposide (150 mg/m2 twice 
weekly for 2 weeks, followed by 150 mg/m2 once a week for 6 weeks), and cyclo-
sporine (CSA) in a continuation phase, starting at week 9 (Fig. 9.2). Patients with 
CNS HLH received intrathecal methotrexate, and patients with familial HLH were 
bridged to HCT. A total of 249 patients received the therapy with a 5-year overall 
survival of 54% (95% CI: 48–60%) [2]. Pre-HCT mortality was 29% [2]. The HLH- 
2004 protocol aimed to improve the pre-HCT morbidity and mortality seen in HLH- 
94 trial by using CSA up front [25]. Additionally, prednisolone was given 
intrathecally to reduce the late neurological sequelae (19%) seen in HLH-94 proto-
col. Between 2004 and 2011, a total of 369 children were enrolled. Overall survival 
was 61% (56–67%) in the entire cohort, but the pre-HCT mortality was non- different 
compared to HLH-94 (27% vs. 19%, p  =  0.064) [25]. Therefore, upfront CSA 
approach was deemed not necessary. It is important to note that both trials used 
dexamethasone as the corticosteroid of choice due to its higher concentration in 
CSF compared to prednisolone [107] and the poor prognosis associated with CNS 
HLH. Children with abnormal CSF studies were at higher risk of mortality and late 
neurological sequelae in HLH-94 study [14].

When patients are initially treated, they typically will show improvement/stabi-
lization within the first 48 h after they receive their initial dose of dexamethasone 
and etoposide. However, if no improvement or worsening is noted after the first 
week on therapy, we would consider them refractory to frontline therapy. 

10 mg/m2

Dex.

Etoposide

IT MTX/HC
(CNS+ only)

0 1 2 3 4 5 6 7 8

Week

5 mg/m2

2.5 mg/m2
1.25 mg/m2

Fig. 9.2 Standard-of-care induction treatment for HLH (Dex. dexamethasone, etoposide dosing 
150  mg/m2, IT MTX/HC, intrathecal methotrexate and hydrocortisone for patients with active 
CNS disease at week 2)
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Approximately 25–50% of patients will fail to achieve a complete response to the 
standard-of-care therapy or relapse and may require additional treatment with the 
same drugs or alternative “salvage” agents. Alemtuzumab, anakinra, and antithymo-
cyte globulin have been reported in small studies as options for salvage therapy; 
however this has not been extensively studied [108, 109]. Future clinical trials are 
desperately needed in this patient population.

 Secondary/Acquired HLH

Patients with secondary HLH in the ICU need prompt initiation of HLH-specific 
therapy regardless of the type of HLH (familial vs. acquired) [9, 110]. Often at 
diagnosis, it is impossible to distinguish between the primary and secondary HLH 
unless the patient has a known trigger, such as a malignancy or rheumatologic 
disorder. Efforts should be made to identify underlying trigger in patients with 
acquired or secondary HLH, especially infection and malignancy, which could be 
treated with appropriate antimicrobials or cancer-directed therapy, respectively. 
Decision for type and length of immunosuppression in this patient population must 
be made in consideration of patient’s trajectory and severity of illness. There is a 
subset of patients with secondary HLH who will respond to steroids alone or in 
conjunction with IVIG that will have a good outcome without etoposide-based 
therapy. Decision to add etoposide is based on the severity of illness and clinical 
evolution and should be made early in the course, usually with a reassessment 
within 24–48  h after starting dexamethasone. Any worsening during a patient’s 
clinical course should also trigger a reassessment for the addition of etoposide 
therapy. Additionally, in patients with EBV-associated HLH, the addition of ritux-
imab (a CD20-specific antibody which targets B cells) to steroid or etoposide 
should be considered [111]. Those with chemotherapy-related HLH are a special-
ized group that require much careful consideration as further immunosuppression/
myelosuppression in an neutropenic patient with concurrent infection may not be 
therapeutic. In these patients, it is often prudent to hold chemotherapy and agres-
sively treat the infection. It is often helpful for determining need for immunosup-
presion in this group to obtain a bone marrow biopsy to determine if continued 
cytopenias are related to HLH or continued effect of previous chemotherapy [48].

Treatment of MAS is unique within the secondary HLH group. The main-
stay of MAS therapy is high-dose pulse intravenous steroids with or without 
the addition of CSA or IVIG [112]. New cytokine inhibitors have shown 
promise in MAS and some secondary HLH patients. Anakinra, an interleu-
kin-1 inhibitor, concurrently with steroids has been found to be helpful in the 
treatment of both MAS and MAS- like sepsis and is the most common biologic 
used for sJIA MAS therapy [82, 83, 112–114]. Similarly, tocilizumab (IL-6 
inhibitor) has also shown durable responses in patients with adult-onset Still’s 
disease [115]. While etoposide is not a mainstay of MAS therapy, if there is 
clinical deterioration or laboratory findings of worsening inflammation 
despite steroids, cyclosporine, or other disease-specific therapy, it is some-
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times necessary to escalate treatment to include etoposide or other HLH sal-
vage therapy (such as ATG or Campath), or HCT.

 Novel Therapeutics

Currently several novel agents are being studied for the management of HLH. Blockade 
of interferon-gamma (IFNγ) has shown therapeutic benefit in two models of perforin- 
and Rab27a-deficient mice infected with lymphocytic choriomeningitis virus. 
Increased survival was noted in perforin-deficient mice, and resolution of cytopenias, 
reduction of cytokines, and hemophagocytosis were noted in both models [39, 116]. 
Subsequently, NI-0501, a human anti-interferon-gamma monoclonal antibody (anti-
IFNγ mAb), was used in a phase-2 trial setting including pediatric patients with pri-
mary HLH (n = 13) and showed a satisfactory response (69%) [117]. Twelve patients 
received NI-0501 as a second-line agent, and 7 proceeded to allogeneic hematopoietic 
cell transplant. Resolution of CNS signs and symptoms was noticed in two evaluable 
patients. At 8-week follow-up, 11 patients were alive. Based on the promise shown in 
this trial, a multi-institutional clinical trial is currently studying the role of NI-0501 in 
pediatric patients with primary HLH (NCT01818492). Another ongoing clinical trial 
aims to study the safety and efficacy of anti-IFNγ mAb in pediatric patients with sys-
temic juvenile idiopathic arthritis developing MAS/secondary HLH (NCT03311854).

Ruxolitinib, a Janus kinase (JAK) 1/Janus kinase (JAK) 2 inhibitor, has been used 
as a therapeutic strategy in murine models of HLH. Ruxolitinib significantly improved 
cytopenias, organomegaly, and cytokinemia in murine models of HLH [118]. A trial 
is ongoing to study the effects of ruxolitinib in adults with secondary HLH 
(NCT02400463). It has also been used on an individual basis as a salvage therapy in 
pediatric and adult patients with HLH. Broglie et al. used it in an 11-year- old boy with 
HLH refractory to HLH-directed therapy and anakinra [119]. The patient was noted to 
have improvement in liver dysfunction, inflammatory markers, and resolution of 
fevers within 24 h of the medication administration. A critically ill adult patient with 
rheumatoid arthritis with secondary HLH responded within 48 h and survived [120]. 
Sin and colleagues published a case report describing the use of ruxolitinib in an adult 
patient with EBV-associated HLH [121]. The patient was also noted to have improve-
ment in ferritin, LDH, and liver function within 3 days, but bone marrow did not 
recover and patient had continued pancytopenia [121]. In the future, we anticipate 
potential use of newer less toxic pharmacologic options as first-line therapy options in 
critically ill patients who may not otherwise tolerate conventional chemotherapy.

 Conclusion and Future Directions

The best care of HLH patients hinges on early recognition and initiation of immu-
nosuppressive therapy as well as the aggressive supportive intensive care physi-
cians are able to provide. Our understanding of HLH has evolved quickly over the 
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last 30 years, but continued investigation of novel therapies will be imperative for 
further improvement in HLH patient outcomes.
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Chapter 10
Early Recognition of Critical Illness

Asya Agulnik

 Introduction

Inpatient cardiopulmonary arrests in hospitalized pediatric patients are infrequent, 
occurring in approximately 1.4% of pediatric intensive care unit (PICU) admissions 
[1] and 0.08% of hospital admissions (1 in every 1300 pediatric hospitalizations) 
[2]. Survival to hospital discharge following cardiopulmonary resuscitation, how-
ever, remains low, ranging from 27% to 48% in recent studies [1–5]. Hospitalized 
pediatric patients with cancer and those who have received hematopoietic stem cell 
transplant (HSCT) are more likely to experience a cardiopulmonary arrest [2] and 
have lower survival compared with other pediatric patients [2, 3]. Beyond cardio-
pulmonary arrest, hospitalized pediatric hemato-oncology patients have frequent 
clinical deterioration requiring critical care—one in every three to four patients will 
require at least one PICU admission during the course of their treatment [6]. These 
patients are at higher risk of, and have higher mortality following, episodes of severe 
sepsis [7, 8]. Early identification of critical illness and prevention of cardiopulmo-
nary arrests in hospitalized pediatric oncology and post-HSCT patients are an inte-
gral part of improving overall hospital outcomes and survival.

 Defining Clinical Deterioration

Because inpatient cardiopulmonary arrests are infrequent, other measures of critical 
illness must be used to evaluate strategies to improve hospital outcomes. Unplanned 
transfers to the PICU, defined as hospitalized floor patients requiring an emergency 
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PICU transfer (not following scheduled surgery), represent a group of hospitalized 
patients with clinical deterioration. Compared with other PICU admissions, 
unplanned PICU transfers have higher mortality and longer PICU length-of-stay 
(LOS) [9, 10]. As a high-risk population, oncology patients make up a large percent-
age of unplanned PICU transfers [9], highlighting the importance of appropriate 
identification of critical illness in this group.

Another approach to describe critical illness in hospitalized pediatric patients is 
the concept of “critical deterioration,” unplanned PICU transfers requiring noninva-
sive ventilation, intubation, or vasoactive infusions within 12 h of PICU admission 
[11]. Critical deterioration was found to be eightfold more common than cardiac 
and respiratory arrests in hospitalized patients and is associated with a greater than 
13-fold increased risk of in-hospital death [11].

 Delays in Identification of Clinical Deterioration 
and Outcomes

There is an extensive literature regarding the relationship between delayed transfer 
to the intensive care unit and mortality in hospitalized patients. Adult studies dem-
onstrate that delays in intensive care unit (ICU) transfer for critically ill floor patients 
are frequent and result in increasing organ dysfunction, longer ICU LOS, and higher 
hospital mortality [12–14]. A large multicenter study demonstrated that every hour 
of delay in ICU transfer after the start physiologic deterioration was associated with 
a 3% increase in odds of mortality [15]. Preliminary analysis suggests that ICU 
transfer delays are related to failure to recognize physiologic changes in hospital-
ized patients, delays in notification of treating physicians of these changes, or lack 
of prompt bedside patient evaluation [13].

As in adults, pediatric data suggest that changes in vital signs occur 12–24 h 
prior to unplanned PICU transfer in hospitalized patients [9]; however, these 
changes are frequently not recognized or acted upon by clinical staff. Recently, data 
from a global epidemiologic study of pediatric severe sepsis demonstrate that nearly 
a third of episodes of severe sepsis requiring PICU care originate from the hospital 
wards, where patients have more comorbidities (including cancer) [7]. Similar to 
adult data, there is evidence that delay in PICU admission for hospitalized pediatric 
oncology patients requiring unplanned PICU transfer is associated with higher mor-
tality [16]. Among critically ill post-HSCT patients with severe sepsis, two-thirds 
originated from inpatient wards and had higher PICU mortality compared to severe 
sepsis admissions from other locations (operating room, emergency room), provid-
ing a potential opportunity for earlier sepsis recognition and intervention [8]. These 
findings suggest systems that aid in early identification, evaluation, and manage-
ment for hospitalized patients with deterioration may improve hospital outcomes 
and overall survival. This is particularly true for patients with a higher underlying 
risk of deterioration such as children with cancer or post-HSCT.
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 Rapid Response Teams (RRTs)

Hospitals use a number of strategies to improve early identification and ICU transfer 
for patients with clinical deterioration. In 2004, the Institute for Healthcare 
Improvement’s 100,000 Lives Campaign recommended that hospitals implement 
rapid response teams (RRTs) charged with identifying non-intensive care unit patients 
at risk for rapid deterioration [17]. RRTs are components of emergency response sys-
tems (Fig. 10.1) designed to identify patients with deterioration using a set trigger 
(physiologic change, staff or family concern→afferent limb) and activate a respond-
ing team of trained providers, usually composed of a physician, nurse, and respiratory 
therapist, to assess the patient and aid in management or facilitate ICU transfer (effer-
ent limb). A recent meta-analysis of adult hospital outcomes after implementing RRTs 
and/or medical emergency teams (MET) demonstrated a significant decrease in hos-
pital mortality and number of non-ICU cardiac arrests [18]. Pediatric data similarly 
demonstrates that RRT/MET implementation is associated with a reduction in risk of 
respiratory and cardiopulmonary arrest in hospitalized children outside of the PICU 
and reduces the frequency of critical deterioration [19, 20].

Because the success of RRTs is largely dependent on the appropriate identifica-
tion of patients with deterioration (afferent limb), it is important to identify the best 
trigger system to activate an RRT, MET, or clinician evaluation. Adult evidence 
demonstrates that aggregate weighted scoring system (multicomponent scoring sys-
tems based on a number of physiologic and patient factors) performs better at iden-
tifying patients with deterioration than single parameter systems (i.e., staff concern 
only) [21]. As a result, recent work has focused on the development of adult and 
pediatric early warning scores to serve as the afferent limb of emergency systems to 
improve the hospital care of patients with deterioration.

Little data exists regarding the impact of RRT implementation specifically on 
hospitalized oncology and post-HSCT patients. Adult data suggests that, due to a 
higher underlying risk of deterioration, RRT activations are more common in hospi-
talized oncology patients compared to general medical admissions [22], and RRT 
implementation decreases severity of illness and organ dysfunction at time of ICU 
transfer in hospitalized post-HSCT patients [23]. As a high-risk population, hospi-
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Fig. 10.1 Emergency response systems
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talized pediatric oncology and post-HSCT patients are likely to disproportionally 
benefit from emergency response systems designed to identify and proactively man-
age clinical deterioration outside the ICU.

 Pediatric Early Warning Systems (PEWS)

Pediatric early warning systems (PEWS) are multicomponent scoring tools (affer-
ent limb) associated with an action algorithm (efferent limb) designed to aid in 
identification and management of hospitalized children with clinical deterioration. 
The PEWS score is typically calculated by the bedside nurse or an electronic system 
with every set of vital signs in hospitalized patients. While a variety of PEWS scor-
ing tools have been described in the literature [24], the majority are based on a 
combination of vital signs, physical exam findings, and treatment necessities. The 
PEWS score is interpreted by the bedside team using an action algorithm, typically 
with specific triggers for physician evaluation, RRT activation [20], or PICU con-
sultation [25].

Implementation of PEWS scoring tools paired with an escalation algorithm as 
part of an emergency response system has been shown to reduce hospital mortality 
and rates of cardiac and respiratory arrests outside of the PICU [20, 24, 26], as well 
as severity of illness on PICU transfer [27]. A recent cluster-randomized study of 
PEWS implementation in 21 inpatient pediatric units failed to show an improve-
ment in all-cause hospital mortality but did demonstrate a reduction in frequency of 
significant clinical deterioration events [28]. Qualitative work has shown that PEWS 
implementation facilitates patient safety by alerting clinicians of concerning clini-
cal changes in hospitalized patients, provides less-experience nurses with easily 
accessible vital sign references, and empowers nurses to overcome barriers to esca-
lating care [29]. There is also evidence that PEWS are cost-effective, resulting in 
cost savings as a result of averted critical deterioration events [30, 31].

Although a number of PEWS scoring tools are used by different hospitals, differ-
ent tools have ranging validity in identifying patients with clinical deterioration [24, 
32, 33]. Because pediatric in-patient cardiopulmonary arrests are rare, PEWS vali-
dation studies typically use other outcomes, such as unplanned transfer to the PICU, 
to evaluate a given’s score’s utility in predicting deterioration. Despite variability in 
performance, a number of PEWS tools have been shown to be accurate in  identifying 
hospitalized patients with deterioration through multicenter studies [34] and across 
a range of subspecialty populations [25, 35].

Early warning systems have been successfully used in hospitalized adult oncol-
ogy patients [36]. Adult data suggest improved survival among hospitalized patients 
with hematological malignancies or post-HSCT after hospital-wide early warning 
system implementation [37]. Addition of serum lactate to the Modified Early 
Warning Score (MEWS) as a trigger for RRT activation successfully decreased the 
number of codes in hospitalized adult oncology patients, without increasing the 
frequency of unplanned ICU transfers [38].
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PEWS are widely used in hospitals caring for pediatric oncology patients [39], 
and two scoring tools have been specifically validated to identify need for unplanned 
PICU transfer in hospitalized pediatric oncology and post-HSCT patients [35, 40] 
(Fig. 10.2 shows one example). One study demonstrated that PEWS scores increase 
12–24 h prior to unplanned PICU transfer (and an average of 8 h prior to notification 
of the PICU team of patient deterioration) and patients arriving to the PICU with 
higher scores have longer PICU length of stay and higher mortality [40].

It is important to note that while each hospital adapts the PEWS scoring tool to 
reflect the medical language and escalation pathways of their center, validation of 
PEWS for pediatric oncology and HCT patients has not required adaptation of the 
score specifically for this population. Despite differences in this patient population, 
PEWS tools used for general pediatrics and other subspecialties function well to 
identify critical illness in these patients. In fact, due to the increased frequency of 
clinical deterioration in these patients, the “number needed to evaluate” (number of 
patients screened to identify one patient with deterioration) among pediatric oncol-
ogy patients is approximately half that of general medical and surgical patients [35]. 
Adaptation of the escalation algorithm, however, is integral to ensure the system 
reflects established mechanisms for the management of hospitalized patients with 
deterioration, such as RRTs, ICU consults, and code blue teams.

Our team recently implemented a modified version of a PEWS validated in pedi-
atric oncology and HCT patients (Fig. 10.2) at St. Jude Children’s Research Hospital 
(SJCRH), a dedicated hematology-oncology/HSCT hospital. Implementation of 
PEWS resulted in increased frequency of RRT activations with a higher proportion 
of clinical deterioration events arriving to the PICU via an organized escalation 
pathway, without an increase in overall unplanned PICU transfers [41]. As has been 
described at other centers, we feel these changes represent an improvement in the 
culture of safety at the bedside in our hospital.

 Resource-Limited Settings

Although this chapter and textbook primarily focus on the management of the criti-
cally ill immunocompromised pediatric hematology-oncology patients in high- 
resource settings, pediatric cancer is a global challenge; low- and middle-income 
countries (LMICs) account for 80% of pediatric cancer cases and over 90% of 
global childhood cancer deaths [42]. Hospitals in LMICs face a number of resource 
challenges affecting their ability to identify and respond to clinical deterioration in 
hospitalized patients, resulting in more frequent cardiopulmonary arrests [43] with 
higher mortality [43–45]. As access to cancer-directed therapy increases worldwide, 
hospitals in LMIC are increasingly presented with the dual challenge of caring for 
a high-risk patient population with limited staff and infrastructure, resulting in poor 
hospital outcomes and high rates of toxic deaths.

Although research is limited, there is evidence that PEWS implementation is 
feasible in resource-limited settings. A group in Malawi demonstrated a modified 
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PEWS is accurate in identifying general pediatric patients at risk of death in the 
hospital [46], and implementation of PEWS increased the frequency of patient 
assessment and reduced hospital mortality [26].

Our team recently described the successful implementation of PEWS in a 
resource-limited pediatric oncology hospital in Guatemala [47]. Implementation 
resulted in decreased frequency of unplanned PICU transfers and improved PICU 
utilization in the hospital [47]. The PEWS was accurate in identifying hospitalized 
patients requiring unplanned PICU transfer in this setting, with abnormal scores 
beginning as early as 24 h prior to PICU admission and higher scores on PICU 
transfer predicting organ dysfunction, septic shock, and need for early intensive 
interventions [48]. Implementation of PEWS was highly cost-effective, resulting in 
over $350,000 in annual cost savings as a result of reduction in unplanned PICU 
transfers [31]. These findings suggest that tools that aid in early identification and 
management of pediatric oncology and post-HSCT patients with clinical deteriora-
tion, such as PEWS, can improve hospital outcomes and survival for these patients 
in hospitals of all resource levels.
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Chapter 11
Acute Respiratory Failure 
and Management

Prakadeshwari Rajapreyar, Whitney Kopp, and Adrienne Randolph

 Acute Respiratory Failure

Acute respiratory failure is a common reason for admission to the pediatric inten-
sive care unit in oncology patients [1]. Acute respiratory complications are also 
common after pediatric hematopoietic stem cell transplant (HSCT), accounting for 
a high proportion of HSCT-related morbidity and mortality [2–4]. When pulmonary 
disease in HSCT patients progresses to acute respiratory failure, they often require 
emergent intubation and support with invasive mechanical ventilation (IMV) [3, 5]; 
many children develop refractory hypoxemia and multi-organ failure. Tamburro 
et al. reported outcomes in a cohort of mechanically ventilated pediatric oncology 
and HSCT patients. The non-HSCT patients had better outcomes than the HSCT 
patients with 6-month survival at 60% [6]. While the outcomes are better in the 
oncology patients, they are nevertheless worse than immunocompetent patients. 
Their immunocompromised status and chemotherapy-related multi-organ failure 
are likely complicating factors affecting outcomes in this cohort.

Focusing on the more complicated HSCT patients, intubation for HSCT-related 
acute lung injury (ALI) often led to early redirection of care due to high fatality two 
decades ago; recent reports show that outcomes have improved with improved 
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 survival [6–8]. Tamburro et al. demonstrated 6-month survival of 25% in the HSCT 
cohort, while van Gestel et al. showed a 6-month survival of 35% [6–9]. Improved 
outcomes are likely multifactorial, influenced by increased willingness to deliver 
intensive care therapies with earlier rescue and support and innovations in trans-
plant management leading to less lung toxicity.

Acute respiratory failure with hypoxemia due to inflammation following a known 
clinical insult is defined as acute respiratory distress syndrome (ARDS). Oncology 
and HSCT patients should be closely monitored for development of pediatric ARDS 
(PARDS), with stratification of severity of illness to allow early and appropriate 
escalation of respiratory support. In 2015, the Pediatric Acute Lung Injury Consensus 
Conference (PALICC) guidelines defined PARDS and stratified severity [10] using 
the following definition:

 1. Evidence of acute pulmonary parenchymal disease with unilateral of bilateral 
infiltrates on chest imaging

 2. Hypoxemia as documented and stratified by measures of oxygenation (oxygen-
ation index {OI}, oxygen saturation index {OSI}, arterial oxygen saturation/
FiO2 ratio {P/F ratio}, oxygen saturation/Fio2 ratio {S/F ratio})

 3. Symptoms of hypoxemia and chest imaging changes within 7 days of a known 
clinical insult

 4. Above criteria not explained by left ventricular dysfunction

Lung injury in the pediatric oncology patients is related to their immuno-
compromised status and direct pulmonary toxicity from chemotherapy and/or 
radiation. Chemotherapeutic agents most commonly implicated in lung injury 
include bleomycin, cyclophosphamide, nitrosureas, cyclophosphamide, chlo-
rambucil, methotrexate, procarbazine, mitomycin, cytarabine, vinca alkaloids, 
and alkylating agents such as busulfan [11]. Of these, bleomycin, busulfan, 
cyclophosphamide, and the nitrosureas are most commonly implicated in pedi-
atric patients [11, 12]. Toxicity from radiation therapy is dose dependent with 
patients receiving fractionated doses having less risk for toxicity than patients 
receiving the same total dose given at one time. Patients typically develop 
symptoms within 1–3 months of receiving radiation therapy and present with 
cough, dyspnea, and pink-tinged sputum during the inflammatory phase. This 
can progress to the fibrotic stage which progresses over 1–2 years. Patients in 
this phase develop increasing dyspnea, oxygen requirement, and declining pul-
monary function tests.

Toxicity from chemotherapeutic agents may occur early in the form of a hyper-
sensitivity reaction which presents with rales, fever, and dyspnea while receiving 
the medication. Patients typically respond well to stopping the medication and 
administration of steroids. Endothelial injury and vascular leak causing non- 
cardiogenic pulmonary edema is another early pulmonary toxicity seen from drugs 
such as methotrexate, cytarabine, ifosfamide, cyclophosphamide, IL-2, ATRA (all 
trans-retinoic acid), and bleomycin. Both types of early toxicity respond well to 
supportive care and have a relatively good prognosis. Later pulmonary toxicity 
occurring several months to years after receiving the chemotherapeutic agent leads 
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to fibrotic lung injury and has a much worse prognosis [11]. If patients respond to 
steroids, weaning of steroids should occur slowly and cautiously as it can reactivate 
the underlying disease process.

The lung injury that occurs in post-HSCT patients can be grossly classified as 
infectious or noninfectious [3, 13], although it could be multifactorial in some 
patients. Alternatively, pulmonary complications can be classified as early and late 
[13]. The classification into early and late (within and beyond 100  days respec-
tively) is not absolute but may help the clinician to develop a differential diagnosis 
[13]. Early complications tend to be related to immune suppression, endothelial/
alveolar injury, and/or neutrophil recovery. For this review, we will first focus on 
early or acute complications of infectious and noninfectious etiologies and later 
address late complications.

 HSCT Patients

 Initial Workup of the HSCT Patient with Acute Pulmonary Complications

Noninfectious complications after HSCT are often treated with immune suppres-
sion. Therefore, the first step in management of a HSCT patient with acute hypoxia 
and/or hypercarbia is to perform a thorough workup to confirm or rule out infectious 
etiologies (Table 11.1). These children are at high risk of death if their infection is 
not identified early and treated and their immune dysregulation appropriately 
addressed. Bacterial, viral, and fungal infections are all considerations in 

Table 11.1 Workup of a child presenting with acute lung injury after HSCT

    A. Respiratory testing for respiratory pathogens:
        (a)  Viral testing extended panel of organisms with NP swab in non-intubated patients and 

endotracheal or bronchoalveolar lavage (BAL) when possible
        (b)  Sensitive polymerase chain reaction (PCR) testing for respiratory syncytial virus, HSV, 

VZV, influenza virus, parainfluenza virus, adenovirus, human metapneumovirus, 
rhinovirus, coronavirus, and HHV6 at a minimum

        (c) Consider testing for acid fast bacilli, Nocardia, Legionella
        (d) Polymerase chain reaction for Chlamydia, Mycoplasma, and Aspergillus species
        (e) Consider PCP risk factors and send sensitive PCR test if present
    B. Other testing to identify pathogens:
        (a) Routine cultures of indwelling lines for bacteria and fungi
        (b) Urine for legionella
        (c) Shell vial culture for CMV
        (d) Serum galactomannan ELISA for Aspergillus species
    C. Rule out non-pulmonary causes or contributors of pulmonary dysfunction:
        (a) Echocardiogram to rule out cardiac dysfunction
        (b) Evaluation of renal function
        (c) Evaluate fluid status and rule out and manage iatrogenic fluid overload

Modified from https://www.atsjournals.org/doi/pdf/10.1164/rccm.2007-413ST [14]
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posttransplant patients given their immunosuppression and presence of indwelling 
catheters and invasive lines. Identification of specific organism can help clinicians 
target antimicrobial therapy. Unfortunately, broad-spectrum empiric treatment is 
often prolonged due to delays in turnaround times and insensitivity of microbiologi-
cal testing.

It is thought that a BAL should be strongly considered in patients with diffuse 
lung injury posttransplant [3]. However, it is prudent to consider the risk-benefit 
ratio and optimal timing of the BAL due to the potential for worsening lung mechan-
ics. Triebwasser et al. in 2018 in a retrospective chart review of 593 patients of dif-
ferent age groups that underwent a BAL reported identification of pathogens in 30% 
of cases [15]. They reported that the BAL led to changes in patient management in 
55% of cases, including alteration in antibiotics (37%) and immunosuppression 
(25%). BAL complications included hypoxemia (1%), hemorrhage (2%), and respi-
ratory failure (1%) in patients not requiring mechanical ventilation prior to the 
BAL. This would suggest that an early BAL would be safe and may alter the treat-
ment plan in more than half of cases. Prophylaxis and preemptive screening for 
invasive fungal and CMV infections have resulted in a decrease in their incidence 
posttransplant [3]. Improved molecular diagnostic techniques will likely result in 
improved testing yield and decreased need for prolonged empiric therapy.

 Noninfectious Complications in HSCT Patients

Once infection is ruled out, children with lung injury are then categorized as either 
acute idiopathic pneumonia syndrome (IPS), engraftment syndrome, diffuse alveo-
lar hemorrhage, or other lung injury syndromes. In 1993 a National Institutes of 
Health workshop defined IPS as widespread alveolar injury in the absence of active 
lower respiratory infection, cardiogenic causes, renal failure, or iatrogenic fluid 
overload after HSCT [3, 16]. This definition was further classified based on anat-
omy as interstitial, vascular, airway tissue, or unclassifiable [3, 14]. T-cell-mediated 
injury is supported as the primary pathophysiology by murine models. TNF-α lev-
els have been shown to be increased in the BAL fluid of mice with IPS. This is 
supported by the clinical observation that patients who receive T-cell-depleted 
grafts have a lower incidence of pulmonary complications [13]. However other 
TNF- α-independent pathways may also contribute to the pathophysiology of IPS 
[3]. Given the TNF-α pathway-mediated injury, the soluble TNF-α-binding pro-
tein, etanercept, has been tested in a trial for treatment of IPS [17]. Early recogni-
tion of the disorder, ruling out other infectious etiologies, and initiation of 
corticosteroids along with other anti-inflammatory targeted therapies may improve 
outcomes after IPS [3].

Engraftment syndrome (ES) is characterized by fever, rash, and non-cardiogenic 
pulmonary edema occurring at the time of neutrophil recovery after HSCT [3, 18]. 
ES may be related to a graft-versus-host response or in some cases a host-versus- 
graft response [13]. Chang et al. reported a higher risk for developing GVHD and 

P. Rajapreyar et al.



199

non-relapse-related mortality in patients with ES [19]. Corticosteroids are often 
effective in patients with ES [3].

Diffuse alveolar hemorrhage (DAH) originates from the pulmonary microvascu-
lature in response to alveolar injury which may be noninfectious etiology, second-
ary to chemotherapy, radiation, immune-mediated events, or other systemic/
pulmonary infections [3, 20]. In some cases, it is a type of IPS. Progressive bloody 
return is noted on BAL when performed. High-dose corticosteroids were reported 
to not alter the outcomes in these patients in a prospective cohort study of 103 adult 
HSCT patients [3, 20]. However, Rathi et al. reported that patients who received 
low-dose steroids had lower mortality in comparison to medium- and high-dose 
steroids in a cohort study of 119 adult HSCT patients [3, 21]. Wanko et al. reported 
a decrease in 100-day mortality (44% versus 83%) in a small group of eight adult 
patients with DAH, treated with concomitant aminocaproic acid and steroids [22]. 
Recombinant factor VIIa has been used in some patients for refractory bleeding but 
has not shown to improve duration of mechanical ventilation or survival [3, 13, 23].

The other lung injury syndromes to consider include radiation pneumonitis, pul-
monary veno-occlusive disease, pulmonary cytolytic thrombi, transfusion-related 
acute lung injury, pulmonary arterial hypertension, and pulmonary thromboembo-
lism [3, 24, 25].

 Specific Infectious Complications in HSCT Patients

The type of infection identified influences patient prognosis and treatment in HSCT 
patients. Preemptive antiviral therapy has reduced the incidence of cytomegalovirus 
(CMV) infection after HSCT. Ganciclovir is typically used for treatment of CMV 
infection. Foscarnet can be used when cytopenias are present. Newer drugs under 
evaluation are maribavir, letermovir, and brincidofovir [26].

Adenovirus can cause a disseminated infection with significant mortality in HSCT 
patients [27]. Adenovirus titers in the serum are often used to monitor viral load and 
response to treatment. Cidofovir and brincidofovir have been used to treat adenoviral 
infection with the latter not demonstrating significant nephrotoxicity [27].

Respiratory syncytial virus (RSV) infection in immunocompromised children 
can rapidly progress to lower respiratory tract infection. Lower respiratory tract 
infection in these children has been associated with mortality attributed to RSV 
[28]. A recent multicenter investigation reported a low incidence of RSV infections 
in posttransplant patients with low utilization of critical care services and mortality 
[29]. It should however be noted that all patients who required critical care received 
treatment with ribavirin, although its benefit has not been rigorously proven in this 
population.

Invasive fungal infections in HSCT patients are associated with poor outcomes. 
Abassi et al. reported an 85% mortality within the first year after diagnosis of asper-
gillus infection in immunosuppressed pediatric patients [3, 30]. However, invasive 
fungal infections of the lung have decreased with better antifungal prophylaxis [3, 
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30–33]. Fungal infections also often require aggressive surgical intervention due to 
the patients underlying immunosuppression.

Pneumocystis jiroveci pneumonia (PJP) develops in 5–15% of pediatric HSCT 
patients, without prophylaxis, with a mortality rate higher than 50%. However this 
is rare with the advent of routine prophylaxis [34].

 Late Pulmonary Complications in HSCT Patients

Bronchiolitis obliterans syndrome (BOS) and cryptogenic organizing pneumonia 
(COP) are late-onset noninfectious pulmonary complications of HSCT [13] often 
requiring chest computed tomography (CT) or lung biopsy to make the diagnosis. 
BOS is a progressive obstructive disease with onset 3–24  months posttransplant. 
Patients typically present with wheezing and dyspnea. Chest CT may demonstrate air 
trapping, centrilobular nodules, or bronchiectasis. Histology demonstrates bronchio-
lar inflammation with luminal obstruction [3]. COP is a restrictive lung disease with 
onset 2–12 months posttransplant with acute onset fever, cough, and dyspnea. Chest 
CT may demonstrate patchy airspace disease or nodular opacities. Histology reveals 
intraluminal organizing fibrosis in distal airspaces with mild interstitial inflammation 
[3]. Both BOS and COP are related to T-cell-mediated injury to lung epithelial cells, 
and Initial therapy is usually high-dose corticosteroids burst with a prolonged taper 
over months [3, 13]. Other therapies such as azithromycin, cyclosporine, and etaner-
cept have been described and need further evaluation [3, 13]. A recent trial of inhaled 
fluticasone, azithromycin, and montelukast in patients with new-onset bronchiolitis 
obliterans showed that the combination therapy had improvement in ability to stabi-
lize disease progression when compared to historical controls [35].

 Respiratory Support

The transition from negative pressure ventilation to positive pressure ventilation 
results in significant changes in cardiopulmonary interactions. This is well known 
in patients with mediastinal masses impinging on great vessels or large pericardial 
effusions. Maintaining spontaneous ventilation, using specialized equipment 
(fiber- optic bronchoscope), avoiding the use of paralytics, and having extracorpo-
real membrane oxygenation (ECMO) equipment on standby are important consid-
erations [13]. This transition can also result in cardiopulmonary collapse in 
patients with right heart failure and in patients who are intravascularly depleted 
such as patients in septic shock or hypovolemic shock. The former may be seen 
due to cardiac toxicity from chemotherapy and/or radiation or from pulmonary 
hypertension. Optimization of intravascular volume, use of inotropes to augment 
ventricular function, and availability of inhaled nitric oxide to avert a pulmonary 
hypertensive crisis might help prevent the need for cardiopulmonary resuscitation 
during this transition.
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 Noninvasive Ventilation (NIV)

Endotracheal intubation is associated with many complications, with highest con-
cern being that of ventilator associated pneumonia [36]. Noninvasive positive pres-
sure ventilation consists of continuous positive airway pressure (CPAP) and bi-level 
positive airway pressure (BiPAP). These modalities can assist in oxygenation and 
ventilation in patients with respiratory distress and acute respiratory failure while 
potentially avoiding the complications of invasive mechanical ventilation (IMV) 
[37]. Continuous positive airway pressure (CPAP) maintains positive pressure and 
prevents airway and alveolar collapse in patients who are spontaneously breathing 
[38]. BiPAP is triggered by the patient’s breath and an inspiratory positive airway 
pressure (IPAP) is provided while preventing airway and alveolar collapse with 
expiratory positive airway pressure (EPAP) [36–38]. A respiratory rate is also set on 
BiPAP, which can sometimes lead to dysynchrony between the mandatory breaths 
and the patient’s innate respiratory efforts.

While NIV can potentially allow the avoidance of intubation and IMV, there are 
certain clinical scenarios that are considered contraindications to the use of NIV 
[36, 39]. The contraindications relate to the patient’s inability to protect their airway 
with risk of aspiration, worsening gastric distension, and/or inability to provide con-
sistent intrathoracic positive pressure with associated risks. The contraindications 
for NIV use can be listed as follows:

 1. High risk of respiratory or cardiac arrest
 2. Hemodynamic instability (dysrhythmias or shock)
 3. Absent or weak cough or gag with inability to protect airway
 4. Glasgow coma score < 8
 5. Rapidly progressive neuromuscular weakness
 6. Inability for good mask fit (facial surgery, trauma, burns, etc.)
 7. Untreated pneumothorax
 8. Vomiting and risk of aspiration
 9. Poor skin integrity leading to skin breakdown

Much of NIV data available is in the immunocompromised patients with a 
dearth of data in the more specific hematopoietic stem cell transplant (HSCT) 
patients. NIV has been shown in some adult studies to reduce intubation rates, 
shorten ICU length of stay, and reduce the cost of hospitalization [40–44]. A meta-
analysis by Wang et al. [45] looked at NIV versus IMV in all immunocompromised 
patients; the ICU length of stay was significantly shorter in the NIV group. This 
was however in patients with lower severity of illness scores [45]. Additionally, 
this group found a significant decrease in hospital mortality in NIV groups com-
pared to IMV groups though there was high degree of heterogeneity. Within the 
hematologic and solid tumors subgroups, the 30-day mortality was significantly 
reduced with OR 0.34 (95% CI 0.22–0.54) when NIV was compared to IMV [45, 
46]. Similarly, in a retrospective review of immunocompromised pediatric patients 
receiving NIV, Pancera et al. found that in the NIV group, there was a higher prob-
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ability of 30-day survival (46.8%) when compared to the IMV (23.3%) [37]. 
However, more patients in the IMV group had markers of higher illness severity as 
evidenced by more than two organ failure, cardiovascular dysfunction, and thera-
peutic interventions scoring system score of ≥40.

NIV is not uniformly successful, and a growing body of evidence is aimed at 
determining factors that lead to failure of this modality in this at-risk population 
[37, 39, 47]. Literature reports a NIV success rate in immunocompromised pedi-
atric patients of 54.5% with diagnosis of acute respiratory distress syndrome and 
up to 74.2% with diagnosis of respiratory failure [37, 47]. Among all patients 
with acute respiratory failure who received NIV, FiO2 > 80% 1 h after initiation 
predicted failure of NIV [48]. Within pediatric immunocompromised patients, 
those who failed NIV were more likely to have severe sepsis and septic shock 
than those in the success group [47]. Patients in the NIV success group had early 
and sustained improvement compared to those who failed; therefore, lack of 
early improvement is discussed with the threshold of improvement being between 
1 h and 2–4 h [47–50]. Munoz-Bonet et al. determined that an improvement in 
respiratory rate and pCO2 2–4  h after NIV was associated with NIV success. 
Patients who had improvement of their PaO2/FiO2 ratio within the first hour of 
NIV initiation also were more likely to be in the NIV success group [49]. 
Therefore, a lack of improvement in physiologic parameters, such as weaning 
FiO2 or decreasing respiratory rate, within 2–4  h of NIV initiation should be 
considered an indication for endotracheal intubation (Fig. 11.1) [36]. Additionally, 
it appears prudent to consider patients with escalating hemodynamic support to 
have failed NIV trial.

NIV is associated with pressure-related pain/skin breakdown due to face masks 
and straps which at extremes may necessitate intubation if not addressed early [49]. 
NIV requires synchrony between the patient and ventilator, without which a patient 
may also fail NIV; however, there is little to no mention of this in the literature [36]. 
NIV can also be used in palliative care situations to alleviate air hunger [36] and in 
adult studies has been shown to decrease dyspnea and reduce the amount of mor-
phine used [51].

NIV is a viable method of oxygenation and ventilation in immunocompromised 
patients with respiratory failure. However, controversy exists on the use of NIV in 
patients with acute respiratory failure due to potential for prolonging time to intuba-
tion, ultimately leading to worse outcomes [52].

It is therefore important to understand that while NIV potentially avoids compli-
cations of IMV, its utilization requires constant monitoring of the patient to ensure 
improvement. Lack of physiologic improvement should be considered an indication 
for endotracheal intubation, provided that would be reasonable for the patient’s 
underlying disease and consistent with goals of care outlined by the family.
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Fig. 11.1 Algorithm for initiation and weaning of NIV [36]. (Used with permission)
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 Invasive Mechanical Ventilation

Mortality with respiratory failure in pediatric oncology and HSCT patients varies 
depending on the underlying clinical diagnosis and etiology. Tamburro et al. reported 
an overall survival of 59% to extubation and discharge, in mechanically ventilated 
pediatric oncology patients and HSCT patients [6]. Aspesberro et al. cited 25% sur-
vival at 6 months in pediatric HSCT patients who were mechanically ventilated [53]. 
The reason for intubation such as elective for a procedure or emergent due to lung 
failure and the degree of lung injury is important to consider. Given the high mortal-
ity, it is important to urgently rediscuss goals of care and code status for patients with 
irreversible underlying disease and a few months or less to live, where it may prolong 
suffering. In a multicenter retrospective cohort study between 2009 and 2014 of 242 
HSCT patients, the PICU mortality was noted to be 60.4%. Patients ventilated longer 
than 15 days had 2.4 times higher odds of death, and 40% of patients were placed on 
high-frequency oscillatory ventilation (HFOV) with a higher mortality of 76.5%. 
Transition to HFOV within 2 days of start of invasive mechanical ventilation resulted 
in a 76% decrease in the odds of death compared to those who were transitioned later 
[52]. The study suggests that early and aggressive lung protective ventilation strate-
gies may result in improved outcomes in these patients.

In hypoxemic respiratory failure, the more common reason for hypoxemia is 
likely alveolar derecruitment. Optimizing alveolar recruitment using adequate posi-
tive end expiratory pressure (PEEP) while limiting peak inspiratory pressures (PIP) 
thereby avoiding further ventilator-induced lung injury (VILI) should be the goal 
with invasive mechanical ventilation. Permissive hypercapnia and hypoxia while 
ensuring adequate end-organ oxygen delivery would help achieve these goals in 
these patients. Severity of lung injury in intubated patients with hypoxemic respira-
tory failure can be estimated using OI and OSI [10]. OI has shown to also be a 
predictor of mortality [54–56]. An OI ≥ 20 at any point during ventilation in post-
transplant patients has been shown to be associated with 94% mortality, while an 
OI ≥ 25 was associated with 100% mortality [55].

Consistent with optimizing lung recruitment and preventing further ventilator- 
induced lung injury, the Pediatric Acute Lung Injury Consensus Conference 
(PALICC) guidelines recommend utilization of moderately elevated levels of PEEP 
titrated to observed oxygenation and hemodynamic response and recommend tidal 
volumes of 3–6 and 5–8 ml/kg ideal body weight based on respiratory system com-
pliance. High PEEP levels may be required in children with large abdominal masses 
or ascites causing significant mechanical constraints on the diaphragm, interfering 
with lung mechanics and causing significant lung derecruitment.

PALICC guidelines recommend consideration of HFOV when plateau pressures 
exceed 28 cm H2O. Thereby, if one is not able to achieve lung recruitment without 
utilization of high ventilation strategies, one should consider escalation to other non-
conventional modalities that are considered lung protective [10]. Airway pressure 
release ventilation (APRV) is another modality that has been used by some centers. 
Rowan et al. in a retrospective multicenter database study reported on 85 pediatric 
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HSCT patients with severe PARDS managed with HFOV. The study suggested that 
in that cohort, early use of HFOV was associated with improved survival compared 
to late implementation of HFOV, and the subjects had outcomes similar to those 
treated only with conventional mechanical ventilation [57]. There continues to be a 
need for more outcome data with HFOV and APRV use in pediatric patients with 
respiratory failure. Yehya et al. in a cohort of pediatric patients, refractory to conven-
tional mechanical ventilation requiring transition to HFOV or APRV, demonstrated 
that HFOV was associated with more frequent neuromuscular blockade with no dif-
ference in mortality [56]. Perhaps more important is to observe the improvement in 
OI at 6–24 h after transition to HFOV and APRV which has been associated with 
survival, likely reflecting severity of lung disease and/or the ability to re-recruit the 
lungs [54, 56, 58]. In conclusion, lung protective ventilation should be implemented 
early in this cohort of children given the high risk of mortality and morbidity.

 Extracorporeal Membrane Oxygenation (ECMO)  
as Rescue Therapy

Pediatric oncology and HSCT patients with severe PARDS should be evaluated for 
possible ECMO support when lung protective strategies result in inadequate gas 
exchange [10]. Immunocompromised status was demonstrated to be an independent 
risk factor for hospital mortality in adult patients with respiratory failure on ECMO 
[59]. Establishing set criteria for ECMO cannulation in this population is challeng-
ing given their immunocompromised status, thrombocytopenia, unique/varying 
range of pathologies, and multi-organ dysfunction. Gow et al. in 2006 reported a 
21% survival rate to decannulation in a small cohort of 19 pediatric HSCT patients 
[60]. Renal complications and multi-organ dysfunction were reported to be risk fac-
tors for death. It thereby appears prudent to make the decision regarding cannula-
tion by utilizing a multidisciplinary approach early in the disease process, to 
determine candidacy and timing of cannulation and allow serial evaluation. The 
patient’s family should be appropriately counseled and informed consent obtained 
prior to ECMO cannulation given the high risk of complications in this patient 
population.

 Ancillary Therapies (Fluid Management, Inhaled Nitric 
Oxide, and Surfactant)

Fluid overload is common in HSCT patients who develop PARDS. Initiation of 
empiric broad-spectrum antimicrobial treatment often exacerbates this situation. 
Tight fluid management is imperative along with initiation of diuretics in many 
patients. Clinical orders to limit total fluids at maintenance, to concentrate all 
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medications and infusions, and to evaluate the need for medications that have a 
high volume of fluid should be done early to avoid worsening fluid overload. 
Acute renal failure is not an uncommon complication in posttransplant patients, 
and it makes fluid management extremely challenging. Fluid overload associated 
with acute renal failure leads to worsening respiratory function, prolonged ven-
tilation, increased ICU stay, and mortality [61–66]. Early consultation of renal 
specialists and intervention with diuretics and advanced therapies for fluid 
removal is imperative. In a retrospective chart review of 113 critically ill pediat-
ric patients receiving continuous veno-venous hemofiltration, median fluid over-
load percentage was significantly lower in survivors versus non-survivors (7.8% 
vs. 15.1%) [65]. Michael et al. reviewed 26 HSCT patients with acute renal fail-
ure and noted a fluid overload of <10% was associated with improved survival 
[66]. Ellbahlawan et  al. demonstrated a significant improvement in the PaO2/
FiO2 ratio in HSCT patients after initiation of continuous renal replacement 
therapy, which significantly correlated, with reduction of fluid balance [67]. 
Initiation of CRRT for treatment of fluid overload may improve oxygenation and 
survival [3].

The use of inhaled nitric oxide can be considered in patients with docu-
mented pulmonary hypertension or severe right ventricular dysfunction [10]. 
PALICC guidelines also recommend consideration of use as a rescue or bridge 
to ECMO [10].

Surfactant use in immunocompromised children with acute lung injury was asso-
ciated with improved oxygenation in a post hoc analysis of data from a previous 
randomized control trial [68]. A subsequent FDA-funded multicenter trial that 
attempted to investigate utility of surfactant in this cohort was unfortunately stopped 
due to low enrollment. Therefore, there remains a lack of evidence supporting the 
efficacy of surfactant use in this patient population.

 Conclusion

Immunocompromised oncology patients, including HSCT patients are a unique 
patient population with unique pathologies and other organ dysfunction leading to 
respiratory failure. Evaluation of a HSCT patient with acute hypoxia and/or hyper-
carbia requires a workup to confirm or rule out infectious etiologies prior to treat-
ment for potential noninfectious causes. Utilization of NIV requires constant 
monitoring of the patient to ensure improvement. The lack of physiological improve-
ment on NIV should be considered an indication for endotracheal intubation. Early 
and aggressive lung protective ventilation strategies upon intubation with close 
monitoring for fluid overload may result in improved outcomes in these patients. 
Further research is required to look at other modifiable clinical factors/management 
techniques and to assess outcomes after the use of NIV, IMV, and ECMO in this 
unique population.
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Chapter 12
Cardiac Dysfunction in Hematology 
Oncology and Hematopoietic Cell 
Transplant Patients

Saad Ghafoor, Marshay James, Jason Goldberg, and Jennifer A. McArthur

 Introduction

There are approximately 14.5 million cancer survivors in the USA and  approximately 
16,000 new diagnoses of cancer in patients less than 20 years of age annually. In pedi-
atric cancer patients, the 3-year survival rate is upward of 80% [1]. Cardiotoxicity is 
the leading cause of morbidity and mortality in long-term survivors of pediatric can-
cer. These patients are nine times as likely to have a cerebrovascular event, ten times 
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more likely to have coronary artery disease, and fifteen times more likely to have heart 
failure than their siblings. Therefore, there is a need for providers with specialized 
knowledge to care for this unique population both in the acute and chronic setting [2]. 
Cardiac complications of sickle cell disease are also increasingly recognized [3].

 Normal Heart Tissue Anatomy

The heart has three layers of tissue: endocardium, myocardium, and epicardium.
The epicardium is responsible for producing pericardial fluid for lubrication. The 

endocardium closely resembles the endothelial tissue and lines the inner surface of  
the heart, forming a vascular network to maintain the function of cardiac myocytes; the 
endocardium also contains the conduction system fibers. The myocardium is highly 
vascular and always open to perfusion. It relies on a complex arteriocapillary system as 
there are no major vessels to perfuse this tissue. Any damage to these myocardial capil-
laries results in poor perfusion and decreased contractility. The major blood supply to 
the heart is from the right and left coronary arteries. They originate from the root of the 
aorta, and the left divides into the left main and the left circumflex arteries.

 Heart Failure and Therapy-Related Cardiotoxicity

Heart failure is a clinico-pathological syndrome of structural and functional defects 
of the heart, rendering it unable to maintain adequate cardiac output to meet the 
demands of vital organs and peripheral tissues. There are many definitions that 
describe cardiotoxicity in pediatric oncology patients, but none are comprehensive 
enough to account for baseline risk or to guide clinical outcomes. The National 
Cancer Institute (NCI) of the National Institutes of Health (NIH) has published 
standardized definitions for adverse events (AEs), known as the Common 
Terminology Criteria for Adverse Events (CTCAE). They define heart failure based 
on grades. Grade 1 is asymptomatic elevation of biomarkers or abnormalities on 
imaging. Grades 2 and 3 consist of grade 1 plus mild to moderate symptoms upon 
exertion. Grade 4 includes life-threatening symptoms requiring hemodynamic sup-
port, and Grade 5 involves death [4]. Common pathological causes of heart failure 
in oncology and hematopoietic cell transplant patients are discussed below.

 Pathophysiology of Radiation-Induced Heart Damage (RIHD)

Tissue irradiation leads to fibrosis. Fibrosis is both an acute and late effect of tissue 
irradiation. Within minutes of radiation exposure, there is vasodilation, increased 
vascular permeability, and increased expression of adhesion molecules and growth 

S. Ghafoor et al.



213

factors. This prompts an acute inflammatory response and an influx of cytokines. The 
most commonly involved cytokines are tumor necrosis factor (TNF) and interleukins 
(IL-1, IL-6, and IL-8). After a few hours of radiation exposure, pro-fibrotic cytokines 
are released. The common ones are platelet-derived growth factor (PDGF), trans-
forming growth factor B (TGF-B), basic fibroblast growth factor (bFGF), insulin-
like growth factor (IGF), and connective tissue growth factor (CTGF). The expression 
of proto-oncogenes, including c-myc and c-jun, promotes fibrotic changes. Resulting 
endothelial damage triggers the coagulation cascade and results in fibrin deposition. 
The acute phase of radiation-induced damage can last for several days, after which 
there is usually a period with no obvious microvascular damage.

There are further pathways leading to fibrosis. Mediators such as chronic hypoxia 
and chronic oxidative stress can result in free radical production. In turn, this 
increases inflammatory mediators, proteases, and adhesion molecules and decreases 
nitric oxide. All of these mechanisms have the potential to further damage the endo-
thelium. Upregulation of nuclear factor kappa B (NF-KB), a transcription factor, is 
a key link between oxidative stress and inflammatory pathways. Chronic hypoxia 
leads to upregulation of hypoxia-inducible factor (HIFIa), stimulating TGF-B and 
leading to fibrosis [5].

The microvasculature is more affected with subendothelial fibrosis than the 
large arteries, which are usually spared. Coronary arteries can develop endothelial 
damage, vasculopathy, and ischemia. Progressive fibrosis of myocardium leads to 
decrease in tissue elasticity and compliance resulting in diastolic and systolic dys-
function. A compensatory upregulation of beta-receptors preserves and stabilizes 
cardiac output, but as damage progresses, congestive heart failure can develop. 
Fibrotic valvular changes can also occur, though the exact mechanism of such is 
not well understood. Fibrosis of the pericardium results in a spectrum of patholo-
gies ranging from mild constrictive physiology, severe restriction resulting in tam-
ponade, to that of global pancarditis. Conduction system abnormalities are likely 
due to microvascular damage and damage to sinoatrial and atrioventricular nodes, 
typically presenting as heart block. Fibrosis of the left ventricle can lead to ven-
tricular ectopy, such as premature ventricular contractions (PVCs) and ventricular 
tachycardia.

RIHD results in significant morbidity and mortality and requires further under-
standing of the pathophysiology for the development of therapeutic targets to pre-
vent microvascular damage, inflammation and late fibrosis [6].

 Pathophysiology of Renin Angiotensin-Aldosterone  
System (RAAS) Induced Cardiovascular Damage

The renin angiotensin-aldosterone system (RAAS) is an important physiological 
system that maintains intravascular blood volume and blood pressure. It involves 
various organ systems such as the central nervous system, kidneys, liver, lungs, 
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and adrenal glands. When there is decreased cardiac output, poor renal perfusion, 
low blood pressure, or blood volume for any reason, RAAS becomes activated. 
This causes renin to be released into the bloodstream secondary to various 
mechanisms:

 1. Afferent arteriole dilation (baroreceptors) in response to low blood pressure.
 2. Increased sodium reabsorption due to reduced GFR (poor renal perfusion), sens-

ing of low sodium load at the macula densa (chemoreceptors), which in turn 
release nitric oxide and prostaglandins to cause the release of renin.

 3. Carotid bodies (baroreceptors) sensing low blood pressure cause an increased 
sympathetic outflow which directly stimulates beta-receptors on the juxtaglo-
merular apparatus and cause renin release.

Renin converts angiotensinogen into angiotensin I, which gets converted by pulmo-
nary capillary endothelium into angiotensin II and inhibition of bradykinin (vasodi-
lator). The overall result is very potent vasoconstriction.

Angiotensin II is subsequently responsible for:

 1. Directly stimulating the sympathetic nervous system by decreasing reuptake of 
norepinephrine at the presynaptic motor endplate

 2. Increasing expression of adrenergic receptors on vascular tissues
 3. Stimulating receptors on venous and arteriolar surfaces to cause strong 

vasoconstriction
 4. Increasing water and sodium reabsorption by stimulating the adrenal cortex to 

produce aldosterone, acting on the hypothalamus and the pituitary gland to cause 
release of ADH and increases thirst by acting on the thirst center

Chemotherapy, radiation, and bone marrow transplant individually or in combi-
nation can cause a significant inflammatory state, inciting endothelial damage 
which results in vasodilation and increased vascular permeability. Chronic 
inflammation and activation of RAAS leads to progressive pathological, morpho-
logical, and geometric changes in the heart. The consequence of this is persistent 
and chronic activation of the RAAS.  Concurrent heart dysfunction promotes 
chronic sympathetic activation. Chronic pathological activation of the sympa-
thetic system and RAAS causes angiotensin II and aldosterone to act on the 
myocardial cells and fibroblasts, stimulating proto-oncogenes. As a result, 
growth factors are produced by the myocardial cells, resulting in pathological 
hypertrophy and accumulation of excess connective tissue, extracellular matrix, 
and fibrotic tissue. The pathologic remodeling of the myocardium makes it 
poorly contractile and non-compliant.

Angiotensin II and aldosterone also act on vascular smooth muscle and cause 
pathological changes which result in vasculopathy and poor response to treatment. 
In turn, this leads to progressive hypertension and cardiovascular failure. Therefore, 
ACE inhibitors, angiotensin receptor blockers, and beta-blockers are key medica-
tions to be started preemptively to prevent or improve pathological remodeling and 
treat hypertension.
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 Pathophysiology of Chemotherapy-Induced  
Cardiovascular Damage

Conventional chemotherapy targets rapidly dividing cells, while targeted agents 
work on tumor specific pathways. Anthracyclines (i.e., doxorubicin, daunorubi-
cin, epirubicin), alkylating agents (i.e., busulfan, cyclophosphamide), antime-
tabolites (i.e., 5 fluorouracil, cytarabine), anti-microtubule agents (i.e., 
vinca-alkaloids), targeted agents (i.e., trastuzumab), cisplatin, mitoxantrone, 
pyrimidine analogues, and several other known and suspected agents can affect 
the heart. Cancer drugs interact with cardiovascular signaling, particularly dur-
ing times of increased stress.

 Anthracyclines

The mechanism of anthracycline-induced toxicity is not completely understood. 
The drug enters the cardiac myocyte, intercalates into nuclear DNA, and impairs 
protein synthesis. Additionally, it forms reactive oxygen species through iron com-
plex formation, which damages the mitochondria. As calcium homeostasis is ini-
tially affected, diastolic dysfunction may be the initial presentation of 
anthracycline-mediated cardiotoxicity. Diastolic dysfunction may be a harbinger of 
future systolic heart failure. Pathologic investigation has shown that as more anthra-
cycline accumulates in cardiac cells, there is evidence of apoptosis and myocardial 
necrosis, which likely results in the observed myocardial dysfunction and clinical 
heart failure syndromes [7].

Anthracyclines and the anthracycline analogues are commonly used agents in 
many cancer protocols. They are known to be cardiotoxic and, in many instances, 
require a dose reduction or holding of the medication. There is a reported 2.8% 
incidence of heart failure in the first 6 years after a cumulative dose of 300 mg/m2. 
A direct correlation exists between cumulative dosing and incidence of cardiotoxic-
ity [8, 9]. Survivors have reduced LV systolic function and inadequate diastolic 
filling with larger LV dimension. This pathology is caused by a decrease in number 
of cardiomyocytes and stem cells capable of generating cardiac tissue [10].

Prolonged QTc intervals, sinus node dysfunction, PVCs, and decreased QRS 
voltage have been described after anthracycline administration in 10–30% of survi-
vors [11]. Rhythm abnormalities associated with anthracyclines are usually tran-
sient and have been reported with a cumulative dose of 120 mg/m2. There is also 
evidence of ischemic cardiac injury with doxorubicin and another anthracycline, 
pirarubicin. Genetic predisposition, arterial hypertension, previous or concurrent 
heart disease, and combination with radiation, alkylating agents, and anti- 
microtubule therapy increase sensitivity to anthracyclines. Currently, there are no 
evidence-based guidelines in pediatrics for treatment of heart failure secondary to 
anthracyclines.
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 Alkylating Agents

Alkylating agents (i.e., cyclophosphamide, ifosfamide, melphalan) inhibit DNA 
transcription and affect protein synthesis. Cardiovascular symptoms usually present 
within the first week to first month of therapy. Low doses are usually not associated 
with toxicity, but at higher doses, patients can present with severe symptoms.

 Other Agents

Monoclonal antibodies may have deleterious effect on cardiovascular function, 
though the data is retrospective, and the sample size is small [12]. Trastuzumab is a 
monoclonal antibody that targets HER-2 receptor. In adults, it causes cardiotoxicity 
in approximately 4–7% of patients when taken alone and 27% when taken with 
anthracyclines. The effects are usually reversible after stopping treatment. It is 
hypothesized that the use of monoclonal antibodies inhibits repair processes of the 
damage caused by the anthracyclines [13]. Vascular endothelial growth factor 
(VEGF) plays an important role in myocardial and vascular homeostasis. Anti- 
VEGF medications disrupt myocardial metabolism, impairing myocardial function. 
Bevacizumab, an anti-VEGF monoclonal antibody, has been shown to decrease LV 
shortening fraction. As the use of monoclonal antibodies becomes more prevalent, 
it is crucial to watch for impaired cardiac function during treatment, particularly 
when treatment is combined with other cardiotoxic agents. Cardioprotective agents, 
such as dexrazoxane, may have benefit in these patients.

Tyrosine kinases catalyze the transfer of phosphate from ATP to tyrosine resi-
dues in polypeptides involved in growth receptor signal transduction. Tyrosine 
kinase inhibitors (TKIs) are frequently used in cancer therapy and are linked to left 
ventricular dysfunction, heart failure, and arrhythmias [12]. Imatinib and dasatinib 
are small molecule TKIs and have been described to cause cardiac failure. They are 
known to cause serositis. Patients may present with peripheral edema, pleural, and 
pericardial effusions [14].

 Risk Factors for Cardiotoxicity

 Treatment and Patient-Related Risk Factors

 1. Cumulative anthracycline dose
 2. Mantle field radiation
 3. Cranial radiation
 4. Inflammatory state during therapy
 5. Cancer diagnosis
 6. Female gender
 7. Young children
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 8. Genetic factors
 9. Preexisting cardiovascular disease
 10. Traditional risk factors for coronary vascular disease

A high cumulative dose of anthracyclines is the biggest risk factor for cardiotox-
icity, but there is no dose of anthracyclines where the risk is absent. Damage has 
been reported with doses <240 mg/m2 [15]. Continuous infusions to reduce peak 
serum levels have been suggested but data does not support the practice in children. 
Patients treated with mantle field radiation are at higher risk for cardiac dysfunction 
than patients who never received radiation at all or received radiation outside of the 
mantle field [16]. Cranial radiation is described as a risk factor secondary to pitu-
itary damage and growth hormone deficiency. Incidence of cardiac dysfunction 
after cranial radiation is 4% which increases to approximately 13% with concomi-
tant use of anthracyclines. The female gender is more susceptible to anthracycline 
toxicity, most likely due to higher percentage of body fat affecting distribution of 
the drug [17].

A strong inflammatory response during therapy is felt to cause increased micro-
vascular endothelial damage leading to increased risk of cardiac complications [18]. 
Cancer itself is a risk factor for cardiovascular damage as children who have not 
received cardiotoxic chemotherapy or radiation still have an increased risk for car-
diovascular abnormalities [18]. Young children are at higher risk for LV wall thin-
ning and dysfunction [17]. Mutations in the HFE gene and C282Y allele (hereditary 
hemochromatosis) carry a significantly increased risk for cardiovascular injury 
[19]. Patients with preexisting cardiovascular impairment are at much higher risk 
for progressive heart failure [18]. Traditional risk factors for coronary vascular dis-
ease such as physical inactivity, obesity, insulin resistance, vitamin D deficiency, 
and smoking increase the likelihood of cardiovascular damage post-therapy.

 Clinical Manifestations of Cardiac Toxicity

Cardiac complications in children undergoing cancer-directed therapy or hemato-
poietic cell transplantation are increasingly appreciated in the ICU. The most com-
mon acute manifestations include cardiac dysfunction, pulmonary hypertension, 
and pericardial effusions. These will be discussed in more detail.

 Cardiac Dysfunction

Acute cardiotoxic events happen within the first week of therapy and are usually 
reversible with dose reduction or in most cases discontinuation of the respective 
chemotherapy. The reversibility is not 100%, and there can be progression of left 
ventricular (LV) dysfunction. Early onset cardiotoxicity occurs within weeks to 
months and can present with restrictive cardiomyopathy and filling defects or 
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dilated cardiomyopathy with LV wall thinning and systolic dysfunction. This is usu-
ally progressive. Late onset cardiotoxicity is more common, defined by cardiac dys-
function after 1 year of exposure to chemotherapy. This can be asymptomatic for 
several years before it is clinically evident, necessitating the need for surveillance 
echocardiograms. It most commonly manifests as LV wall thinning, dilation, and 
decreased function and is progressive [20].

Dilated cardiomyopathy can convert to a restrictive cardiomyopathy with dia-
stolic dysfunction, or diastolic dysfunction can be an early marker or future systolic 
heart failure. The proposed mechanism causing this is that with LV failure, there is 
a limited number of normal cardiomyocytes and with somatic growth of children, 
there is inadequate and pathological hypertrophy leading to a restrictive cardiomy-
opathy [8]. Approximately 60% of children exposed to anthracyclines alone or in 
combination with other cardiotoxic agents have subclinical changes in their LV 
structure and function on echocardiography [21].

Cancer therapy-induced arterial hypertension is a well-described entity. This is 
most commonly associated with angiogenesis inhibitors but can present with other 
cancer drugs as well.

Hypertension can present at any time during therapy and cause complications 
such as heart failure, stroke, posterior reversible leukoencephalopathy, proteinuria, 
and thrombotic microangiopathy. In most cases, the hypertension is reversible and 
improves as treatment is withheld or stopped but may persist [22].

Cancer is a hypercoagulable state. Many cancer agents (i.e., hormonal therapy, 
cisplatin, bevacizumab, sunitinib, and sorafenib) have been known to increase the 
risk of thromboembolic events [23, 24]. Currently, no clear guidelines exist for 
thromboprophylaxis in these patients, but most cancer patients will benefit from 
prophylactic anticoagulation. In addition to the cancer-induced hypercoagulable 
state, coronary artery spasm and rhythm disturbances have been reported with 
pyrimidine analogues such as 5-fluorouracil. These mechanisms may partially 
explain the increased risk of early ischemic heart disease in pediatric cancer 
survivors.

QT prolongation is associated with a number of cancer agents, placing patients 
at risk for cardiac arrhythmias [25]. Physicians should exercise extreme caution 
when there is concomitant use of other QT-prolonging drugs (antiemetics, metha-
done, psychotropic agents) particularly in patients with ongoing electrolyte 
disturbances.

 Pulmonary Hypertension

Pulmonary hypertension (PH) is defined as elevation in the pulmonary arterial pres-
sure. It is rare in children, estimated to occur in <10 cases per 1 million children [26]. 
The etiology of pediatric pulmonary hypertension in the general population is varied. 
Over half of pediatric cases are idiopathic or familial, while the remainder are associ-
ated with other diseases, most commonly congenital heart disease or chronic lung 
disease. Endothelial cell damage seems to play a role in the development of PH. The 
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inciting injury may be caused by hypoxia, increased blood flow, or toxins. This injury 
leads to smooth muscle cell proliferation in small peripheral pulmonary arteries 
which normally are not muscularized. There also seems to be evidence for a genetic 
predisposition, with mutations in the bone morphogenetic protein receptor type 2 
(BMPR2) and TGF-Β superfamily being associated with PH [26].

Diagnosis of pulmonary hypertension in critically ill children is primarily accom-
plished noninvasively by echocardiogram, though cardiac catheterization is the gold 
standard. The ECG may show changes suggesting right atrial enlargement right axis 
deviation, bundle branch block, or right ventricular hypertrophy in cases of chronic 
pulmonary hypertension. However, ECG is not sufficient to make a diagnosis. Chest 
X-ray is useful to look for lung disease as the etiology of the pulmonary hyperten-
sion. It may also show an enlarged right heart or pulmonary arteries, though many 
patients may not have any findings. The echocardiogram is what is most frequently 
used to make the diagnosis in critically ill oncology patients. Tricuspid valve regur-
gitant jet velocity can be used to estimate the pulmonary arterial pressure, with the 
use of the modified Bernoulli equation. However, in the setting of poor right ven-
tricular function, this may be falsely low as a heart pumping without force is not 
able to generate as much velocity across the valve. Therefore, this number alone 
should not be the sole determination of the diagnosis. Other echocardiographic find-
ings of pulmonary hypertension include septal wall flattening and right ventricular 
hypertrophy/dysfunction [26, 27].

Pulmonary hypertension is increasingly recognized as a complication of hemato-
poietic cell transplant and chemotherapy [28, 29]. It is also a recognized complica-
tion in patients with chronic hemolytic anemias such as sickle cell disease [30]. 
Early diagnosis and intervention are likely to provide improved outcomes. Therefore, 
it is important for hematologists, oncologists, and intensivists to consider this diag-
nosis in critically ill hematology, oncology, and stem cell transplant patients.

Pulmonary hypertension is not isolated to the pediatric oncology and hematopoi-
etic cell transplant population. It is also prevalent in patients with sickle cell disease 
and is increasingly appreciated as an important complication impacting morbidity 
and mortality [3]. Thirty to forty percent of adults with sickle cell disease have echo-
cardiographic evidence of PH. The incidence in children is variable, depending upon 
the publication, ranging from 8% to 47%. The risk for development of PH seems to 
be highest in patients with hemoglobin SS as opposed to other forms of sickle cell 
disease, those who were 13 or older and more anemic [3]. Other variables associated 
with PH in sickle cell patients include elevated serum creatinine, brain natriuretic 
peptide, cardiac troponin levels, history of sleep apnea, prolonged QTc, and short 
6-min walk test [3, 30–32]. Pulmonary hypertension has also been described in other 
types of anemia. PH occurring several years after splenectomy has been described in 
patients with hereditary spherocytosis [33] and in patients with congenital dyseryth-
ropoietic anemia, a rare congenital macrocytic anemia [34].

Acute cardiac complications in HCT patients were once thought to be quite rare, 
reported to occur in less than 1% of pediatric HCT patients [35]. Newer data sug-
gests cardiac abnormalities are more common. Cincinnati Children’s Hospital 
reports a 30% incidence of abnormalities found on routine screening echocardio-
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grams at day +7 after HCT [28]. In their study 13% of children had elevated right 
ventricular pressures on day +7 echocardiogram, and this was significantly associ-
ated with later development of thrombotic microangiopathy (TMA). Sixty percent 
of patients with elevated right ventricular pressures were diagnosed with TMA vs. 
23% of patients with a normal day +7 echocardiogram (p = 0.0003). The incidence 
of TMA was even higher in HCT patients who had both a pericardial effusion and 
elevated right ventricular pressure at day +7. One hundred percent of these patients 
went on to develop TMA. The team at Cincinnati went on to broaden screening 
echocardiograms to include any HCT patient with respiratory distress, hypoxia, 
shock, or TMA on admission to the PICU and every 1–2 weeks thereafter [36]. In 
this population 50% of patients had echocardiographic findings warranting either 
intervention or further screening. Elevated right ventricular pressure was the most 
common abnormality seen in 34% of patients, 20% were deemed to be at risk for 
pulmonary hypertension, and 14% diagnosed with pulmonary hypertension. All 
patients diagnosed with pulmonary hypertension required treatment with pulmo-
nary vasodilators. The majority of patients diagnosed with pulmonary hypertension 
did not have other physical exam or radiographic findings on CXR that would have 
clued clinicians into the diagnosis.

PH has also been described in specific populations undergoing HCT. Patients 
with malignant infantile osteopetrosis who undergo HCT appear to be at high risk 
for development of PH. The European Blood and Marrow Transplantation Group 
(EBMT) published a case series where 8 of 28 infants transplanted for malignant 
infantile osteopetrosis developed PH with a mortality rate of 62% [37]. A group 
from the USA also reported a case series where 5 of 12 infants transplanted for 
malignant infantile osteopetrosis developed PH with a mortality rate of 80% [38]. 
The reason for this association remains unclear. However, these patients warrant 
close monitoring and early intervention for PH.

Pulmonary veno-occlusive disease (PVOD) is a possible etiology for the develop-
ment of pulmonary hypertension in HCT patients and should be considered in the 
differential. Patients with PVOD may present as either an early or late complications 
of HCT. Patients often present with increasing dyspnea. Their CXR may show cardio-
megaly and pulmonary edema, while an echocardiogram shows pulmonary hyperten-
sion. If a biopsy is performed, characteristic findings are fibrosis of the small 
pulmonary veins and venules, while the larger pulmonary veins are normal [39, 40]. 
Lung biopsy had been the gold standard; however, it carries a high risk of complica-
tions. Mineo and colleagues looked at the accuracy of chest CT to make the diagnosis. 
They found that presence of two of three of the following findings, ground glass 
appearance, septal thickening, and mediastinal lymphadenopathy, was 95.5% sensi-
tive and 89% specific for the diagnosis of PVOD [41]. PVOD is an important diagno-
sis to consider as these patients may respond to therapy much differently than other 
patients with PH. Defibrotide is a theoretically useful agent in this population, though 
there is little published data for use other than in hepatic VOD. Its use was described 
by the EBMT group in their case series of eight osteopetrosis patients with 
PH. Defibrotide was used in four of the eight patients for possible PVOD and/or docu-
mented liver VOD. Two of the four patients given defibrotide survived, while one of 
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the four patients not given defibrotide survived [37]. The numbers are much too small 
to make any conclusions other than its use has been described in patients who may 
have had PVOD. The other potentially important aspect when considering treatment 
for PH due to PVOD is that traditional pulmonary vasodilators used for PH may cause 
pulmonary edema in patients with PVOD so should be used with caution [42].

PH has also been described in oncology patients. The majority of case reports 
have been in patients with neuroblastoma, particularly those undergoing autologous 
HCT [29, 43]. Patients who have received busulfan/melphalan conditioning may 
have the highest risk of developing PH [29], but PH has been described in patients 
who have received other chemotherapy [44]. PVOD was suspected as the cause of 
PH in two of the case reports of pulmonary hypertension in patients with neuroblas-
toma [43, 44]. Leukemic infiltrate in the lung has been suspected as a cause of PH 
in a case report of a patient with juvenile myelomonocytic leukemia [45]. There are 
case reports of PH as the cause of death in patients with hemophagocytic lympho-
histiocytosis and idiopathic myelofibrosis [46, 47].

Treatment of pulmonary hypertension in the pediatric hematology/oncology/
HCT population is the same as in other populations, with the caveat that PVOD 
should be considered in the differential as the cause of the PH, particularly if the 
patient’s condition worsens with pulmonary artery vasodilator therapy. Acute man-
agement when patients present to the PICU acutely ill would include oxygen to 
maintain saturations at least 95%, inhaled nitric oxide (NO), diuretics if the patient 
is felt to be volume overloaded, or volume supplementation if the patient has a low 
right ventricular filling pressure [27]. Intravenous prostanoids such as epoprostenol 
may be used for their pulmonary vasodilatory effect. Patients need to be monitored 
closely for hypotension as they also decrease the systemic vascular resistance. 
Patients with hypotension and poor cardiac output may require inotropic and vaso-
pressor support with milrinone being a particularly good choice for inotropy as it 
does not increase the heart rate. Vasopressor agents may be necessary to counteract 
the vasodilator effects of systemic prostanoids. Avoidance of hypotension is impor-
tant to maintain adequate coronary perfusion. Oral agents such as sildenafil or 
bosentan can be added to help with weaning off of iNO [27, 48].

 Pericardial Effusion (PCEF)

Pericardial effusion (PCEF) is a life-threatening complication among pediatric 
oncology patients [49, 50]. Reported incidence of PCEF in children with cancer 
ranges from 0.2% to 17% [51]. Knowledge continues to develop surrounding the 
incidence, risk factors, and outcomes associated with PCEF in children with onco-
logic disease. In the interim, it is incumbent upon clinicians to understand potential 
causal pathways, symptomology, and treatment considerations for PCEF in this 
population. PCEF in children is more frequently associated with hematopoietic 
stem cell or bone marrow transplant (HSCT or BMT). However, clinicians report, 
both in literature and anecdotally, occurrence of PCEF across all various types of 
pediatric oncological disease.

12 Cardiac Dysfunction in Hematology Oncology and Hematopoietic Cell Transplant…



222

Risk Factors for PCEF

The population at highest risk for PCEF are patients who undergo HCT.   
Potentiating risk factors associated with incidence of PCEF include donor type, 
conditioning, infection, toxicity related to immunosuppressives, and graft-ver-
sus-host disease (GVHD) [51, 52]. Patients with high-risk disease status prior to 
HCT (e.g., active leukemia in relapse, active leukemia after induction failure, 
progressive solid tumor, and/or second allogeneic HSCT), myeloablative condi-
tioning, and calcineurin inhibitor (CNI) (e.g., cyclosporine and tacrolimus) as 
well as other therapeutic agents (Fig. 12.1) are at relative increased risk for inci-
dence of PCEF [53]. The literature varies on whether age, gender, and other fac-
tors are reliable predictors.

Oncological Pathways to PCEF

In normal physiology, the pericardium, a two-layered sac, protects the myocardium 
via the provision of a mechanical barrier, reducing friction between the heart and 
structures in close proximity [49]. The pericardial cavity lies between the visceral 
and parietal layers of the pericardium, containing a minute amount of plasma ultra-
filtrate. In an acute pericarditis, the pericardium becomes inflamed, staging an effu-
sive process that can lead to rapid accumulation of fluid in the pericardial cavity. 
The fluid can be serous, purulent, or sanguineous depending on the cause. Common 
pathways leading to occurrence of PCEF in pediatric oncology patients listed by 
frequency of occurrence (Fig. 12.2) [49]:

Cancer Therapeutic Agents

Associated with PCEF

Cyclophosphamide (and other

alkylators)

Anthracyclines

Cytarabine

Imatinib

Thalidomide

Trans-retinoic acid

Busulfun

Radiation Therapy

•

•

•
•
•
•
•
•

Fig 12.1 Cancer therapeutic agents widely known to have the adverse cardiac effect of pericardial 
effusion
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Subcategories of inflammatory or systemic-mediated occurrence of PCEF 
include global serositis, thrombotic microangiopathy (TMA), and pervasive neo-
plastic disease. The vast majority of PCEF in pediatric oncology patients is of 
uncertain origin. The notion of idiopathic PCEF is typically confirmed in the 
absence of significant diagnostic findings (i.e., negative cultures and pathology of 
PCEF fluid, nontoxic clinical presentation, no mechanical confounders, no known 
trauma history, etc.). Of the microorganisms attributed to infectious etiology of 
PCEF, the most frequent cause is viral infection (i.e., EBV, CMV, adenovirus, etc.); 
less common are bacterial, fungal, and parasitic infections [49].

Two specific inflammatory etiologies related to PCEF are worth highlighting. 
They are serositis and TMA. Serositis is an operational definition of a syndrome 
involving inflammation of serous tissues in the body, often resulting in fluid collec-
tions in the pericardial, pleural, and peritoneal cavities. Serositis is often considered 
in the absence of antimicrobial pathogenicity and in the setting of concurrent pleu-
ral effusions; it may or may not be indicative of underlying GVHD or immunosup-
pressive toxicity. Patients with TMA may present with pericardial effusions and 
pleural effusions in addition to thrombocytopenia, hemolytic anemia, acute kidney 
injury (AKI), altered mental status, severe pulmonary arterial hypertension (PAH), 
and dysfunction of other organs, leading to multi system organ failure (MSOF) [54].

Symptomology and Diagnosis of PCEF

A pattern of symptoms are often present in patients experiencing PCEF, including 
but not limited to:

• Tachycardia, accompanied by S3 (gallop), or pericardial friction rub on auscultation
• Narrow or decreased pulse pressure

Pericardial Effusion
(PCEF)

Idiopathic

Infectious

Inflammatory/Systemic

Serositis

Thrombotic
Microangiopathy

(TMA)

Neoplastic DiseaseMechanical

Fig. 12.2 Ordinal classification of common causes of pericardial effusion (PCEF) by frequency of 
occurrence in pediatric oncology patients
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• Dyspnea with or without oxygen desaturation
• Chest pain
• ECG changes, including low-voltage QRS complexes, electrical alternans, ST 

segment elevation, PR segment depression, and/or T-wave inversions
• Pulsus paradoxus (quantified as a systolic blood pressure (SBP) reduction of 

>10 mmHG)
• Kussmaul sign (i.e., elevation in jugular venous pressure during inspiration)
• In large PCEF, globular appearance of cardiac silhouette on chest radiography 

(CXR) [49, 52]

High-risk features such as fever, leukocytosis, elevated troponin, and history of 
PCEF or pericarditis are associated with poorer outcomes [49].

While awareness of symptomology is helpful, echocardiogram (ECHO) serves as 
the diagnostic gold standard. Of note, rarely do volumes quantified on ECHO match 
drained volumes upon intervention [51]. Perhaps counterintuitively, clinicians must 
be keenly aware that volume of effluent does not directly correlate with clinical pre-
sentation or allow for enhanced prognostication. In fact, “relatively small effusions 
may lead to important hemodynamic compromise,” particularly in the small pericar-
dial cavities of young children [50]. This appears especially true in the pediatric 
oncology population, where underlying diastolic dysfunction may contribute to 
hemodynamic instability even without classic markers of tamponade physiology.

Tamponade Physiology

By definition, cardiac tamponade occurs when the chambers of the heart are compressed 
as a result of increased intrapericardial pressure to the extent that systemic venous return 
to the right atrium (RA) is impaired; increased intrapericardial pressure decreases myo-
cardial transmural pressure, and the chambers of the heart demonstrate reduced capacity 
and compliance, consequently reducing cardiac output and blood pressure. Typical 
ECHO findings in tamponade include diastolic collapse of the RA and right ventricle 
(RV) as intrapericardial pressure exceeds the intracavitary pressure [49].

In early tamponade, sinus tachycardia preserves cardiac output. Hypertension 
may also occur as part of a sympathetic response to pericardial annoyance. Atypical 
symptoms such as chest or shoulder discomfort and nausea may also be present 
[49]. Late signs of tamponade physiology may manifest as cardiogenic shock, 
hypotension, and pulsus paradoxus, and narrowing pulse pressure will progress to 
cardiac collapse without intervention.

Management of PCEF

Acute PCEF management is largely based on individual clinical presentation. 
Asymptomatic low-risk patients may be managed within a low-acuity setting. 
Management for stable PCEF should include serial ECHO follow-up, 
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hemodynamic monitoring, and treatment of identifiable underlying causes. 
However, persistent and enlarging PCEF in the oncology patient may require more 
aggressive treatment, even despite evidence of hemodynamic compromise or tam-
ponade physiology.

Diuretics are mostly ineffective, though often used. Infectious PCEF may be 
treated based on suspicion of pathogen. However, serologic testing and culturing of 
effluent are often low yield. Rituximab may be indicated in EBV-mediated 
PCEF. Immunosuppressive agents are often not helpful even with inflammatory eti-
ologies. Discontinuation of CNIs has proven to be efficacious in ameliorating PCEF 
[51]. In TMA-associated PCEF, eculizumab and plasmapheresis have been used 
with some success [54]. If methotrexate has been used recently, leucovorin rescue 
may be helpful.

Large PCEF at risk for tamponade physiology, hemodynamic compromise, or 
rapidly increasing effusions necessitate critical care observation. Volume expansion 
may be required to optimize cardiac output, specifically in hypotension. Inotropic 
support is controversial as endogenous sympathetic output is typically maximal in 
tamponade [49]. Patients with concomitant respiratory distress may require nonin-
vasive or invasive respiratory support with the caveat that positive-pressure ventila-
tion (PPV) may worsen acute tamponade by impeding cardiac filling.

Evacuation of PCEF is achieved by ECHO-guided percutaneous pericardiocen-
tesis, with or without drain placement. Recurrent PCEF may better be addressed by 
pericardial window or pericardectomy. Pericardiocentesis can be complicated in 
small children who have very little distance between the myocardium and the rim of 
the effusion [50]. Additionally, sedation in children with tamponade physiology is 
fraught with risk for hemodynamic compromise. Preprocedure tachypnea, cardiac 
tamponade, and hypoxia have proven to be reliable prognosticators for adverse 
events [55]. The preferred induction agent is ketamine. The transition from sponta-
neous respiration to positive-pressure ventilation carries risk of hemodynamic com-
promise and should be done with caution.

 Monitoring for Cardiac Toxicity

Currently, there are no established evidence-based guidelines for monitoring cardio-
vascular structure and function during and posttreatment. It is widely recognized 
that it is necessary to do so, but there is no consensus on the modalities or their 
frequency of use.

 EKG

There is evidence that prolonged QT interval can predict cardiac disease [25, 56]. 
Conduction abnormalities and cardiac hypertrophy are all associated with cancer- 
related therapy, whether drug induced or radiation induced. Therefore, an EKG is 
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highly recommended for assessment and monitoring of cardiac dysfunction. EKG 
should be performed prior to initiation of therapy to establish baseline, periodically 
during therapy and after completion for comparison.

 ECHO

Echocardiogram is a necessary tool in the evaluation of cardiac dysfunction during 
cancer therapy. Thorough echocardiographic protocols include assessment of dia-
stolic dysfunction and myocardial strain as these abnormalities are often present 
before a decrease in systolic function is seen. Increased values of indexed left atrial 
volume are a direct result of impaired diastolic dysfunction, which is commonly 
seen in patients with early chemotherapy-induced cardiomyopathy [57]. Figure 12.3 
shows a patient with a dilated left atrium, compared to a patient with a normal left 
atrial size. Specific Doppler velocities that are obtained during diastole can evaluate 
mitral valve inflow and cardiac wall deformation and have been shown to predict 
systolic heart failure in those who have received chemotherapy [58]. Figure 12.4 
shows an elevated mitral valve inflow velocity, compared with a normal mitral valve 

LALA

LA

LA

Fig. 12.3 Left panel shows dilated left atrium (LA), compared with normal LA size on the  
right panel
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inflow velocity. There has also been much attention given to evaluation of  myocardial 
strain parameters, with a decrease in global longitudinal strain most reliably corre-
lated with decreased cardiac function after chemotherapy [59]. Figure 12.5 shows 
an abnormal global longitudinal strain (GLS) profile, compared to a normal GLS 
profile. Figure  12.6 shows a patient with a large circumferential pericardial 
effusion.

Given the studied associations between cardiac toxicity and both anthracycline 
agents and chest radiotherapy, serial echocardiographic assessment has become an 
established part of these protocols. However, much is being learned about the acute 
hemodynamic alterations caused by bone marrow transplantation (BMT), with data 
suggesting cardiac dysfunction as a direct effect of hematopoietic cell transplanta-
tion and the need for serial echocardiography as part of these protocols as well [36].

 Cardiac Magnetic Resonance Imaging

Cardiac MRI scans are superior to echocardiography to assess myocardial tissue 
structure. It is the gold standard for detection of ventricular volumes and function 
[60]. It provides a better assessment of myocardial edema, inflammation, and fibro-
sis and may identify cardiomyopathy more reliably than echocardiography. Cardiac 
MRI therefore has an important role in identification of early and late 
cardiotoxicity.

 Positron Emission Tomography/Magnetic Resonance (PET/MR)

PET/MR is an emerging modality for assessment of cardiomyopathy. Imaging 
allows for determination of myocardial perfusion, glucose metabolism, and myo-
cardial viability [61].

E

A

E

A

Fig. 12.4 Left panel shows tall, steep “E” (early diastolic) wave velocity and elevated E/A ratio, 
markers of diastolic dysfunction; compared with normal “E” wave velocity and normal E/A ratio 
on the right panel. E/A ratios greater than 2 are considered abnormal
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Fig. 12.5 Left panel shows abnormal global longitudinal strain, with dyssynchronous (blue) func-
tion mostly in the posterior basal segmental, compared with synchronous function throughout in 
the right panel

Fig. 12.6 Large, circumferential pericardial effusion

 Biomarkers

 Troponins

Cardiac troponins (troponin I and troponin C) present in the serum may indicate 
acute cardiac damage. Elevated troponins in the first 90 days of cancer therapy have 
been associated with reduced LV mass and thickness and function 5 years later [18]. 
Absence of troponin elevation has a high negative predictive value. Elevation has 
been described to predict diastolic dysfunction in approximately 35% of patients. 
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Elevation of troponin at the completion of therapy is predictive of subsequent left 
ventricular dysfunction. Cardinale et al. demonstrated a relationship between ele-
vated troponin, anthracycline-induced cardiotoxicity, and patients who would ben-
efit from ACE inhibitors [62].

 Natriuretic Peptides

BNP and NT-pro BNP are elevated due to wall stress secondary to pressure or vol-
ume overload. These are elevated acutely in cardiac dysfunction but also predict LV 
remodeling in future years. As they are elevated in cardiac stress and do not neces-
sarily indicate cardiomyocyte damage, they have the potential to detect early sub-
clinical changes.

The elevation of NT-proBNP (natriuretic peptide), MR-pro ANP (mid-regional 
atrial natriuretic peptide, MR-proADM (mid-regional pro adrenomedullin), 
copeptin, and high-sensitivity troponin T prior to therapy is associated with higher 
mortality [23]. Elevation of BNP in the first 90 days is predictive of left ventricular 
dysfunction within 3, 6, 12 months, and 4 years [63, 64]. NT-proBNP is also shown 
to correlate with the increased cumulative exposure to anthracyclines.

 High-Sensitivity C-Reactive Protein (CRP) and  
Myeloperoxidase (MPO)

High-sensitivity CRP predicts cardiotoxicity in patients treated with trastuzumab. MPO 
levels which rise early in therapy persist and are associated with cardiotoxicity [65].

 Management

Cardiotoxicity causes a significant amount of morbidity and mortality and is pro-
gressive in nature. Therefore, early medical intervention is extremely important. 
Labs that help monitoring perfusion and guide acute heart failure management 
include lactic acid and mixed venous saturation. Volume status can be best predicted 
by pulse pressure variation, stroke volume variation, and IVC dynamics.

 Milrinone (Phosphodiesterase 3 Inhibitors)

Milrinone is a commonly used infusion for acute heart failure. It increases the over-
all performance of the heart and decreases pulmonary vascular resistance. It is an 
ideal choice for systolic and diastolic dysfunction as per its inotropic, vasodilatory, 
and lusitropic effects.
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As most patients with heart failure secondary to cancer therapy have hyperten-
sion, milrinone can decrease afterload while improving the contractility. There are 
times when other antihypertensives may be combined with milrinone specifically if 
there is persistent hypertension. Antihypertensives can be administered intermit-
tently or as an infusion (beta-blockers or calcium channel blockers). The goal is to 
main borderline normal mean arterial pressure according to age.

 Other Inotropes and Vasopressors

Low-dose epinephrine and inotropic dose of dopamine can be used alone or in com-
bination with milrinone. This approach is especially beneficial in patients with poor 
contractility and hypotension. Vasopressin can be considered a vasopressor in addi-
tion to the inotropes to elevate the SVRI and improve organ perfusion. In patients 
with cardiac dysfunction and ongoing distributive shock as seen in sepsis or cyto-
kine release syndrome, a short course of norepinephrine can be considered as the 
first line therapy. Low-dose epinephrine or dopamine may be added to provide more 
inotropic support. A calcium infusion may also be used as an inotropic and or vaso-
pressor agent, specially in younger children.

Patients can present with poor contractility and high SVRI. In this case milrinone is 
the ideal choice. If the SVRI remains high even with titration of milrinone and patient is 
clinically symptomatic with evidence of poor perfusion, other vasodilators and positive-
pressure ventilation should be considered to rest the patient and  provide afterload reduc-
tion. Continuous measurement of systemic vascular resistance index, cardiac index, or 
regional oximetry may be useful for more informed titration of infusions in these very 
complicated and dynamic situations. Further study in this area is warranted.

 Positive-Pressure Ventilation

Positive-pressure ventilation lowers the transmural pressure and off-loads the heart. 
This can be extremely beneficial in decreasing the metabolic demand by decreasing 
the work of breathing. Positive-pressure ventilation should be strongly considered 
in any patient with increased work of breathing and moderate to severe heart failure 
with down trending indicators of perfusion. Extreme caution is indicated when intu-
bating these patients as their poor cardiac output puts them at high risk for decom-
pensation with sedatives and the stress of intubation.

 Angiotensin-Converting Enzyme (ACE) Inhibitors and Angiotensin 
Receptor Blockers (ARB)

ACE inhibitors reduce afterload, myocardial stress and show improvements in heart 
failure by preventing angiotensin I from converting into angiotensin II, a very potent 
vasoconstrictor and preventing abnormal remodeling in adults. Their efficacy still 
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needs to be studied further in the pediatric population, particularly cancer survivors. 
A trial in pediatrics with enalapril showed improved LV function after doxorubicin 
use, but the improvement effect was transient and was lost after 10 years [66]. ARBs 
have similar to arguably better effects to that of ACE inhibitors and do not carry the 
risk for cough, a possible side effect of ACE inhibitors. However, caution is war-
ranted in initiating these medications in the face of acute kidney injury as they lower 
the glomerular filtration rate by vasodilating the efferent arteriole.

Early initiation of ACE inhibitors may benefit cancer patients treated with car-
diotoxic mediations or radiation therapy. This strategy warrants further study in the 
pediatric population.

 Beta-Blockers

Beta-blockers prevent sympathetic stimulation of the heart by blocking beta- 
receptors. They have shown to be efficacious in adults and children with anthracy-
cline use, as they control heart rate, lower sympathetic output response, and block 
renin release. Beta-blockers may be especially efficacious in the setting of diastolic 
dysfunction, which can be benefitted by reduction in heart rate. Improved LV func-
tion and ejection fraction were noted in children who received beta-blockers and 
anthracyclines. Children pretreated with beta-blockers show improved global peak 
systolic strain, LV shortening fraction, and a decrease in plasma troponin I and lac-
tic dehydrogenase compared to controls [67].

 Follow-Up

Proactive post treatment follow-up is of paramount importance. Recently the 
Children’s Oncology group (COG) has published recommendations for long-term 
follow-up of childhood cancer survivors. These recommendations give detailed 
guidelines regarding frequency of monitoring based on anthracycline exposure, 
cumulative dose, and total dose of radiation received [68].

 Future Directions

Prevention is key, and cardioprotective therapy (including dexrazoxane as well as 
ACE-inhibitors, ARBs, or beta-blockers) in the first 90 days of therapy should be a 
strong consideration [18]. All children with cancer are at higher risk regardless of 
the type of therapy, likely secondary to endothelial damage and remodeling. Further 
trials are needed to assess biomarker-guided therapy.

Current practice is to involve critical care and cardiology only when ventricular 
dysfunction or heart failure is clinically evident. This approach not only misses the 
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opportunity for early recognition and intervention but also prevents risk assessment 
and therefore a lack of an individualized treatment plan.

An onco-critical care cardiac team working in unison should assess patients’ 
risk factors, before and after therapy, and an individual-based strategy should be 
developed. The strategy may need modification as the clinical course dictates. A 
team approach is required to provide optimal management. There should be 
joint conferences, journal clubs, collaborative research, and continuous educa-
tion for trainees and hospital staff. Adult colleagues should be consulted for 
uncommon pediatric issues such as early coronary artery disease. Heightened 
recognition, improved understanding of pathophysiology, and universally 
accepted definitions of cancer- related cardiotoxicity will allow for further 
advancement in the field.
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Chapter 13
Acute Kidney Injury and Renal 
Replacement Therapy 
in Immunocompromised Children

Joseph Angelo and Ayse A. Arikan

 Introduction

Acute kidney injury (AKI) is characterized by an abrupt decline in renal function 
with associated metabolic and fluid derangements. AKI occurs commonly in the 
pediatric intensive care unit (ICU) and can have significant impact on morbidity and 
mortality. Children developing AKI are at increased risk of death, longer time on 
mechanical ventilation, and longer ICU and hospital length of stay. While many 
children admitted to the ICU have few baseline comorbidities, those with oncologic 
diagnoses and with an immunocompromised state frequently have preexisting risk 
factors that predispose them to AKI such as prior renal injury, infection, sepsis, 
hematopoietic stem cell transplant, and nephrotoxic medication exposure. In addi-
tion, they are more likely to be admitted with shock or respiratory failure, increas-
ing their AKI risk even further [1]. With this increased risk of AKI, and the 
association of AKI with poor outcomes, it is vitally important that patients at risk be 
identified early so that targeted and goal-directed therapy can be initiated. This 
chapter outlines current definitions of AKI, risk factors for the development of AKI 
in critically ill oncology patients, clinical features of AKI, and treatment of AKI in 
the pediatric ICU.
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 Defining and Staging AKI

Current definitions of AKI are based on increases in serum creatinine (SCr) and 
decreased urine output over specified time periods. Until 2004 there was lack of a 
consistent definition of AKI, and more than 30 criteria for defining AKI were pro-
posed [2]. In 2004 the Acute Dialysis Quality Initiative (ADQI) group created the 
Risk, Injury, Failure, Loss, End-stage (RIFLE) criteria in order to have a standard-
ized definition to investigate the epidemiology and clinical outcomes associated 
with AKI as well as provide a framework for AKI severity. A pediatric adaptation 
called pRIFLE was proposed in 2007 and has been widely validated [3]. The Acute 
Kidney Injury Network (AKIN) criteria presented a modification to the original 
RIFLE criteria by adding a somewhat more stringent category of an absolute 
increase in SCr of ≥0.3 mg/dl in a 48 h period to meet the definition of AKI [4]. 
Most recently, in 2012, the Kidney Disease Improving Global Outcomes (KDIGO) 
classification system was developed as part of a clinical practice guideline for 
AKI. KDIGO defines AKI by integrating features from RIFLE, pRIFLE, and AKIN, 
applies to both pediatric and adult populations, and stages AKI into three stages 
based on severity of oliguria or rise in SCr. An outline of the above AKI classifica-
tion schema is in Table 13.1. Of note, the KDIGO system is currently accepted as 
the gold standard for AKI diagnosis and staging and should be used when defining 
AKI and examining related outcomes.

An important concept highlighted by these classification systems is the staging 
of AKI, which has important clinical implications as severity of AKI has been asso-
ciated with several patient outcomes. A recent large, prospective, multicenter study, 

Table 13.1 KDIGO and pRIFLE criteria

KDIGO Pediatric modified RIFLE (pRIFLE)

AKI 
Stage

Serum creatinine Urine output AKI 
Stage

Estimated creatinine 
clearance

Urine output

Stage 1 1.5–1.9 × baseline
or
≥0.3 mg/dL increase

< 0.5 ml/kg/h 
for 6–12 h

R eCrCl decrease by 25% 0.5 ml/kg/h 
for 8 h

Stage 2 2.0–2.9 × baseline < 0.5 ml/kg/h 
for ≥12 h

I eCrCl decrease by 50% 0.5 ml/kg/h 
for 16 h

Stage 3 3.0 × baseline
or
increase to ≥4 mg/dL
or
initiation of RRT
or
in <18 y/o eGFR 
<35 ml/min/1.73 m2

< 0.3 ml/kg/h 
for ≥24 h
or
anuria ≥12 h

F eCrCl decrease by 75%
or
<35 ml/min/1.73m2

0.3 ml/kg/h 
for 24 h
or
anuria for 12 h

Refs. [3]; KDIGO clinical practice guideline for acute kidney injury. Kidney International 
Supplements, 2012; 2(1)
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which defined severe AKI as KDIGO grade 2 or 3, showed that severe AKI  conferred 
a nearly two times higher risk of 28-day mortality and also was associated with 
longer mechanical ventilator duration and likelihood of needing renal replacement 
therapy [1]. Even miniscule increases in SCr have important clinical implications 
and are associated with adverse outcomes [5, 6]. Additionally, reversal of even mild 
AKI still carries associations with adverse outcomes compared to children never 
developing renal injury [7]. Data such as this highlight the importance of identifying 
those children at risk for AKI, early recognition of the onset of AKI, and timely 
intervention to prevent the progression.

While establishing standardized AKI definitions has had an obvious impact both 
in terms of studying AKI and in the clinical setting, practitioners should keep in 
mind the potential shortcomings of using SCr as a functional biomarker of 
AKI. There can be significant lag time between a rise in SCr and the actual onset of 
AKI; therefore, SCr may not provide the earliest window for intervention [8]. In 
addition, SCr can be affected by patient-specific factors such as age, gender, nutri-
tion status, muscle mass, and hydration status. Several of these confounders of SCr 
as a marker of AKI are particularly relevant to the pediatric oncology population 
who, owing to their underlying disease, can have relatively poor nutrition and mus-
cle wasting. Similarly, small changes in SCr can represent a significant decline in 
renal function and have been shown to impact patient outcomes [9]. For example, a 
2005 publication by Chertow et al. showed that an increase in SCr of as little as 
0.3 mg/dl in adult patients was independently associated with increased mortality 
[10]. Heightened vigilance is needed as seemingly innocuous changes in SCr can 
have adverse patient outcomes [10, 6]. Regarding AKI progression, utilizing SCr to 
estimate glomerular filtration rate (GFR) also creates a potential problem since 
methods of estimating GFR are based on steady-state SCr levels, which does not 
account for the dynamic change in GFR when SCr is steadily rising and, thus, lead-
ing to an overestimation of GFR. This can be particularly problematic when dosing 
medications based on estimated GFR and presents the risk of further exacerbation 
of the progression of AKI. Finally, definitions of AKI utilize change in SCr relative 
to a baseline to identify AKI, thereby, presenting another problem, as this pre- 
admission information might not be available. Despite these potential shortcom-
ings, SCr remains a convenient and rapid way to identify AKI at the bedside, but 
awareness of potential limitations is important to consider when using it to guide 
clinical care.

Given some of the problems inherent when using SCr to detect AKI, other 
potential biomarkers have been investigated for the diagnosis of AKI. Cystatin C is 
an endogenous cysteine protease inhibitor that is secreted by all nucleated cells, is 
freely filtered through the glomerulus, metabolized completely by proximal renal 
tubular cells, is not secreted along the nephron, and does not undergo extrarenal 
clearance from the blood. Cystatin C is another filtration marker with a shorter 
half- life than SCr; thus, changes in cystatin C might be more sensitive and can 
detect AKI earlier than SCr. Additionally, cystatin C is not impacted by changes in 
body habitus, age, or fluid status [11, 12, 13]. Despite conflicting adult reports, 
cystatin C, and GFR estimation based on cystatin C, has shown promising results 
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in children undergoing chemotherapy to detect changes in renal function; however, 
it has not been specifically tested in detection of AKI in the pediatric oncology 
population [14, 15]. A recent systematic review has shown good performance of 
serum cystatin C in monitoring changes in renal function in pediatric patients 
undergoing chemotherapy; however, cystatin C lacks the sensitivity to replace 
direct measurement of GFR for chemotherapy dose adjustment [16]. Other poten-
tial biomarkers fall into three broad categories: inflammatory markers (such as 
urinary and plasma neutrophil gelatinase-associated lipocalin (NGAL), urinary 
IL-18), tubular injury markers (such as urinary kidney injury molecule-1 (KIM-1), 
and, more recently, tubular stress markers (such as metalloproteinases) [17]. None 
have yielded consistently superior results to detection by SCr [18]. While each of 
these may have value in specific in clinical scenarios, a more robust utilization of 
such biomarkers might come in the form of an AKI panel similar to the use of tro-
ponins in the diagnosis of acute myocardial infarction [19]. Recently, a newer gen-
eration of biomarkers, called cell cycle arrest markers, has been shown to predict 
severe AKI in critically ill adults and in children after cardiac surgery but is yet to 
be tested in children with cancer [20, 21]. Another potential use for non-filtration-
based markers is monitoring recovery of kidney function patients on renal replace-
ment therapy (RRT) where SCr is no longer useful since it is cleared via dialysis. 
Inflammatory markers have shown promise in detection of nephrotoxicity, particu-
larly chemotherapy- associated AKI; however, further study is needed for them to 
gain more widespread clinical use [18].

 AKI Epidemiology

AKI is seen frequently in the pediatric ICU, and immunosuppressed patients can be 
particularly at risk. Prior to the development of more standardized definitions of 
AKI, the incidence of AKI in critically ill children was shown to range from 1% to 
as high as 80% [22]. In addition, the incidence of AKI can vary depending on the 
patient population examined and the timeframe over which AKI occurrence is 
tracked. For example, a 2007 study, using the pRIFLE criteria to define AKI in intu-
bated PICU patients, found that 80% of patients developed AKI at some time during 
their ICU admission [3]. Other studies have shown rates of AKI of 32% in septic 
shock patients and 10% in children post stem cell transplant [23, 24]. Using more 
refined and standardized definitions, such as those outlined above, the incidence 
likely ranges from 30% to 60% depending on the risk factors of the group exam-
ined. Comparing the pRIFLE, AKIN, and KDIGO definitions of AKI, Sutherland 
et al. found the incidence of AKI to be 51% using pRIFLE, 37% using AKIN, and 
40% using KDIGO criteria [25]. More recently, the AWARE study group examined 
4683 pediatric ICU patients of which 1261 (26.9%) developed AKI of any stage. By 
stage, the incidence of AKI was 718 (15%), 294 (6%), and 249 (5%) for stages 1, 2, 
and 3, respectively. An important point demonstrated by this data is that nearly 12% 
of this group developed severe AKI defined as stage 2 or 3 [1]. The incidence of AKI 
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in the oncology and bone marrow transplant group was almost 50%, nearly double 
the incidence in the general ICU population.

Another important aspect of AKI epidemiology is the transition that has been 
seen from AKI due to primary renal diseases to AKI that occur in association with 
other systemic illnesses or due to exposure to treatments for other diseases. For 
example, of 254 cases of AKI seen in a study by Hui-Stickle et al., only 17 (7%) 
were associated with primary renal disease; the most common causes were ischemic 
injury, nephrotoxic medications, and sepsis. Of note, 33 cases of AKI occurred in 
patients with an underlying hematologic/oncologic diagnosis [26]. The shift from 
AKI related to primary renal diseases to an entity in the context of systemic illness, 
often with coexisting multi-organ involvement, highlights the need to consider AKI 
in a more dynamic sense, with the kidney being a target of injury from external 
insults but also with AKI having independent influence on the function of other 
organs. Children with leukemia, particularly AML, have a high incidence of AKI, 
especially those with sepsis.

Bone marrow transplant patients are a particularly vulnerable population due to 
case mix and presence of risk factors. In a report from St Jude’s including over 1000 
BMT patients, AKI incidence was 50% within 1 month and 68% within 100 days of 
BMT [27].

 Risk Factors for AKI Critically Ill  
Hematology/Oncology Patients

Children with cancer are a group particularly at risk for AKI secondary to exposure 
to chemotherapy and other potentially nephrotoxic medications, higher risk of 
infection and sepsis, hematopoietic cell transplantation, and direct effects from their 
primary malignancy. As noted above, for those becoming critically ill, the risk of 
AKI is increased further. Several risk factors for AKI are particularly prominent in 
the pediatric oncology population.

Volume depletion is a frequent confounder in the pathophysiology of AKI in 
oncology patients and, specifically, the HCT recipient. Nausea and vomiting associ-
ated with underlying disease or chemotherapy regimen, as well as increased insen-
sible losses, and the fluid restriction commonly applied to HCT patients predispose 
to hypovolemia and functional AKI.

In HCT recipients, older age, total body irradiation (TBI), and calcineurin 
inhibitor- based graft versus host disease (GVHD) prophylaxis were risk factors for 
100-day AKI development. In addition, unrelated donor, number of HCTs, and 
presence of veno-occlusive disease were strong predictors of renal replacement 
therapy (RRT) requirement [28]. Survival in stage III AKI was dismal, especially in 
patients requiring RRT, with less than 10% 1-year survival overall [27, 29].

As many as 90% of patients with sinusoidal obstruction syndrome (SOS) develop 
AKI, over half develop severe AKI [30]. Hepatorenal syndrome-like physiology and 
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abdominal compartment syndrome with tight ascites may both contribute to onset 
of AKI due to perturbations in renal perfusion in this setting. GVHD prophylaxis 
and treatment can be associated with AKI, especially if it is based on calcineurin 
inhibitor use, which can lead to acute and chronic nephrotoxicity. Additionally, 
severe gut GVHD might lead to gastrointestinal bleeding and associated 
hypoperfusion- related AKI [31, 32]. The presence of GVHD has been indepen-
dently linked to kidney injury [33]. In the HCT population, transplant-associated 
thrombotic microangiopathy (TA-TMA) also occurs commonly and is a significant 
risk factor for AKI [34, 28].

Many of the chemotherapeutic agents used to treat childhood cancer are nephro-
toxic. Among the most frequent offenders are the platinum agents as well as cyclo-
phosphamide, ifosfamide, and VP-16. Amount of radiation used and myeloablative 
conditioning regimens are associated with a higher risk of AKI in the 100 days fol-
lowing SCT. Cancer patients are frequently exposed to multiple other nephrotoxic 
medications for morbidity related to chemotherapy, such as antibiotics required for 
treatment of infections during immunosuppression [35].

Sepsis constitutes another significant risk factor for AKI in critically ill patients 
and in the pediatric oncology patient in particular. Almost half of patients with 
sepsis- associated severe AKI had neoplastic diagnoses or were transplant recipients 
in an international multicenter study of severe sepsis [36].

 Implications of AKI in the ICU

AKI has been shown to be an independent predictor of several patient outcomes 
including increased hospital length of stay, increased ICU length of stay, need for 
and duration of mechanical ventilation, and mortality. For example, in a 2011 
Canadian study of 2106 admissions to the PICU, those patients with AKI showed an 
increased number of days on mechanical ventilation, longer PICU length of stay, 
and 3.7 times increased risk of mortality [5]. Similar results were seen in the 
AWARE study with death occurring in 11% of patients with severe AKI compared 
to 2.5% of patients without severe AKI. The AWARE study also showed an incre-
mental increase in mortality based on stage of AKI.  Supporting data from prior 
studies, AKI was associated with increased risk of requiring mechanical ventilation, 
longer duration of mechanical ventilation, increased need for renal replacement 
therapy, and increased use of extracorporeal membrane oxygenation [1].

Fluid overload both in the setting of AKI and independently has also been associ-
ated with several negative outcomes in critically ill adults and children. Two popula-
tions that have been seen to be particularly affected by fluid overload are HCT 
patients and those with multi-organ dysfunction. A 2004 study showed that HCT 
patients with <10% fluid overload had improved survival compared to those that 
had >10% fluid overload during their ICU admission [24]. Considering those with 
multi-organ dysfunction, Foland et al. showed that survivors had a lower degree of 
fluid overload (9.2%) compared to non-survivors (15.5%) at initiation of continuous 
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renal replacement therapy (CRRT) [37]. Fluid overload has also been associated 
with organ-specific outcomes, particularly lung function. A 2012 study by Arikan 
et al. showed that not only was peak level of fluid overload associated with peak 
oxygenation index value but also that incremental increases in percentage fluid 
overload correlated with similar increases in oxygenation index [38].

While available data does not necessarily support a causal relationship between 
AKI, fluid overload, and adverse outcomes, these studies do highlight the influence 
that the development of AKI and fluid overload can have in critically ill patients. 
This is particularly significant in immunosuppressed children with oncologic dis-
ease given that they frequently present to the ICU systemically ill with multiple 
organs affected by a primary disease process. Therefore, it is vitally important that 
the complex interplay between organ systems is addressed concurrently in order to 
maximize the implementation of a complete treatment plan.

 AKI Evaluation

The potential etiologies of AKI fall into three broad categories: prerenal (now also 
called functional), intrinsic AKI, and post-renal obstructive etiologies. The classifi-
cation of AKI into one of these categories can narrow the differential diagnosis and 
allow for therapeutic interventions that specifically target the underlying cause of 
AKI. Starting with a detailed initial medical history, information on the temporal 
relationship between inciting events and the onset of AKI, such as an episode of 
hypotension or the timing of administration of medications, needs to be gathered. 
The physical exam can provide other signs regarding systemic diseases with renal 
involvement, and also in terms of detailing the effects that changes in kidney function 
are having on the patient’s overall status, particularly when fluid overload is present. 
Similarly, urinary volume output is a readily available data and an important marker 
in the setting of AKI since the management of non-oliguric and oligo- anuric AKI can 
be quite different. This basic history and physical exam data can then be integrated 
with other easily obtainable indices to distinguish which type of AKI is present.

Initial laboratory studies in the evaluation of AKI should include serum electro-
lytes, blood urea nitrogen (BUN), serum creatinine (SCr), and complete blood 
count. Urine studies should include urinalysis, urine-specific gravity, urinary sedi-
ment analysis, urine electrolytes, urine creatinine, urine protein, and urine osmolal-
ity. In addition to directly providing important pieces of data, these initial laboratory 
values can also be utilized to calculate additional indices for classifying AKI. These 
indices are fairly straightforward to compute and, thus, are readily available for use 
at the bedside. One very important step in assessing AKI is distinguishing between 
AKI from decreased renal perfusion (prerenal or functional) and AKI related to 
intrinsic renal tubular injury and dysfunction. Under conditions of hypoperfusion, 
the healthy kidney responds by increasing tubular reabsorption of both sodium and 
water through the actions of hormones such as aldosterone and antidiurectic 
 hormone (ADH), and several indices are available to assess whether this mechanism 
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is intact. The BUN/creatinine ratio can be used in this situation and typically is 
>20:1  in states of reduced renal perfusion. Similarly, the fractional excretion of 
sodium (FENa), based on the ability of the proximal and distal tubule to reabsorb 
sodium as renal perfusion falls, is another indicator of a decline in renal perfusion 
pressure. When the renal response to hypoperfusion is intact, sodium reabsorption 
by the renal tubule increases, urine sodium falls to <20 mEq/L, and the FENa is 
<1%, indicating the presence of prerenal/functional AKI. In contrast, the FENa in 
acute tubular necrosis (ATN) or intrinsic forms of AKI is typically >3% [39]. 
Calculation of the FENa requires simultaneous measurements of the serum sodium 
(SNa), serum creatinine (SCr), urine sodium (UNa), and urine creatinine (UCr); and 
then these values are entered into the formula:

 
FENa UNa SCr SNa UCr= ´( ) ´( )´/ 100

 

In situations when urinary Na is affected by extrinsic factors, such as diuretic use, 
the fractional excretion of urea (FEurea) can be substituted for the FENa [39]. To 
calculate FEUrea, similar values are needed: serum urea (SUrea), urine urea 
(UUrea), serum creatinine (SCr), and urine creatinine (UCr). The formula for 
FEUrea is the same as FENa, substituting serum urea for serum sodium and urine 
urea for urine sodium:

 
FEURea UUrea SCr SUrea UCr= ´( ) ´( )´/ 100

 

In prerenal AKI, the FEurea is typically <35%.
Examination of the urine with urinalysis and microscopic evaluation of the uri-

nary sediment can also be useful in evaluating the underlying etiology of AKI. The 
presence of blood on urine dipstick without red cells in the sediment is usually 
indicative of other pigment – such as hemoglobinuria or myoglobinuria with risk of 
pigment nephropathy. Urinalysis in prerenal azotemia can show fine granular and 
hyaline casts, while renal tubular injury causes shedding of epithelial cells into the 
urine producing epithelial cell casts and coarse granular casts or muddy casts in 
severe AKI with tubular necrosis. Active inflammatory processes and glomerular 
processes, such as glomerulonephritis, can show the presence of white blood cells 
as well as albuminuria, red blood cells, and red blood cell casts.

Radiologic imaging of the kidney is also important, particularly if urinary 
obstruction is suspected. Of these, renal ultrasound (RUS) is the most commonly 
used, with typical findings in urinary obstructive processes including hydronephro-
sis, ureteral dilatation, and a dilated bladder. Retroperitoneal masses and the pres-
ence of mass effect on the urinary tract can also be detected using RUS. Changes in 
bladder wall contour can suggest cystitis. In children, RUS is also an effective 
modality to reveal any congenital renal anomalies, such as renal dysplasia, provid-
ing information on underlying chronic kidney disease as a risk factor for AKI. Further 
studies, such as a voiding cystourethrogram for urinary reflux, or nuclear medicine 
scans for examination of renal scarring or blood flow, can be based on initial RUS 
findings and increased index of suspicion for these specific problems.
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Finally, although sometimes difficult to obtain in severally critically ill patients 
and oncology patients with underlying bleeding risk, renal biopsy can provide valu-
able information regarding the underlying pathogenesis of AKI. Due to these risks, 
biopsy should be reserved for situations in which the results will provide data that 
might change the treatment plan.

An important consideration when applying these diagnostic tools to evaluate 
AKI is that the results are not always specific to one etiology. There can be consider-
able overlap, and so each piece of data should be considered in the context of the 
patient’s overall clinical picture in order to provide an integrated assessment, which 
will provide accurate guidance in developing a treatment plan. Additionally, as with 
other ICU conditions, AKI can be dynamic and progressive requiring that diagnos-
tic tools and therapies be similarly adaptable to account for changes in a patient’s 
current status. As noted previously, AKI now occurs most frequently as a multifac-
torial entity in the context of broader systemic disease rather than directly from 
isolated renal disease necessitating a multidisciplinary approach to diagnosis and 
management of AKI in the critically ill.

 AKI Treatment

An attempt to uncover the main etiology underlying AKI must always be made in 
order to provide adequate treatment, as etiology will determine the specific treat-
ment pathway. Early protocolized resuscitation bundle implementation is protective 
against development of sepsis associated AKI [40]. Restoration of intravascular vol-
ume is critically important in prevention of further AKI progression especially in 
volume-depleted states. Saline hydration is the cornerstone of tumor lysis- associated 
AKI and might garner some protection against contrast-induced AKI also. 
Rasburicase, recombinant urate oxidase, has favorably changed the pediatric tumor 
lysis syndrome (TLS)-associated AKI incidence. In overwhelming TLS, acute 
phosphate nephropathy can be seen with extensive calcium and phosphorus deposi-
tion in the tubulointerstitium and resultant tissue damage. Paracentesis might be 
necessary to restore optimal renal perfusion in abdominal compartment physiology; 
serial measurements of bladder pressure are useful to assess intra-abdominal pres-
sure. SCr and/or cystatin C must be closely monitored, as well as urine volume as 
frequently oliguria is the earliest and most sensitive indicator of developing 
AKI. The risks of an indwelling urinary catheter must be balanced against the ben-
efit of early detection. For oliguric AKI, renal reserve could be challenged with an 
adequate (at least 2 mg/kg) dose of furosemide, given circulatory stability. Non- 
oliguric AKI management largely rests on metabolic control with appropriate elec-
trolyte supplementation and not infrequently urine output replacement in polyuric 
states. For oliguric patients, conservative management involves careful fluid admin-
istration (restriction to insensible losses of 400 cc/m2/day and urine output replace-
ment) and potassium and phosphorus restriction. It is frequently necessary to start 
RRT in the oliguric patient, as the oncology patient often has ongoing needs of 
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medication delivery and blood product replacement that surpasses the limits of fluid 
restriction. Continuous RRT is the dialytic therapy of choice and is discussed in 
detail below.

There are very few pharmacological options for AKI treatment. Nephrotoxic 
agents must be stopped when possible, and strict therapeutic drug monitoring must 
be instituted for those that are essential. Consultation with a clinical pharmacist is 
very beneficial and is highly recommended. Low-dose dopamine has not been 
shown to be renoprotective. Fenoldopam, a selective dopamine receptor agonist, has 
been shown to increase urine output in pediatric cardiac surgical patients but has not 
been tested in cancer or HCT population [41]. Diuretics do not prevent AKI but 
might assist in management of volume overload. In severely hypoalbuminemic 
patients with overt volume overload, albumin-assisted diuresis with infusion of con-
centrated albumin infusion followed by loop diuretics could be considered.

 Renal Replacement Therapy

In general, indications for the initiation of renal replacement therapy (RRT) include 
correction of metabolic derangements, such as hyperkalemia and metabolic acido-
sis, and management of fluid overload and allow for provision of optimal nutritional 
in situations where this is limited by poor renal function. Several modes of RRT are 
available in the ICU: intermittent hemodialysis (IHD), peritoneal dialysis (PD), and 
continuous renal replacement therapy (CRRT). As many of the concepts and issues 
related to each modality have overlap, and as it has become the modality of choice 
in the ICU except for specific clinical scenarios, the following discussion will focus 
mainly on CRRT.

Several studies have supported the concept of early initiation of CRRT, particu-
larly with respect to fluid overload. An initial study by Goldstein et  al. in 2001 
showed that children initiated on CRRT at lower percent fluid overload (%FO) of 
16.4%, calculated as the difference of total fluid intake and output indexed to ICU 
admission weight, had increased survival compared to those initiated at higher %FO 
(34%) [42]. Subsequent studies have produced similar data regarding outcome and 
amount of FO at the time of CRRT initiation [37, 43, 44]. This fluid overload effect 
can be particularly prominent in specific patient populations, including those post 
HCT and children with MODS [24, 45].

While the definition of early initiation of CRRT is not clearly established, avail-
able data certainly supports the idea that with increasing accumulation of fluid, the 
implementation of CRRT should become more strongly considered. A suggested 
algorithm has been that at <10% FO to continue with medical therapy such as 
diuretics, at 10–15% FO CRRT should start to be considered, particularly in the 
HCT population, and at >15–20% FO CRRT should be initiated. Clearly, this path-
way should be considered in the context of the patient’s overall clinical status with 
a proactive approach to prevent emergent need for RRT and initiation as a controlled 
and planned procedure.

J. Angelo and A. A. Arikan



247

Once the decision to initiate CRRT has been made, there are several key steps 
that must take place. Obtaining good central venous access is the essential and fre-
quently rate-limiting step in starting a pediatric patient on CRRT. In general, the 
minimum size of vascular catheters for optimal circuit survival is 7Fr for children 
less than 10 kg. However, emerging CRRT technology could allow for lower blood 
flows and, therefore, smaller catheter sizes, expanding the utility of CRRT in smaller 
children. Beyond this weight, catheter sizes should be selected that are appropriate 
to patient size. Appropriate catheter size during CRRT has been shown to increase 
circuit life-span with prolonged duration of circuit life favored by larger diameter 
catheters. Similarly, data supports internal jugular (IJ) location of dialysis catheters 
to optimize circuit life [46]. Typical CRRT circuit life is 72 h, and maximizing cir-
cuit life is an important aspect of CRRT as circuit downtime can contribute signifi-
cantly to interruptions in therapy.

Regarding CRRT circuit anticoagulation, regional citrate has become the most 
commonly used for CRRT circuit anticoagulation and is generally a safe and effec-
tive method anticoagulation. Citrate infused on the access side of the CRRT circuit 
functions by interrupting the coagulation cascade via calcium chelation; thus, pro-
viding regional anticoagulation focused at the dialysis filter as opposed to the sys-
temic anticoagulation with heparin. For patients with increased bleeding risk, the 
avoidance of systemic anticoagulation can lower the risk of bleeding events [47, 
48]. When citrate is used, it is necessary to replete the patient’s calcium stores, 
which is preferably done via a dedicated central line at a site away from the dialysis 
circuit tubing and dialysis catheter. Laboratory monitoring when using citrate 
includes systemic ionized calcium; post-dialysis filter ionized calcium, to insure 
adequate anticoagulation; and serum electrolytes. Coagulation parameters, such as 
prothrombin time, do not need to be monitored when using citrate. While citrate is 
the preferred agent for CRRT anticoagulation, there can be clinical situations in 
which the use of systemic heparin is more appropriate. For these cases, the risk/
benefit ratio of citrate versus heparin anticoagulation should be considered. 
Protocols and lab monitoring when utilizing heparin are similar to those for heparin 
use in other clinical situations but will be unique to each institution and should be 
developed in conjunction with nephrology, hematology, and ICU teams.

As noted, one of the primary goals of CRRT is fluid balance regulation. Given 
this, high priority must be given to discussion of fluid removal goals prior to initia-
tion of CRRT and at frequent intervals while therapy is ongoing, particularly when 
clinical changes occur. Achieving the agreed-upon goal is of utmost importance and 
requires accurate recording of fluid inputs and outputs which need to be readily 
available and clearly communicated to all members of the care team.

Several other specific aspects of CRRT also require consideration. Infants and 
younger children present unique issues in preparing for and while on CRRT. For 
children whose total blood volume (70 cc × Wt in kg) is <10% of the total volume 
of CRRT circuit, blood priming of the circuit will be needed. For example, for a 
10 kg child with a total blood volume of 700 cc, a CRRT circuit volume of 200 cc 
would yield a 28% difference (200 cc/700 cc) and a blood prime with PRBCs would 
be required. Circuit volumes will be institution dependent depending on the brand 
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of CRRT machine used and dialysis filter and tubing sizes available. CRRT circuit 
blood priming should get the same considerations as blood product infusions in 
other situations including transfusion reaction, changes in body temperature, and 
potassium load. In addition to these initial considerations, due to differences in 
metabolism and volume of distribution of drugs, small children can be more suscep-
tible to toxicity related to citrate anticoagulation. Typical findings associated with 
this include hypocalcemia, manifested by falling ionized calcium levels despite 
stable or rising total calcium values. The majority of citrate infused is cleared by the 
CRRT circuit, and patients are only exposed to a residual amount. However, as 
citrate is metabolized to bicarbonate by the liver, prolonged use of citrate solutions 
can lead to metabolic alkalosis in CRRT patients. Patients with liver failure, such as 
those with veno-occlusive disease, are another group with increased risk of citrate 
lock and citrate toxicity due to alterations in citrate metabolism. Awareness of this 
potential complication is important to maintain safe delivery of CRRT in these 
groups. Consideration should be given to more frequent lab monitoring and possi-
bly tailoring anticoagulation protocols for those with liver dysfunction. For exam-
ple, tolerance of a higher post-filter ionized calcium allows for a decreased citrate 
load. This does need to be weighed against risk of circuit clotting because, as noted 
above, circuit downtime can have a significant impact on the delivery of adequate 
dialysis. Labs including electrolytes, ionized calcium, and blood gas may need to be 
followed more frequently, and abnormalities in these values should be discussed in 
conjunction with nephrology in order for appropriate adjustments to be made to the 
CRRT circuit, including citrate and calcium infusions.

Smaller children, particularly those who are severely ill, can also be less tolerant 
of fluid shifts associated with CRRT ultrafiltration. This highlights the need for 
establishing clear fluid removal goals among all teams, and even small hemody-
namic changes should be monitored closely and changes in therapy made to prevent 
negative consequences. The potential for excessively rapid fluid removal to cause 
hemodynamic instability also emphasizes the importance of accurate recording of 
fluid balance on CRRT.  Inaccurate fluid balance monitoring can manifest as 
increased fluid gain when ultrafiltration is not set appropriately to account for all 
fluid inputs. While this can be more of a problem in small children, it is the case for 
all patients on CRRT and is one of the most important discussions that care teams 
should have so that all are updated on the goals of dialysis.

Another important consideration for patients on CRRT, particularly relevant in 
the oncology population, is close monitoring of drug levels. Drug clearance on 
CRRT is highly variable depending on the properties of the drug molecule (e.g., 
size, charge, protein binding) and can also vary with changes in CRRT prescription, 
including when changes are made to volume of ultrafiltration. Both in vitro and 
in vivo studies highlight this concept [49, 50, 51]. For patients receiving chemo-
therapy or those on antibiotics for sepsis, potential changes in drug delivery can 
have significant consequences. When clinically available, levels of drugs, such as 
calcineurin inhibitors and antibiotics, need to be checked frequently to insure 
 adequate drug delivery. Consultation with a pharmacist skilled in critical care and 
CRRT drug dosing is recommended.
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As noted, another indication for the initiation of CRRT is in order to provide 
fluid regulation to allow for the provision of adequate nutrition. In general, a daily 
protein intake of ~3  mg/kg/day is a reasonable nutritional goal for children on 
CRRT. In order to avoid fluid and metabolic imbalances, close monitoring of total 
parental nutrition volume and electrolyte content is needed, and TPN or any electro-
lyte containing solutions should be held during circuit downtimes. Trace mineral 
and vitamin clearance can also occur on CRRT. One of particular note is carnitine 
[52]. As with drug dosing, nutrition consultation is recommended in order to opti-
mally address specific nutritional needs.

Finally, hypothermia is common in patients undergoing RRT, and in-line circuit 
warmers should be used. For this reason, clinicians also need to be aware that the 
febrile response to infection can be masked while on CRRT. Therefore, monitoring of 
temperature trends and changes in hemodynamic stability should be used as indicators 
of a developing infection. There should be a low threshold for obtaining cultures from 
central catheters and for empirically starting or broadening antibiotic coverage.

 Long-Term AKI Outcomes

Contrary to previous beliefs, AKI is not a completely reversible phenomenon and 
can result in decreased renal reserve and lead to chronic kidney disease over time. 
Childhood survivors of cancer are at particular risk, as decreased GFR has been 
reported in up to 50% of long-term survivors [53]. For patients who suffer from 
primary tumors that involve the kidney such as Wilm’s tumor, nephron sparing sur-
gery has been shown to have superior long-term outcomes [54]. Older age at 
nephrectomy is a risk factor for faster decline of GFR. These patients remain at high 
risk of renal functional decline and require close follow-up by a nephrologist. 
Patients who have received platin agents, ifosfamide, radiation therapy involving 
the kidney, and nephrectomy are at increased risk of CKD, hypertension, and pro-
teinuria. Total body irradiation involving the renal fossae has also been linked to 
AKI and renal sequelae. Secondary malignancies are observed with increased fre-
quency in childhood survivors of cancer and might involve the kidneys. End-stage 
renal disease has been reported to develop after HCT, most commonly in the setting 
of refractory TA-TMA but also after veno-occlusive disease. In addition, AKI has 
been shown to be a risk factor of new acquired disability or poorer functional out-
come in pediatric critically ill patients with severe sepsis [36].

 Conclusion

As treatments for hematologic and oncologic diseases have improved, survival for 
children with cancer has increased significantly. However, due to complications 
related to their primary disease, they remain a group at high risk for the 
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development of AKI.  The presence of AKI can have significant effects on other 
organ systems and complicates the care of critically ill children. In addition, AKI 
increases the likelihood of poor outcomes including mortality. This necessitates that 
caregivers be astute in order to facilitate early detection and treatment of AKI. AKI 
management also requires a multidisciplinary approach with effective communica-
tion between all teams involved in the care of these children. With further advance-
ment of the science of AKI and the development of new therapies, survival for 
children with cancer will continue to improve.
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Chapter 14
Critical Care Management: Sepsis 
and Disseminated and Local Infections

Caitlin Hurley and Matt Zinter

 Introduction

Children with malignancies, primary immunodeficiencies, prior solid organ or 
hematopoietic cell transplantation, and other immunocompromising conditions are 
at increased risk of becoming septic and dying from sepsis. Therefore, there are 
unique considerations for the management of sepsis in the immunocompromised 
child. First and foremost, fluid resuscitation and empiric broad-spectrum antibiotics 
covering opportunistic infections within the first 30 min of presentation are critical 
for reducing morbidity and mortality. This chapter will discuss available data that 
can be used to tailor the management of sepsis in this population.

 Diagnostic Criteria

Initial management of presumed sepsis follows standard pediatric sepsis guidelines. 
According to the International Pediatric Sepsis Consensus Conference (IPSCC) of 
2005, the spectrum of sepsis can be divided into systemic inflammatory response 
syndrome (SIRS), sepsis, severe sepsis, and septic shock [1]. Systemic inflamma-
tory response syndrome describes an inflammatory state with immune activation 
that may have a variety of underlying etiologies. It is defined by two of the 
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following four criteria (Fig. 14.1). Sepsis is defined by SIRS with a suspected or 
proven underlying infection. The diagnosis can be escalated to severe sepsis if the 
patient has developed cardiovascular organ dysfunction or acute respiratory distress 
syndrome or two other organ system involvements. In cases where cardiovascular 
dysfunction is refractory to adequate fluid resuscitation, the diagnosis can be further 
escalated to septic shock.

In immunocompromised children, SIRS criteria alone may be present for a vari-
ety of infectious and noninfectious reasons (discussed in section “Considerations in 
High-Risk Patients”). Therefore, a high index of suspicion for infectious causes of 
SIRS physiology is mandatory. Importantly, the diagnosis of sepsis does not require 
a proven infection, but rather can be made with clinical suspicion for infection 
alone. Therefore, we and others advocate that the diagnosis of sepsis be made early, 
before progression from sepsis to severe sepsis and/or septic shock. [2, 3]

 Initial Hemodynamic Management Strategies

The majority of data support that patients meeting the diagnostic criteria for sepsis 
should receive early empiric hemodynamic management. Interventions should aim 
to stabilize cardiovascular and respiratory systems, achieve adequate oxygen 

SIRS

Presence of ≥ 2 of following 4 criteria (one must be abnormal temperature or leukocyte count)
 • Core Temperature (rectal, bladder, oral or central catheter) >38.5 °C or <36 °C
 • Leukocyte count elevated or depressed for age (not secondary to chemotherapy
  induced leukopenia) or >10% immature neutrophils
 • Tachycardia – defined as a mean heart rate >2 standard deviations above normal for
  age in the absence of external stimuli, chronic drugs or painful stimuli; otherwise
  unexplained persistent elevation over a 0.5 to 4 hour time period; for children <1 year 
  old: bradycardia, defined as a mean heart rate >10th percentile for age in the absence 
  of external vagal stimuli, β-blocker drugs or congenital heart disease; or otherwise 
  unexplained persistent heart rate depression over a 0.5 hour time period.
 • Tachypnea, defined as a mean respiratory rate >2 standard deviations above normal 
  for age, or the need for mechanical ventilation for an acute process not related to 
  underlying neuromuscular disease or the influence of general of anesthesia.

SEPSIS
SIRS in presence of suspected or know infection

SEVERE SEPSIS
Sepsis plus one of the following criteria

 • Cardiovascular organ dysfunction
 • Acute respiratory distress syndrome
 • Two or more other organ dysfunctions

SEPTIC SHOCK
Sepsis and cardiovascular organ dysfunction despite adequate fluid resuscitation

Fig. 14.1 Sepsis definitions. (Legend: Ref. [1])
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delivery by normalizing blood pressure and end-organ perfusion with initial fluid 
resuscitation, and maintain oxygenation and ventilation with supplementation oxy-
gen support and possible advanced airway.

Early goal-directed therapy includes rapid intravascular volume re-expansion 
guided by hemodynamic monitoring and markers of organ dysfunction. Although 
initial reports demonstrated reduce mortality in adult emergency department popu-
lations by up to 15%, recent re-examination of these bundled interventions has not 
demonstrated reduction in mortality in adult populations [4–6]. Reports in pediat-
rics are not specific to immunocompromised patients, but demonstrate that early 
reversal of shock is associated with improved survival [7–10]. Therefore, the 
American College of Critical Care Medicine published the updated 2014 “Clinical 
Guidelines for Hemodynamic Support of Neonates and Children with Septic Shock” 
(Fig. 14.2), which advocates that recognition of fluid refractory shock should occur 
within the first 15 min [11, 12].

 Strategies to Improve Oxygen Delivery

Fluid Resuscitation Early fluid resuscitation is critical to improving cardiac out-
put and oxygen delivery during sepsis. Although some retrospective analyses have 
analyzed potential benefits for different types of resuscitation fluids, strong pro-
spective data do not exist to favor the use of crystalloid over colloid or balanced 
over unbalanced fluids in this population [13–15]. The use of hydroxyethyl 
starches (HESs) is not recommended [16]. Rapid fluid resuscitation typically 
requires two large-bore peripheral intravenous catheters and should not rely solely 
on surgically implanted central venous catheters; in cases where difficult periph-
eral venous access delays fluid resuscitation, physicians should establish intraos-
seous access [17].

Although the ACCM guidelines advocate for early and aggressive fluid resus-
citation of 20–60 mL/kg, the ideal volume of resuscitation fluids likely varies per 
patient and should be guided first and foremost by clinical exam. Resolution of 
hypotension, tachycardia, and impaired perfusion can be used to guide volume of 
resuscitation fluids [17]. Low central venous pressure (CVP) may be used to 
titrate volume resuscitation, but absolute measurements vary from child to child 
and thus require frequent or continuous measurement to establish patient-specific 
trends. Care should be taken when interpreting central venous pressure, as central 
venous pressure is related to both intravascular volume and right and left ventricu-
lar compliance. Further, children in septic shock with elevated central venous 
pressure frequently have diastolic dysfunction and left heart strain, which are 
associated with increased mortality [18–20]. Prediction of fluid responsiveness 
using other hemodynamic variables is an area of active interest, with some data 
supporting the use of aortic flow velocity and arterial pulse pressure variability 
with respiration [21, 22].

Oxygen-Carrying Capacity As arterial oxygen content = 1.36 (Hb g/dL) (% satu-
ration) + 0.003 (PaO2), maintaining an adequate hemoglobin level is crucial for 
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 maximizing the oxygen content in blood in sepsis physiology. In the general pedi-
atric ICU population, thresholds of >7 g/dL and > 10 g/dL have been shown to be 
equally safe, with the advantage that a threshold of >7 g/dL resulted in fewer blood 
transfusions and potentially fewer nosocomial infections [23]. These results have 

0 min

5 min

15 min

60 min

ECMO

If no hepatomegaly or rales / crackles then push 20 mL/kg
isotonic saline boluses and reassess after each bolus up to 60 mL/kg

until improved perfusion. Stop for rales, crackles or hepatomegaly. Correct
hypoglycemia and hypocalcemia. Begin antibiotics.

Recognize decreased mental status and perfusion. Begin high
flow O2 and establish IO/IV access according to PALS.

If euvolemic, add
Vasopressin, Terlipressin, or

Angiotensin. But, if Cl
decreases below 3.3

L/min/m2 add Epinephrine,
Dobutamine, Enoximone,

Levosimendan.

Evaluate Pericardial Effusion or
Pneumothorax, Maintain lAP < 12mmHg

Begin peripheral IV/IO inotrope infusion, preferably Epinephrine
0.05 – 0.3 µg/kg/min Use Atropine / Ketamine IV/IO/IM if needed for

Central Vein or Airway Access

Titrate Epinephrine 0.05 – 0.3 µg/kg/min for Cold Shock.
(Titrate central Dopamine 5 – 9 µg/kg/min if Epinephrine not available)

Titrate central Norepinephrine from 0.05 µg/kg/min and upward to reverse
Warm Shock. (Titrate Central Dopamine ≥ 10 µg/kg/min if

Norepinephrine not available)

If at risk for Absolute Adrenal Insufficiency consider Hydrocortisone.
Use Doppler US, PICCO, FATD or PAC to Direct Fluid, lnotrope,

Vasopressor, Vasodilators Goal is normal MAP-CVP, ScvO2 > 70%*
and Cl 3.3 – 6.0 L/min/m2

Normal Blood Pressure
Cold Shock

ScvO2 < 70%* / Hgb > 10g/dL
on Epinephrine?

Low Blood Pressure
Cold Shock

ScvO2 < 70%* / Hgb > 10g/dL
on Epinephrine?

Low Blood Pressure
Warm Shock

ScvO2 > 70%*
on Norepinephrine?

Add Norepinephrine to
Epinephrine to attain normal
diastolic blood pressure. If

Cl < 3.3 L/min/m2 add
Dobutamine, Enoximone,

Levosimendan, or Milrinone.

Begin Milrinone infusion.
Add Nitroso-vasodilator if

Cl < 3.3 L/min/m2 with High
SVRI and/or poor skin

perfusion. Consider
Levosimendan if

unsuccessful.

Persistent Catecholamine-resistant shock?

Catecholamine-resistant shock?

Fluid refractory shock?

Refractory Shock?

Fig. 14.2 Clinical guidelines for hemodynamic support of neonates and children with septic 
shock. (Legend: Ref. [11, 12])

C. Hurley and M. Zinter



257

been repeated in children with sepsis who have completed the resuscitation and 
 stabilization period although sample size limitations precluded an appropriate 
analysis of mortality differences [24, 25]. However, the optimal transfusion thresh-
old for patients with active septic shock has not been determined, and as of 2014, 
the majority of English- and French-speaking pediatric intensivists appear to use a 
transfusion threshold of >10 g/dL for children in active septic shock [26]. In a ret-
rospective propensity score-adjusted study, more frequent RBC transfusions were 
associated with mortality in septic adults with hematologic malignancies, although 
whether this may be due to transfusion effects or underlying coagulopathy or 
hematologic failure is unknown [27]. As immunocompromised patients may have 
ineffective erythropoiesis and/or increased immune and nonimmune erythrocyte 
destruction, close attention to hemoglobin levels is warranted in sepsis [28].

Supplemental Oxygen Maintenance of hemoglobin saturation is critical for ade-
quate arterial oxygen content and therefore is a principal component of managing 
sepsis physiology. Hence, early use of noninvasive supplemental oxygen, including 
nasal cannula, face mask, and non-rebreather masks, is warranted for pediatric 
immunocompromised patients with sepsis. Although pediatric data are lacking, 
among immunocompromised adults with infection-related acute respiratory failure, 
early application of noninvasive oxygen support can reduce progression to invasive 
mechanical ventilation [29, 30]. Data supporting the optimal timing of transition to 
noninvasive positive-pressure ventilation, and/or invasive mechanical ventilation, 
are limited in pediatrics. However, adult data suggest that patients who fail noninva-
sive ventilation should transition rapidly to endotracheal intubation, as prolonged 
failure of noninvasive ventilation is strongly associated with mortality [31]. A recent 
international sepsis point prevalence study identified that more than two-thirds of 
pediatric HCT patients with sepsis require endotracheal intubation during their 
course of sepsis [32]. Therefore we advocate that aggressive oxygenation support be 
offered to all critically ill immunocompromised children with sepsis.

Vasoactive Infusions Immunocompromised children with septic shock may require 
vasoactive infusions to improve their ability to meet the elevated metabolic demand of 
sepsis. Some patients may also have myocardial depression in the face of sepsis- 
induced hypercytokinemia [33, 34]. The choice of vasoactive infusions depends largely 
on clinical assessment of warm (vasodilatory) vs. cold (vasoconstricted) shock. Two 
separate double-blind, randomized controlled trial of dopamine vs. epinephrine for 
pediatric cold septic shock demonstrated clinical superiority of epinephrine over dopa-
mine for multiple endpoints [35, 36]. Several other larger studies of adult and pediatric 
septic shock have demonstrated superiority of norepinephrine over dopamine for warm 
shock as well [37, 38]. Pediatric oncology patients with anthracycline exposure of any 
amount, particularly >300 mg/m2 but even as low as 50 mg/m2, are at increased risk for 
cardiotoxicity and may require significant attention to cardiopulmonary dynamics [39]. 
Additional vasoactive infusions including milrinone, terlipressin, levosimendan, and 
other agents may be required for refractory shock, although data are insufficient to 
recommend specific use in the pediatric immunocompromised population.
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Extracorporeal Support (ECLS) Patients who are unable to meet systemic oxygen 
demand despite maximal medical management may benefit from venoarterial extra-
corporeal life support (VA-ECLS) to partially or completely augment cardiac out-
put. The use of VA-ECLS is associated with approximately 50% mortality in 
pediatric septic shock [40]. Reports of ECLS use in immunocompromised children 
suggest approximately one third survive to hospital discharge [41]. The decision to 
initiate VA-ECLS for septic shock in immunocompromised children requires rapid 
but careful multidisciplinary discussion with informed parental consent where 
possible.

 Strategies to Reduce Metabolic Demand

In addition to improving oxygen delivery, efforts to reduce metabolic demand may 
help balance tissue oxygen consumption and improve end-organ function. By 
reducing work of breathing and off-loading the left ventricle, invasive mechanical 
ventilation can reduce metabolic expenditure by up to 30% [42, 43]. Studies of tim-
ing of mechanical ventilation in adult sepsis suggest that delayed intubation may be 
associated with adverse outcomes and some patients may experience cardiopulmo-
nary arrest due to decreased preload associated with vasodilation from sedation 
required for the procedure [44]. Of note, some data suggest that the use of etomidate 
during endotracheal intubation, particularly in patients receiving exogenous hydro-
cortisone, is associated with worse outcomes, potentially due to medication-induced 
adrenal suppression [45, 46].

Other strategies to reduce metabolic demand include control of fever with anti-
pyretics, although data supporting the use of nonsteroidal anti-inflammatory drugs 
(NSAIDs) and acetaminophen are limited at this time [47–50]. Although sedation 
may play a role in reducing metabolic demand, current studies are inadequate to 
recommend an ideal sedation medication regimen at this time.

 Hemodynamic Monitoring

In addition to measurement of central venous pressure and pulse pressure vari-
ability as described above, a variety of tools can be used to trend organ dysfunc-
tion over time. General biochemical markers of shock include lactate, base deficit, 
and anion gap, which show moderate-to-strong correlation with each other [51]. 
Several studies support the use of mixed venous oxygenation saturation measure-
ments in the management of shock, wherein abnormally large arterial-venous 
saturation differential can suggest inadequate oxygenation and/or mitochondrial 
dysfunction prior to the rise of traditional markers such as serum lactate [52–56]. 
Data supporting the routine use of transpulmonary thermodilution are insufficient 
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at this time [57]. Continuous blood pressure transducing with arterial lines allows 
monitoring of arterial blood pressure and may be useful for rapid changes in 
hemodynamics. Although ideal blood pressure for each patient varies, the 
International Pediatric Sepsis Consensus Conference definitions of tachycardia, 
bradycardia, tachypnea, and hypotension in pediatric sepsis are listed in Table 14.1 
(PMID 15636651) [1].

 Anti-infective Strategies

 Diagnostics

In patients with central catheters, it is recommended to obtain blood cultures both 
from peripheral venipuncture and from indwelling central catheters. A meta- analysis 
assessing the utility of paired central and peripheral blood cultures in both pediatric 
and adult cancer patients with suspected bloodstream infections demonstrated posi-
tive paired blood cultures in 17% of cases; 13% were only identified by peripheral 
blood and 28% only by central venous line samples [58]. Furthermore, a single 
center study of pediatric cancer patients demonstrated cases in which peripheral 
blood cultures were positive though central cultures were not. In this study of the 
228 episodes of bacteremia, the peripheral blood culture was the only positive cul-
ture in 28 cases (12%). Therefore, obtaining both peripheral blood and central cul-
tures could improve the sensitivity of bacteremia detection [59]. Additionally, 
obtaining both peripheral blood and central cultures and assessing the difference in 
time to detection in situations when both result in positive may assist with determi-
nation of catheter-related sepsis. A positive central line culture two or more hours 
prior to a positive peripheral culture has been associated with three times increased 
odds of catheter-related sepsis [60]. There was no direct evidence about the influ-
ence of peripheral blood cultures on clinical management decisions. Diagnostic 
yield can be increased by collecting two sets of blood cultures, and anaerobic cul-
tures should be obtained as well. Blood cultures should be drawn prior to antibiotic 
administration if possible, but should not delay antibiotic administration [16].

Table 14.1 Vital sign abnormalities in pediatric sepsis

Age Tachycardia Bradycardia Respiratory rate Systolic blood pressure

0 days–1 week >180 <100 >50 < 65
1 week–1 month >180 <100 >40 <75
1 month–1 year >180 <90 >34 <100
2–5 years >140 N/A >22 <94
6–12 years >130 N/A >18 <105
13–<18 years >110 N/A >14 <117

Legend: Adapted from Ref. [1]
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 Empiric Therapy

Careful attention to opportunistic organisms including bacteria, viruses, and fungi 
must be taken into consideration as well as individual patients’ prior infectious 
history, specifically resistant organisms. Antibiotic administration should occur as 
early as possible and has been associated with reduced mortality in general pedi-
atric septic shock [61, 62]. In the immunocompromised host, a third- or fourth- 
generation cephalosporin or carbapenem is frequently indicated for empiric 
gram-negative coverage, with the addition of vancomycin or other anti-methicil-
lin-resistant Staphylococcus aureus (MRSA) therapy depending on patient and 
geographic risk factors. Furthermore, for patients presenting with shock, addi-
tional gram-negative bacterial coverage with a monobactam, fluoroquinolone, or 
aminoglycoside is frequently warranted for synergistic effect. Antimicrobial cov-
erage for patients with suspected enteric sepsis or aspiration should include anaer-
obic coverage. Infectious disease subspecialty consultation is recommended to 
tailor coverage, review prior infectious history and patient-specific risk factors, 
recommend alternative therapies in the setting of medication allergy or intoler-
ance, and guide dose adjustment in renal and hepatic injury. Removal of central 
lines should be strongly considered for refractory septic shock or recurrent posi-
tive blood cultures with differential time to positivity with consultation from 
infectious disease specialists [63].

 Specific Pathogens

Bacterial Common gram-positive organisms include skin and mucosa-colonizing 
bacteria such as Staphylococcus aureus and epidermidis and Streptococcus pyo-
genes and the viridans group streptococci [64, 65]. Streptococcus pneumoniae and 
enterococci can cause disseminated disease from the upper/lower respiratory and 
gastrointestinal tracts and may present with antibiotic resistance requiring vanco-
mycin, linezolid, ceftaroline, daptomycin, or other broad antibiotics. Common 
gram-negative organisms include respiratory colonizers (Haemophilus, Moraxella) 
as well as enteric and urologic organisms such as Escherichia and Klebsiella. These 
and other organisms such as Pseudomonas may present with multidrug resistance 
requiring carbapenem, fluoroquinolone, monobactam, and other extended spectrum 
therapies. Patients with severe Clostridium difficile enterocolitis may present with 
sepsis physiology as well.

Viral Community respiratory viruses including influenza, adenovirus, and 
enteroviruses can produce SIRS in immunocompromised children. Primary 
HSV-1 and 2 can cause liver failure, leading to a sepsis/shock overlap. Other 
herpesviruses such as CMV and EBV can also cause disseminated viremia with 
viral sepsis [66, 67].
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Fungal Locally aggressive fungal infections or disseminated fungemia due to 
Candida, Aspergillus, zygomycoses of the Mucorales order, Pneumocystis, and 
endemic mycoses due to Histoplasma or Blastomyces can also cause sepsis physiol-
ogy in immunocompromised children and require a high index of suspicion due to 
the frequent challenge in obtaining a microbiologic diagnosis [68, 69]. Due to the 
broad number of common and uncommon organisms that can cause sepsis in immu-
nocompromised children, we strongly advocate close collaboration with infectious 
disease specialists to guide the diagnostic evaluation and treatment strategy.

 Pharmacokinetic/Dynamic Considerations

Pharmacokinetic monitoring of drug levels is recommended where possible [16]. 
Vancomycin, gentamicin, tobramycin, and voriconazole levels should be followed 
when used for extended courses of therapy to ensure both therapeutic levels and 
avoidance of toxicity. Prudent attention to additional medications that may interact 
with anti-infectives in this high-risk population, specifically, the use of tacrolimus/
cyclosporine for immunosuppression in the HSCT patient, is essential. Care should 
be paid to avoid drug-drug interactions, and hepatic and renal function should be 
assessed frequently, with dose adjustments as needed. Specialized clinical pharma-
cologists may assist in this role and reduce the frequency of deleterious drug-drug 
interactions [70, 71].

 Immunomodulation

Patients with vasoplegia, refractory shock, adrenal insufficiency, long-term corticoste-
roid therapy, or short-term high-dose corticosteroid therapy may require stress- dose 
hydrocortisone; although steroids are used in nearly 50% of all children with septic 
shock, they have not been associated with improved outcomes, and some adult data 
suggest an association with mortality [72–79]. Although corticosteroids can modulate 
beta-adrenergic receptors, a growing body of evidence suggests they also may affect 
sepsis physiology through immunomodulation of innate immunity [78, 80]. The opti-
mal patient selection, if any, for the use of corticosteroids in immunocompromised 
children with septic shock is unclear at this time. Minimal or absent cortisol increase 
in response to cosyntropin stimulation likely suggests adrenal insufficiency.

Granulocyte colony-stimulating factor (G-CSF) should be used in most neutro-
penic patients with nonmyeloid malignancies whose neutropenia is expected to 
respond to colony-stimulating factors [81]. Some centers perform granulocyte infu-
sions to augment antimicrobial immunity, although studies do not support routine 
use in neutropenic sepsis and other immunocompromised states with infection [82]. 
Some centers have reported success in augmenting immunity with donor lympho-
cyte infusions (DLI), particularly with a cell source selected for anti-pathogen T 
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cells [81, 83] or with engineered anti-pathogen cytotoxic T lymphocytes [84, 85]. 
Each of these therapies bear the risk of triggering inflammation, and clinicians 
should note that some patient may get worse due to intensified systemic inflamma-
tion prior to seeing clinical improvement in hemodynamics and metrics of end- 
organ function.

Standard use of IVIG in adult and pediatric sepsis has not demonstrated mortal-
ity benefit, although select patients with severe hypogammaglobulinemia may ben-
efit [86]. Selective removal of inflammatory cytokines and bacterial endotoxin using 
customized pheresis membranes has been shown to affect cytokine levels in patients 
with septic shock, but data supporting a mortality benefit are lacking [87, 88]. Adult 
sepsis trials of activated protein C, immunomodulation in sepsis, and ARDS have 
not shown an overall survival benefit, but some subgroups may benefit [89–91]. 
Strong data supporting the use of antithrombin or thrombomodulin to control sepsis- 
related coagulopathy are not available at this time [16].

 Management After the Acute Resuscitation

Systemic organ toxicities are common during and after the acute resuscitation of 
septic shock. For example, ARDS co-occurs with sepsis frequently. Pediatric allo-
geneic HCT patients with ARDS have <40% survival, and mechanical ventilation 
strategies differ widely by center and include high-frequency oscillatory ventilation 
(HFOV), inhaled nitric oxide, and veno-venous extracorporeal life support 
(VV-ECLS) [32, 92]. Secondary AKI is also strongly associated with mortality, and 
typical indications for continuous veno-venous hemodialfiltration (CVVHDF), 
including refractory fluid overload and uncontrollable electrolyte abnormalities, 
should be applied in immunocompromised patients [93]. Risk for secondary infec-
tions remains high due to a combination of indwelling invasive devices, altered 
intestinal and respiratory microbiomes, and sepsis-induced immunoparalysis, and 
thus care should be maintained to surveil for potential new infections [94]. As pedi-
atric immunocompromised patients are at risk for prolonged PICU stay, they are 
also at high risk for immobilization-related weakness, and thus physical, occupa-
tional, speech, and rehabilitation therapies should be offered to maximize return of 
daily functional status [95, 96].

 Considerations in High-Risk Patients

Immunocompromised patients, especially those with neutropenia, are at increased 
risk of infection and sepsis. The combination of fever and neutropenia warrants 
immediate medical attention. Several adult and pediatric studies have evaluated the 
risk of severe infection and sepsis in patients presenting with fever and neutropenia. 
An increase odds [OR  =  1.80 (95% C.I. 1.43 to 2.26)] of severe infection was 
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 associated with severe neutropenia (defined as absolute neutrophil count  
<100/mm3) in patients presenting with both neutropenia and fever [97–100]. 
Furthermore, a single center analysis of temperature as a continuous variable in 
pediatric cancer patients with neutropenia and fever and the associated need for 
critical care support demonstrated that children presenting with a one degree 
increase in temperature had a relative increase of the odds of receiving critical care 
within the first 24 h [1.74 (95% 1.25 to 2.43)] [101].

 Predicting Patients at High Risk of Sepsis

Few studies have been published that offer predictive models of immunocompro-
mised patients presenting with fever, neutropenia, and risk for mortality. Some data 
exist supporting the ability of laboratory markers, including CRP, lactate, and liver 
and kidney function tests to predict length of hospital stay in patients with fever and 
neutropenia; however, data are absent on the ability of these parameters to predict 
the need for critical care. In general, single center studies that have shown lactate, 
albumin, and creatinine levels have decent specificity though low sensitivity in pre-
dicting mortality [102, 103]. A multicenter study of adverse events in children with 
fever and neutropenia secondary to cancer therapy identified four predictive charac-
teristics of adverse events. Adverse events were defined by either a serious medical 
complication as a result of infection, including death, complications necessitating 
critical care, an identified microbiological infection, and radiological confirmation 
of pneumonia. These four characteristics were an elevated hemoglobin level (>9 g/
DL), WBC < 0.3 G/L, platelet count <50 G/L, and preceding chemotherapy with 
greater intensity than acute lymphoblastic leukemia maintenance therapy. Although 
a defined weighted score was able to predict an adverse event (as defined above) 
with an overall sensitivity of > 92%, a specificity of 45% and negative predictive 
value of 93%, the specific adverse event of intensive care admission or mortality 
was not predictive [104]. As a result, critical care physicians need to have a high 
index of suspicion for immunocompromised patients presenting with fever, neutro-
penia with any laboratory derangements, abnormal radiological findings suggestive 
of infections, and abnormal vital signs or toxic appearance as a definitive predictive 
model has not been well elucidated.

 Leukemia Induction Therapy

Remission induction therapy for acute leukemia induces a profound immunosup-
pressive state with severe neutropenia and suppression of the innate immune sys-
tem. Patients are extremely vulnerable to invasive bacterial and fungal infections. 
Treatment-related deaths have decreased dramatically with improved supportive 
care over the past several decades. In the United Kingdom, treatment-related deaths 
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(TRDs) in ALL patients dropped from 9% in 1980 to 2% in 1997 mostly attributable 
to decrease in measles and Pneumocystis jirovecii infections [105]. Similar results 
have been demonstrated worldwide with the Berlin-Frankfurt-Munster (BFM) 
group reporting approximately 1% TRDs in the ALL-BRM-95 trial. The St. Jude 
Total Therapy XIIIB trial showed grade 4 infections developing in 5% of patients 
during remission induction therapy, and disseminated fungal (grade 3 or 4) occurred 
in 4% of patients [106].

All patients receive sulfamethoxazole-trimethoprim (SMX-TMP) prophylaxis 
which offers coverage for Pneumocystis jiroveci as well as bacterial infections 
including gram-positive organisms such as Streptococcus pyogenes, S. pneumoniae, 
Staphylococcus aureus, and S. epidermidis as well as gram-negative organisms like 
Escherichia coli, Klebsiella, and Salmonella. SMX-TMP inhibits the formation of 
folinic acid in bacteria and blocks formation of purine, DNA, and RNA [107]. 
Additional bacterial and fungal prophylaxis during times of prolonged neutropenia 
with induction therapy may differ by institution, and it is prudent to know current 
institutional prophylaxis guidelines and understand what infections patient are more 
susceptible to, as well as appropriate expansion of antibiotic and antifungal cover-
age for patients undergoing induction who present with sepsis.

 Post Hematopoietic Cell Transplant

HCT patients are at particularly high risk for sepsis and sepsis-related mortality 
[108, 109]. A clear understanding of the timing of immune reconstitution after allo-
geneic HSCT helps guide the clinician in anticipating which infectious pathogens 
patients are most at risk of developing during various time points after transplant. 
Initially, after conditioning therapy, patients develop an aplastic phase which 
involves severe neutropenia. This may also be termed a pre-engraftment phase. The 
innate immune system, consisting of neutrophils and NK cells, returns first over a 
time period of weeks, followed by adaptive immunity, T cells and B cells, over 
months to years. Specifically, neutrophils are the first cells to appear, followed by 
NK cells, then T cells and CD19+ B cells. The precise timing differs according to 
cell source, dose, and conditioning regimen. It is worth noting that even with return 
of cell counts, full function may be further delayed [110, 111].

With a clear understanding of immune reconstitution, the clinician may predict 
which infections patients are most vulnerable to in each phase. During the pre- 
engraftment phase, patients are most at risk of bacterial and fungal infections. 
Often prophylactic antibiotics and antifungal agents are given during this time 
with escalation to broader treatment dosing when acute infection is suspected. 
Following engraftment of neutrophils, the first 100 days, known as engraftment 
phase, is a time of cellular immunodeficiency as both NK cells from the innate 
immune system and T cells of the adaptive immune system are attenuated. Viral 
infections and/or reactivations predominate, including Epstein-Barr virus (EBV) 
and cytomegalovirus (CMV). Post-engraftment, after day 100, patients may still 
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be vulnerable to viral infections. As B cells are the last to reconstitute, patients 
often have low levels of circulating immunoglobulins and as such are susceptible 
to infections with encapsulated bacteria including Streptococcus pneumoniae and 
Haemophilus influenza [110].

 Sickle Cell Disease

 Fever and Sepsis

Patients with SCD are at increased risk for bacterial infections, primarily due to 
impaired or absent splenic function. This often begins as early as 2 to 3 months of 
age as fetal hemoglobin levels begin to fall. As a result, children with SCD are at 
extremely high risk for disseminated bacterial infections causing septicemia or 
meningitis, predominantly with Streptococcus pneumoniae. Young children with 
HbSS are most at risk for pneumococcal infection and require prophylactic antibi-
otic coverage in the first 5 years of life with twice daily beta lactams as well as 
pneumococcal vaccination. Prophylactic antibiotics are discontinued at age 5 unless 
the child has undergone a splenectomy or has a history of pneumococcal infection 
[112]. Fever in a child with SCD warrants prompt assessment, blood cultures, and 
empiric antibiotics. Newborn screening for sickle cell disease is now universal in 
the United States, and all children with HbSS should be identified early with early 
initiation of pneumococcal prophylaxis; however, this does not entirely eliminate 
the risk, and invasive pneumococcal infection must be considered in pediatric 
patients with HbSS presenting with fever. Specific antibiotic regimens for patients 
with SCD presenting with fever may vary by institutional and hematology division 
guidelines; however, these often include ampicillin or third-generation cephalospo-
rin with expansion to vancomycin for children who are toxic appearing, fever >39.5 
degrees Celsius, leukopenia with WBC <5, or leukocytosis (WBC > 30).

 Acute Chest Syndrome

Acute chest syndrome (ACS) is another common complication of SCD. It is defined 
by acute onset of respiratory symptoms (cough, hypoxia, rales) with a new infiltrate 
on chest X-ray, most commonly right upper or middle lobe in children. The etiology 
may vary but ACS often arises secondary to infection, usually associated with atypi-
cal bacteria, or to pulmonary fat embolism [113, 114]. The Management of Sickle 
Cell Disease Summary of the 2014 Evidence-Based Report by Expert Panel 
Members published in JAMA identifies strong recommendations for the following: 
treatment with an intravenous cephalosporin, an oral macrolide antibiotic, supple-
mental oxygen to maintain oxygen saturation of >95%, and close monitoring for 
bronchospasm, acute anemia, and hypoxemia. Children developing critical illness 
with respiratory insufficiency or failure, worsening hypoxia with oxygen 
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saturations <90% despite supplemental oxygen, progressive infiltrates, or acute ane-
mia should receive urgent exchange transfusion in collaboration with the intensivist, 
hematologist, and apheresis teams. There is weak evidence for simple transfusion of 
10 ml/kg of packed red blood cells to improve oxygen-carrying capacity for symp-
tomatic children with ACS when hemoglobin concentration is >1 g/dL below base-
line, with the exception of a baseline hemoglobin of ≥9  g/dL in which case 
transfusion may not be required. Lastly, the use of incentive spirometry while awake 
is strongly encouraged [115].

 Conditions that May Mimic Sepsis

Several noninfectious conditions may mimic sepsis and warrant astute understand-
ing and prompt recognition in an effort to offer appropriate targeted therapy. These 
conditions, often resulting in uncontrolled inflammation, have likely been present in 
pediatric critical care for years; however, they were previously diagnosed as “cul-
ture negative sepsis.” Advancements in immunology, understanding of the inflam-
matory cascade, and genetics have improved the diagnosis of these diseases 
including hemophagocytic lymphohistiocytosis (HLH) and macrophage activation 
syndrome (MAS) and, subsequently, improved survival with the development of 
targeted therapies.

HLH and MAS fall on a spectrum of severe inflammatory disorders character-
ized by uncontrolled immune activation resulting from impaired cytotoxic T lym-
phocyte (CTLs) or natural killer (NK) cells. The dysfunctional CTLs and NK cells 
continually secrete cytokines with loss of normal negative feedback, resulting in 
further activation of macrophages, NK cells, and CTLs; an uncontrolled cytokine 
storm ensues [116, 117]. Diagnosis of HLH is clinical and often blurred with similar 
symptoms of severe sepsis. Signs of uncontrolled inflammation may include fever, 
distributive shock, and coagulopathy. Additionally, laboratory abnormalities may be 
present, including elevated liver enzymes, cytopenias, and renal failure. Patients 
may progress to acute respiratory distress syndrome, neurological impairment with 
encephalopathy, and seizures. HLH biology and treatment are discussed in detail in 
Chap. 9.

Additionally, other therapeutics used in the treatment of hematology/oncology 
and HSCT patients may cause immunosuppression and may elicit sepsis like clini-
cal pictures. Notably, anti-thymoglobulin (ATG) is used as a therapy for severe 
aplastic anemia as well as for graft-versus-host disease prophylaxis and treatment in 
HSCT patients. Studies demonstrate elevations in circulating cytokines after the 
initiation of anti-T cell therapy with ATG, specifically IL-6, IL-8, IL-10 and granu-
locyte colony-stimulating factor (GCSF), IL4, IL13, TNFa, IFNg, interferon 
gamma-inducible protein-10 (IP-10), chemokine (C-C motif) ligand (CCL-2), and 
CCL-4 [118, 119]. Clinically, patients exposed to ATG (either rabbit or horse 
source) may develop acute hypersensitivity infusion reaction with fever, hypoten-
sion, as well as a delayed (approximately 10  days) serum sickness with fever, 
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 myalgias, arthralgias, and rash. Serum sickness results from host antibody responses 
to foreign proteins followed by formation and then deposition of immune com-
plexes in tissues (skin, joints, and other organs) [118]. Careful attention to recent 
therapeutics may allow for quick and accurate diagnosis of underlying etiology of 
hematology/oncology patients presenting with signs and symptoms of sepsis.

 Conclusion

In summary, immunocompromised children, including those with primary or 
acquired immunodeficiencies, malignancies, or hemoglobinopathies and those 
who have undergone solid organ or hematopoietic cell transplantation, are at par-
ticularly high risk for sepsis and sepsis-related mortality. Significant attention 
should be given to rapid initial hemodynamic resuscitation with empiric broad-
spectrum antimicrobial coverage. Subsequent tailoring of care based on unique 
patient susceptibilities to infections and organ toxicity remains crucial to maxi-
mizing outcomes.
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Chapter 15
ECMO Use in the Pediatric 
Immunocompromised Hematology/
Oncology Patient

Robert A. Niebler and Leslie E. Lehmann

 Introduction

Any discussion of the use of extracorporeal membrane oxygenation (ECMO) in the 
pediatric immunocompromised hematology/oncology population must begin with a 
description of what ECMO is, what the mechanics/circuitry consist of, indications 
for ECMO, and procedure-associated complications.

 A Brief History of ECMO

ECMO was developed out of the operating room as an extension of the use of car-
diopulmonary bypass (CPB) and was initially used for surgical patients who did not 
tolerate separation from CPB [1]. The first successful report of prolonged use of 
what would now be termed venoarterial (VA) ECMO was in a victim of a traumatic 
aortic rupture by Hill et  al. in 1972 [2]. Dr. Robert H.  Bartlett is credited with 
expanding the use of ECMO to neonates with medically refractory respiratory fail-
ure in the early 1980s [3]. Dr. Bartlett further spearheaded an international collabo-
ration of ECMO providers with the initiation of an annual meeting in 1982 and the 
organization of the Extracorporeal Life Support Organization (ELSO) in 1989. In 
addition to supporting regular scientific meetings and publishing several editions of 
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textbooks (aimed at guiding providers in the use of ECMO and the training of 
 bedside personal), ESLO has also organized and supported a database of ECMO 
patients. This database contains data on 87,366 patients with a survival to hospital 
discharge rate of 55% as of July 2017 [4].

 ECMO Physiology/Circuit Composition

The general principle of ECMO is the drainage of deoxygenated blood from the 
venous circulation through a pumping device which then pumps blood through an 
oxygenator and warmer before returning to either the arterial side as in VA ECMO 
or the venous side as in venovenous (VV) ECMO. Modern ECMO circuitry consists 
of cannulas, tubing, a pump, and an oxygenator.

Cannulas come in varying sizes and lengths depending on the vessel being can-
nulated and the type of ECMO support employed. Basic circuitry requires at least 
one lumen for the blood to flow out of the body into the ECMO circuit and one lumen 
for the blood to be delivered back to the body. VV ECMO can be accomplished with 
one double-lumen cannula in one vein, while VA ECMO requires separate cannula-
tion of a vein to remove the blood from the body and an artery to deliver the blood 
from the circuit back to the body. The tubing diameter and total length of tubing are 
generally of low enough resistance that the flow-limiting factor through the circuit is 
the resistance within the smaller-diameter cannula(s). A larger-bore inflow cannula is 
necessary as the pressure is lower on the venous side of the circuit, while the arterial 
(the outflow side on a VV circuit) side can be smaller in diameter secondary to the 
higher pressures after the pump. Cannula selection is thus based on the size of the 
vessel being cannulated and calculated flow necessary to support the patient needs.

Roller head pumps and centrifugal pumps comprise the clear majority of current 
ECMO pumps. More traditional roller head technology consists of an area of tubing 
that is sequentially compressed by two rollers 180 degrees apart such that as one of 
the rollers loses contact with the tubing, the other comes into contact. The amount 
of blood propelled forward is proportional to the revolutions per minute (RPM) of 
the roller heads and the volume of blood pushed forward with each revolution. 
Roller head pumps typically operate between 60 and 120 RPM. Centrifugal pumps 
consist of a spinning rotor which converts rotational kinetic energy to the energy of 
blood flow. The blood enters the pump head near the center and is accelerated by the 
impeller flowing radially outward toward the exit. Centrifugal pumps rotate at thou-
sands of RPMs, and the blood flow generated is dependent of the pump preload, 
RPM, and pump afterload.

Roller head pumps have the advantage of providing a guaranteed output for any 
given RPM provided a constant preload. Roller head pumps are not sensitive to after-
load but are preload dependent and have the ability to create considerable negative 
pressure within the venous cannula if proper precautions are not undertaken. High 
negative pressure within the venous cannula has the potential of causing  suction injury 
at the point of contact with the vessel or right atrium or causing cavitation resulting in 

R. A. Niebler and L. E. Lehmann



277

bubble formation. In addition, the area of tubing compressed by the roller heads (the 
raceway) undergoes repeated stress and is at risk for rupture with prolonged ECMO 
support. Centrifugal pumps have the advantage of being more compact and are both 
preload and afterload sensitive, with varying outputs depending on the venous pres-
sure supplying the pump and the pressure within the arterial cannula at the entrance 
into the bloodstream. As centrifugal pumps generally run in thousands of RPMs, there 
is a risk of heat generation near the rotor which resulted in hemolysis in older-gener-
ation pumps. Current-generation centrifugal pumps are magnetically levitated to pre-
vent friction and limit the generation of heat, thus decreasing the damage to the blood 
cells traveling through the pump. Many programs have transitioned from the use of 
roller pumps to centrifugal pumps despite evidence of increased rates of complica-
tions including hemolysis and kidney injury [5, 6].

Modern oxygenator technology has evolved to be more compact, require a lower 
priming volume, and generate less resistance [7] while maintaining excellent gas 
exchange of carbon dioxide and oxygen. Carbon dioxide removal is accomplished by 
flowing a gas mixture (termed the “sweep gas,” generally without carbon dioxide) 
countercurrent to the blood flow in the membrane. The gradient for removal is highest 
at the beginning and drops as carbon dioxide diffuses from the blood into the sweep 
gas, thus making the removal of carbon dioxide most dependent on the flow rate of the 
sweep gas. Oxygen diffusion is generally more efficient, and the concentration of 
oxygen in the blood and sweep gas equilibrates rapidly. This makes the effluent partial 
pressure of oxygen in the ECMO circuit more dependent on the partial pressure of 
oxygen contained within the sweep gas than the rate of the sweep gas flow.

 VV Versus VA ECMO

The fundamental difference between VA and VV ECMO is the reliance on the func-
tion of the patient’s heart for the entire cardiac output in VV ECMO as opposed to 
the hemodynamic energy delivered to the circulatory system by the ECMO pump in 
addition to any native cardiac output in VA ECMO. If direct cardiovascular support 
is required, VA ECMO must be employed.

While VV ECMO does not provide any direct circulatory energy to the patient, 
there are benefits to VV ECMO to the patient’s cardiovascular system. Patients with 
severe respiratory failure being considered for ECMO generally require significant 
positive-pressure ventilation. This results in an increase intrathoracic pressure with 
a resultant decrease in right ventricular preload and increase in right ventricular 
afterload. Upon initiation of VV ECMO, the patient’s gas exchange no longer 
depends on lung perfusion/ventilation, and the high positive-pressure ventilation 
settings can be decreased significantly. This decrease in intrathoracic pressure can 
provide relief to a right ventricle that may have been performing poorly under 
adverse loading conditions. Secondly, the VV ECMO circuit adds oxygen into the 
blood stream prior to the right ventricle, thereby increasing the oxygen content of 
pulmonary artery blood flow. Increased oxygen tension decreases pulmonary vascu-
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lar resistance, thus decreasing right ventricular afterload. Finally, coronary blood 
flow is derived from the blood at the aortic root at the end of systole. As VV ECMO 
effectively increases the oxygen tension of the pulmonary artery blood, this also 
effectively increases the oxygen content of the pulmonary venous blood which 
returns to the left ventricle and is ejected into the aortic root to be perfused down the 
coronaries. On the contrary, during VA ECMO support, it is important to maintain 
some oxygenation to the lungs as coronary perfusion is derived from native left 
ventricular output when there is any native output from the aortic valve [8, 9].

The advantages of VV ECMO over VA ECMO include the possibility for single- 
vessel cannulation and removal of a source of systemic embolization. Dual-lumen 
cannulas are available in various sizes that can provide sufficient flow to support a 
VV ECMO circuit for patients as small as newborns through adulthood. Pediatric 
centers generally favor surgical cutdown implantation, but it is now common for 
adult institutions to place cannulas percutaneously by modified Seldinger tech-
niques. As VV ECMO only delivers blood back to the venous side of the circulation, 
in the absence of a right-to-left intracardiac shunt, any embolus (air, particle, throm-
bus, etc.) produced by the circuit would not be delivered to the systemic circulation 
as it is in VA ECMO.

 ECMO Indications

ECMO is a supportive, not curative, therapy. It can provide time for diagnosis and 
treatment of the underlying condition that led to the cardiopulmonary failure by 
supporting the function of the lungs and/or heart while those systems recover suf-
ficiently to function without ECMO. In general, ECMO support is limited to weeks. 
Longer support times are generally associated with higher mortality [10]; as com-
plications tend to occur, the longer ECMO support is necessary, and patients requir-
ing longer support times likely have increased severity of cardiopulmonary failure 
[11]. Pediatric immunocompromised hematology/oncology patients are most likely 
to require ECMO support for sepsis, acute respiratory distress syndrome (ARDS), 
or sudden cardiac arrest (E-CPR).

 Sepsis

Severe sepsis in a pediatric patient can lead to the need for ECMO support second-
ary to severe cardiac dysfunction, pulmonary dysfunction, or more commonly a 
combination of the two. Differentiation of the primary organ dysfunction can be 
difficult to discern in the acute situation leading many patients to be supported with 
VA ECMO when VV ECMO may be sufficient. Local practice, the individual prac-
titioner’s experience, and the patient’s current condition are all reasonable factors to 
consider when deciding between support modalities.
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ECMO is a valid support mechanism in sepsis as the underlying cause is gener-
ally time limited related to infection/inflammation. Sepsis is a multisystem dis-
ease by definition though, and supporting the heart and/or lungs with ECMO may 
not be sufficient to allow for recovery. Sepsis has been identified as a risk factor 
for survival in patients supported on ECMO, and survival rates are reported to be 
36.8–82.4% [12–15]. The acute inflammatory milieu of sepsis results in impaired 
utilization of oxygen, disseminated intravascular coagulation (DIC), hepatic dys-
function, and renal dysfunction; all of which are not directly supported by 
ECMO.  In particular, impaired utilization of oxygen is a problem frequently 
encountered in a patient with sepsis, and just supplying more cardiac output and 
oxygen via ECMO may not overcome this barrier. The group from Melbourne has 
theorized and shown some positive results with providing supraphysiologic car-
diac output via central cannulation (cannulas placed directly in the right atrium 
and aorta via sternotomy) for ECMO [13, 14]. This technique allows for larger 
cannulas with shorter tubing lengths to decrease the resistance in the circuit, 
thereby allowing for higher flows. While central cannulation may allow for higher 
flows, others have been hesitant to pursue it given the additive hematologic impact 
of sepsis and ECMO with the need for anticoagulation and fears of increasing the 
high rate of hemorrhagic complications associated with ECMO with an open 
sternotomy.

 ARDS

ARDS and other forms of acute respiratory failure have been the most successful 
applications of ECMO.  Single organ system dysfunction which is mechanically 
supported by ECMO and can recover when allowed to rest (without further damage 
from aggressive positive-pressure ventilation) is the perfect disease state for ECMO 
to support. The ELSO database results bear this to be true as results for ECMO for 
pulmonary support are uniformly better than that for cardiac and E-CPR indications 
across all age groups [4].

As ARDS generally results in severe pulmonary dysfunction, VV ECMO is gen-
erally sufficient to support patients. Even patients requiring significant inotropic/
vasopressor infusions prior to cannulation can be successfully managed with VV 
ECMO [16]. An initial trial in adult ARDS patients in 1979 did not show a signifi-
cant survival benefit [17], but this trial has since been criticized by poor subject 
selection and poor management of ECMO in centers with very little experience 
prior to starting the trial. A more recent randomized trial in adult patients in the 
United Kingdom did show a survival and economic benefit which has reinvigorated 
the use of ECMO in the adult population [18]. While no equivalent randomized trial 
of ECMO vs. non-ECMO support has been or is likely to be done in pediatric age 
groups, current research efforts focus on when ECMO should be considered in an 
attempt to answer the questions of: (1) Does earlier ECMO initiation preserve lung 
function? and (2) When is consideration for ECMO support too late/futile?
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 E-CPR

ELSO defines E-CPR as the initiation of ECMO during an active cardiac or respira-
tory arrest. Most commonly this means ECMO is initiated during active chest com-
pressions as the patient has failed conventional resuscitative efforts. Survival to 
discharge following E-CPR is generally reported around 40% [4, 19, 20]. Duration 
of cardiopulmonary resuscitation (CPR) prior to ECMO initiation would seem to be 
an intuitive determinant of outcome, but this has not been reliably shown [21]. 
Patients with good neurological outcomes have been reported with CPR durations as 
long as 280 min in extreme cases [22]. Neurological injury remains the paramount 
concern. Some neurological injury is identifiable in 22% of patients following E-CPR 
and accounts for the majority of the mortality [23]. In patients who survive to dis-
charge following E-CPR, either no deficit or only mild dysfunction is seen in 79% 
[21]. All of these reports focus on in-hospital arrest and many specifically in patients 
with underlying cardiac disease. A recent review of the ELSO database attempted to 
look at patients without congenital heart disease receiving E-CPR and found a sur-
vival rate of 32% with a threefold increase in mortality in patients with sepsis [24].

 Anticoagulation and Bleeding Complications

ECMO support requires the blood to travel outside the body and across the artificial 
surfaces of the pump and oxygenator. The blood interacts with these surfaces result-
ing in a consumptive coagulopathy [25]. Platelets and coagulation factors are acti-
vated and consumed. Anticoagulation during ECMO attempts to limit this 
consumption by preventing the coagulation system from interacting with the artifi-
cial surfaces. Modifications to ECMO circuits with bonding of heparin and albumin 
to plastic have been developed in an effort to limit the interaction [26, 27], but no 
clinical human study has shown this to be effective, and some have questioned the 
utility of these coatings [28]. While both coagulation factors and platelets are 
affected, traditionally only anticoagulants are used with few centers using platelet 
inhibitors [29]. Thromboembolic complications from clots within the circuit, par-
ticularly in VA ECMO, and thrombosis of the circuit with acute disruption of ECMO 
support are the primary complications resulting from inadequate anticoagulation.

The ideal anticoagulant would be fast acting, easy to monitor and titrate, and 
readily reversible in the event of bleeding. Unfractionated heparin (UFH) fits many 
of these characteristics and has been the mainstay of anticoagulation during 
ECMO. As UFH acts by enhancing the anticoagulant properties of antithrombin, 
antithrombin deficiency should be considered in patients unresponsive to standard 
doses of UFH. Some centers have advocated for more routine measurement and 
replacement of antithrombin [30, 31]. While most centers still use UFH primarily, 
there has been recent interest in the more routine use of direct thrombin inhibitors 
(argatroban, bivalirudin, and lepirudin) [29].
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A whole blood activated clotting time (ACT) is the traditional method to monitor 
the level of anticoagulation. The ACT is a convenient test as it requires a small blood 
sample and can be done quickly at the bedside [32]. More recently, some centers have 
reported alternative anticoagulation strategies to include anti-Xa levels or thrombo-
elastography [30, 31, 33, 34], but ACT monitoring remains the most utilized test [29].

Bleeding on ECMO is the most common patient complication. Transfusion sup-
port is the primary treatment to replace consumed platelets and coagulation factors. 
Each institution individualizes transfusion protocols to maintain adequate platelet 
numbers, coagulation factors (based traditionally on prothrombin times), and fibrin-
ogen. Thromboelastography has been used by some centers to aid in the assessment 
of platelet and factor function [30, 35]. No hemostatic agent has been shown to reli-
ably treat bleeding complications of ECMO. Several reports on the use of recombi-
nant activated factor VII (rFVIIa) have shown some promise as a hemostatic agent, 
but thrombosis within the patient and circuit has also been reported [36, 37]. A 
general strategy for bleeding is (1) transfusion to correct coagulopathy and throm-
bocytopenia, (2) decrease or holding of anticoagulant infusion with lower antico-
agulation test goals, (3) local control with consideration for surgical exploration and 
topical hemostatic agents, and (4) finally careful consideration for alternative thera-
pies such as rFVIIIa.

 Neurologic Complications and Monitoring

Neurologic complications including seizures, ischemic stroke from thromboembo-
lism, and intracranial hemorrhage remain common and are potentially devastating 
complications of ECMO support [38–40]. The incidence of neurologic complica-
tions varies by age and definition of the complication. While VV ECMO may miti-
gate the risk of thromboembolic events and non-adjusted rates of neurologic injuries 
are greater in VA ECMO [38], no report has shown a risk-adjusted reduction in 
neurologic complications in VV ECMO. Not surprisingly, mortality and long-term 
morbidity are more common in patients with neurologic complications [38, 40, 41].

Monitoring of neurologic complications during ECMO varies by institution with 
no general consensus beyond the use of head ultrasound studies in infants with an 
open anterior fontanelle during the first few days of support [42, 43]. Real-time 
monitoring techniques including electroencephalograms, cerebral near-infrared 
spectroscopy, and transcranial Doppler ultrasound have been reported by single 
centers with a mixed ability to detect changes at the time of an event and poor cor-
relation with more definitive neuroimaging techniques after ECMO support is 
 completed [44]. With a high incidence in complications and lack of consensus 
regarding the best monitoring technique, the individual practitioner is left to decide 
what best techniques within any individual patient to employ. Monitoring should 
not place the patient at undue risk, but it is important to have a high index of suspi-
cion as neurologic complications are common and have a profound effect on the 
outcome of ECMO support.
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 ECMO in Immunocompromised Hematology/Oncology 
Patients

The literature on patients receiving ECMO in the setting of an underlying malig-
nancy comes from three large studies and multiple case reports. In 2010, Gow [45] 
reported the ELSO outcomes for 72 adult patients with solid tumors or hematologic 
malignancies (HM) receiving ECMO between 1992 and 2008. 39% of patients sur-
vived the ECMO run, and 32% survived to hospital discharge. Risk factors for mor-
tality included requiring support for pulmonary versus cardiac failure and worse 
impairment of lung function prior to ECMO initiation. In 2014 the group from 
Vienna reported on fourteen adult HM patients requiring ECMO for ARDS [46]. 
Interestingly, the diagnosis of malignancy was made in four patients and five 
patients recieved their first chemotherapy while on ECMO support in this report. 
Survival to ICU and hospital discharge was 50%, and all survivors were alive at a 
median of 3  years of follow-up. The International ECMO Network (ECMONet) 
recently conducted a retrospective multicenter study and reported data from ten 
ICUs in seven countries on 203 immunocompromised patients greater than 15 years 
of age who underwent ECMO from 2008 to 2015 for severe ARDS [47]. 49% of 
patients had a HM or a solid tumor. In the entire cohort, 30% were alive at 6 months 
and 24%/20% in the HM/solid tumor subset, respectively, whereas 40% of solid 
organ transplant recipients were alive. A matched cohort analysis was performed 
between the entire group of immunocompromised patients and 94 non- 
immunocompromised patients receiving ECMO for ARDS.  Six-month mortality 
was significantly higher (70 vs. 26%) in the immunocompromised patients. In an 
attempt to control for pre-ECMO severity of illness, 80 cases and controls were 
matched by PRESERVE mortality risk score; patients with an immunodeficiency 
diagnosis had an odds ratio of 5.7 for mortality when compared to the controls.

There is a paucity of data regarding outcomes of ECMO specifically in the pedi-
atric oncology population. What literature exists is limited by small numbers and 
long reporting periods. Fourteen pediatric patients with malignancy received ECMO 
in Melbourne between 1993 and 2014, 9 of whom were neutropenic at the time of 
cannulation. Four children survived to discharge, and two (22%) from the most 
recent decade (2005–2014) are long-term survivors [48]. There are scattered recent 
individual case reports [49, 50] of successful short-term ECMO therapy for children 
with very specific indications: tumor lysis syndrome or support during induction 
chemotherapy to shrink a lymphoma-associated large mediastinal mass.

 ECMO in Hematopoietic Stem Cell Transplant Patients

Whatever increased vulnerability exists for patients with malignancies in terms of 
ECMO candidacy would be expected to be even greater in patients undergoing 
hematopoietic stem cell transplantation (HSCT). Ablative conditioning, usually 
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used in transplants for malignant diseases, involves the administration of extremely 
high doses of chemotherapy with or without radiation therapy. Children transplanted 
for nonmalignant conditions often receive reduced intensity approaches that rely on 
intense immunosuppression which delays robust immune reconstitution. Candidates 
for HSCT often have multiple preexisting comorbidities related to the underlying 
disease process. Examples include the end organ damage (cerebrovascular disease 
or pulmonary hypertension) seen in sickle cell disease or the incompletely con-
trolled viral infections in patients with immunodeficiency disorders. Immune recon-
stitution is a process that generally takes months to accomplish and can be delayed 
even longer in the presence of graft versus host disease (GVHD), graft failure, 
relapse of malignancy, or uncontrolled infection.

The first series of pediatric HSCT patients receiving ECMO was reported by 
Gow in 2006 based on ELSO registry data spanning 1991–2004 [51]. In this 
cohort of 19 children, ECMO was initiated for pulmonary support in the majority 
(17/19). 79% died during the ECMO run, and only 1 of the 19 survived to hospital 
discharge. This dismal outcome led the HSCT/ICU community to question the 
role of ECMO in the treatment of HSCT patients. Di Nardo [52] updated this data 
to include 29 patients treated between 1991 and 2012. Notably 21% in this group 
were placed on ECMO for cardiac compromise in comparison to the primarily 
pulmonary indication in the earlier series. 21% were decannulated, and three 
patients (10%) survived to hospital discharge. Oxygenation index was the stron-
gest predictor of survival. An oxygenation index (OI) less than 38 had 75% sensi-
tivity and 81% specificity in differentiating survivors from non-survivors. In 
general, outcomes for children undergoing HSCT are superior to those in adults 
including in the subset of patients requiring ICU level care. There is insufficient 
data to know if this is true for the much smaller group of patients receiving 
ECMO. Wohlfarth reported the European experience in adult HSCT patients with 
ARDS from twelve ICUs between 2010 and 2015 [53]. 19% of the 37-patient 
cohort survived to hospital discharge, and all of these early survivors were alive in 
remission at a median of 18 months later. Interestingly this is the only group that 
assessed time post-HSCT as a predictor of outcome. Patients more than 240 days 
after HSCT had a survival of 46% vs. 4% (1 of 24 patients) for those less than 
240 days after transplant. The authors hypothesize that in the early post-HSCT 
phase, patients have very poor immune function and are also at greater risk of 
developing multiple organ dysfunction syndrome, a known predictor of poor out-
come in all critical patients. Despite the low likelihood of short- and long-term 
survival, there are, as in the oncology population, anecdotal reports describing 
novel indications and some successes. One child was placed on ECMO for respi-
ratory support in the setting of fulminant adenoviral pneumonia; he ultimately 
recovered after receiving adenoviral-specific cytotoxic T lymphocytes, a recent 
advance in the therapy of severe viral infections [54]. ECMO was used as a bridge 
therapy to allow allogeneic HSCT in an infant with immunodeficiency syndrome 
who received conditioning and donor stem cells while on the circuit. He ulti-
mately was removed from ECMO and expired in the setting of therapy refractory 
CMV pneumonia [55].
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 How Should We Decide?

It is impossible to draw firm evidence-based conclusions about the efficacy or toxicity 
of ECMO in the immunocompromised pediatric population from the existing litera-
ture. The combination of selection bias in terms of what patients are offered on ECMO 
and the reporting bias in terms of which cases are submitted for publication eventually 
published colors of any interpretation of the small body of literature that exists.

Given the medical intensity involved in initiating and continuing ECMO as well 
as the inherent risks associated with the procedure, there is understandable concern 
about the use of this modality in those receiving cancer therapy or undergoing 
HSCT. There is great heterogeneity in this group of patients, however, in terms of 
both the predicted efficacy and toxicity of ECMO therapy and in the ultimate prog-
nosis. Thus, it may be helpful to have a standardized assessment tool for pediatric 
immunocompromised hematology/oncology/HSCT patients failing conventional 
support for whom ECMO is being considered (Fig. 15.1).

The first question, applicable to all ECMO candidates, is whether the cause of 
cardiorespiratory failure is treatable and potentially recoverable within the time that 
ECMO can provide heart/lung support. The next major consideration is the patient’s 
status with regard to the underlying oncologic/HSCT diagnosis. In oncology patients, 

Is Cause of Cardiorespiratory Failure Treatable/Recoverable?

Oncology Population
Hematopoietic Stem Cell

Transplant Population

Underlying Malignancy
 • Remission Status
 • Prognosis 

Underlying Disease
  Malignant
  Non Malignant Disorder*
 • Remission Status/Disease Control
 • Prognosis 

Place in therapy regimen Time post-HSCT

Presence of graft vs. host disease

*Nonmalignant Disorders: Hemoglobinopathies, Bone Marrow Failure disorders, Immune Deficiencies

Previous Organ Damage/Infections 

Current Comorbidities
 • Marrow function
 • Active infections
 • Other organ dysfunction

Input from parents, primary team, ICU, ECMO team 

Fig. 15.1 Assessment tool when considering extracorporeal membrane oxygenation in immuno-
compromised/oncology/hematopoietic stem cell transplant pediatric patients
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it is important to know the specific diagnosis and stage of disease, where the child is 
in the planned treatment course, whether the disease is currently responding to ther-
apy, and the expected disease-free survival for this diagnosis. For example, a child 
with metastatic osteosarcoma who has not responded to initial therapy has a very dif-
ferent predicted outcome from a child with standard risk acute lymphoblastic leuke-
mia (ALL) currently in complete remission. HSCT is rarely offered to patients for 
whom long -term survival is not possible. For these patients it is essential to know the 
underlying disease for which transplant was performed and whether the transplant has 
achieved the planned objective of cure. This would manifest as remission in children 
transplanted for malignant diseases and as good donor engraftment in those trans-
planted for bone marrow failure syndromes, hemoglobinopathies, and other nonma-
lignant conditions. A child several weeks after HSCT for high-risk leukemia not in 
remission at the time of transplant has a very different health status than a child trans-
planted 6 months previously for an underlying immunodeficiency disorder and who 
now has full donor engraftment. It is also important to know where the child is in the 
post-HSCT trajectory. Immediately following HSCT, patients have impairment in all 
hematopoietic lineages. They are neutropenic as well as platelet and red cell transfu-
sion dependent. Neutrophil, platelet, and red cell counts usually improve 3–4 weeks 
following transplant, but lymphocyte function remains abnormal for months particu-
larly in the setting of graft manipulation (T-cell depletion) or active GVHD. The infor-
mation that must be obtained for all oncology/HSCT children includes previous 
infections/organ toxicities from the disease or treatment-related complications as well 
as current comorbidities. In all situations the goals of the parents and the primary 
medical team will be instrumental in the decision-making process and in delivering 
optimal care to these critically ill patients.

The existing data certainly suggests that oncology/HSCT patients requiring 
ECMO support have poorer outcomes as a group when compared to other popula-
tions receiving ECMO for similar indications. Schmidt et al. nicely reviewed some 
of the contributing factors, including underlying impairment in immune function 
increasing the risk of nosocomial infections, bleeding complications, and altered 
drug pharmacokinetics in a population receiving a myriad of medications [56]. 
However, it is also clear that ECMO can offer short- and long-term survival to some 
proportion of these vulnerable patients, approximately 30% of oncology and 5–20% 
of HSCT group. Notably, the majority of patients who are discharged from the ICU 
following ECMO are long-term survivors indicating that if ECMO can be success-
fully navigated, there is no unique long-term toxicity in these patients. Because of 
statistical limitations, most reports do not focus on the identification of risk factors 
that would allow candidate selection enriched for those predicted to gain the most 
benefit. The mortality score recently developed for children undergoing ECMO for 
respiratory failure [57] and based on ELSO data from 2001 to 2013 is a first step. In 
this cohort pre-ECMO factors shown to be predictive of outcome included the 
length of ventilation, severity of pulmonary disease, and presence of other organ 
dysfunction. Interestingly 4% of this group carried a cancer diagnosis as a comorbid 
condition, and this conferred two times the odds ratio of hospital mortality. This 
scoring system should be validated in immunocompromised children to ascertain 
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whether the previously identified factors remain significant and to attempt to iden-
tify factors unique to this population (time from diagnosis or transplant, expected 
prognosis from underlying disease). Then a concerted effort must be made to 
develop consensus patient selection guidelines even in the absence of statistically 
robust data. This will allow the ICU/oncology/HSCT community to begin to deter-
mine whether the current poor survival is related to unique vulnerabilities in this 
population or reflects selection bias with ECMO only offered as a last resort to 
patients beyond the point where recovery is not feasible regardless of the interven-
tion. A perspective piece from 2005 discusses the ethical dilemmas that arise when 
insufficient data exist yet decisions need to be made. They propose a possible 
approach in the context of describing the case of a 13-year-old autologous HSCT 
patient who required ECMO in the setting of neutropenic sepsis and was ultimately 
successfully weaned from ECMO with count recovery [58]. They raise many rele-
vant issues including whether regulatory oversight and IRB approval are necessary 
and the difficulties in obtaining truly informed consent in this situation. They do not 
discuss other possible issues including resource utilization and staff discomfort 
when an intense procedure is predicted to fail more often than to succeed.

In conclusion the data that exists is not robust but does suggest across multiple 
studies in adult and pediatric populations that immunocompromised hematology/
oncology/HSCT patients have an increased risk of ECMO failure compared to 
immunocompetent patients. The results seem to be improving in more recent eras, 
which mirrors the successes seen in outcomes for both immunocompromised patient 
populations in general and in other types of patients requiring ICU or ECMO sup-
port. Moving forward a reasonable goal would be to create and validate a predictive 
model for outcome in this specific population and to incorporate this into the devel-
opment of consensus guidelines. Input from stakeholders caring for both pediatric 
immunocompromised hematology/oncology/HSCT patients and pediatric ICU 
patients is essential to address the combination of challenges presented by this het-
erogeneous critically ill patient population.
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Chapter 16
Pharmacy Implications

Stacey Albuquerque

 Pharmacologic Principles

The immunocompromised patient often requires multiple medications in a critical 
care setting that are subject to changes in metabolism and clearance due to compro-
mised organ dysfunction as a result of illness. Many drug classes of medications 
including anti-infective, analgesics, anxiolytics, neuromuscular blockers, antihy-
pertensive, and inotropes are affected by pharmacokinetic and pharmacodynamic 
changes in these patients. The pharmacokinetic and pharmacodynamic properties of 
an agent may be influenced by developmental changes, interactions with drugs or 
nutrients, disease states, and genetics [1]. All these factors must be considered to 
manage these patients effectively. Refer to Fig. 16.1.

 Pharmacokinetics

Pharmacokinetics describes the process of drug absorption, distribution, biotrans-
formation, and excretion. Pharmacokinetics determines what the body does to the 
drug after administration. It is the determinant of the concentration at the site of 
action. The free concentration of drug in the plasma is available for distribution to 
the tissues to exert a pharmacologic effect and eventual biotransformation [1, 3].
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 Absorption

Absorption is the process of drug transfer from its site of administration to the 
bloodstream. Absorption of a drug when administered intravenously is the most 
efficient route with the entire drug reaching the circulation and is considered to be 
100% bioavailable. When medications are administered by other routes (enteral, 
subcutaneous, rectal), the bioavailability is often less due to incomplete absorption, 
first-pass metabolism, and distribution to other tissues [1].

 Distribution

Drug distribution describes the movement of drugs, active metabolites from the 
blood to tissues or body compartments. When drugs reach the tissues, they exert 
toxic and/or therapeutic effects [1]. Drug properties such as protein binding, lipid 
and water solubility, and pH, determine the extent and rate of distribution and are 
important in terms of their clinical implications [1, 3]. Protein binding is an impor-
tant component of drug interactions and can rapidly change quantities of free drug 
in the circulation [1, 3]. Water solubility and lipophilicity determine distribution to 
tissue target sites such as the central nervous system and can have implications in 
determining drug dosing in obese patients [1]. The term volume of distribution (Vd) 
is a hypothetical volume which the drug is dispersed to help quantify the degree to 
which the drug is dispersed to various compartments (adipose tissue, plasma) [3].

 Metabolism

The liver is the primary organ for drug metabolism. Other tissues such as the gastroin-
testinal tract, lungs, skin, and kidneys are also known to have substantial metabolic 
activity. The biotransformation of drugs may result in a weaker compound, an active 
metabolite, or a toxic metabolite depending on the drug. In other instances inactive 
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Fig. 16.1 Determinants of effective therapy. (Reproduced from [2])
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parent compounds (prodrugs) may convert to active moiety. In the hepatocytes, there is 
a series of enzymatic processes [1]. Phase 1 reactions (nonsynthetic reactions) are cata-
lyzed by enzymes of the cytochrome P450 system. The CYP3A4 pathway is a major 
metabolic pathway for almost 50% of the drugs, while CYP2D6 (31%) and CYP2C9 
(10%) account for the majority of the remainder [1, 3]. These various enzymes and their 
isoforms result in characteristic inhibition and induction of activity of selected medica-
tions. Knowledge of which drugs are substrates for these various isoforms as well as 
their selective inducers/inhibitors allows for an understanding and anticipation of drug 
interactions. Phase II reactions (synthetic reactions) involve conjugation with glycine, 
glucuronide, or sulfate. Phase III enzyme reactions have recently been identified that 
involve P-glycoprotein (PGP) and related transporters [1, 3].

 Elimination

Elimination is the process by which a drug is cleared from the body. The main 
organs responsible for elimination are the kidneys and liver. Often, clearance is a 
combination of renal and nonrenal clearance. Glomerular filtration and tubular 
secretion play roles in drug elimination, but clearance of a drug is also a function of 
molecular size, pH, and protein binding. Highly protein-bound drugs are less likely 
to be filtered and thus are unlikely to be removed by dialysis [3]. The liver also 
contributes to elimination through metabolism or excretion into the bile [1].

 Pharmacodynamics

The pharmacodynamics of a drug is the effect of the drug on the body, the effects, 
or response to drug therapy [1]. It describes the relationship between a drug’s con-
centration at its site of action and its effect. It also encompasses the mechanisms of 
action, therapeutic effects, and its safety profile [3]. The need for therapeutic drug 
monitoring becomes important as it can assess toxicity as well as efficacy. The reli-
ance on a therapeutic effect often relies on a drug/dose response relationship [2].

 Drug Effectiveness

When determining drug effectiveness, there must be clear expectations and thera-
peutic endpoints and expectations when initiating therapy. The target-effect strategy 
of treating a patient is a dose titration to various endpoints [2]. To use this strategy, 
a provider must understand the pharmacodynamic action of the drug as well as the 
side effect profiles to evaluate safety, efficacy, or toxicity. Alternatively, the target 
concentration strategy uses drug concentrations as a guide to drug dosing to see a 
pharmacodynamic effect, but does not allow for individual patient responsiveness. 
The reliance on a number goal is comforting for some, yet it must be understood 
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that there may be pharmacokinetic influences and or additional influences related to 
the collection and processing of blood sampling. It is always recommended to eval-
uate the patient (drug effect on patient) and not necessarily a drug level [2].

 Adverse Drug Reactions

Adverse drug reactions are a common indication for admission of an immunocom-
promised patient to the ICU. Other indications necessitating the need for ICU man-
agement include seizures, posterior reversible encephalopathy syndrome (PRES), 
respiratory failure, infections, and cardiovascular issues [4]. The Joint Commission 
on the Accreditation (JCAHO) defines an adverse drug reaction (ADR) as “an unde-
sirable response associated with the use of a drug that compromises the therapeutic 
efficacy, enhances toxicity, or both.” [5]

Patients in the ICU are more predisposed to the development of adverse drug 
reactions due to the increased incidence of hepatic and renal dysfunction [5]. 
Subsequent implications and manifestations are seen in areas that extend beyond the 
liver and kidneys. The affected organ systems and examples of pharmacologic 
agents that are often implicated are listed below.

 Renal

Renal failure can affect the pharmacokinetics of many medications. Causes of renal 
dysfunction in critically ill immunocompromised patients include sepsis, nephro-
toxic drugs, radiocontrast agents, chemotherapeutic agents, and post-HCT compli-
cations such as sinusoidal obstruction syndrome and hemolytic uremic syndrome 
[6]. Drugs that are more than 30% eliminated in the urine are likely to have dimin-
ished clearance in the presence of renal insufficiency [1]. Serum creatinine may not 
rise until the creatinine clearance has significantly fallen and clearance measure-
ments may be unreliable in the critically ill [7]. Mechanisms by which nephrotoxins 
can cause kidney injury include hemodynamically mediated nephrotoxicity, tubular 
necrosis, interstitial nephritis obstructive neuropathy, and vascular toxicity [5].

Nephrotoxins
Aminoglycosides, amphotericin, carboplatin, cephalosporins, cisplatin, 
mannitol, pentamidine, radiocontrast agents, aminoglycosides, penicil-
lins, sulfonamides, tacrolimus, thiazide and loop diuretics, vancomycin, 
angiotensin-converting enzyme inhibitors, nonsteroidal anti-inflamma-
tory drugs [5]
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 Hepatic

Drugs that undergo extensive first-pass metabolism may have higher bioavailability 
in patients with liver failure. Slow gut motility may delay a peak response in these 
patients. Altered plasma protein concentrations may change the tissue distribution 
of drugs that are highly protein bound. The capacity of the liver to metabolize drugs 
depends on blood flow and hepatic enzyme activity which can be affected by liver 
disease. In addition, some P450 isoforms are more susceptible to liver disease than 
others impairing drug metabolism [1]. In a study by Carillo et al., it was concluded 
that CYP450-mediated drug metabolism was decreased in children with sepsis 
related in part due to the degree of inflammation and organ failure [8]. Drug-induced 
liver injury is often due to the accumulation of metabolites which can cause cell 
damage and trigger an inflammatory response. Drug-induced hepatic injury can be 
hepatocellular, cholestatic, or vascular in nature [5].

 Cardiac

Circulatory shock and failure can alter the pharmacokinetics of drugs used in the 
intensive care setting. Decreased tissue perfusion combined with increased edema 
and total body water can unpredictably change the volume of distribution of medi-
cations causing unexpected changes including electrolyte disturbances [1]. Patients 
in the PICU may also require vasopressors that act on alpha adrenergic receptors 
which may result in arrhythmias. Unfortunately other classes of drugs used for 
immunocompromised patients have cardiac effects such as fluoroquinolones, anti-
fungals, and some antiemetic medications (5HT-3 antagonists) can cause QT pro-
longation increasing potential for cardiac adverse effects especially when used 
concomitantly [5]. There is also the possibility that pediatric immunocompromised 
patients have been previously treated with cardiotoxic chemotherapy such as anthra-
cyclines which are direct myocardial toxins; thus they may find themselves at higher 
risk due to multiple cardiac insults [5].

Hepatotoxins
Acetaminophen, erythromycin, isoniazid, ketoconazole, nitrofurantoin, phe-
nobarbital, rifampin, sulfonamides, voriconazole

Cardiac Adverse Effects
Arrhythmias: dopamine, dobutamine, epinephrine
QT prolongation: fluoroquinolones, ondansetron
Cardiomyopathy: anthracyclines
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 Central Nervous System

Adverse effects associated with the central nervous system in the ICU include sei-
zures, headache, and sedation. Drug-related seizures may be related to a character-
istic of the drug itself, factors that influence drug levels, or a change in a patient’s 
renal or hepatic condition causing decreased clearance.

Drug-induced seizure is an adverse effect of many antifective and immunosup-
pressive medications. Drug-induced headache is caused by vasodilators, chemo-
therapy agents, and immunosuppressants as well [5]. Posterior reversible 
encephalopathy syndrome (PRES), which is characterized by seizures and severe 
hypertension and headache, is thought to be associated with the use of cyclosporine 
and other calcineurin inhibitors.

Sedation is a well-known adverse effect of medications commonly used in the 
PICU.  Commonly used medications with this effect include benzodiazepine and 
opioids. Clearance of these medications is affected by renal and hepatic function; 
thus close monitoring is essential to prevent central nervous system toxicities [7].

 Drug Interactions

 Risks for Drug Interactions

Drug interactions are associated with increased length of stay and/or admissions to 
PICU. When there is an interaction between two medications, the result can be an 
increase or decreased therapeutic effect (or adverse effect), or there will be a 
response that will not occur if each drug is given alone.

 The Cytochrome P450 System

As was stated previously, the liver is the primary location of CYP 450 enzymes. In 
addition, some P450 enzymes, most notably CYP3A4 are located in the lining of the 
intestine and control the absorption of certain substrates into the portal circulation. 
Many drugs or their metabolites are induced or inhibited by the action of one or 
more of the CYP450 enzymes. These CYP450 enzymes and their various isoforms 
are the primary drivers of drug interactions [9].

Enzyme induction occurs when a drug stimulates synthesis of that enzyme 
leading to increased activity of the enzyme. This process occurs over days to 
weeks; thus drugs that are substrates affected by this enzyme increase by 
threefold [9].
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• An example of enzyme induction would be the administration of rifampin, a 
CYP3A4 inducer when it is added to the regimen of a patient receiving cyclospo-
rine. The cyclosporine dose would need to be three to five times higher than the 
usual required dose to achieve the same therapeutic level before the rifampin was 
added.

• An example of enzyme inhibition would be the addition of voriconazole to 
the regimen of a patient on cyclosporine. The cyclosporine level would 
increase by over 50% approximately 3 to 5 days after the voriconazole was 
added to the regimen. Voriconazole requires about 5 days of doses before it 
reaches steady state.

 Genetics and the Cytochrome P450 System

Levels of drug metabolizing enzymes may be influenced by the genetic makeup of 
each individual. For example, certain ethnic groups may be ultra-fast metabolizers 
of a particular isoform (CYP2D6) and require increased doses to achieve appropri-
ate blood levels. Alternatively, slow metabolizers require smaller doses or longer 
intervals to avoid toxic drug levels [9]. This concept of the study of genetic makeup 
on drug metabolism is known as pharmacogenomics [1, 9].

The true impact of pharmacogenomics is yet to be seen but holds promise to be 
able to individualize therapy for an individual based on genetic makeup. In the 
meantime, it may be able to shed light on situations where drug dosing and thera-
peutic response/therapeutic levels cannot be explained [9].

 Other Types of Drug Interactions

Other types of pharmacokinetic drug interactions must also be considered as they 
involve principles of absorption, distribution, and elimination. Many of these inter-
actions may involve the use of other supportive care measures commonly addressed 
in patients in the ICU. For example, the use of proton-pump inhibitors for stress 
ulcer prophylaxis can change the absorption of some drugs by altering the pH of the 
stomach. In addition, it can delay the clearance of higher doses of methotrexate 
resulting in nephrotoxicity [9].

Enzyme inhibition occurs immediately after drug administration, although 
maximal inhibition is not seen until steady-state levels are reached [9]. In 
most cases, steady state is defined as 4–5 half-lives of the drug.
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 Management Principles of Immunocompromised  
Patients in the PICU

The admission of critically ill immunocompromised patients can be challenging to 
pediatric intensivists. However, admissions to the PICU have been shown to 
decrease mortality and improve outcomes [4]. Adherence to basic principles of drug 
therapy in immunocompromised patients regardless of their physical location is 
important. A sampling is listed below [4].

• Administration of anti-infective prophylaxis and treatment per accepted 
guidelines

• Early recognition of drug toxicity due to antineoplastic medications with appro-
priate reductions as needed

• Monitoring of drug interactions with oncology therapies
• Initiation or modification of appropriate supportive care medications where 

appropriate such as antiemetic and growth factors
• Initiation of drug antidotes when necessary for life-threatening toxicities related 

to antineoplastic therapy administration [4]

 Future Drug Challenges in the Pediatric PICU Patient

As the oncology and stem cell transplant communities expand their use of novel 
chemotherapeutic agents and other targeted therapies to treat disease, the standards 
for addressing and recognizing toxicity are proceeding at a slower pace and are not 
fully standardized. Many of the new targeted therapies are thought to be less toxic 
than standard chemotherapy agents due to their specificity but can still necessitate 
an PICU admission in a heavily treated patient should the patient decompensate. 
The management of adverse effects often requires knowledge of the mechanism of 
action of the new unique oncology medication which can be challenging for a 
 clinician [4].

Chimeric antigen receptor therapy (CAR-T) requires a collaboration of oncolo-
gists and intensivists to facilitate the management of unwanted side effects. 
Immunotherapy approaches such as monoclonal antibodies and manipulated T-cell 
therapies are well tolerated but can have potential life-threatening effects such as 
cytokine release syndrome (CRS). This syndrome is not fully understood, but there 
is activation of inflammatory cytokines and interleukin-6 which have some response 
anticytokine treatments [4].

In addition, the future role and applications of pharmacogenomics in drug ther-
apy are still in their infancy. However, the field is rapidly expanding as the world of 
personalized medicine begins to progress in the treatment of oncologic disease.
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Chapter 17
Psychosocial and Palliative Care

Sarah Tarquini, Candice Chow, and Christina Ullrich

 Introduction

A life-threatening or life-limiting illness in childhood is universally stressful for 
patients, caregivers, and their families. At some point throughout the course of treat-
ment for such conditions, patients may require care in a pediatric intensive care unit 
(PICU). By its very definition, care provided in the PICU is intensive; sophisticated 
medical technology helps monitor and support basic bodily functions, and nursing 
is available at the bedside 24 hours a day. While many admissions to the PICU are 
acute and unplanned, others are planned postoperatively to allow for close monitor-
ing following a major procedure. Regardless of the reason for a PICU admission, 
pediatric patients and their families are coping not only with the medical acuity of 
such an admission but also with the far-reaching impact of the experience.

This chapter will address the psychosocial aspects of intensive care, specifically 
for immunocompromised patients and their caregivers. It will highlight the emo-
tional needs of patients and families in the PICU and consider how psychological 
interventions and pediatric palliative care (PPC) aim to bolster adaptive adjustment 
and coping and maximize well-being. It is important to recognize the inherent diver-
sity of the population of immunocompromised patients receiving critical care. There 
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is a wide range in terms of their medical diagnoses, the duration and intensity of 
medical treatments experienced, and most fundamentally, in terms of the individual 
differences that exist across patients and their family systems. As such, the experi-
ence of admission to an intensive care unit for this population should be considered 
within the larger context of a patient and family’s global experience of treatment.

 Psychosocial Care

 Patient Experience

PICU hospitalization results in significant distress and psychological sequelae for 
approximately 25% of youth admitted to the PICU, even up to a year after discharge 
[1–3]. Caregivers report many challenges for their children post-discharge, includ-
ing a decrease in emotional well-being, confidence, and self-esteem; increased anxi-
ety; sleep disturbance; social isolation; changes in memory, attention span, and 
cognitive functioning; and symptoms of posttraumatic stress disorder (PTSD) [2, 4, 
5]. In an effort to mitigate some of the potential negative psychological effects of a 
PICU hospitalization, it is important to consider how children of different ages and 
developmental levels might make sense of their experiences.

 Infants and Toddlers (Ages 0–2 Years)

Children in this age range are beginning to form strong bonds with their caregivers 
and are developing a sense of security within those relationships. Infants and tod-
dlers experience separation from caregivers, pain, exposure to unfamiliar people, 
disruption of normal routines, and restriction of movement, as variables that may 
impede their development of security and trust. Although research points to the 
need for increased caregiver participation during a child’s hospital stay, in reality, 
this may not always be feasible [6]. Ideally, interventions would include caregiver 
presence and interaction in the form of holding, soothing, and play whenever pos-
sible. Maintaining a consistent daily routine (i.e., for waking, feeding, naptime, 
bathing, and bed time) can help very young children build a sense of security, com-
fort, and trust in an otherwise unpredictable environment.

 Preschool Children (Ages 3–5 Years)

Preschoolers who have spent time in intensive care settings have largely been 
excluded from psychological outcome studies, likely due to the fact that they are 
more challenging to assess and validated instruments for this age group are lacking 
[7]. The cognitive development of preschoolers is marked by egocentricity, the 
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emergence of symbolic thought, and magical thinking  – the notion that one’s 
thoughts, desires, and wishes can have an effect on the external world. Providing 
simple, clear, and factual information about the child’s illness, required medical 
care, the potential impact on the child’s regular routine, and the anticipated expecta-
tions for caregiver presence are all important in facilitating adaptive adjustment and 
functioning. Pretend play, story books, music, videos, and drawing can be helpful 
ways to engage preschoolers around their illness and hospitalization experience and 
to encourage mastery of new routines and medical procedures.

 School-Aged Children (Ages 6–12 Years)

Following a PICU hospitalization, a number of school-aged children report increased 
anxiety, fear of medical settings and interventions, delusional memories and hallu-
cinations, and a negative impact on their friendships and sense of self [1]. This age 
group has the capacity for more logical thinking but continues to view the world in 
a fairly concrete way, with an emphasis on fairness and on cause and effect [8]. 
Some children may want to participate in discussions around their medical care, 
while others may shy away from medical discussions and decision-making oppor-
tunities. Encouraging communication between patients, caregivers, and medical 
providers is a critical step in determining how to best meet the unique needs of each 
patient [9].

 Adolescents (Ages 13–18 Years)

This period marks the development of more complex thinking processes, including 
abstract thinking, the ability to consider multiple viewpoints, and the ability to rea-
son and form new ideas. With this heightened capacity for abstract thought, adoles-
cent patients are increasingly able to make informed decisions about their medical 
care. It is important to note that each child and adolescent’s cognitive development 
progresses at varying rates and that emotional distress can sometimes interfere with 
one’s ability to think with complexity about the intricacies of a situation. Providers 
should meet regularly with adolescent patients individually to provide them with 
opportunities for processing their emotions and talking about their decision-making 
processes without parental input.

 Young Adults (Ages 19–25 Years)

Young adults are able to fully understand abstract concepts, consider the conse-
quences of their decisions, and appreciate personal limitations. They have moved 
forward with the process of securing their autonomy and are likely more skilled in 
independent decision-making than they were in adolescence. This age group may 
also rely more on support from a romantic partner than on their parents. When in a 
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medically compromised state, however, the role of parents may suddenly become 
more prominent again. This shift in independence may lead to emotional distress 
and regression. Identifying a healthcare proxy when appropriate and discussing 
preferences for care, communication, and decision-making will contribute to adap-
tive experiences for young adults in the PICU.

 Caregiver Experience in the PICU

In the context of a PICU admission, particularly when such admissions are charac-
terized by unexpected or particularly complicated medical circumstances, it is 
understandable and adaptive for patients, as well as their caregivers and loved ones 
to experience very strong emotions. The experience of caring for, bearing witness 
to, and recovering from the treatment of a critically ill child can be psychologically, 
socially, and financially overwhelming for family members. Perhaps not surpris-
ingly, parents of critically ill patients are particularly vulnerable population who 
have been found to be at risk for anxiety, depression, and PTSD symptoms [10, 11]. 
In practical terms, it is important to understand that the manner in which such feel-
ings are experienced, processed, and expressed are highly variable and dependent 
on a number of factors, including the specific medical circumstances, one’s tem-
perament, and one’s ability to reliably access effective coping strategies and utilize 
social supports. Some caregivers may become more withdrawn or tearful, while 
others may become more irritable or angry. Some may feel most comfortable with 
a constant presence at the bedside, others may need more time away from the hos-
pital setting.

The literature has increasingly recognized the impact of a child’s critical illness 
on family functioning, and clinical practice has been expanding its focus from 
“patient”-centered care to “family”-centered care. This perspective highlights the 
significant role that the family plays in patient care, as well as the potential impact 
of family functioning on patient outcomes.

Clinical practice guidelines for the support of the family in critical care were 
originally published in 2007 by the American College of Critical Care Medicine 
and subsequently revised in 2017 [12]. An international, multidisciplinary team 
outlined 23 recommendations that focused on communication with family mem-
bers, family presence, family support, consultations and ICU team members, and 
operational and environmental issues. Recommendations relevant for the pediatric 
immunocompromised patient are included in Table 17.1. Consistent with informa-
tion provided throughout this chapter, the recommendations emphasize the impor-
tance of early and consistent access to psychosocial and palliative care as well as 
the importance of ongoing clear communication with patients and family mem-
bers. Such interventions aim to maximize the effectiveness of team-family collabo-
ration, maximize patient and family coping, and minimize patient and family 
distress.
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Table 17.1 ICU family-centered care recommendations for pediatric patients

Family presence in the ICU

Family members of critically ill patients be offered open or flexible family presence at the 
bedside that meets their needs while providing support for staff and positive reinforcement for 
staff to work in partnership with families to improve family satisfaction
Family members of critically ill patients be offered the option of participating in 
interdisciplinary team rounds to improve satisfaction with communication and increase family 
engagement
Family members of critically ill patients be offered the option of being present during 
resuscitation efforts, with a staff member assigned to support the family
Family support

Family education programs be included as part of the clinical care as these programs have 
demonstrated beneficial effects for family members in the ICU by reducing stress, depression, 
posttraumatic stress, and generalized stress while improving family satisfaction with care
ICUs provide family with leaflets that give information about ICU setting to reduce family 
member anxiety and stress
ICU diaries be implemented in ICUs to reduce family member anxiety, depression, and 
posttraumatic stress
Validated decision-support tools for family members be implemented in the ICU setting when 
relevant validated tools exist to optimize quality of communication and medical comprehension 
and reduce family decisional conflict
Among surrogates of ICU patients who are deemed by a clinician to have a poor prognosis, 
clinicians use a communication approach such as the “VALUE” mnemonic (value family 
statements, acknowledge emotions, listen, understand the patient as a person, elicit questions), 
during family conferences to facilitate clinician-family communication
Communication with family members

Routine interdisciplinary family conferences be used in the ICU to improve family satisfaction 
with communication and trust in clinicians and to reduce conflict between clinicians and family 
members
Healthcare clinicians in the ICU should use structured approaches to communication, such as in 
the “VALUE” mnemonic when engaging in communication with family members, specifically 
including active listening, expressions of empathy, and making supportive statements around 
nonabandonment and decision-making. In addition, family members of critically ill patients who 
are dying be offered a written bereavement brochure to reduce family anxiety, depression, and 
posttraumatic stress and improve family satisfaction with communication
ICU clinicians receive family-centered communication training as one element of critical care 
training to improve clinician self-efficacy and family satisfaction
Use of specific consultations and ICU team members

Proactive palliative care consultation be provided
Ethics consultation be provided to decrease ICU and hospital length of stay among critically ill 
patients for whom there is a value-related conflict between clinicians and family
Social workers be included within an interdisciplinary team to participate in family meetings to 
improve family satisfaction
Family navigators (care coordinator or facilitator) be assigned to families throughout ICU stay 
to improve family satisfaction with physician communication, decrease psychological 
symptoms, and reduce costs of care and hospital stay
Spiritual support from a spiritual advisor or chaplain be offered to families of ICU patients to 
meet their expressed desire for spiritual care and the accreditation standard requirements

(continued)
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 Staff Experience

Providing care to seriously ill children and their families can be emotionally demand-
ing. The intensity of the relationship that is often formed between providers and patients 
and their families in the PICU can be incredibly rewarding, but also stressful, physi-
cally demanding, and interpersonally challenging. The experience of observing very ill 
children at end of life can call into question accepted beliefs about life and death and 
contribute to feelings of helplessness, guilt, and failure. Repeated stress of this nature 
can lead to burnout, a syndrome characterized by emotional exhaustion, decreased 
work productivity and accomplishment, and a sense of detachment from one’s job [13].

To prevent chronic distress and burnout, it is crucial for PICU staff to develop 
individualized coping strategies for managing stress, grief, and loss. These coping 
strategies can take many forms – maintaining professional boundaries, delegating 
tasks when appropriate, finding support through a peer consultation or supervision 
group, developing ways to process and grieve patient deaths, attending professional 
trainings, engaging in self-care activities, and carving out time in the workday to 
rest and recharge. Support staff, including psychologists, psychiatrists, social work-
ers, and chaplains may have a role in providing guidance to multidisciplinary team 
members and devising interventions that may be implemented on a larger scale for 
staff. Staff members should never feel that they are navigating their experiences 
alone; consulting with colleagues and seeking support are important components to 
successfully managing the complex emotional experiences involved in caring for 
critically ill patients and their families.

 An Integrated Model of Care

As highlighted above, psychosocial and palliative care supports can be helpful in 
supporting patients, their family members, and PICU staff providing care for criti-
cally ill children. The following sections of this chapter will describe an integrated 

Table 17.1 (continued)

Operational and environmental issues

Protocols be implemented to ensure adequate and standardized use of sedation and analgesia 
during withdrawal of life support
Nurses be involved in decision-making about goals of care and be trained to provide support for 
family members as part of an overall program to decrease ICU and hospital length of stay and to 
improve quality of communication in the ICU
Hospitals implement policies to promote family-centered care in the ICU to improve family 
experience
Given the evidence of harm related to noise, although in the absence of evidence for specific 
strategies, ICUs implement noise reduction and environmental hygiene practices and use private 
rooms to improve patient and family satisfaction
Family sleep be considered and families be provided a sleep surface to reduce the effects of 
sleep deprivation
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model of care that incorporates psychosocial support as a core component of an 
interdisciplinary pediatric palliative care service. It should be noted though that it 
would not be possible for any one psychosocial provider or consulting service to 
adequately address the emotional, psychological, or spiritual needs of patients and 
families during this phase of medical care. Ideally, the support provided to patients 
and family members admitted on an PICU would afford them access to experts in 
all aspects of psychosocial care, as is clinically indicated. In addition to a PPC ser-
vice, this may include the involvement of a child life specialist, resource specialist, 
chaplain, social worker, psychologist, and/or psychiatrist. While all members of the 
team work to minimize patient and family distress and maximize adaptive adjust-
ment, each brings a unique, discipline-specific perspective and skill set. PICU pro-
viders should be aware of the supportive services available at their institutions and 
understand how to recruit such supports whenever necessary.

 Palliative Care

According to the World Health Organization, “Palliative care for children is the 
active total care of the child’s body, mind and spirit, and involves giving support to 
the family…Optimally, this care begins when a life-threatening illness or condition 
is diagnosed and continues regardless of whether or not a child receives treatment 
directed at the underlying illness.” Rather than applying to a particular phase of care 
or life, pediatric palliative care (PPC) is a philosophy of care predicated on goal- 
concordant care, effective and compassionate communication, meticulous symptom 
management, and a focus on the well-being of the child and the child’s family. 
There is nothing about PPC that is inherently at odds with intensive treatment aimed 
at sustaining or prolonging life. As such PPC should not be reserved for instances in 
which cure is no longer possible. And, while it is often mistakenly equated with 
end-of-life (EOL) care, it is highly relevant both before and at EOL and applies to 
seriously ill children throughout their illness trajectory. Thus, children with signifi-
cant immunocompromise, including those who are critically ill, stand to benefit 
from pediatric palliative care, regardless of treatment goals or outcomes.

 Primary and Subspecialty PPC

Palliative care is in effect oftentimes delivered by the primary (medical and psycho-
social) team or critical care team, or both. This may be because a PPC team is not 
available, or because care for the seriously ill child does not require subspecialist 
PPC involvement. In this scenario, the primary team and critical care teams ensure 
the child’s comfort, communicate with the child/family regarding prognosis and 
goals of care, and attend to the other aspects of palliative care while also overseeing 
ongoing therapy directed at the child’s underlying medical condition. In such situa-
tions, they should possess basic palliative care skills, knowledge, and behaviors.
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In other situations, such as challenging symptom management, complex com-
munication or prognostication, goals of care that are challenging to navigate, or 
simply the need for added support for a child or family, the involvement of a sub-
specialty PPC team may be beneficial. Helpful strategies for introducing PPC to 
families are described in Box 17.1. In 2006, Hospice and Palliative Medicine (HPM) 
became a formal physician subspecialty, and board eligible physicians must now 
have completed a 1-year HPM fellowship.

The subspecialty practice of PPC is rooted in an interdisciplinary approach, in 
which nurses, physicians, social workers, and members of other disciplines see 
patients and provide care synchronously, as opposed to asynchronously (which 
would be a multidisciplinary approach). Such an interdisciplinary approach to 
patient care allows physical, emotional, and spiritual needs of the child and their 
family to be simultaneously addressed and permits a synergistic approach to the 
multidimensional needs of critically ill children and their families. While still a 
nascent subspecialty, PPC teams are increasingly available, especially in the inpa-
tient setting. A 2013 survey of Children’s Hospitals found that 69% had a PPC 
program [14]. When a PPC team is involved, it is often helpful to delineate the roles 
of each team and how they will work together collaboratively, thus minimizing con-
fusion and duplication of roles.

 Integration of Pediatric Palliative Care in the PICU

Early, integrated access to palliative care concepts (e.g., symptom assessment and 
intervention, effective communication) for children with cancer and their families is 
recognized as a standard of care in pediatric oncology [15]. Recognition that 

Box 17.1 Strategies for Introducing Palliative Care to Families
 1. Present PPC as a group of physicians, nurses, and social workers that part-

ners with the child’s current team(s) to maximize support for the child and 
family by

• Focusing on quality of life for the child and family (“helping your child 
feel as well as possible”)

• Supporting the family’s goals of care (“helping you to think about what 
is most important”)

• Helping them to think through options or the types of care that might 
make the most sense for them (“helping you to plan for now or the 
future”)

• Serving as an added layer of support

 2. Refrain from equating PPC with there being “nothing left we can do,” or a 
“redirection of care,” as this framework does not accurately reflect PPC 
and is unlikely to resonate well with families.
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palliative care is an essential component of comprehensive care for critically ill 
adult and pediatric patients is also mounting [16, 17]. Moreover, there is increasing 
agreement that integration of palliative care during acute and chronic critical illness 
may benefit patients and families facing challenges post-discharge from the PICU 
[17]. While use of specific criteria prompting palliative care consultation may well 
increase access to palliative care for patients and families who would benefit from 
it [18], such criteria have not been delineated for the PICU population. Levine et al. 
have described strategies, including prompts, or “triggers,” for early PPC consulta-
tion in the hematopoietic cell transplant (HCT) population [19], where palliative 
care is associated with less intensive care at end of life (e.g., intubation, receipt of 
CPR). Whatever the setting, strategies promoting early integration of PPC are deter-
mined by the specific population and its needs, available data, and the resources and 
support available.

 Symptom Management

Intensive symptom management is a cornerstone of high-quality PPC. Critically ill, 
immunocompromised children may experience a range of pain and non-pain symp-
toms. For example, children with cancer experience multiple symptoms during the 
last month of life, with fatigue, pain, and dyspnea resulting in significant suffering. 
Palliative care services are associated with less child suffering from symptoms [20]. 
For all children, and especially those with advanced illness, intensive management 
of symptoms should be a top priority. Some of the most relevant symptoms are dis-
cussed below.

In all instances, integrative therapies should be part of the symptom management 
plan. Depending on the symptom and patient preferences, such integrative and 
mind/body therapies might include guided imagery, relaxation, hypnosis, art/pet/
play therapy, massage, heat/cold, distraction, Reiki, acupuncture, clinical aroma-
therapy, prayer, nutritional supplements, and cannabidiol oil. Many families utilize 
such strategies though they do not share this information with their care team. It is 
therefore recommended that clinicians inquire about their use, and when permissi-
ble, support their use in the PICU.

 Pain

Though triggered by tissue damage, pain is often greatly influenced by cognitive, 
behavioral, emotional, social, and cultural factors. Critically ill children experience 
pain that stems from a range of sources, including the physiology of their underly-
ing condition, procedures, and other aspects of medical care. Effective pain relief is 
necessary to mitigate suffering and to prevent central sensitization, a central hyper-
excitation response leading to escalating pain.
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Routine assessment is a central component of effective pain relief. A range of 
behavioral and physiologic assessment and self-report tools exist. While self-report 
is considered the gold standard in symptom management, tools based on pain 
behaviors (e.g., grimacing, positioning) may be of particular utility in the PICU, 
when children may be unable to verbally self-report.

The WHO Pain guidelines were recently revised to contain two steps: step one 
for mild pain and step two for moderate/severe pain. For mild pain, acetaminophen 
ibuprofen, choline magnesium trisalicylate or celecoxib may be sufficient. 
Celecoxib, which has low antiplatelet activity, may be a good choice for children 
with thrombocytopenia. In the end, opioids are commonly needed to control pain in 
critically ill children.

A previously used intermediary step, the WHO pain guidelines proposed weak 
opioids, such as codeine, for moderate pain. However, codeine should be avoided 
when at all possible due to its potentially dangerous side effect profile and its lack 
of superiority over non-opioids. Its most dangerous side effects, oversedation and 
respiratory depression, are due to polymorphisms in the CYP2D6 gene in “ultram-
etabolizers” which rapidly convert codeine to its active form, morphine. At the other 
end of the spectrum are 10–40% of individuals with CYP2D6 polymorphisms that 
cause them to be “poor metabolizers” who cannot convert codeine to morphine and 
are therefore more likely to achieve inadequate analgesia. In addition, medications 
that are CYP2D6 inhibitors (e.g., bupropion, fluoxetine, paroxetine) can lessen the 
efficacy of codeine.

Many families hold misconceptions about opioids and worries about respiratory 
suppression, addiction, dependence, and the potential for opioids to hasten death. It 
is therefore important to explore concerns that they may hold. While opioids that are 
not carefully titrated against symptoms could theoretically cause life-threatening 
respiratory depression, no association between administration or escalation of opi-
oids and length of survival has been found [21].

 Non-pain Symptoms

Children also often experience a multitude of non-pain symptoms, including GI, 
hematologic, respiratory, and skin symptoms.

GI symptoms include nausea and vomiting, which may be common and may 
arise from a range of causes, including dysmotility, irritation or obstruction of the 
GI tract, medications, toxins, motion (i.e., motion sickness), and emotions (e.g., 
anxiety). Nausea is in fact frequently a result of several factors in this population 
(e.g., medications and dysmotility). Whenever possible, it is far preferable to pre-
vent nausea than it is to treat it once started. A number of neurotransmitters are also 
associated with nausea, including dopamine, substance P, serotonin, acetylcholine, 
and histamine. Depending on the suspected underlying pathophysiology and neu-
rotransmitters at play, drugs such as metoclopramide, olanzapine, aprepitant, 
5-hydroxytryptamine antagonists, scopolamine, and meclizine may be used. 
Additional agents that relieve chemotherapy-associated nausea and vomiting 
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include steroids and lorazepam. Nausea accompanied by retching is usually the 
most distressing form of nausea and should be prevented or treated intensively when 
present. Vomiting may also occur in the absence of nausea, such as with increased 
intracranial pressure.

Constipation is another common GI symptom, as many children receive medica-
tions that slow GI motility (vincristine, opioids). An assessment for potential consti-
pation should take into account the child’s usual bowel patterns. Treatment of 
constipation should address both stool consistency (“mush”) and colonic motility 
(“push”) by including a stool softener such as docusate in combination with a laxa-
tive such as Senna. Children on standing opioids should always be started on a 
bowel regimen, which can be titrated as needed. For children in need of treatment 
of opioid-induced constipation, parenteral methylnaltrexone is usually very effec-
tive. For diarrhea, loperamide (an opioid that does not cross the blood-brain barrier) 
may be helpful. For severe diarrhea, such as is seen in graft versus host disease, 
octreotide may be indicated.

Some children, such as those with solid tumors in the abdomen, may develop 
bowel obstruction. Symptoms of bowel obstruction include nausea, vomiting and 
abdominal pain (which may be continuous or colicky in nature). The primary treat-
ment for malignant bowel obstruction is interventional – whether it be surgical cor-
rection, placement of a stent across the obstruction, or placement of a venting 
gastrostomy tube. Medical management to relieve symptoms may be most appropri-
ate in the setting of advanced illness. Such management usually consists of a com-
bination of analgesic (an opioid), antiemetic (haloperidol or ondansetron), and 
antisecretory agents. Antimuscarinic/anticholinergic drugs (e.g., atropine, glyco-
pyrrolate) relieve colicky pain from smooth muscle spasm and bowel wall disten-
tion. Octreotide, a somatostatin analog, is also sometimes used. It exerts its effects 
of decreased secretions and peristalsis and a decrease in splanchnic blood flow, 
through several pathways.

Hematologic issues include thrombocytopenia (or bleeding) and anemia. For 
symptoms of bleeding, platelet transfusions may be considered if the platelet count 
is low or if platelet dysfunction is suspected. Fresh frozen plasma or cryoprecipitate 
may also be an option, if coagulation abnormalities are present. If life-threatening 
hemorrhage is a possibility, dark sheets and a fast-acting sedative should be at the 
ready, as such an event can be disturbing for all. Many children with hematologic/
oncologic conditions encounter anemia. For those with symptoms (shortness of 
breath, fatigue, tachycardia, dizziness), red blood cells may be a consideration.

Respiratory symptoms: A subjective sensation of shortness of breath, or dyspnea, 
may arise from a range of sources, including respiratory causes (e.g., airway secre-
tions, obstruction, infection) and cardiac causes, as well as psychological factors 
(e.g., anxiety). Dyspnea stems from a mismatch between afferent sensory input to 
the brain and the outgoing motor signal from the brain. The degree of dyspnea does 
not correlate reliably with respiratory parameters such as respiratory rate and oxy-
gen saturation. It is for this reason that management of dyspnea in a child at end of 
life should be guided by self-report and clinical assessment, as opposed to vital sign 
values alone. Because opioids work directly on the brainstem to reduce the sensa-
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tion of respiratory distress, they are the mainstay of dyspnea treatment. Contrary to 
popular belief, they do not work by causing sedation. The dose of opioid for dys-
pnea reduction is 25% of the amount that would be given for pain. Non-pharmacologic 
strategies can also alleviate dyspnea. They may include cool air flowing toward the 
face as well guided imagery or hypnosis to reduce anxiety can be effective. In con-
trast, oxygen is no more effective than blowing room air in reducing dyspnea. Noisy 
breathing at end of life is discussed below.

Some neurologic symptoms, such as increased intracranial pressure and spinal 
cord compression, are encountered in children with brain tumors or metastatic and 
solid tumors. The approach depends on the clinical situation and the goals of care 
and may involve radiation therapy, surgical interventions, and steroids. Seizures 
may also occur, particularly in children with brain tumors, and the incidence may 
increase at end of life. For children at risk of having a seizure at end of life, a plan 
for managing seizures should be made in advance, and anticonvulsants should be 
readily available. Children in the ICU are at especially increased risk for experienc-
ing delirium, characterized by waxing and waning attention, confusion, and disori-
entation. While agitation and increased motor activity are often features of delirium, 
a hypomanic form occurs, which is particularly under-recognized. This brain disor-
der may have a range of causes, including medications (most notably anticholiner-
gics and benzodiazepines), infection, electrolyte imbalances, and organ impairment. 
Environmental strategies (providing a calming environment) and orienting the child 
while addressing contributing factors are helpful. In some circumstances a neuro-
leptic medication may be indicated. For further discussion of delirium, refer to 
Chap. 18.

Skin care issues include prevention of problems by ongoing and timely assess-
ment, frequent turning and repositioning, and alleviating pressure whenever possi-
ble. These measures are described in more detail in Chap. 16. Specific skin disorders 
include pruritus, which may be due to a systemic process or to medications. General 
approaches that may be helpful include using moisturizers and trimming finger-
nails. If the process is histamine-medicated, an antihistamine may be helpful. Other 
therapies such as topical or systemic steroids or specific therapies (e.g., cholestyr-
amine or naloxone in biliary disease) may be indicated. Because most of the pruri-
tus caused by opioids is not due to histamine release, antihistamines are rarely 
helpful for opioid- related itch. It is instead advisable to trial nalbuphine or alterna-
tively a low dose of opioid antagonist or opioid rotation.

Psychological symptoms commonly experienced by children with advanced ill-
ness in the ICU include depression and anxiety. Diagnosing depression in either 
critical care setting or advanced illness may be a challenge because neurovegetative 
symptoms may not be reliable indicators. Relying on the expression of other emo-
tions such as helplessness, hopelessness, worthlessness, and guilt may be of greater 
utility. Ongoing assessment and monitoring of depressive symptomatology is essen-
tial as one’s medical course evolves. The most helpful strategy for child psychologi-
cal distress in this context is to create opportunities for them to share and explore 
their concerns, worries, and hopes in an open and supportive setting. Members of 
the healthcare team representing psychology, social work, chaplaincy, child life, 
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and palliative care may be well positioned to support children – and their families – 
in this way. Antidepressants may reduce depressive symptoms, though the downside 
to their use in advanced illness is that their effect is often preceded by a lag phase. 
When there is insufficient time for a typical antidepressant to take effect, methyl-
phenidate, which has an immediately positive effect on mood, may be considered.

 Communication, Decision-Making, and Goal-Concordant Care

At the heart of palliative care – whether primary PC or subspecialty – is the patient 
(or family’s, depending on the situation) goals of care. Exploration of goals of care 
can occur in a variety of contexts, from intimate discussions at the bedside to larger 
family meetings and tends to occur over the course of several conversations. They 
may be indicated in a range of situations, such as consideration of tracheostomy, 
incorporation of new technology intended to sustain life outside the PICU (e.g., 
G-tube feedings or ventilatory support), initiation of new life-sustaining therapy 
(e.g., dialysis), or determination of resuscitation status.

When family goals are not clear and the next best step has not been defined, these 
conversations aim to elucidate patient/family preferences, values, and goals. Once 
these have been established, a plan of care can then be formulated. To explore a 
family’s goals of care, it is most helpful to ask open-ended questions such as “What 
is most important to you?” and “What are you hoping for?” and “What worries 
you?” These types of questions tend to be far more productive than a narrower ques-
tion focused on medical care such as “What do you want us to do?” A particularly 
helpful strategy is to offer a recommendation to the patient/family, which is founded 
on the patient/family’s goals of care, takes the medical situation into account, and is 
formulated through clinician expertise. Such a recommendation is frequently appre-
ciated by families, who commonly experience relief when the burden of a decision 
is lifted from their shoulders. Finally, the outcomes of goals of care communications 
should be documented in the medical record so that other members of the medical 
team who were not part of the conversation can understand the goals and rationale 
underlying a decision or the course of care predicated on these goals.

 Clinician Language: More than Mere Words

Similar to scalpels for surgeons, words are the palliative care clinician’s greatest tools. 
Surgeons learn to use their tools with extreme precision, because any error can be devastat-
ing. So too should clinicians who rely on words. (Eric Cassell)

Our communications with patients and families about goals of care and medical 
treatment may have many aims. At the same time, we always hope to convey a mes-
sage of compassion, respect, willingness to explore the patient/family’s goals, hopes 
and fears, truthful expression of the medical situation and the care that can be pro-
vided, a commitment to continuing to take the very best care of them/their child, and 
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a recognition that there may be multiple forms of caring. Use of words without full 
consideration of their impact can negatively impact how we think about our patients, 
the care we have to offer, and the decisions that are made. Careless communication 
is not without consequence; even unintentional messages can reinforce unspoken 
biases and assumptions. See Table 17.2 for concrete examples of unintended mes-
sages in the ICU environment, as well as recommended alternative communication 
strategies.

 Advance Care Planning

In the setting of advanced illness, advance care planning allows the child’s voice to 
be heard, even when they lose the capacity to express their own wishes. This is, in a 
sense, a way of preserving the child’s autonomy. Consideration should be given to 
allowing the child to participate in such discussion if they have the developmental 
and cognitive capacity to participate. It has been shown that children with cancer as 
young as 10 years are able to understand and weigh risks, benefits, and burdens in 
end-of-life discussions such as those regarding phase I trial participation or resusci-
tation status [22].

A range of guides to facilitate advance care planning with children and adoles-
cents are available (available at www.agingwithdignity.org). My Wishes, for chil-
dren, helps them express how they would wish to be cared for in case they become 
seriously ill. Voicing My Choices is designed for adolescents and young adults and 
allows them to express how they wish to be comforted, supported, treated, and 
remembered. Both are available in English and Spanish and can be worked through 
with the child/adolescent, or alternatively as a guide to parents or other caregivers 
wishing to begin a conversation. Five Wishes guides adults through important con-
siderations about their care and allows them to document them. Once completed 
and witnessed, it meets the legal requirements for an advance directive in 42 US 
states and the District of Columbia. It is available in 28 languages.

 Considerations at the End of Life

 Conversations at End of Life

In the last phase of a child’s life, end-of-life discussions such as those regarding 
resuscitation status or life-sustaining treatment (LST) are of great importance and 
are a commonly encountered issue in the PICU. However, for children in the PICU, 
for those with cancer, and for pediatric HCT recipients, these conversations fre-
quently occur late in the child’s illness and sometimes do not occur at all. In a study 
of PICU and oncology physicians and nurses, 71% of all clinicians believed that 
such discussions happen too late in the child’s clinical course [23]. In this study, the 
top three barriers were unrealistic parent expectations, differences between 
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Table 17.2 Considerations for clinician communications

Word or 
expression Example Unintended message Alternative approach

Appropriate “The mother was 
completely 
appropriate when 
her baby died”

Distinguishing 
“normal” from 
“pathological” requires 
a value judgment
There is a suitable 
“right” way to be that is 
different from what is 
“wrong”

Reflect on the intended 
message
Be more specific

Refused “The family refused 
tracheostomy”

Patient is defiant and 
has taken a stance 
against something 
reasonable
Puts the patient and 
clinician at odds

“The family declined 
tracheostomy”
“The family opted for…”
In addition, seek to 
understand the family’s 
position

Use of “cases” or 
“diagnoses” to 
refer to a patient

“The sickler in 
bedspace 18….”

The person is reduced 
to a medical condition, 
ignoring their 
personhood

“Jordan is a 16 year old boy 
with sickle cell disease”

Use of “fail” 
with the patient 
as the subject

“Sally failed first 
line chemotherapy”

The patient is 
responsible for the 
outcome of treatment
Assigns guilt to the 
patient

“Sally’s cancer was 
refractory to first line 
chemotherapy”

“Nothing more 
can be done”

“I’m afraid to say 
that nothing more 
can be done for 
your son”

The only valid care for 
the patient is curative 
care
Suggests the family and 
clinician are at odds
We are “giving up” on 
the patient
The clinician’s only 
role is cure- this leaves 
patient/family feeling 
abandoned

Affirm that treatment options 
for the condition are limited 
but you remain able and 
available to care for the 
patient
“While there are no more 
treatments that can slow the 
growth of the cancer, we will 
continue to take the very best 
care of your son”

“Do everything” “The parents said 
that they wanted 
everything to be 
done”

Assumes all parties 
share the same 
definition of 
“everything” – Leaves 
much room for 
misunderstanding
Precludes discussion of 
goals of care, treatment 
options

Use the opportunity to open 
a discussion:
  What is most important, 

what might we hope for,
  What the possible courses 

of action might be, how 
they would achieve those 
goals or hopes

Use this opportunity to 
affirm commitment to caring 
for the patient and family.

(continued)
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clinician and patient/parent understanding of prognosis, and perceived lack of par-
ent readiness to have the discussion. It is likely that clinician factors also play a role, 
since in this same study, less than half felt prepared to discuss resuscitation status 
with school-aged and adolescent patients and to conduct a family conference. The 
inherent nature of these high-stake conversations, frequently fraught with emotion 
and prognostic uncertainty, also adds to the challenge. These challenges suggest 
opportunities for collaboration between PICU and palliative care clinicians. An 
additional challenge is clinician desire to protect families from distress or loss of 

Table 17.2 (continued)

Word or 
expression Example Unintended message Alternative approach

“Withdrawing 
care/support”

“Because Emma’s 
respiratory status 
continued to worsen 
the decision was 
made to withdraw 
care”

The only (worthwhile) 
care is curative care
We are “giving up” and 
will no longer care for 
the patient
Suggests patient/family 
will be abandoned

“Whether or not we continue 
chemotherapy, we will care 
for you, and will do our best 
to help you feel comfortable”

Use of “do not 
resuscitate” to 
summarize a 
resuscitation 
status

“Do not 
resuscitate”

Focuses on what won’t 
be done
Implies that if 
resuscitation were 
attempted it would be 
successful

The term, “Do not attempt 
resuscitation” is preferable
Some prefer “Allow Natural 
Death” though some feel 
this is too vague
In any event, focus on the 
ways in which care will 
actively be provided to the 
child

Referring to 
parents as the 
signatories of a 
resuscitation 
status order

“The parents signed 
the DNR”

Erroneous because in 
most instances, the 
DNR order is a medical 
order, not signed by 
parents
Moreover, this 
statement places the 
burden of the decision 
on parents.

“The parents agreed to the 
team’s recommendation 
regarding resuscitation 
status”

Referring to a 
patient as “a 
DNR” when 
describing their 
resuscitation 
status

“Jack is a DNR” The person is reduced 
to a status, ignoring 
their personhood
Focuses on what will 
not be done for the 
patient, rather than on 
what will be done
A vague statement that 
provides no information 
regarding goals of care 
or what interventions 
would be in line with 
those goals

Jack and his team agreed 
that given the advanced state 
of his illness if his heart 
stopped it would signify the 
end of his natural life. The 
team would do everything 
possible to ensure his 
comfort, rather than 
attempting chest 
compressions
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hope. However, most families can tolerate talking about their child’s end of life and 
find relief when the care team opens to door to conversation about it. Moreover, 
parents value honesty, and honest, compassionate conversations can promote parent 
hopefulness, as well as trust and connection with the care team.

Despite the above challenges, clinicians should proactively create opportunities 
to have these conversations with patients/families, rather than deferring them until 
the last phase of life. Through earlier discussions that do not occur in the midst of a 
crisis, patients/families are much better positioned to consider these decisions. 
Earlier discussions also give them the opportunity to think and plan before a crisis 
arises.

 Cancer-Directed Therapy

Provision of cancer-directed therapy in the absence of an agreed upon goal of cure 
warrants careful consideration, weighing the potential benefits with impact on child 
well-being. Even when there is no realistic hope for cure, it is not uncommon for 
families to choose continued cancer-directed treatment [24]. In fact, many families 
will seek out such treatment if it is not offered [25]. Reasons for this may include 
provision of hope and perceived increased attention and care from the medical team 
associated with receipt of treatment. Ongoing hope for cure/disease control is also 
prevalent. The majority of parents maintained a primary goal of extending life, in 
the last moments of a child’s life [26, 27]. From the perspective of oncologists, par-
ent preference for such continued treatment is a major contributing factor for its 
prescription [28].

Conversations regarding cancer-directed therapy at a child’s end of life are in 
many ways similar to goals of care conversations about other treatments. Clinicians 
should be mindful of the fact that families often hold blended goals, and pursuit of 
cancer-directed therapy does not in and of itself mean that a family is unaware of the 
child’s limited prognosis. Clinicians should also maintain nonjudgmental attitude if 
a family seeks to pursue cancer-directed therapy in the face illness deemed incur-
able by the medical team. While such therapy can present the risk of toxicity, there 
may be some benefits to the child and family beyond life extension. For example, 
Wolfe and colleagues found that in the child’s last 12 weeks of life, receipt of mild 
cancer-directed therapy was associated with improved psychological quality of life 
[29]. Finally, it is helpful to avoid labeling cancer-directed therapy as either “cura-
tive” or “palliative.” Such distinctions are usually artificial, and by equating “pallia-
tive” with “no hope for cure” undermine the term “palliative.”

 Resuscitation Status and Life-Sustaining Treatment

While resuscitation status and use of LST at EOL are highlighted as distinct topics, 
the overall approach to discussing them is the same as for other medical decisions. 
These conversations should be focused on the goals of care, as opposed to 
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limitations of care. Instead of specifically discussing “withdrawing support” or a 
do-not- resuscitate (DNR) order, a discussion centered on goals of care will natu-
rally lead to considering which interventions are in the child’s best interests. And 
from there, clinicians can make recommendations based on these goals and medical 
knowledge of potential benefit and/or harm of these interventions. During these 
discussions with patients/families, what will be done to continue to care for them, 
such as continuing to be present and ensuring their comfort, should be reinforced. 
This is particularly important because families are often hesitant to limit resuscita-
tion or LST as they fear it will also trigger limitation of other aspects of care. 
Clinicians should similarly not assume that having a DNR order in place or forego-
ing LST indicates that other types of care not specified have changed.

With regard to resuscitation status, many patients/families do not understand the 
legal mandate that resuscitation for cardiorespiratory arrest be attempted unless a 
DNR order is in place. This concept is important to explain particularly if discharge 
from the hospital is under consideration. In this case, most states have out-of- 
hospital DNR verification forms or physician orders for life treatment (POLST) 
forms. POLST forms (www.polst.org) are medical orders communicating patient 
preferences regarding resuscitation efforts and life-sustaining treatment across care 
settings. Both types of forms affirm that emergency response teams provide symp-
tom management with comfort and relief of suffering when called to the scene, 
rather than initiating resuscitative efforts.

 Feeding and Hydration

For children who can no longer feed by mouth, medical nutrition, either nasogastric 
or gastrostomy feedings, or intravenous nutrition or hydration may be options. 
Whether to proceed with these interventions for children approaching end-of-life 
requires careful evaluation of the risks and benefits, taking into account the family’s 
goals, the medical circumstances, and the child’s prognosis. Conversations around 
this topic must be approached with great sensitivity as it often evokes intense emo-
tions in both family members and members of the care team alike.

Families often hold the misconception that medical nutrition and hydration are 
needed to prevent their child from experiencing hunger and thirst. However, clinical 
experience with patients able to articulate their experience tells us that they experi-
ence little hunger and that thirst may be alleviated with attentive mouth care and 
moistening. An honest and sensitive discussion about the potential harms of medical 
nutrition should be made with the family. Such potential harms include increased 
secretions and fluid overload (e.g., pulmonary edema), both of which can contribute 
to respiratory distress.

If possible, the optimal approach is to provide anticipatory guidance to families, 
describing how appetite and thirst wane, and the body’s ability to handle medical 
nutrition/hydration decrease at end of life as well. Exploring the meaning that provi-
sion of nutrition and hydration that they may hold is helpful, as is identifying other 
ways in which they can continue to love and care for their child.
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 Other Considerations

Location of Care

For many children with advanced illness in the PICU, their final location of care 
may be the PICU. While much emphasis is placed on location of care (and location 
of death), with home deaths assumed to be the preferred location of death, the 
opportunity to plan for end of life may be what is most important. In a study of 140 
parents who lost a child to cancer, the opportunity to plan location of death was 
associated with outcomes consistent with high-quality palliative care, even among 
nonhome deaths. It may therefore represent a more relevant outcome than actual 
location of death [30]. For children who do die in the PICU setting, technology may 
place distance between the parent and child. This highlights the importance of 
reconsidering and potentially discontinuing medical technology that is not of ben-
efit to the child. Parents often also benefit from encouragement and assistance in 
touching, holding, or even sleeping alongside their child despite the surrounding 
tubes, lines, and technology.

For those families who express a desire for their child to spend their last moments 
in a non-ICU environment, transfer to the hematology-oncology unit is sometimes 
possible. Such a transfer may take some planning, to ensure adequate staffing (e.g., 
additional nursing, respiratory therapy). Palliative care teams may be helpful in 
coordinating such efforts and in providing additional support for the hematology- 
oncology in caring for the child. In some institutions, palliative transport and dis-
continuation of LST (e.g., extubation) is possible, logistical and clinical 
circumstances permitting. Families view this opportunity as positive and meaning-
ful, with memories of the experience bringing them comfort and a sense of fulfill-
ment [31].

Autopsy and Organ Donation

Postmortem examinations (autopsies) may yield important information furthering 
clinical and research efforts. For example, Sirkia found that of 40 children who died 
of progressive cancer, autopsy afforded new information in 20% of cases and impor-
tant additional information in 55% [32].

Families also value new information that may be discovered about their child, 
often viewing the contribution to medical knowledge as part of their child’s ongoing 
legacy. Return of autopsy results may also provide an opportunity for families to 
return for follow-up discussions, which in and of themselves are often helpful dur-
ing bereavement [33]. Many families appreciate the opportunity to consider autopsy 
in advance of the child’s death, when possible. Some have in fact been considering 
it, are unsure how to bring it up with the medical team, and are relieved when the 
door is opened to conversation about it. In support of this, Wiener found that most 
bereaved parents feel that autopsy should be introduced when it becomes clear that 
cure is no longer possible [34].

17 Psychosocial and Palliative Care



320

Like autopsy, families often appreciate the opportunity to discuss in advance of 
their child’s death. While some families find the option of organ donation meaning-
ful, the array of factors influencing their decision is complex. Representatives from 
organ procurement organizations are available to speak with families about the pos-
sibility of organ donation, which frequently facilitates a decision to pursue organ 
donation. A shared approach in which medical teams and organ procurement orga-
nizations’ representatives partner to provide families with the support and informa-
tion needed when considering this topic may be particularly helpful to families.

Palliative Sedation

Many children in the PICU are sedated at end of life. Among those who are not, 
some experience symptoms or suffering that is refractory to the most intensive 
efforts. For these children, palliative sedation may relieve their suffering by reduc-
ing their level of consciousness. Prior to embarking on such sedation, its indication, 
goals, endpoints, and potential effects on the child should be discussed with the 
family and members of the interdisciplinary care team. These issues should be 
revisited as sedation is ongoing as well. Open and ongoing communication is par-
ticularly important as moral distress may emerge. Agents such as midazolam, pen-
tobarbital, dexmedetomidine, or propofol most commonly used for palliative 
sedation should be administered via continuous infusion with a bolus dose available 
and dose escalation undertaken as needed. Previously started opioids should be con-
tinued for the purposes of analgesia and withdrawal prevention, though opioids 
alone should never be used for palliative sedation per se.

 Supporting the Child and Family at End of Life

 Anticipatory Guidance

A critical aspect of supporting families in the last moments of the child’s life is 
provision of anticipatory guidance. If death is imminent, families should be informed 
of this, even if the time frame is uncertain. Even letting them know that it may range 
from hours to days (or longer) is often helpful to them. Families also appreciate 
anticipatory guidance with regard to physical changes that may become evident, 
such as decreases in child responsiveness, and changes in circulation and breathing 
pattern. For some children, breathing may become noisy, due to pooling of secre-
tions. At the point when this occurs, children are not sufficiently conscious enough 
to be disturbed by this. For family members at the bedside, however, such noisy 
breathing may be distressing. Anticipatory guidance around this can oftentimes 
mitigate such distress. When this is not the case, an anticholinergic agent such as 
atropine ophthalmologic drops, scopolamine, l-hyoscyamine drops, or or glycopyr-
rolate can be helpful in drying secretions, as can gentle suctioning.
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As medical management is increasingly guided by symptom control as opposed 
to physiologic derangements, monitoring of vital signs may be less relevant. Open 
conversation with families about ongoing intensive care of the child now guided by 
clinical cues from the child as opposed to monitoring of vital signs may help them 
to know that possible removal from monitoring does not indicate lessening of care.

 Family Togetherness and Memory Making

Families may not know what is permissible or acceptable, particularly in the high- 
tech environment of the PICU. As above, they may benefit from encouragement and 
assistance in maintaining close physical contact. Bereaved parents also describe the 
importance of opportunities to care for their child, as well as privacy, and access to 
professional and personal support [35]. Attention should also be paid to spiritual 
needs, whether it be through visits from hospital chaplaincy or leader of their faith 
community, as well as prayer and ritual [36, 37].

The family should also be offered the opportunity for siblings to spend time with 
the child. Child Life Specialists are often invaluable in talking with siblings and 
preparing them for changes they may see. Such times of family togetherness are 
often opportunities for memory-making including taking photographs, making 
molds of family members’ hands together. Additional memory-making activities 
that might be offered include locks of the child’s hair and recording of the child’s 
heartbeat (sometimes done by music therapists). These memories and mementoes 
are an important way for families to maintain a sense of connection to their child in 
the moment and moving forward.

On some occasions, resuscitative efforts may be made at the end of a child’s life, 
either because they experience an unplanned cardiopulmonary decompensation or 
because such efforts were part of the plan of care. While witness resuscitative efforts 
are controversial, parents should have the opportunity to decide for themselves 
whether to be present for the resuscitation. If they do, the presence of a seasoned 
clinician dedicated to supporting the parents is essential. Parents describe it as dis-
tressing, but for many, it also provides benefits. One study found that the vast major-
ity of bereaved parents who had witnessed resuscitative efforts for their child would 
do so again [38].

 Bereavement

Families who have lost a child face enormous challenges. The support they received 
prior to their child’s death should continue into bereavement, as families often 
describe a double loss – the loss of their child and the loss of the care team whom 
they have known, trusted, and traversed a very traumatic time in their lives [39]. 
Clinicians can both commemorate the child and express support for the family in a 
number of ways, including attending the funeral or memorial service, sending a 
condolence note, or making a phone call. Family members place great importance 
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on these expressions of support and commemoration, appreciate them when they 
occur, and may be disappointed if they do not occur [40]. Many families also appre-
ciate an opportunity to review the child’s illness course and end of life. If an autopsy 
has been conducted, results can be shared during the visit. Families may hold diffi-
cult or confusing misconceptions or questions in need of answers. Addressing these 
allows them to undertake the difficult psychological work lying ahead. Staff, includ-
ing trainees, may similarly hold lingering thoughts and unanswered questions about 
caring for the child. Debriefing sessions for staff may allow them to review the 
child’s story and remember remember him/her. They may be particularly helpful to 
hematology/oncology or PICU staff who cared for the child during part but not all 
of the illness course and wish to hear the story in its entirety.
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Chapter 18
Delirium

Chani Traube

Learning Objectives
 1. Define delirium
 2. Describe the short- and long-term effects of delirium
 3. Discuss the epidemiology of pediatric delirium
 4. Identify delirium in critically ill children
 5. Plan an approach to treat and prevent delirium in the pediatric immunocompro-

mised hematology/oncology patient

 What Is Delirium?

Delirium is the behavioral manifestation of brain dysfunction that can occur due to 
an underlying serious illness or as an unwanted side effect of treatment for that ill-
ness. Delirium is an acute event and represents a change from the child’s neurologic 
baseline. It is characterized by altered cognition and awareness. Delirium is not a 
static process but rather fluctuates over the course of a day. Generally, delirium is 
reversible and will improve when the underlying trigger resolves [1–3].

There are three subtypes of delirium described in pediatrics: hypoactive, hyper-
active, and mixed. Hyperactive delirium is the most easily recognized, as it presents 
with refractory agitation, emotional reactivity, and restlessness. These children are 
often incorrectly labeled as “impossible to sedate.” Hypoactive delirium is charac-
terized by decreased reactivity, emotional withdrawal, and lethargy. It may be inap-
propriately dismissed as “sickness behavior” or confused with depression. Mixed 
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delirium involves symptoms of both hypoactive and hyperactive delirium over the 
course of a day. Hypoactive and mixed delirium are far more common than hyperac-
tive delirium in children [4–7].

In all subtypes of pediatric delirium, there is a marked disruption of sleep cycles. 
In younger children, the motoric symptoms may be quite notable, with frequent 
purposeless movements. Adolescents may describe auditory, visual, or tactile hal-
lucinations. Although hallucinations are not necessary in order to diagnose delir-
ium, hallucinations are diagnostic of delirium when they do occur. Oftentimes, a 
parent or caregiver will be one of the first to note the symptoms of delirium: “some-
thing is wrong; this behavior is not characteristic of my child” [8–10].

 Etiology of Delirium

The underlying pathophysiology of delirium is multifactorial and complex. 
Inflammation is thought to play a significant role (particularly in pediatric delirium), 
with modification of blood-brain barrier permeability and alteration in neurotrans-
mitter release. Irrespective of the specific underlying trigger for delirium, the final 
common pathway involves a disruption to brain network connectivity, which mani-
fests as altered cognition and awareness [11–13].

Clinically, delirium in critically ill children occurs as a result of three intercon-
nected problems: the underlying illness, side effects of medications given to treat 
that illness, and the disruptive environment in the pediatric intensive care unit 
(PICU) [2, 14] (Fig. 18.1). As an example, consider a child undergoing treatment for 

Side effects
of treatment

DELIRIUM

Disruptive
environment

Underlying
illness

Fig. 18.1 Delirium triggers. A child with delirium displays an acute and fluctuating change in 
awareness and cognition, generally as a result of serious illness, iatrogenic factors, and/or the 
abnormal environment in the critical care unit
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leukemia, with sepsis and associated respiratory insufficiency. This child is at risk 
for delirium due to the inflammatory process that accompanies her infection and the 
oxidative stress and cytokine release that result from hypoxia. She is further predis-
posed to delirium by the chemotherapy she recently received and the sedatives that 
are prescribed to facilitate her tolerance of respiratory support. Finally, this 
preschool- age child is situated in a PICU where she is exposed to lights and noise 
24 h a day and confined to bed without much opportunity for cognitive stimulation 
or physical activity. It is highly probable that this child will develop delirium during 
her critical illness.

 Delirium-Associated Morbidity and Mortality

Delirium is a cause of considerable distress to the patient, family, and clinical care 
team [15]. Evidence confirms that pediatric delirium is independently associated 
with substantial short-term morbidity. Children with delirium have lengthier stays 
in the intensive care unit (adjusted relative length of PICU stay 2.3 × (CI 2.1–2.5), 
after controlling for severity of illness and need for mechanical ventilation) [7]. 
Delirium is associated with increased hospital length of stay in the noncritically ill 
child as well (median 10 vs. 5 days (p < 0.01) in a cohort of children with cancer) 
[16]. Delirious children are more difficult to wean from invasive mechanical venti-
lation; a single-center study showed a 3-day increase in duration of mechanical 
ventilation in children with delirium (p < 0.001) [7]. Delirious children are more 
difficult to care for, and are more resource-intensive, often requiring one-to-one 
nursing. Children with delirium also have an increased number of radiologic and 
laboratory studies. Data shows that annual hospital costs attributable to delirium 
exceed 500 million dollars each year [17]. Most importantly, even after controlling 
for underlying severity of illness, delirium in critically ill children is independently 
associated with in-hospital mortality (adjusted odds ratio 4.4, p  <  0.001) [7]. 
Similarly, in adults with cancer, data shows a tight link to excess mortality [18, 19], 
with one study reporting a mortality odds ratio of 14 when comparing age- and 
diagnosis-matched patients with and without delirium for up to 5 years after initial 
delirium diagnosis [20].

Even after recovery from critical illness, delirium is thought to have long-term 
psychological and behavioral effects on children and their families. Children 
describe distressing delusional memories of their ICU stay, and parents of children 
with delirium may experience posttraumatic stress symptoms [2, 5, 21, 22]. There 
is an extensive literature in adults clearly linking delirium to long-term cognitive 
impairment [23–26]. Adults with cancer who experienced delirium during their hos-
pital stay had decreased performance status upon discharge when compared to those 
who did not experience delirium; this population was also shown to have a higher 
frequency of anxiety disorders and neurocognitive deficits up to 1 year after dis-
charge [27, 28]. Further research is needed to investigate the long-term effects of 
pediatric delirium on cognitive and emotional health [29].
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 Epidemiology and Risk Factors for Pediatric Delirium

Delirium frequency varies significantly between institutions and based upon the 
pediatric population studied [30]. A large multi-institutional point prevalence study 
including 25 separate pediatric critical care units showed that delirium occurred in 
approximately one out of every four critically ill children; this translates into more 
than 60,000 children with delirium in the United States each year. The delirium prev-
alence rate increased to 38% in children who were in the PICU for more than 5 days 
[30]. Higher delirium rates were reported in cardiac (49%) and postsurgical (65%) 
pediatric critical care units [31, 32]. Most studies demonstrate that younger patients 
(less than 2 years old), and children with underlying developmental disabilities, are 
both at higher risk for developing delirium [7, 30, 31, 33]. Delirium rates are also 
higher in children who require invasive mechanical ventilation [7, 30, 33].

There are few studies describing delirium rates specifically in children with can-
cer, hematologic diseases, and immunodeficiency. A case series described four chil-
dren with neuroblastoma who all developed delirium [34]. A single-center 
retrospective study (n = 70) using a chart review to diagnose delirium reported a 
10% incidence. The authors acknowledged that this was likely a gross underestima-
tion, as without routine screening delirium often goes unnoticed [35]. In a study of 
319 consecutive admissions to an inpatient pediatric cancer service, with prospec-
tive daily screening for delirium, the incidence was 18.8%. In these children, risk 
factors independently associated with a delirium diagnosis included brain tumor, 
age less than 5 years, and recent surgery (Table 18.1) [16].

Medications represent a possible modifiable risk factor for pediatric delirium. 
Specifically, benzodiazepine-based sedation has been strongly associated with delir-
ium in children. A single-center study including 1547 children used a multivariable 
logistic regression analysis to show an odds ratio for delirium of 5.2 (CI 3.7–7.5) in 
children who were prescribed benzodiazepines [7]. A multi- institutional study 
(n = 994) demonstrated an odds ratio of 2.2 (CI 1.5–3.3) for delirium diagnosis in 
children receiving benzodiazepines [30]. Another single- center study (n  =  300) 
showed that greater benzodiazepine exposure was associated with longer delirium 
duration (incident rate ratio 2.5, p = 0.005) [36]. In a cohort of 319 children with 
cancer, multivariable regression showed that receipt of benzodiazepines nearly qua-
drupled delirium rates (OR = 3.7, p < 0.001) [16]. The relationship between benzo-

Table 18.1 Risk factors for 
delirium in the 
immunocompromised child

Risk factors for delirium in the immunocompromised child:

Age < 5
Benzodiazepines
Brain tumor
Do not resuscitate status
Poor nutrition
Postoperative status

Adapted from Traube et al. [16]
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diazepines and delirium is not merely an association; a recent study showed a causal 
link between receipt of benzodiazepines and the development of pediatric delirium 
(OR 3.3, CI 1.4–7.8), with a dose-response effect (43% increase in risk for delirium 
with every one-log increase in benzodiazepine dose, p < 0.001) [37].

 Delirium Timing and Duration

Prospective longitudinal studies, where children are screened for delirium through-
out their PICU stay, have enabled us to describe patterns of delirium. In the largest 
cohort of delirious children (n = 267), delirium often developed early in the ICU 
course, with nearly 80% of children developing delirium by PICU day 3. 27% of 
this cohort experienced repeated episodes of delirium. Median duration of delirium 
was 2 days (IQR 1–5 days) [7]. Similarly, in a cohort of 61 delirious children admit-
ted to a German PICU after surgery, 50% had an early short-lasting delirium (24 h) 
[32]. Consistent with these reports, a study involving 95 children with delirium after 
cardiac bypass surgery showed that delirium most often developed before hospital 
day 3 and lasted a median of 2 days (SD +/− 6.5 days) [31]. In the cohort of hospi-
talized children with cancer, delirium also generally occurred early in the hospital 
course (median hospital day 2, IQR days 1–4) and was often of short duration 
(median 2 days, range 1–18 days) [16]. Frequent onset of delirium early in the PICU 
course underscores the need for early screening.

Duration of delirium described in these longitudinal studies suggests two pheno-
types of pediatric delirium: a milder form (of short duration) and a more severe form 
(lasting >2 days). It is important to note that even delirium of short duration is asso-
ciated with poor outcome, with a “dose – response” effect on excess mortality, ICU 
length of stay, and hospital costs [7, 17, 32]. In a prolonged hospitalization, a fre-
quent pattern described in pediatrics begins with hyperactive delirium, is followed 
by mixed delirium, and may then develop into hypoactive delirium which is consid-
ered the most severe phenotype [2].

 Delirium Detection

Traditionally, the diagnosis of pediatric delirium required a comprehensive psychiat-
ric interview and exam, with establishment of an acute and fluctuating change in 
awareness and attention [4, 38]. This labor-intensive and time-consuming approach 
was not feasible for widespread screening in the PICU. As a result, recognition of 
delirium in children lagged until the recent development of well-validated, reliable 
tools feasible for the nonpsychiatrist to use at the child’s bedside [39]. There are two 
types of pediatric delirium screening tools available: a point-in-time interactive tool 
(the pediatric and preschool versions of the Confusion Assessment Method for the 
ICU (CAM-ICU)) and a longitudinal observational tool (the Cornell Assessment for 
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Pediatric Delirium (CAPD)) [33, 40, 41]. Both can be used in any child arousable to 
verbal stimulation, and both are designed for use by the bedside nurse. The CAPD has 
been found to be user-friendly, as it does not require the child’s cooperation and can 
be applied to children of all ages and developmental stages. Feasibility of use was 
demonstrated in a multi-institutional study, where 25 PICUs of varying cultures were 
able to easily use the tool in 84% of patients [30]. The European Society of Pediatric 
and Neonatal Intensive Care has released clinical practice guidelines calling for use of 
the CAPD as standard of care to screen all critically ill children for delirium [42].

The CAPD (Fig. 18.2) consists of eight questions, scored on a Likert-type scale by 
the child’s nurse; in most instances, this occurs toward the end of the nurse’s shift in 
order to take into account the greatest period of observation. The tool uses observable 
behaviors to test for cognition and awareness (assessing for eye contact, purposeful-
ness, awareness, communication, restlessness, consolability, underactivity, and delayed 
responses) [41]. For preverbal children, a developmental anchor point chart is available 

Cornell Assessment of Pediatric Delirium (CAPD) revised

RASS Score     (if -4 or -5 do not proceed)

Please answer the following questions based on your interactions with the patient over the
course of your shift:

1. Does the child make eye contact with
the caregiver?

Never

4

Rarely

3

Sometimes

2

Often

1

Always

0

Never

0

Rarely

1

Sometimes

2

Often

3

TOTAL

Always

4

Score

2. Are the child’s actions purposeful?

3. Is the child aware of his/her
surroundings?

4. Does the child communicate needs
and wants?

5. Is the child restless?

6. Is the child inconsolable?

8. Does it take the child a long time to
respond to interactions?

7. Is the child underactive   very little
movement while awake?

Fig. 18.2 Cornell assessment of pediatric delirium. A score of >8 is consistent with delirium. 
(Reproduced from: Traube et al. [41]; p. 657)
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to use as a point-of-care reference when needed [43]. A score of nine or higher on the 
CAPD is consistent with a psychiatric diagnosis of delirium (sensitivity 94%, specific-
ity 86%, interrater reliability kappa = 0.94). A child’s score can be trended from day to 
day to assess delirium trajectory and response to interventions [2, 30, 44].

 Treatment of Delirium

When a child is diagnosed with delirium, the clinician’s approach should be multi-
modal (Table 18.2) [2, 9, 45]. It is essential to begin with an evaluation of potential 
underlying triggers. Is the delirium a result of new-onset hypoxemia? Or has the 
child acquired an infection (for example, a urinary tract infection or occult peritoni-
tis)? If that is the case, approach to delirium requires treatment of the underlying 
trigger – oxygen for hypoxemia or antibiotics for infection.

Oftentimes, delirium may result from iatrogenic factors. Minimizing sedation as 
much as feasible, particularly limiting exposure to benzodiazepines, will often lead 
to improvement in delirium [26]. Conversely, recognizing and treating opiate with-
drawal are essential, as opiate withdrawal can precipitate a very particular form of 
hyperactive delirium. A careful review of the child’s medication list is warranted so 
as to minimize exposure to unnecessary medications. In particular, many delirium 
researchers believe that anticholinergics play a significant role in delirium develop-
ment, specifically in very young patients [2, 14].

Table 18.2 Approach to treatment of delirium

Illness related Iatrogenic Environmental Pharmacologica, b

Identify and address 
potential triggers

Minimize sedation 
(particularly 
benzodiazepines)

Physical 
mobilization

If risk-benefit ratio is 
favorable, consider

  Acidosis
  Dehydration
  Fever

Optimize pain control Cognitive 
stimulation

  Atypical antipsychotic

  Hypoxia
  Infection
  Inflammation

Identify and treat opiate 
withdrawal

Family involvement   Clonidine

New central nervous 
system pathology
  Seizure
  Stroke

Discontinue 
unnecessary
  Medications
  Invasive lines
  Catheters
Remove restraints

Day-night routine
  Natural light 

during day
  Quiet, dark 

night- time 
environment

  Cluster care to 
allow for 
consolidated sleep

  Dexmedetomidine
  Valproic acid

aPlease note that these agents have never been labeled by the Food and Drug Administration for the 
treatment of pediatric delirium
bFor catatonic delirium only, high-dose benzodiazepines have been successfully used as treatment
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Finally, attention should be paid to optimizing the PICU environment. It is 
important to try to improve opportunities for sleep – a delirious child will have dif-
ficulty sleeping, and sleep deprivation will further potentiate delirium [26]. The 
most effective way to promote sleep in a critically ill child appears to be establishing 
a day-night routine. A well-lit space during the day, with cognitive and physical 
stimulations (and as much mobilization as possible), will set the stage for sleeping 
at night [46]. Parents should be reminded to bring in eyeglasses (when appropriate) 
and familiar objects from home. A bedtime schedule should be established, with 
incorporation of as much of the home routine as is feasible, followed by “lights out” 
and clustering of care to allow for consolidation of sleep [47].

In most cases delirium will improve when underlying medical, iatrogenic, and 
environmental factors are addressed. On occasion, when symptoms of hyperactive 
delirium are severe, pharmacological management may be indicated [26]. Intensivists 
and oncologists have found success using clonidine, dexmedetomidine, valproic 
acid, and the atypical antipsychotics [2, 9, 48–50]. These drugs have not been labeled 
by the Food and Drug Administration (FDA) for treatment of pediatric delirium, and 
to date, there have been no randomized controlled trials proving efficacy of the phar-
macologic management of pediatric delirium. A retrospective review of the use of 
quetiapine (an atypical antipsychotic with a favorable side effect profile) as treatment 
for delirium in 50 critically ill children ranging in age from 2 months to 20 years 
found no serious adverse events [51]. As this is an off- label use of quetiapine, it 
should only be used when the risk-benefit analysis is favorable.

Although delirium is generally reversible, there is a specific delirium subtype – 
terminal delirium – that is not. Terminal delirium occurs near the end of life, and 
goals of treatment are not to reverse the delirium but rather to palliate the symptoms 
in order to minimize patient – and caregiver – distress [52, 53]. The terminally ill 
pediatric hematology-oncology patient will benefit from a comprehensive palliative 
care team consultation to help with the symptom management of terminal 
delirium.

 Delirium Prevention

Many pediatric intensive care units around the country are embracing a comprehen-
sive approach to delirium prevention. The cornerstone of all delirium prevention 
programs involves multidisciplinary unit-wide education, including nurses, physi-
cians, housestaff, pharmacists, and therapists (physical, occupational, respiratory, 
and child life) [26]. PICUs are establishing routine screening for delirium and 
adopting a minimalist attitude to sedation. They are encouraging early mobilization 
and modifying the PICU environment to create opportunities for consolidated sleep 
[54]. As proof of principle, a single academic PICU consecutively rolled out three 
bundles of care: first, universal delirium screening; second, protocolized sedation; 
and third, an early mobilization program. Delirium rates in this PICU decreased 
39% over the course of the initiative [44].
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 Conclusions

Delirium occurs frequently in the critically ill pediatric immunocompromised 
hematology-oncology patient and has measurable effects on outcomes. Without 
routine screening early delirium is often missed. It is vital to implement routine 
screening for all critically ill children with underlying immunodeficiency, as early 
delirium detection allows for recognition of underlying triggers, prompt interven-
tion, and decreased delirium burden. When PICU staff begin to identify delirium 
and recognize the deleterious effects of delirium on their patients, culture change 
ensues and delirium prevalence decreases in these high-risk children.
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Chapter 19
Nursing Considerations

Brienne Leary, Barbara Cuccovia, and Colleen Nixon

 Overview: A Nursing Perspective

 Introduction

Hematologic, immunologic, and oncologic diagnoses can be devastating to a child 
and their family [1]. Many of the current treatment options have complex potential 
side effect profiles. While any one of these diagnoses is potentially life-threatening, 
almost 85% of all children with cancer will survive [2, 3]. Advances in treatment 
protocols and marked improvements in supportive care have resulted in pediatric 
cancer becoming, more often than not, a chronic condition versus a life-threatening 
illness [2, 3]. It is estimated that between 25% and 40% of children living with this 
vast scope of diagnoses will, at some point in their disease and treatment course, 
require an escalation in their supportive care beyond the means of their hematology/
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oncology/hematopoietic cell transplant (HCT) units and require some form of inten-
sive care support [4, 5].

Throughout the child’s disease and treatment continuum, nurses provide direct, 
hands-on nursing care and coordination, education, advocacy, and holistic 
 psychosocial support. Ensuring excellent nursing care is an essential component in 
the effort to improve and optimize outcomes.

 Framework for Categorizing Patients

Given the complexity of this patient population, it is helpful to systematically cate-
gorize the patients in order to anticipate nursing care needs. The following frame-
work places patients into three categories (Fig. 19.1): (1) planned pediatric intensive 
care unit (PICU) admissions, (2) episodes of acute decompensation, and (3) chroni-
cally critically ill.

Critically Ill Pediatric Immune-Compromised
Hematology/Oncology Patients

Planned PICU Admissions
• Post-operative

• Continuous infusions requiring
more intensive monitoring

• Treatments with potentially
life threatening

side effects (e.g.,
cytokine-release syndrome)

Chronically Critically Ill
• Technology dependent

• Organ damage
• Rehabilitation

Episodes of Acute
Decompensation

• Respiratory distress/failure
• Sepsis/SIRS

• Acute neurologic
deterioration

Fig. 19.1 Framework for categorizing patients
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Category One: Planned Admissions
The first category encompasses  children whose admission to the PICU is planned. 
Surgery is an essential component of diagnosis and treatment for many patients with 
an oncologic disease. Children may require postoperative care in the PICU follow-
ing a surgical procedure as a part of their treatment course or workup for a compli-
cation related to their disease or treatment (e.g., tumor debulking, lung biopsy, or 
bronchoscopy). Also encompassed in this category are children who are predicted 
to require nursing care needs beyond those possible on the pediatric hematology/
oncology/HCT ward for a finite amount of time. An example may be a child receiv-
ing a chemotherapy regimen for treatment of a brain tumor that triggers a transient 
need for a vasopressin infusion to manage diabetes insipidus (DI) not able to be 
controlled with oral DDAVP.

Children may also require treatments that trigger significant, but expected, side 
effects, such as cytokine release syndrome (CRS). It may be necessary to preemp-
tively transfer the patient to a higher level of care, such as the PICU. These side 
effects are typically an expected part of treatment and often time-limited with 
appropriate supportive therapy.

With planned admissions, there is a more predictable trajectory, and the nursing 
staff can be educated on specific care needs required for the patient. For example, 
patients admitted postoperatively after undergoing surgical resection might tempo-
rarily require intubation to titrate fluid balance and pain control. These are condi-
tions  that are anticipated, managed successfully and expeditiously, and have an 
expected treatment and outcome course.

Category Two: Episodes of Acute Decompensation
The second category includes children whose clinical condition is acutely deterio-
rating as a result of complications related to either disease process or treatment 
course. This is the most complex, acutely ill, and unstable category of patients. 
Common conditions necessitating transfer to the PICU include, though are not lim-
ited to, respiratory distress/failure, sepsis and/or systemic inflammatory response 
syndrome (SIRS), neurologic deterioration, bleeding issues and/or altered coagula-
tion, and multi-system organ failure [5–12]. Patients admitted for acute decompen-
sation differ from planned admissions in that they are less predictable and the pace 
of their decline can be rapid. Despite treatment interventions being guided by evi-
dence, no universally accepted guidelines and/or protocols exist, leading to varia-
tion in management strategies. This results in unique, nuanced care decisions that 
make patient care more challenging.

Category Three: The Chronically Critically Ill Child
The third category of patients is the chronically critically ill patient. The 5-year 
survival rate for children diagnosed with cancer before the age of 20 in the United 
States is greater than 80% [2, 3]. Despite the high likelihood of survival, modalities 
used in treatment can result in long-term effects. Many are significant enough to 
cause chronic cardiac, pulmonary, and renal toxicities [13]. This group of children 
who develop chronic critical illness related to complications of treatment is a rela-
tively new phenomenon resulting from the changing landscape in pediatric 
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hematology/oncology/HCT and impacts nursing care and resource allocation. 
Pediatric hematology/oncology/HCT programs need to consider the long-term dis-
position and implications of the potential future expansion of this population.

Technology Dependence Advances in technology allow many children with 
chronic conditions to live with the support of various machines at home [14, 15]. 
The term “technology dependent” has been accepted since the 1980s [15]. This 
describes the chronic use of machines in conjunction with nursing care to prolong 
life while optimizing quality [15]. In the context of pediatric cancer, this may refer 
to a child who becomes technology dependent due to their disease process and/or 
side effects of treatment. A growing number of diseases, such as mucopolysacchari-
dosis type I (MPS I, aka Hurler syndrome), are considered treatable by HCT [16]. 
Diseases such as MPS I can cause primary respiratory failure [17]. Children with 
MPS I and similar diseases may require tracheostomy and long-term ventilator sup-
port before even receiving a HCT.

 When Categories Collide

The aforementioned categories should not  be thought of as mutually exclusive. 
Rather, there may be times when children drift back and forth across the categories 
(Fig. 19.1). For example, an episode of acute decompensation may overtake a child 
who is chronically critically ill. This is often referred to as “acute-on-chronic” ill-
ness. Simply defined, this is a chronic condition exacerbated by an acute illness 
[18]. Numerous factors should be considered when arranging for how and where 
nursing care can be delivered to the patient. The interdisciplinary team must remain 
fluid in their thinking as they consider the evolving needs of the patient.

Box 19.1 Case Study: When Categories Collide
Jonathan underwent a matched, unrelated allogeneic HCT for a rare com-
bined immunodeficiency. Eighteen months post HCT, he is admitted to the 
inpatient unit for increased work of breathing. As a part of his workup, 
Jonathan undergoes a lung biopsy. Unfortunately, he fails to extubate postop-
eratively and is admitted to the PICU for recovery. Jonathan develops worsen-
ing respiratory distress that progresses to respiratory failure and is diagnosed 
with chronic pulmonary graft-versus-host disease (cGVHD). After 6 weeks, 
Jonathan is unable to wean off of the ventilator despite numerous interven-
tions. Multiple extensive discussions occur between the family, the HCT 
team, and the PICU team regarding goals of care. The family’s priority is to 
bring Jonathan home. Once stabilized, Jonathan’s family chooses to place a 
tracheostomy as a means to provide long-term ventilation and rehabilitation, 
with a goal to be considered for a lung transplant.
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 Describing the Complexity: High Acuity-Low Frequency

Conceptually speaking, the pediatric hematology/oncology/HCT patient’s base-
line condition is complex. Nevertheless, most treatment occurs on general inpa-
tient units and in the ambulatory setting. If the patient decompensates to a point 
of requiring critical care, the expertise of a pediatric critical care specialist (i.e., 
pediatric intensivist) becomes a necessary addition to the child’s care team to 
create an effective management plan designed to support the patient through 
their critical illness. The evolving direct patient care needs are those most com-
monly provided and performed by nurses. These include (though are not limited 
to) noninvasive and/or invasive mechanical ventilation, vasopressor support, 
renal replacement therapies (intermittent and/or continuous), and physiologic 
monitoring and nursing care needs beyond those possible on a standard pediat-
ric hematology/oncology/HCT unit. The complexity of these patients requires 
extensive resource utilization, multidisciplinary expertise, and high-level care 
coordination.

On average, less than 40% of children with a hematology/oncology diagnosis 
will require admission need to the PICU [2, 4, 5]. Estimates range from 15% to 45% 
for the pediatric HCT population [10, 12, 19]. Compared to other PICU admissions, 
children with cancer and undergoing HCT account for less than 10 % of all patients 
in medical-surgical PICUs [5, 11, 20]. As a result, these patients represent a high 
acuity-low frequency patient population potentially placing the continuity of their 
care at risk. Ensuring excellent collaboration and communication can combat this 
phenomenon [21]. See section “Developing a Collaborative Interdisciplinary Care 
Model”, for an in-depth discussion.

 Managing the Complexity: Nursing Care Issues

Introduction: Improved Critical Care Outcomes
As recently as the early 1990s, controversy existed over whether or not to offer 
intensive care support to pediatric hematology/oncology/HCT patients [22–24]. 
These concerns stemmed from abysmal outcomes, both perceived and pub-
lished, in the 1970s–1980s, most of which were extrapolated from adult studies 
[25–31]. Advanced understanding of disease nuances has allowed the develop-
ment of targeted therapies and a decrease in patient toxicities, while simultane-
ously, advances in pediatric critical care were made. Improved critical care 
outcomes have allowed children to survive to PICU discharge that previously 
never would have [5].
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 General Considerations: Balancing Competing Priorities

The complexities surrounding the care of the critically ill pediatric hematology/
oncology/HCT patient are vast and often overlapping. The child’s condition often 
creates competing demands, requiring nursing expertise to balance a delicate 
scale of priorities. Precedence must be given to acute life-saving measures, such 
as intubation, volume resuscitation, or emergency medications, without losing 
sight of the primary disease process and treatment. The child’s ongoing immune-
compromised state must continuously be considered. These competing priorities 
can often be achieved simultaneously but, at other times, may require difficult 
decisions (Fig. 19.2).

When caring for these patients in the PICU, it is essential for the interdisci-
plinary team to coordinate with the nursing staff in prioritizing care. For exam-
ple, fluid overload may be a cause of concern for the patient with pulmonary 
issues, but ensuring hyperhydration during a chemotherapy infusion known to 
cause acute kidney injury or hemorrhagic cystitis may be necessary. Patients on 
continuous renal replacement therapies (CRRT) also require attention to both 
dialysis settings and the patient’s physiologic response to therapy. Timing of 
medication administration, blood product transfusions, and/or other supportive 
care needs must also be taken into consideration. It is also common for children 
receiving cancer therapy to be enrolled in clinical trials [32]. This often neces-
sitates pharmacokinetic samples to be obtained at precise time points. This may 
be misinterpreted as superfluous at a time when a child is critically ill, but these 
laboratory results bear significant weight in ensuring the child stays compliant 
with their protocol. These and other similar scenarios necessitate a cohesive and 

Critical Care Needs 
(examples)
• Intubation
• Volume Resuscitation
• Emergency Medications
• Foley Placement

Primary Heme/Onc/HCT 
Diseases
• Continuing treatment protocols 
  (e.g. chemotherapy, biotherapy)
• Maintaining protocol requirements
• Managing immune suppression

Fig. 19.2 Balancing competing priorities
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dynamic conversation between the  hematology/oncology/HCT teams and the 
PICU nurses and providers to determine which factors take precedence to mini-
mize risk and optimize healing.

 Nuances in Nursing Care: Considerations for the Immune- 
Compromised Patient

Patients with compromised immune systems present specific concerns. Their com-
plex needs and vulnerability to infections, both common and rare, along with the 
medications being used to treat and prevent infections should be considered in their 
care plan.

 Medications and Monitoring Devices: Neutropenic Considerations

It is considered standard of care to avoid suppositories, enemas, digital rectal exams, 
and/or rectal thermometers in neutropenic patients [33], particularly those undergo-
ing HCT [34]. Axillary, oral, tympanic, or temporal thermometers are preferred. 
Alternatives to rectal medications should be sought, and oral substitutes are often 
available. If the patient is NPO or unable to tolerate oral medications, consider 
placement of an enteral feeding tube for administration of enteral medications if 
platelet count/bleeding risk allows. It is necessary to educate staff on the rationale 
behind these interventions to improve adherence and ensure best practice.

 Indwelling Urinary Catheters (IUCs)

Indwelling urinary catheters (IUCs) are important devices used to monitor urine 
output. IUCs can provide essential information pertaining to a child’s end-organ 
perfusion, renal function, hydrations status, and signs of bleeding. The longer an 
IUC is in place, the higher the risk of developing a catheter-associated urinary tract 
infection (CAUTI) [35, 36].

Preventing hospital-acquired infections (HAIs) is a priority [37]. CAUTIs are 
responsible for the majority of HAIs and are associated with patient morbidity, mor-
tality, secondary bloodstream infections [35], and increased cost [38]. Critically ill 
pediatric hematology/oncology/HCT patients are at an increased risk to develop a 
CAUTI secondary to their compromised immune state [35, 39]. There are circum-
stances when placement of an IUC is necessary, such as with severe sepsis or sinu-
soidal obstruction syndrome (SOS). Other indications may include severe 
hemorrhagic cystitis requiring bladder irrigation [40], urinary retention due to opi-
oid side effects, or liquid stools that cannot otherwise be easily delineated from 
urine output.
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Strategies to protect these patients from a potential infection focus on narrowing 
indications for placement to those of absolute necessity; ensuring vigilant aseptic 
technique during insertion and manipulation of the IUC; maintaining free-flowing 
drainage (i.e., drainage bag maintained below the patient’s waist); and the imple-
mentation of evidence-based algorithms that promote early removal and prevent 
premature replacement [35, 36, 39]. Weighing the risks and benefits in each circum-
stance is essential to providing optimal care for each patient.

 Sepsis, Systemic Inflammatory Response Syndrome (SIRS), and Shock

Sepsis is a leading cause of death in children nationally and internationally [41, 42]. 
Pediatric immune-compromised hematology/oncology/HCT patients are at greater 
risk for morbidity and mortality secondary to sepsis [43–45]. Chapter 11 presents a 
comprehensive discussion of sepsis. The focus here will be on nursing recognition, 
intervention, and ongoing assessment and monitoring of the critically ill immune- 
compromised child with sepsis.

Sepsis is defined as systemic inflammatory response syndrome (SIRS) that is 
associated with the presence of a known or suspected infection. Sepsis in combina-
tion with cardiovascular (CV) organ dysfunction or acute respiratory distress syn-
drome (ARDS) or two or more other organ dysfunctions describes severe sepsis. If 
severe sepsis goes untreated or is unresponsive to therapy, septic shock can develop. 
Septic shock is sepsis in the presence of cardiovascular dysfunction despite 40 ml/
kg IV fluid resuscitation in <60 min (Fig. 19.3) [46].

Gram-negative organisms are often the cause of septic shock, resulting in a 
higher mortality rate. Escherichia coli is the most common gram-negative organism 
identified in sepsis, although Pseudomonas aeruginosa is identified in more sepsis- 
related mortality cases than any other bacteria in neutropenic and immune- 
compromised patients [47].

Risk Factors
Nurses must be aware of the factors that put immune-compromised patients at 
higher risk to develop and potentially succumb to sepsis [48]. These include 

SIRS + 
Infection = 

Sepsis
Severe sepsis Septic shock

Fig. 19.3 Sepsis continuum
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neutropenia, generalized immune suppression, altered body defenses, endocrine 
abnormalities, and pre-existing organ damage.

 1. Neutropenia: Children with cancer, hematologic disorders, primary immune 
deficiency syndromes, and undergoing HCT are at risk for neutropenia and thus 
sepsis. Neutropenia may be the result of disease infiltration in the bone marrow 
or related to treatment side effects from chemotherapy and/or radiation. 
Neutropenia is a decrease in the number of circulating neutrophils. Any child 
having an absolute neutrophil count (ANC) <500/mm3 is at risk for serious infec-
tion. Periods of prolonged neutropenia (i.e., >7 days) place children at a higher 
risk for the development of sepsis. When a child has fever and is neutropenic, 
this is called fever and neutropenia (i.e., “F & N”). The risk of infection is deter-
mined by the ANC, which is calculated by multiplying the total white blood cell 
(WBC) count by the percentage of neutrophils (also referred to as “polys” or 
“segs”) and bands present in the blood [49].

 2. Generalized Immune Suppression: Hematologic/oncologic disease processes, 
and/or the therapies used to treat them, can impact all cell lines. HCT, for 
example, in addition to eliminating neutrophils, destroys the host’s T and B 
cell lines, creating a total loss of immunity. Allogeneic HCT patients remain 
on immune- suppressing medications, such as steroids and calcineurin inhibi-
tors, to prevent graft-versus-host disease. Consequently, these patients 
remain at risk for months after their transplant [50]. Children with primary 
immune deficiencies, such as severe combined immunodeficiency (SCID), 
may have a significantly or entirely compromised ability to respond to patho-
gens (viral, bacterial, fungal, and protozoa). It is important to consider a 
child’s place in diagnosis and treatment to fully understand the severity of 
their immune compromise.

 3. Altered Body Defenses: Radiation and chemotherapy are common treatment 
modalities. Both can alter skin integrity, impacting one of the body’s most impor-
tant natural defenses – the integumentary system. In addition, the presence of 
indwelling lines and tubes, both common in these patients, creates pathways for 
pathogens to enter the body and is a known risk factor for sepsis, regardless of 
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the patient’s ANC [45, 47, 49, 51]. Invasive procedures such as biopsies, bone 
marrow aspirations, and lumbar puncture are also opportunities for exposure to 
pathogens.

 4. Endocrine Abnormalities: The use of steroids remains a mainstay of some pedi-
atric oncology treatment. Chronic steroid use may predispose a child to adrenal 
insufficiency and/or catecholamine resistance which may inhibit a child’s abil-
ity to respond to sepsis. However, the exact impact of prior steroid therapy on a 
child’s response to sepsis is not fully understood and continues to be investi-
gated [47]. Exposure to previous steroid therapy should be considered when 
deciding on a treatment plan for a child with sepsis [52].

 5. Pre-Existing Organ Damage: Children may have organ damage from the therapy 
they received or their underlying disease. This may make them more susceptible 
to further organ damage if they develop septic shock.

Early Recognition and Treatment In 2002, the Centers for Disease Control 
(CDC) launched a joint initiative with the Society of Critical Care Medicine (SCCM) 
and the European Society of Intensive Care Medicine (ESICM) known as the 
“Surviving Sepsis Campaign,” aimed at improving outcomes related to sepsis [53]. 
Additionally, the World Federation of Pediatric Intensive and Critical Care Societies 
(WFPICCS) (http://www.wfpiccs.org/projects/sepsis-initiative/) is committed to 
reducing mortality in children related to sepsis. These initiatives advocate for early 
recognition and treatment of sepsis and shock in all patients through the use of early 
recognition tools and clinical guidelines focused on goal-directed therapies.

Nurses fulfill an essential role in these initiatives, as they are often the ones in 
closest proximity to the patient and perform the most frequent assessments. These 
initiatives have had an impact on reducing deaths related to sepsis [53–55]. One 
intervention that has proven successful in pediatrics is the use of an early recogni-
tion tool, or “sepsis trigger tool,” aimed at identifying patients with potential risk of 
sepsis earlier to ensure rapid treatment [54] (Fig. 19.4). Some institutions have had 
preliminary success with electronic medical record (EMR)-based tools [55]. The 
primary goal of these tools is to alert the interdisciplinary team of the potential 
developing sepsis and begin early treatment. Algorithms that guide care decisions 
based upon the patient’s score should accompany these tools.

Box 19.3 Clinical Pearl
In immune-compromised children, fever may be the first sign of infection 
and/or sepsis. Infection should be considered the presumed cause of a fever in 
a neutropenic or immune-compromised patient until proven otherwise. The 
nurse notifies the medical team immediately to initiate a “sepsis huddle” for a 
new fever in these patients. Fever in a neutropenic patient is defined as a sin-
gle oral temperature ≥38.3 °C (101 °F) or a temperature ≥38 °C (100.4 °F) 
sustained over a 1 hour period. The above temperature criteria are meant to 
guide practice, in conjunction with clinical judgment, to determine which 
patients should receive antibiotic therapy [56, 57].
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ICU Sepsis Trigger Tool

New fever/hypothermia or infection concern?

YES

Huddle with NP/
Resident/Fellow &

Charge RN
Attending notified by
phone at minimum

BP*

VENT

If multiple Sustained tachycardia >baseline
Change in pulses or perfusion

Sustained tachypnea, O2 sats <92% on >2L NC OR
BiPAP/CPAP Fio2 >40%

Mental status change (not sedated)

Sepsis Risk Factor**

Sepsis not
suspected

[ ] Adequate access
[ ] Team responsibilities
[ ] Antibiotic plan: add or
change? delivery priority,
need for ID consult
[ ] Lab plan: culture,
lactate, mixed venous sat
[ ] Need for bolus, CVP
[ ] Use Sepsis orderset
[ ] Document huddle

Suspected
Sepsis?

Goal antibiotics < 60 min
Use Sepsis Orderset

AGE
SBP

<1mo 1mo-1y 1y-10y >10y
<60 <70 <90<70 + 2× age

***Please document huddle in observation and comments section on Powerchart flowsheet***

Management per clinical concern
Discuss follow-up plan

* **
malignancy, asplenia, transplant (bone marrow or solid organ),
central line/PICC/foley. immunodeficiency/immunosuppression

Are you ordering
a new IV antibiotic?

consider

Hypotension* (new or worse)
Increased vasopressors ≥2×? (within 2 hrs)

If mechanically ventilated - increased airway
pressures OR FiO2 (>25% for ≥ 2 hours)

Drop to < 0.3 cc/kg/hr ≥ 2 hours
(if Foley)

UOP

Signs of Sepsis

YES

Huddle Considerations Feedback from Tool and/or Huddle:

NO

NO

OR

OR

AND

Patient MRN:                                       

Date:                 Time:                          

Note:
Do not place in patient chart.

Return to Sepsis Folder at charge desk.

Fig. 19.4 Example of sepsis trigger tool. (Adapted from Boston Children’s Hospital, Boston, 
MA)
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Box 19.4 Nursing Assessment and Monitoring for Children with Sepsis
Therapy for sepsis is goal-directed. Frequent reassessment is essential to eval-
uate the efficacy of interventions as they are implemented and advocate for 
rapid escalation in therapy as needed.

• New fever/hypothermia or infection concern.
• Tachycardia (>2 standard deviations [SD]) or bradycardia (<2 SD normal 

HR).
• Age-based tachypnea.
• Age-based hypotension.

 – Clinical Pearl: Early signs of sepsis may be subtle. Decreased blood pres-
sure is a late sign of shock and is associated with negative outcomes.

• Laboratory values

 – Elevated C-reactive protein (CRP) and/or erythrocyte sedimentation 
rate (ESR).

 – Elevated lactate/lactic acid.
 – Decreased central venous oxygen saturation (ScvO2).
 – Increased or decreased WBC (may or may not be pertinent in children 

with immune-compromised state).
 – Blood cultures of all indwelling lines; consider also obtaining a periph-

eral blood culture sample.

• Signs of decreased perfusion and compromised end-organ perfusion

 – Altered mental status.
 – Delayed capillary refill (>3 sec).
 – Decreased urine output.
 – Cold versus warm shock.

• Cold shock: cool/cold extremities, diminished/absent peripheral 
pulses, delayed capillary refill, and pallor

• Warm shock: warm/hot extremities, bounding peripheral and/or cen-
tral pulses, and normal to slightly delayed capillary refill

Quality measures for sepsis outcomes include administration of antibiotics within 
one hour, immediate and adequate fluid resuscitation, and appropriately timed ini-
tiation of vasopressor/inotropic support. It becomes essential for all nurses who care 
for hematology/oncology/HCT patients to be aware of early signs of sepsis, antici-
pate the treatment plan, and initiate the necessary care and resources (See Table 19.1).

Vasoactive/Inotrope Support in Pediatric Sepsis Selection of an inotropic 
agent(s) for a child in septic shock is complex. An individualized plan should be 
made in consult with the bedside nurse and the PICU providers. Recommendations 
regarding inotrope support have evolved. Epinephrine is now the recommended 
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first-line inotrope therapy for children with cold shock [52, 57–59]. Vasodilators 
(such as milrinone) may be considered in conjunction with the epinephrine infusion 
to reduce afterload/peripheral vascular resistance if the child is in a low cardiac 
output state. With the addition of a vasodilator, the child must be closely monitored 
for potentially worsening hypotension [52, 57, 59].

If the child is experiencing warm shock, norepinephrine is often accepted as the 
first-line agent first for its potent alpha vasoconstrictor effect and B1 agonist proper-
ties for improved cardiac output [58, 59]. Doses can be titrated quickly to achieve 
optimal effect.

Continuous vasoactive infusions are high-risk medications that come in a vari-
ety of concentrations. Policies should be in place to ensure correct dosing is estab-
lished and infusion pumps are programmed correctly. If nurse-driven titration of 
vasoactive infusions is practiced within the institution, the provider must order 
clear physiologic parameters (i.e., systolic blood pressure [SBP], diastolic blood 
pressure [DBP], and/or mean arterial pressure [MAP]) and the allowable dose 
range. Reasons to notify the provider should also be specified. The nurse is 
responsible for ongoing monitoring of the patient’s hemodynamic response and 
clinical exam as well as for titration of the infusion(s) accordingly. The nurse 
plays an instrumental role in identifying any changes in the patient’s condition 
(e.g., the patient evolves from warm shock to cold shock) and is responsible to 
alert the critical care team immediately to reevaluate the inotropic management 
plan whenever necessary.

The nurse should be prepared to administer corticosteroids in the event the 
child suffers shock refractory to fluid resuscitation and inotropic agents. 
Children undergoing treatment for cancer have often been exposed to steroid 
therapy and are at risk for adrenal insufficiency. The nurse needs to be aware of 
this and must advocate for evaluation of the patient’s need for stress-dose ste-
roid therapy [45, 57, 59].

Table 19.1 Intervention priorities for septic shock [57]

•  Identify shock (i.e., altered level of consciousness (LOC), changes in perfusion, tachycardia/
bradycardia, etc.)

• Provide high concentration, humidified oxygen
• Establish IV/IO access
•  IV push volume repletion with crystalloid fluids in 20 ml/kg increments up to and over  

60 ml/kg, monitoring for improvement in vital signs and perfusion
• Obtain blood cultures if it does not cause significant delay of antimicrobial treatment
• Antimicrobial administration STAT <60 min
• Initiate inotropic infusions for fluid refractory shock
• Frequent monitoring
•  Consider administration of corticosteroids in fluid refractory patients or for those with 

concern for adrenal insufficiency

Adapted from: Dellinger et al. [57]
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 Invasive Mechanical Ventilation

Critically ill immune-compromised children requiring invasive mechanical venti-
lation are at an increased risk of mortality [60]. As with all critically ill patients, 
these children require meticulous nursing care to optimize outcomes. The nurse 
should [61, 62]:

• Monitor and record routine ventilator settings and parameters, including:

 – Tidal volume (TV), minute ventilation (MV), inspiratory time (I-time or Ti), 
mean airway pressure (MAP), end-tidal carbon dioxide (ETCO2), peak inspi-
ratory pressure (PIP), positive end-expiratory pressure (PEEP), fraction of 
inspired oxygen (FiO2), and flow loops

• Promote ongoing airway management and clearance as tolerated with judicious 
use of pulmonary toilet methods balanced with risk of bleeding.

• Monitor for signs and symptoms of developing pneumonia including fever, 
tachypnea, increased work of breathing, and decreased tidal volume.

Ventilator-associated pneumonia (VAP) is one potential complication related to 
mechanical ventilation that can have significant morbidity [63]. Preventing a VAP 
during mechanical ventilation requires diligence. Preventative strategies include [64]:

• Whenever possible, use noninvasive positive pressure ventilation.
• Evaluate daily for extubation readiness.
• Optimize sedation to avoid unplanned extubation while targeting lowest effec-

tive dosing.

 – Consider scheduled sedation interruptions.

• Provide routine oral care with sterile water and mechanical tooth brushing.
• Maintain head of bed (HOB) at 30–45 degree angle.
• Avoid unnecessary ventilator circuit changes.
• Use cuffed endotracheal tubes.
• Monitor for development of condensate in ventilator tubing; drain away from 

patient.

Lung-Protective Strategies Historically, children who required positive pressure 
invasive mechanical ventilation suffered barotrauma as a result of toxic settings. 
The evolution of lung-protective ventilation techniques following the landmark 
acute respiratory distress syndrome (ARDS) network study in 2000 [65] has 
 markedly decreased long-term effects related to mechanical ventilation and is the 
accepted standard of care when treating children with pediatric acute respiratory 
distress syndrome (ARDS) [65, 66]. Lung-protective strategies are designed to 
allow for permissive hypercapnia to achieve an arterial blood pH goal of 7.25–7.3, 
allowing for lower tidal volumes (TVs) of 4–6 ml/kg and a liberal target SpO2 range 
(generally >/88%) [61, 62, 65, 66].

Immune-compromised patients can be at increased risk for pulmonary injury 
directly related to their underlying disease, but more commonly, to specific thera-

B. Leary et al.



351

pies, and infectious or idiopathic processes. Ongoing research is investigating the 
safety and application of hypercapnia and low tidal volume (TV) ventilation strat-
egies specifically in immune-compromised pediatric patients with promising 
results [67].

Nurses can serve as advocates to minimize barotrauma by understanding the 
inherent risks of mechanical ventilation. See Chap. 11: Acute Respiratory Failure 
and Ventilatory Management, for a more detailed discussion of ventilation strate-
gies in this population.

Tracheostomy and Long-Term Ventilation For children who require longer-term 
ventilation, tracheostomies are a mainstay therapy in the setting of pulmonary reha-
bilitation. Tracheostomy may also be performed for anatomic challenges such as a 
solid tumor threatening airway patency. Historically, it was uncommon to perform 
a tracheostomy in a child who is immune compromised and/or thrombocytopenic or 
to allow a child with a tracheostomy to undergo HCT.

General opinion supported concerns that the risks of infection, poor wound heal-
ing, and bleeding would outweigh any potential benefits. While there is a paucity of 
research in the pediatric population, adult studies suggest that neither a HCT nor a 
hematologic/oncologic/immune-compromised condition should be a limiting factor 
to performing a tracheostomy [68, 69]. The option for tracheostomy placement to 
provide long-term ventilation has improved survival and should be considered in 
this patient population in appropriate circumstances [70].

 Intravenous (IV) Access Considerations

 General Concepts

It is well documented that needle-related pain remains a source of anxiety and 
discomfort in the pediatric oncology population [71–74] and for children in the 
PICU [75]. If venipuncture is necessary for an alert and awake child, topical anes-
thetics should be considered [73, 75, 76]. These have proven to be effective in 
minimizing pain during the procedure as well as reducing future anxiety related to 
needle procedures [75]. The need for stable, reliable, long-term intravenous (IV) 
access for repeated lab draws as well as frequent and caustic infusions is well 
established [76]. For these reasons, children undergoing treatment for most hema-
tologic/oncologic diseases and HCT often have a semipermanent central intrave-
nous access point such as a peripherally inserted central catheter (PICC), tunneled 
external central venous catheter (CVC) (e.g., Broviac®, Hickman®, etc.), or 
implanted ports (e.g., Mediport® or Port-a-Cath®) placed. This central IV access 
is typically adequate for routine monitoring and medications throughout a child’s 
treatment course [76, 77].

Children that require transfer to the PICU will often have a condition that neces-
sitates supplementary IV access in the form of peripheral intravenous (PIV)  catheters 
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and/or arterial lines. Despite physiologic necessity, placement of new IV access can 
cause additional stress for patients and parents in an already challenging scenario 
[75, 78]. It is essential to thoughtfully evaluate the necessity of additional IV access 
and explain the procedure and rationale to the child and family.

Physical challenges to successfully obtaining peripheral IV access may also be 
present. Vasculature may be damaged from repeated venipuncture attempts, con-
nective tissue disorders (such as skin GVHD), or other inflammatory changes (rash). 
Gross edema can also compress the blood vessels making it challenging to success-
fully cannulate the vein with an IV catheter [79]. Altered skin integrity may also 
present challenges in stabilizing IV access. Staff should consider the patient’s sen-
sitivities to certain dressings and select a specialty product if the child’s condition 
necessitates it.

 Venous Thromboembolism (VTE)

Venous thromboembolism (VTE) is of growing concern among children admitted to 
the PICU with prevalence significantly higher than in the general pediatric population 
[80]. Research is ongoing about specific risk factors, although a pediatric cancer diag-
nosis or immunologic disorder and the presence of a central venous catheter have 
been implicated in studies [81]. The consensus from the Subcommittee on Hemostasis 
and Malignancy and the Subcommittee on Pediatric/Neonatal Thrombosis and 
Hemostasis [81] recommends that all children in the PICU be screened for VTE risk 
to ensure appropriate monitoring. Prophylaxis (medical and mobility) is considered in 
consultation with hematologists for children identified as high-risk.

Signs and symptoms of a VTE include changes in patency or loss of blood return 
from an indwelling CVC as well as any redness, swelling, or pain in the extremity 
with an indwelling line [80, 81]. Acute-onset respiratory distress in a child with a 
central line should be evaluated immediately, and the risk of a pulmonary embolism 
should be considered.

 Bloodstream Infections (BSIs)

A bloodstream infection (BSI) is the presence of an infectious pathogen identified 
in a patient’s bloodstream by blood culture or other appropriate microbiologic test-
ing methods [82]. BSIs are clinically significant events to the  hematology/oncology/
HCT patient population as they carry significant risk of morbidity and mortality [83, 
84] and may originate from a variety of sources.

Central Line-Associated Bloodstream Infections Central lines can become 
infected and are the most common cause of BSIs [85]. When a BSI is identified in the 
presence of an indwelling central line, it is known as a central line-associated blood-
stream infection (CLABSI). CLABSIs are considered preventable but remain a lead-
ing cause of morbidity and financial cost among critically ill pediatric patients [82, 
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83]. PICUs have some of the highest CLABSI rates in acute care facilities [86]. 
CLABSIs are reportable events and are monitored by the CDC’s National Healthcare 
Safety Network (NHSN) as an indicator of patient safety and quality [82, 83, 87]. This 
metric affects both public and private insurance reimbursement [88]. For the purposes 
of CLABSI identification and infection rate surveillance, “central lines” include [82]:

• Permanent tunneled catheters, such as Broviac®, and implanted ports
• Temporary non-tunneled catheters such as a peripherally inserted central cathe-

ter (PICC) or percutaneous internal jugular (IJ) catheters
• Arterial and venous umbilical catheters

Central lines are clinically necessary for many pediatric hematology/oncology/
HCT patients for prolonged periods of time as their treatment requires multiple 
medications, frequent lab draws, and blood product administration. Unfortunately, 
these factors [89, 90], along with young age and compromised immune systems [86, 
90], place this population at an increased risk to develop a CLABSI as compared to 
other patients.

Mucosal Barrier Injury Laboratory-Confirmed Bloodstream Infections In 
addition to their risk of a CLABSI, these patients are also at risk to develop a BSI 
secondary to altered gastrointestinal/mucosal integrity potentially resulting in trans-
location of gut microorganisms [91–93]. The most commonly implicated bacteria 
are viridans group streptococci, Enterobacteriaceae (E. coli, Klebsiella spp., 
Enterobacter spp.), and enterococci (E. faecium and E. faecalis) [94]. Recognition 
of this phenomenon in immune-compromised patient populations led the NHSN to 
reevaluate how CLABSIs are defined and monitored [95]. In 2013, the CDC/NHSN 
first defined mucosal barrier injury (MBI) bloodstream infections as a subset of 
CLABSIs [95]. In 2018, MBI-LCBSIs were differentiated from CLABSIs and are 
now reported separately [82]. Mucosal barrier injury laboratory-confirmed blood-
stream infections (MBI-LCBSIs) account for almost half of the healthcare- 
associated bloodstream infections (BSIs) in oncology patients [91].

Since its origination, the surveillance definition of MBI-LCBSI has undergone 
multiple revisions [91, 95, 96]. To qualify as an MBI-LCBSI, the patient and BSI 
event must meet specific surveillance definition criteria. The patient must be neu-
tropenic (two separate ANC and/or WBC values less than 500 cells/mm3) within 
the patient’s infection window period (i.e., day of the positive blood culture collec-
tion date and the three calendar days before and after). If the patient is not neutro-
penic, he/she must be an allogeneic HCT recipient with (1) grade III or IV 
gastrointestinal graft versus host disease (GVHD) or (2) have ≥20 ml/kg of diar-
rhea in a 24 hours period which began within the 7 days prior to the collection date 
of their positive blood culture. The patient must have at least one blood specimen 
with only intestinal organisms from a qualifying NHSN list or at least two blood 
specimens with only viridans group streptococci. Infants must have at least two 
blood specimens with nothing except viridans group streptococci and qualifying 
clinical symptoms [82]. Specific surveillance definition criteria can be found in 
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Chap. 5 of the 2018 National Healthcare Safety Network (NHSN) Patient Safety 
Component Manual [97].

Secondary Infections Bloodstream infections (BSIs) can also be caused by a pre- 
existing source of infection such as pneumonia, urinary tract infection, or abscess 
[82]. These are referred to as secondary BSIs and are accounted for separately from 
CLABSIs and MBI-LCBSIs in infection surveillance.

Clinical Implications While these surveillance definitions are useful in tracking 
the incidence and prevalence of different types of BSIs, the clinical presentation is 
often similar. Patients undergoing chemotherapy treatment or HCT are at risk for all 
types of BSIs and may or may not present with the typical signs of infection. It is 
imperative to continually assess for hypo-/hyperthermia, subtle vital sign changes, 
flushing, and rigors. Establishing strict blood culture criteria is essential for early 
BSI identification. In these cases, early treatment with appropriate antibiotics and 
supportive care are necessary to avoid devastating outcomes (see section “Sepsis, 
Systemic Inflammatory Response Syndrome (SIRS), and Shock”).

Prevention of BSIs, particularly CLABSIs, is of utmost importance in minimiz-
ing morbidity and mortality. Extensive and successful prevention efforts have 
reduced the rate of CLABSIs in intensive care units by 58% since 2001 [83]. The 
separation of MBI-LCBSIs from CLABSIs has revealed that the overall BSI rate is 
higher than the CLABSI rate alone. Infection prevention interventions need to 
address all BSIs, not just CLABSIs [84, 94]. Similarly, surveillance techniques will 
need to account for these changes in definition to accurately monitor BSI incidence, 
prevalence, and efficacy of prevention strategies [84]. It is important to recognize 
that the differentiation of CLABSI from MBI-LCBSI may also impact approaches 
to prevention of BSIs. While standard CLABSI bundles may help reduce MBI- 
LCBSI rates [98], MBI-BSI targeted prevention initiatives should also be consid-
ered. However, efficacy of current strategies remains to be seen [98].

Nurses caring for patients with central lines must be diligent in their manage-
ment and follow a standardized approach for line maintenance. Prevention “bun-
dles” are an effective tool in decreasing CLABSI rates in PICU patients [99, 100], 
particularly when coupled with multicenter quality improvement collaboratives [85, 
99, 100]. There are a number of professional and national recommendations/guide-
lines that drive facility-based policy. One example is the Centers for Disease Control 
and Prevention (CDC) Checklist for Prevention of Central Line-Associated 
Bloodstream Infections which can be found at https://www.cdc.gov/hai/pdfs/bsi/
checklist-for-clabsi.pdf. The Society for Healthcare Epidemiology of America 
(SHEA) led a collaborative effort with the Infectious Diseases Society of America 
(IDSA), the American Hospital Association (AHA), the Association for Professionals 
in Infection Control and Epidemiology (APIC), and The Joint Commission and 
produced similar guidelines [90]. The Children’s Hospitals’ Solutions for Patient 
Safety (SPS) also offers recommendations specific to pediatrics [101]. While each 
has its own nuances, common recommendations include [90, 101, 102]:
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 A. General

 (i) Ensure all healthcare professionals (HCPs) involved with central line inser-
tion and care are educated on indications, insertion procedures, and main-
tenance. Intermittently assess knowledge and compliance with established 
practices.

 (ii) Only trained personnel should insert and maintain central lines.
 (iii) Ensure appropriate nurse staffing in the PICU, and minimize the use of 

float pool nurses.

 B. Insertion

 (i) Carefully assess indication for central venous catheters (CVCs); ensure 
that the reason is in alignment with recommended indications.

 (ii) Perform hand hygiene prior to insertion.
 (iii) Use chlorhexidine scrub for patient’s skin preparation.
 (iv) Provide prepackaged insertion cart, tray, or box to ensure standardized and 

sterilized supplies are readily available.
 (v) Perform insertion checklist; empower staff to interject with concerns about 

sterile/aseptic technique and/or contamination.
 (vi) For providers trained in the technology, use ultrasound to guide placement 

to minimize access attempts.
 (vii) Utilize maximum sterile barrier during insertion.

 C. Maintenance

 (i) Daily team discussion of line necessity.
 (ii) Daily chlorhexidine baths should be performed on patients older than 

2 months unless contraindicated.
 (iii) Regular assessment of dressing to ensure it is clean/dry/occlusive; use 

chlorhexidine- impregnated dressing in patients older than 37-week gesta-
tional age.

 (iv) Standardize access procedure (i.e., via needless connectors) using alcohol/
chlorhexidine gluconate mixture, povidone-iodine, or 70% alcohol, with a 
focus on friction and >15 second cleansing time.

 (v) Standardize dressing, cap, and tubing change procedures/timing:

 (i) Change dressing every 7 days unless risk of dislodgment outweighs 
benefit.

 (ii) Cap and administration tubing are changed no more frequently than 
every 96  hours with the exception of administration tubing used to 
 administer blood, blood products, or fat emulsions. These should be 
changed every 24 hours.

 (vi) Remove any nonessential central lines as soon as possible.
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 Infection Control: Practical Issues

For patients requiring ICU care, it is often disconcerting to leave the perceived iso-
lated environment of the hematology/oncology/HCT unit. However, by following 
national infection control standards, immune-compromised children can be safely 
cared for in the PICU (see Table 19.2) [103, 104].

Specifically for children admitted to the PICU while undergoing allogeneic 
HCT, a “protective environment” (PE) should be maintained for patients during the 
first 100 days posttransplant or longer if the patient has graft-versus-host disease 
(GVHD) [34]. A protective environment (PE) is defined as a “specialized patient- 
care area, usually in a hospital…[that] creates an environment which can safely 
accommodate patients who have undergone allogeneic hematopoietic stem cell 
transplant (HSCT)” (CDC [107], p. 4). Components from five categories contribute 
to ensuring a protective environment: (1) the patient, (2) precautions, (3) engineer-
ing/hospital design, (4) surfaces, and (5) others. HCT units are typically designed 
and constructed according to these criteria. When caring for allogeneic HCT recipi-
ents outside of the HCT unit, such as in the PICU, certain components may present 
challenges, while many are easily transferrable. See Table 19.2.

 Appropriate Use of Isolation Precautions

The Centers for Disease Control (CDC) does not recommend or promote the use of 
“reverse precautions.” “Reverse precautions” are defined as the empiric use of isola-
tion precautions (i.e., gowns, gloves, and masks worn by health care providers and/
or visitors) to protect neutropenic patients from infection [103]. Terminating the use 
of reverse precautions within an institution results in cost savings and improved 
nurse/patient interactions [105, 106]. For critically ill immune-compromised pedi-
atric hematology/oncology/HCT patients, focus should be on implementing trans-
mission-based isolation precautions for known or suspected communicable and 
antibiotic-resistant organisms [34, 103], maintaining standard precautions, and pro-
moting hand hygiene [103, 104]. Nurses should continue to educate families to 
avoid interactions with potentially infectious contacts [104].

 Visitor and Staff Considerations

All staff should feel well and be free of signs or symptoms of infection and be 
fully vaccinated per institutional policy. Staff should avoid caring for an 
immune- compromised patient, particularly those undergoing allogeneic HCT, if 
they recently received a live attenuated vaccine. All visitors should be screened 
for communicable diseases and encouraged to postpone visitation if they 
recently received a live vaccine such as varicella or measles-mumps-rubella 
(MMR) [34, 103].
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Table 19.2 Maintaining a protective environment (PE) in the PICU

Component
Protective environment 
guidelines Implications in the PICU

(1) Patient –  Patient to remain in PE 
except when travel is 
necessary for tests, 
procedures, etc.

–  Patient should wear a mask 
outside of PE

– Avoid areas with construction

–  Procedures are often done within the PICU, 
reducing the necessity of travel outside of 
the unit. If travel is necessary, follow 
standard recommendations (see left)

–  A mask is not necessary if the patient is 
intubated on closed ventilator circuit

–  Consider traveling back to PE (i.e., HCT 
unit) for activities such as physical therapy 
when able, or remain in patient’s individual 
room with doors closed

–  Patients should not ambulate within the 
PICU outside of their room

(2) Precautions –  Perform hand hygiene 
before/after patient contact

–  Empiric use of gown/gloves/
mask by healthcare workers 
is not necessary without 
evidence or suspicion of 
infection in patient

–  Employ appropriate 
transmission-based 
precautions for children with 
known or suspected infection

–  Continue standard 
precautions for all patients

–  Continue these recommendations in the 
PICU

–  Institutions must establish surveillance 
policies to monitor for pertinent infections

–  Implement transmission-based precautions 
for suspected infection(s). Viral precautions 
for immune-compromised patients may 
need to be extended given a prolonged 
period of viral shedding

–  Establish a clear algorithm to discontinue 
precautions once infection is ruled out

(3)  Engineering 
and hospital 
design

–  Use of high-efficiency 
particulate air (HEPA) 
filtration

–  Rooms with doors that fully 
close and well-maintained 
seals at construction joints

–  Unit/room constructed with 
directed, clean airflow 
through patient room

–  Positive pressure out of room 
in relation to hallway

– Self-closing doors
–  If patient requires airborne 

precautions, use room with 
anteroom, and add portable 
HEPA filtration if available

This may be the least transferrable category 
in the PICU dependent on the institution’s 
design.
Effective interventions:
    (1)  Place patient in a private room with 

a door that is able to completely 
close

   (2) Avoid shared or open bays
    (3)  Keep door closed to patient’s room 

whenever possible
    (4)  Select room with positive pressure if 

possible

(4) Surfaces –  No carpeting or fabric/
upholstered furniture

– Use wet dusting methods

– Often standard throughout an institution

(5) Other –  Flowers or live plants are not 
allowed on the unit

–  Cleaning equipment such as 
vacuums should be equipped 
with HEPA filtration

–  Flowers or live plants are not allowed on 
the unit

–  Often standard equipment throughout an 
institution

Adapted from Siegel et al. [103]
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 Personal Care Considerations

Hand Hygiene

Hand hygiene remains the leading intervention in preventing [103] HAIs, and vigi-
lance by all is essential [104]. Ensure alcohol-based sanitizers are readily available 
throughout the unit. Soap and water is recommended (1) after contact with patients 
with known or suspected infectious diarrheal illness, such as Clostridium difficile 
(C. difficile) or norovirus, (2) when hands are visibly soiled, (3) after eating/drink-
ing, and (4) after using the bathroom [34, 103, 104]. Gloves are changed between 
patients and when soiled or contaminated. Standard precautions should be followed 
at all times [34, 102, 103, 107–109].

Diet

Neutropenic patients are often “prescribed” a “low-bacteria” or “neutropenic diet” 
as a way to reduce the risk of exposure to bacteria found in certain foods. Literature 
supporting any specific type of diet and/or dietary restrictions required for neutro-
penic patients is inconsistent and lacks evidence to support that these types of diets 
have any benefit to patients [104, 108, 109]. Despite the lack of randomized con-
trolled trials (RCTs), low-bacteria diet restrictions are often still recommended for 
neutropenic patients, and the degree of restriction varies among institutions [104, 
108, 109]. Guidelines for safe handling and preparation of food are of utmost impor-
tance in decreasing the risk of infection [34, 108, 109].

However, for patients undergoing allogeneic HCT who are not yet engrafted, 
current guidelines recommend a low-bacteria diet [34]. In addition, patient drink-
ing water sources should be limited to bottled water guaranteed to have 
Cryptosporidium removed by filtration through a 1 μmm filter, reverse osmosis, or 
distillation [34]. See section “Nutritional Considerations” for a discussion of gen-
eral nutritional considerations for all immune-compromised hematology/oncol-
ogy/HCT patients.

Skin Care

The first line of defense against infection is the skin. The risk for alteration in 
skin integrity in pediatric hematology/oncology/HCT children is multifactorial. 
These factors include, but are not limited to, the treatment the child is receiving, 
the presence of surgical incisions, nutritional status, impaired mobility, inci-
dence of GVHD, and/or the use of medical devices [110]. Hospital-acquired 
pressure  injuries (HAPIs) are a potential risk for any hospitalized patient, poten-
tially  leading to increased hospital costs and length of stay [111–113]. Patients 
in the PICU are at an even higher risk for developing HAPIs than the general 
population [114].
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Risk factors that may impact pediatric hematology/oncology/HCT patients 
include:

• Decreased mobility due to acute and chronic illness
• Decreased sensory perception related to sedation and/or neurotoxicities as treat-

ment side effects
• Friction/shear secondary to their deconditioned state
• Inadequate nutrition and protein deficiency related to decreased oral intake and/

or nausea/vomiting/diarrhea necessitating enteral and/or intravenous supplemen-
tal nutrition

• Altered tissue perfusion and oxygenation related to decreased hemoglobin levels 
and/or potentially altered hemodynamics

• Increased skin and linen moisture related to fever, diaphoresis and incontinence
• Medical devices that may or may not be able to be repositioned [111, 115]

Any skin breakdown can be a source of infection [34, 116]. Consequently, the 
prevention of skin breakdown is a nursing care priority. All children should have a 
thorough baseline skin assessment documented upon hospital admission and daily 
thereafter to assess for any open sites that could become portals for infectious 
pathogens [34]. The skin should be routinely screened using a pressure ulcer risk 
assessment tool validated for pediatric patients [114], such as the Braden Q [115] or 
Braden QD Scales [111]. Patients should be repositioned at minimum intervals of 
every 2–4 h, particularly those who are sedated, deconditioned, have localized or 
generalized edema, and/or are on a ventilator [114]. Nurses should take care to 
avoid medical device associated pressure ulcers by using blanket rolls and padding 
to support devices and/or provide a protective barrier between the device and the 
patient’s skin when feasible [114].

Evidence suggests that immune-compromised patients can become systemically 
infected with pathogens endogenous to the patient. Diligent and meticulous skin 
cleansing is a priority to minimize contamination and prevent skin breakdown. 
Daily baths with gentle soap are encouraged for all patients, and for those with a 
central venous catheter (CVC), daily chlorhexidine baths should be performed on 
patients older than 2 months unless contraindicated [34, 90, 101, 102]. Fragrance- 
and allergen-free emollients should be routinely used on dry or cracked skin, such 
as with skin GVHD, to promote and maintain skin integrity [34].

Oral Hygiene

Maintaining good oral hygiene is imperative for children who are immune compro-
mised and undergoing cancer therapies [104, 108, 109]. Children should have a 
dental exam prior to initiation of cancer treatment as recommended by the American 
Academy of Pediatric Dentistry [108]. Routine mechanical brushing of the teeth, 
gums, and tongue with a soft toothbrush is recommended in the absence of moder-
ate to severe mucositis regardless of ANC or platelet count [108]. In cases of moder-
ate or severe mucositis, oral care with a super soft brush and normal saline is 
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adequate. Mouth care with saline remains the single evidence-based intervention 
proven to prevent and improve mucositis [104, 108]. Oral solutions containing 
chlorhexidine are not effective in preventing mucositis and should be avoided as 
they have sometimes proven harmful to patients [104, 108]. In the PICU, using 
sterile water to provide oral care and mechanical debridement (i.e., toothbrushing) 
is an essential component of ventilator-associated pneumonia (VAP) prevention in 
intubated patients [63].

Oral fungal infection (i.e., thrush) can develop in the immune-compromised 
patient. Oral nystatin is ineffective for routine oral fungal/thrush prophylaxis [104, 
108]. If prophylaxis is required, specific antifungal medications absorbed by the 
gastrointestinal tract have proven effective [104, 108]. Decisions regarding oral cav-
ity fungal prophylaxis should be individualized by the patient’s care team.

 Nutritional Considerations

Pediatric hematology/oncology/HCT patients can present with nutritional issues 
ranging from malnutrition to obesity at the time of their diagnosis, during ther-
apy, and as a survivor. Approximately 8–60% of pediatric cancer patients have 
cancer- related malnutrition at the time of diagnosis or during therapy [117]. 
Patients who are malnourished are at risk for treatment-related challenges includ-
ing increased infection rates, decreased tolerance of therapy, and reduced quality 
of life [118]. Obesity is a growing concern in the United States and cannot be 

Box 19.5 Summary
PICU nursing education should encourage prioritization of practices that 
are proven to reduce the risk of infection in the critically ill pediatric 
immune- compromised hematology/oncology/HCT patient. These include 
[34, 104, 108, 109]:

• Frequent hand hygiene.
• Keeping doors closed as much as possible to maintain a protective environ-

ment and positive pressure when available.
• High-efficiency particulate airflow (HEPA) filtration for allogeneic HCT 

patients if possible.
• No fresh flowers/plants.
• Educate patients and families; enlist them as champions in infection pre-

vention/control.
• Continue isolation precautions as indicated for known infections, but avoid 

“reverse precautions” or “protective isolation” (i.e., prophylactic gowns/
gloves/masks).

• Screen visitors for infectious diseases and symptoms (i.e., fever, cough, 
sore throat, rhinorrhea).

• Visitors do not need to wear protective coverings.
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overlooked when patients are undergoing cancer therapy. Clinical providers are 
continuing to study and understand the pharmacokinetics of chemotherapy in the 
obese patient population [118].

At the time of diagnosis and throughout the care continuum, a patient’s nutri-
tional status should be continually assessed. Nutritional assessment should include 
patient history, cancer therapy treatment plan, height, weight, body mass index 
(BMI) (age >2), dietary history, and albumin/prealbumin [118]. Utilizing growth 
charts during therapy to plot a patient’s height and weight will help providers iden-
tify patients at risk. In addition, the Centers for Disease Control and Prevention 
website has a BMI percentile calculator that can be easily accessed [119]. During 
cancer therapy, the multidisciplinary team’s aim should be to sustain and promote 
normal growth and development for the pediatric patient population. During phases 
of acute illness, monitoring weights on a more frequent routine basis may be helpful 
in understanding fluid balance as well as nutritional status.

Oral intake is the preferred route for nutrition, but is not always feasible for pedi-
atric hematology/oncology/HCT patients, particularly when they are critically ill. 
Enteral tube feeding is the preferred route when patients have a functioning gastro-
intestinal tract and has been found to maintain gut integrity and reduce bacterial 
translocation [118, 120]. Variability in practice exists across and within institutions 
regarding the use of enteral feedings, despite a growing body of literature to support 
enteral feedings as the first line of nutritional support [117, 118, 120]. Total paren-
teral nutrition (TPN) is supported when the gastrointestinal tract is nonfunctional or 
when patients are completely unable to tolerate oral or enteral feedings [118] but 
comes at a higher cost and is resource intensive. TPN therapy also places the patient 
at higher risk for complications. This includes an increased risk of infection second-
ary to long-term central intravenous (IV) access and potential electrolyte imbal-
ances requiring frequent monitoring [118, 121].

Nurses can support initial and ongoing nutritional assessment for patients and 
should work closely with registered dietitians to ensure patients receive adequate 
nutrition (See Table 19.3). Managing treatment-related side effects such as controlling 
nausea, vomiting, and pain with pharmacologic and non-pharmacologic interventions 
is essential to promoting oral/enteral feeds whenever possible. Nurses and registered 
dietitians can provide patients and families with age-appropriate  education regarding 

Table 19.3 Nursing interventions

• Obtain height and weight on admission, and calculate BMI
• Monitor weight daily
• Record patient’s daily intake and output
• Offer frequent small meals/snacks if able to tolerate oral ingestion
• Monitor electrolytes as ordered
• Optimize nausea/vomiting/pain symptom management to promote oral/enteral intake
• Educate and support patient/family:
   − Nutritional status
   − Nasogastric/nasojejunal tube
   − TPN
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nutritional supplements, enteral feedings, and the role of TPN if needed. Cancer treat-
ment is a stressful time, and food intake can be a source of tension between parents 
and their children leading to unpleasant meal times. Providing psychosocial support 
and guidance around food intake and nutrition is helpful to patients and families [122].

 Blood Product Administration

 General Concepts

Transfusion of blood and blood products is fundamental in supportive care for hema-
tology/oncology/HCT patients. Myelosuppression is a common side effect of che-
motherapy necessitating the need for transfusion therapy. The decision to administer 
blood products must incorporate evidence-based clinical practice guidelines, as well 
as careful patient assessment. The need for patient education about the risks and 
benefits of blood transfusions is essential. There are several blood product manipula-
tions that can be performed prior to transfusion to provide a safer transfusion to this 
patient population. See Table 19.4 for specifics related to different blood products.

All blood components, including plasma, contain large numbers of leukocytes. 
Leukocyte reduction, or the removal of white blood cells in blood products, reduces 
the risk of transfusion-associated reactions such as febrile transfusion reactions, cyto-
megalovirus (CMV) transmission, and platelet alloimmunization [123]. The advan-
tage of preventing transfusion-transmitted (TT) CMV is well documented. However, 
the financial cost is controversial [130]. Countries such as Canada have instituted 
universal leukoreduction (ULR) at collection, in an effort to eliminate transfusion 
reactions. In 2010, nearly 85% of respondents from children’s hospitals in the United 
States reported that leukocyte reduction of RBCs is performed [131]. Patients with 
childhood cancer should receive leukocyte-reduced blood products [124].

Irradiation of red blood cells (RBCs) and platelets causes a depletion of T lym-
phocytes resulting in prevention of transfusion-associated graft-versus-host disease 
(TA-GVHD). This can occur when donor T lymphocytes replicate and engraft in an 
immune-compromised recipient [124]. Patients who are immune-compromised 
should receive irradiated blood products [132].

Washing RBCs uses normal saline to remove remaining plasma. This may be 
indicated for patients who have experienced severe allergic or anaphylactic transfu-
sion reactions. Washed RBCs have a shelf life of no more than 24 h, and 20% of the 
red cells may be lost in the process [123].

Nursing Implications for all Blood and Blood Product Transfusions [123, 124, 
126, 127, 133]

• Evaluate signs and symptoms closely before decision is made to transfuse the 
patient.

• Verify order.
• Provide appropriate patient and family education.
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• Obtain blood sample for blood typing and antibody screening per institutional 
guidelines.

• Confirm consent for blood/blood product has been obtained and is current  
(per institutional guidelines).

• Assess IV patency.
• Premedicate with acetaminophen and antihistamine if indicated. Consider 

 history of previous reactions.
• Verify specific processing requirements (leukocyte reduced/irradiated); all 

 component and transfusion information remains attached to product.
• Verify patient identification per institutional policy.
• Obtain vital signs prior to and during transfusion per institutional policy.
• Wear personal protective equipment according to standard precautions.
• Use blood administration set with filter (unless otherwise indicated).
• Start transfusion within 30 min after product has left blood bank, and complete 

infusion within 4 h.
• Only 0.9% normal saline may be infused through the same line when blood 

 products are infusing.
• Monitor for signs and symptoms of potential adverse reactions.
• Document per institutional policy.

 Transfusion Complications [123–125, 127, 132–134]

Any blood or blood product transfusion can potentially result in an adverse conse-
quence. Signs and symptoms that can indicate a reaction range from low-grade 
fever or nausea and vomiting to life-threatening emergencies such as anaphylaxis 
and shock. Transfusion reactions require immediate recognition, laboratory evalua-
tion, and clinical management.

Treatment of transfusion reactions includes:

• Stop the transfusion.
• Maintain IV patency. Keep line open with 0.9% normal saline.
• Support the airway.
• Notify MD/NP/PA.
• Assess vital signs.
• Activate emergency response if needed.
• Administer medications (epinephrine, diphenhydramine, hydrocortisone, if 

applicable).
• Follow institutional policies for blood transfusion reaction.

 – Notify blood bank.
 – Recheck the blood bag for compatibility and patient identification.
 – Return untransfused blood and IV tubing to blood bank for further evaluation 

(per institutional policy).
 – Obtain blood and urine samples as required.
 – Document reaction in patient’s medical record.
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Acute Hemolytic Transfusion Reactions

Acute hemolytic transfusion reactions (AHTRs) occur as a result of ABO incompat-
ibility or mismatch between patient and donor [123]. This results in hemolysis of 
the donor red blood cells. Signs and symptoms which can occur almost immediately 
[134] include fever spike of >1 °C (2 °F), chills, nausea, anxiety, abdominal, chest, 
flank or back pain, hemoglobinuria, disseminated intravascular coagulation (DIC), 
renal failure, hypotension, shock, and death. The amount of incompatible blood 
infused is related to the severity of the symptoms [133, 134].

If AHTR is suspected:

• Stop the infusion.
• Administer vigorous hydration to maintain urine output (UOP) >1 cc/kg/h.
• Possible diuretic administration to enhance UOP.
• Symptom management (treat DIC, vasopressors if needed).
• Consider transfer to higher level of care if indicated.

Febrile Nonhemolytic Transfusion Reactions

The most common type of transfusion reaction is a febrile nonhemolytic transfusion 
reaction (FNHTR), characterized by fever, frequently accompanied by chills, as 
well as increased respiratory rate, and potentially hypotension. FNHTR should be 
considered with a fever spike of >1 °C (2 °F) from baseline within 2 h of start of 
transfusion and not associated with any other cause [123]. Any fever occurring dur-
ing a transfusion needs to be evaluated, particularly in neutropenic patients. The 
occurrence of FNHTRs is diminished with leukocyte reduction [132]. The manage-
ment is symptomatic. Patients may benefit from premedication with acetaminophen 
or antihistamines before future transfusions [134].

Allergic Reactions

An allergic reaction occurs when the recipient experiences a hypersensitivity reaction 
to allergens in the donor’s blood. Severe allergic reactions (i.e., anaphylaxis) tend to 
occur within minutes of the infusion starting, but patients can develop a less severe 
reaction during, or several hours following, the completion of the transfusion. Clinical 
signs include urticaria, pruritus, irritability, vomiting, wheezing, swollen lips, anxiety, 
hypotension, and/or progression to anaphylaxis [123, 132–134].

Allergic reactions to blood transfusions can vary in severity. Mild reactions typi-
cally begin during the first hour of the infusion, and anaphylaxis occurs during the 
first few minutes. With complaints of itch or rash, the transfusion must be stopped 
immediately, IV status maintained, and an antihistamine administered [133]. In the 
absence of fever and resolution of symptoms, the infusion should be re-started and 
the patient should be closely monitored [134]. Systemic symptoms indicate a more 
serious allergic reaction. Emergency management including oxygen, epinephrine, 
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steroids, or fluid boluses may be needed if life-threatening symptoms of anaphy-
laxis develop [123, 127, 133]. Any allergic reaction needs to be reported to the 
blood bank.

Transfusion-Related Acute Lung Injury

Transfusion-related acute lung injury (TRALI) is a rare, but potentially life- 
threatening, transfusion complication. TRALI is the leading cause of transfusion- 
related mortality in the United States [124]. Critically ill immune-compromised 
patients are at particular risk for TRALI due to their transfusion requirements and 
risk factors from their underlying malignancies. The development of TRALI is typi-
cally characterized by an acute onset of non-cardiogenic pulmonary edema with 
hypoxemia, dyspnea, fever, chills, and hypotension [124, 133, 134]. Hypertension 
occurring before the hypotension is not uncommon [134]. Clinical symptoms of 
TRALI develop within 1 to 2 h after completion of transfusion and can be observed 
within 6  h following transfusion of any plasma-containing components (whole 
blood, red blood cells, platelets, cryoprecipitate, and fresh frozen plasma) [134].

The development of TRALI is hypothesized to occur in the context of two inde-
pendent clinical events [135]. The first event occurs because of recipient risk factors 
such as sepsis, recent surgery, cytokine administration, and need for transfusions 
[124, 133, 134]. These risk factors increase the propensity for neutrophil activation 
in the pulmonary endothelium, which leads to the sequestration of neutrophils in the 
lungs [134]. The second clinical event occurs with the administration of blood prod-
ucts that contain anti-HLA antibodies and biologic response modifiers (BMRs). 
This process triggers the already activated neutrophils in the lungs. This activation 
results in endothelial damage, capillary leakage, and subsequent development of 
pulmonary edema [134].

If TRALI is suspected during the transfusion, the transfusion is immediately 
stopped. The treatment of TRALI is supportive care that often necessitates patients 
receiving supplemental oxygen and potentially mechanical ventilator support. The 
ensuing hypotension will have minimal if any response to fluid resuscitation. 
Vasopressors may be required [124, 134]. The majority of patients who develop TRALI 
will have symptom resolution within 48–96 h. As TRALI is a diagnosis of exclusion, 
there are clear predictors, but diagnosis is made primarily on clinical and radiological 
findings [124, 134, 136]. The American Association of Blood Banks (AABB) stan-
dards now prohibit the production of plasma from women with a history of pregnancy 
unless they have been screened and found negative for anti-HLA antibodies [137].

Transfusion-Associated Graft-Versus-Host Disease

Transfusion-associated graft-versus-host disease (TA-GVHD) occurs when a 
severely immune-compromised patient receives a transfusion from a HLA-similar 
donor (typically a family member). Given their immune-compromised state, the 
recipient is unable to identify the donor cells as foreign, and the immune system 
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does not destroy the donor lymphocytes as it typically would. As a result, an immune 
reaction is mounted by the donor lymphocytes against the recipient (graft vs. host). 
Symptoms of TA-GVHD are similar to GVHD (rash, diarrhea, maculopapular rash) 
except pancytopenia develops and death almost always occurs [124].

Prevention of TA-GVHD can be prevented by administering only irradiated cellu-
lar components (RBCs and platelets) particularly to patients treated with high- dose, 
intensive chemotherapy such as recipients of hematopoietic cell transplants (HCT) 
and patients treated with purine analog drugs (e.g., fludarabine) [123, 124, 127].

Transfusion-Associated Circulatory Overload (TACO)

Rapid administration of fluid/volume may be required to maintain or recover a 
patient’s hemodynamic function. This may include rapid infusion of blood products 
for a patient in shock, with frank bleeding, or in DIC. The nurse should understand 
the risk of circulatory overload potentially associated with transfusion of any blood 
products, particularly with RBCs, plasma products, and 25% albumin. Patients who 
are chronically transfused or have a hemoglobin level of <5 g/dl, infants, young 
children, and older adults (especially with pre-existing cardiac or pulmonary comor-
bidities) are at greatest risk. Symptoms such as dyspnea, cough, tachycardia (or 
gallop), hypertension, and severe headache can develop suddenly and quickly. Early 
recognition is imperative to treat circulatory overload. If symptoms do occur, con-
sult with the PICU care team, stop the transfusion, transition to a crystalloid fluid if 
additional volume repletion is required, optimize oxgyenation, elevate the head of 
bed, and administer diuretics if indicated [123, 127].

 Chemotherapy and Biotherapy Safety Considerations 
in the Pediatric Intensive Care Unit

Oncologic emergencies may develop when patients are first diagnosed, as a result of 
therapy or if there is disease relapse. The severity of symptoms and patient acuity 
may require care in a PICU and the need for administration and management of 
chemotherapeutic and biotherapeutic agents in this setting. A fundamental aspect in 
the care of children, adolescents, and young adults with cancer is the safe adminis-
tration and management of chemotherapeutic and biotherapeutic agents. These 
agents have a narrow therapeutic window. This means there is a thin margin of dif-
ference between the desired dose and doses that are too high and cause devastating 
side effects, or too low to be beneficial [138].

The complexity of chemotherapy/biotherapy administration and management, as 
well as the risk of adverse effects, makes it imperative to develop and adhere to 
consistent, evidence-based standards to ensure safe patient and staff outcomes. All 
members of the healthcare team share responsibility in assuring patient safety by 
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adhering to error prevention strategies throughout chemotherapy/biotherapy 
 ordering, prescribing, preparation, administration, and management. This process is 
challenged when patients need to receive chemotherapy/biotherapy outside of an 
area where chemotherapy is typically administered, such as in the PICU.

In 2016, chemotherapy safety administration standards were updated to include 
pediatric specific safety considerations. These standards are divided into four 
domains and describe the minimum expectations for ordering, preparing, adminis-
tering, and monitoring chemotherapy/biotherapy across treatment locations [139, 
140]. The complete standards are available here: https://www.ons.org/sites/default/
files/2016%20ASCO_ONS%20Chemo%20Standards.

These standards should be reviewed in full and incorporated as the basis for 
policy and procedure development to promote an environment of safety. The funda-
mental concepts pertinent to pediatric oncology patients in the intensive care unit 
are highlighted.

Domain 1: Creating a Safe Environment – Staffing and General Policy
Nurses must be knowledgeable about treatment regimens and chemotherapeutic 
agents, together with the indications for each agent, safe dosage, the route of admin-
istration, side effects, proper administration, and safe handling techniques, in addi-
tion to patient response and family education. In any setting where chemotherapy/
biotherapy is administered, comprehensive education, preparation, and training are 
required for all nurses who administer and/or monitor systemic cancer therapies and 
should be reassessed annually. This standard further specifies the education pro-
gram needs to be “comprehensive,” such as the Association of Pediatric Hematology/
Oncology Nurses (APHON) Chemotherapy and Biotherapy Provider course and the 
Provider Renewal program. This education is essential to ensure safe care for the 
patient and the individual administering the agents [141]. This standard also reviews 
the necessary elements to determine if a patient has met specific criteria to receive 
chemotherapy/biotherapy.

Another important element in creating a safe environment is incorporating a sys-
tem for safe patient handoff between all sites of care. This includes timely, accurate 
information about a patient’s plan of care, the treatment being administered, includ-
ing chemotherapy and supportive care schedule, and specific monitoring for any 
safety concerns. Identified error prevention strategies and the commitment from 
individuals and organizations to practice these can reduce the potential for patient 
harm [142, 143].

Domain 2: Treatment Planning, Patient Consent, and Education
Principles in this section emphasize the standardization of obtaining and docu-
menting the patient and guardian’s chemotherapy treatment consent and assent. 
The consent includes information about the patient’s diagnosis, goals of treat-
ment (cure, disease, prolong life, or reduce symptoms), treatment options and 
duration, as well as common and rare side effects. An assessment of health lit-
eracy is essential in order to offer education based on learning needs, abilities, 
and readiness to learn.
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Domain 3: Ordering, Preparing, Dispensing, and Administering 
Chemotherapy
The role of the PICU nurses in chemotherapy administration is dependent on the 
policies of individual hospitals. Institutions determine what deems an individual 
to be chemotherapy competent as there is no nationally recognized certification 
for chemotherapy/biotherapy administration [141]. Cancer therapy involves 
drugs that are considered by the Institute of Safe Medication Practices (ISMP) to 
be “high alert medications”, meaning if any error occurs, even when used as 
intended, these drugs are more apt to cause patient harm [144]. Key points in this 
section include the need for the provider to communicate to other team members 
and the caregiver, risks of the therapy, as well as document any treatment changes, 
including dose modifications. If the patient is to receive chemotherapy, it is 
essential that this information is communicated and coordinated with the bedside 
nurse in the PICU. Before each agent is administered, at least two practitioners 
determined by the institution to administer chemotherapy verify the following 
(Fig. 19.5):

It is essential that the nurses and physicians caring for hematology/oncology/
HCT patients are aware of the chemotherapeutic and biotherapeutic agents that 
are part of their patient’s treatment plan. This information can be found in vari-
ous locations such as the institution’s formulary, within a patient’s treatment 
plan, or in consultation with the oncology team. Important nursing  considerations 
include [145]: 

Elements
essential to
verify before

chemotherapy/
biotherapy is
administered

Full generic name of drug &
drug dose

Rate of administration
Route of administration

Expiration dates and/or times
Appearance and physical

integrity of the drugs

Rate on infusion pump is checked
Total volume to be infused

is checked

Label on product (continued)
Total number of products to be

given when medication is provided
in divided doses—each product
should be labeled with the total

number of products to be
administered and the individual

products sequence within that total
grouping, i.e. one of two. Caution

statement “Chemotherapy” or
“Hazardous Drug”

Label on product includes:
Patient’s name

Second patient identifier
Drug dose, route total
volume to be infused

Date the medication to
be administered

Expiration dates and/or times
Sequencing of drug

administration, when applicable

In the presence of the
patient, verify patient
identification, and if

administered IV the tubing
is connected to patient.

Fig. 19.5 Essential components to review prior to administration of chemotherapy/biotherapy
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• The emetogenic potential of the agent being administered
• Specific hydration guidelines
• Any agents that need to be protected from the light
• Pertinent laboratory monitoring
• Timing of administration

Domain 4: Monitoring After Chemotherapy Is Administered Including 
Adherence, Toxicity, and Complications
Participation in clinical trials is a driving force in the development of new treatments 
for pediatric cancers. Approximately 60% of children, adolescent, and young adults are 
enrolled in a clinical trial [146]. Compliance with the protocol and its treatment deliv-
ery is paramount in obtaining the clinical data that will demonstrate the safety and 
efficacy of the new treatment/therapy. To assure this compliance, the bedside nurse 
must receive education and demonstrate an understanding of the treatment administra-
tion, adhering to the protocol monitoring schedule and observation of adverse effects. 
Education specific to all aspects of chemotherapy/biotherapy administration and moni-
toring is essential to ensure a safe level of care for patients receiving the agents, as well 
as for the nurses who are administering the drugs. Additional support must be provided 
to the PICU staff to ensure continuity when the patient is off the general hematology/
oncology/HCT unit. These standards should be used as a guide to develop policies and 
procedures to support and promote a safe environment for patients.

 Promoting Comfort: Population-Specific Considerations 
in Managing Pain and Agitation and Providing Sedation

 Pain and Agitation Assessment

Critically ill pediatric immune-compromised hematology/oncology/HCT patients 
require thorough and frequent pain assessments at regular intervals. This assess-
ment includes location, quality, and severity of pain using a developmentally appro-
priate, validated pain scale. Commonly used self-report scales in pediatrics include 
(1) the FACES pain scale for children ages 4 years and older [147, 148]; (2) the 

Box 19.6 Nursing Pearls
• Verbal orders are not accepted on chemotherapy orders.
• Vinca alkaloids (e.g., vincristine and vinblastine) are fatal if administered 

intrathecally.
• National safety measures include:

 – Vinca alkaloids to be administered via a small-volume “mini” bag.
 – Chemotherapy agents administered via the central nervous system are 

delivered from pharmacy to the procedural area.
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numeric rating scale (NRS), for children older than 8 years [149]; and (3) the visual 
analog scale (VAS) for children older than 8 years [150]. Self-report is often viewed 
as the gold standard for pain assessment in children who are verbally communica-
tive and are developmentally able to comprehend the scale [151]. In children less 
than 3 years and those with limited verbal or cognitive skills, observation of behav-
iors and caregiver reports are valid assessment strategies [151]. The FLACC pain 
scale is a behavior observation tool used for children less than 7 years of age [152, 
153]. It has also been shown to have some application in children with cognitive 
impairment [154] and in older critically ill children [155] with limited ability to 
communicate. For a child with developmental delays or limited verbal communica-
tion, an individualized pain scale should be created in collaboration with a primary 
caretaker based on behavioral signs that indicate pain [75, 151, 156, 157].

Also important to consider is how pain is assessed in children whose ability to 
verbally communicate is hindered [75, 158]. This includes patients receiving long- 
term sedation and/or chemical paralysis to tolerate noxious life-sustaining treat-
ments such as invasive mechanical ventilation via endotracheal tube or those with 
debilitating acute or chronic diseases. Instead of relying solely on self-report tools, 
clinicians need to integrate clinical indicators of pain and discomfort such as vital 
sign (VS) changes, dilated pupillary exam, and behavioral cues such as grimacing/
facial expression, tearing/crying, or thrashing [75, 158] with validated pain scales.

For patients receiving continuous sedation, their level of comfort and sedation must 
be continually assessed in addition to pain. A number of validated sedation scales exist 
to guide titration of sedative and pain medications in the PICU. The COMFORT and 
State Behavioral Scales (SBS) are two of the most clinically useful tools in pediatrics 
[158]. The SBS is a validated tool for intubated patients less than 18 years old which 
assigns a degree of sedation ranging from unresponsive (−3) to agitated (+2) with zero 
(0) being awake and calm. It cannot be applied to patients who are chemically para-
lyzed [159]. The COMFORT scale was originally proposed in 1992 as a means of 
assessing pain- and non-pain-related distress in mechanically ventilated patients [160] 
and has been further validated in multiple studies [158]. The COMFORT-behavioral 
(Comfort-B) scale [161] was created to adjust for the possibility that the physiologic 
parameters of the original COMFORT tool may be affected by the patient’s disease 
state or side effects of treatment [158, 162]. It should be noted that while both the SBS 
and COMFORT scales assess sedation, they are limited in that they do not provide a 
pain-specific assessment for procedural or intermittent pain episodes [158, 162]. Pain 
should continue to be evaluated with an appropriate pain scale for the patient.

 Principles of Treatment

Children with cancer have many causes of pain including the disease itself, treat-
ment side effects, and/or diagnostic and therapeutic procedures [74]. A stepwise 
approach should be applied to pain management [151]. Interventions should corre-
late with the severity of pain beginning with enteral non-opioid medications for 
mild pain, escalating to enteral opioid medications for moderate pain and further to 
intravenous (IV) opioid medications for moderate to severe pain or when unable to 
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tolerate enteral medications [151]. Attempts should always be made to understand 
the cause of the child’s pain and minimize any contributing factors [75, 164, 165].

Patients may require ongoing sedation in order to tolerate noxious stimuli. 
Sedation involves intermittent and/or continuous infusions, most commonly of opi-
oids and benzodiazepines, with or without other adjunct medications [75, 166]. It is 
essential to ensure pain continues to be adequately treated once sedation is admin-
istered [165]. Chronic pain medications or their IV equivalent must also be contin-
ued in order to avoid withdrawal symptoms and to ensure that pain does not become 
a contributing factor to preventing adequate sedation [165].

Given the potential for adverse effects from long-term analgesia and sedation in 
children, ensuring optimal comfort at the lowest possible doses is a nursing priority 
[167, 168]. Nurse-driven sedation protocols in the PICU show promise in achieving 
optimal sedation levels while reducing potential complications. Further research is 
needed to establish a new standard of care [167–169].

Adequately managing pain throughout a child’s treatment course is essential to 
long-term physical and mental health/recovery. The consequence of untreated pain 
is now better understood. While it used to be thought that children would become 
more tolerant to pain the more they were exposed, the reverse is actually true. 
Instead, repeated exposure to inadequately treated pain results in multiple adverse 
effects including hyperactive stress responses, increased anxiety, fear, and hopeless-
ness and may result in chronic pain syndromes [75, 76, 170]. Unmanaged needle 
pain can lead to phobia and anxiety as well as more significant pain responses to 
future treatments [171].

 Pharmacologic Interventions

Non-opioid Analgesics
Critically ill children frequently use non-opioid medications such as acetaminophen 
and nonsteroidal anti-inflammatory drugs (NSAIDs) to optimize pain management 
[75, 162, 170]. However, these medications must be used judiciously in patients 
with primary hematology/oncology diagnoses and/or undergoing HCT. Both cate-
gories of medications can mask fever, which may be the only early sign of infection 
in an immune-compromised child. Obscuring this red-flag finding by administering 
these medications without routinely assessing for fever can have ominous implica-
tions. There should be a discussion with the provider prior to their administration 
and prophylactic dosing. NSAIDs present additional challenges to children with 
thrombocytopenia as they act as platelet inhibitors [165]. NSAIDs can also be neph-
rotoxic [162] and therefore raise concern as children receiving chemotherapy are at 
risk for renal insufficiency and acute kidney injury [172]. Ketorolac (Toradol®) is 
an NSAID commonly used in the PICU to help manage short-term, moderately 
severe acute pain [162] as it is the only NSAID available to administer via IV or IM 
route and is useful for children who are NPO.  If a child is permitted to receive 
NSAIDs, the nurse should monitor for decreased platelet counts, abnormal coagula-
tion studies, and any clinical signs of increased bleeding such frank bleeding or 
occult blood in stool, urine, or gastric output.
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Other adjuvant medication categories include corticosteroids (e.g., dexametha-
sone), anticonvulsants (e.g., gabapentin), anxiolytics (e.g., diazepam), antidepres-
sants (e.g., amitriptyline), or others (e.g., clonidine) [164]. Dexamethasone can be 
useful in relieving chemotherapy-induced nausea or increased intracranial pres-
sure, such as from a brain tumor. However, caution should be exercised if dexa-
methasone is prescribed for comfort as many children undergoing cancer therapy 
are already receiving corticosteroids as a part of their disease treatment plan. 
Additional dosing may cause safety risks and/or protocol violations.

Dexmedetomidine (Precedex®) is a medication growing in popularity in the 
PICU given both its analgesic and sedative properties [173, 174]. Dexmedetomidine 
is an alpha2 adrenergic agonist that promotes sedation without causing significant 
respiratory depression, potentially allowing for a reduction in the use of other seda-
tives [173–175]. It is typically administered as a continuous infusion with or with-
out a loading dose [175]. The patient requires careful monitoring for potential side 
effects, particularly bradycardia, hypotension, and hypertension [175]. Many insti-
tutions require a patient to be in an intensive care or procedural unit during admin-
istration [162, 173, 175].

Low-dose ketamine infusions for pain management are being explored with 
great success [176–180]. Ketamine is a powerful N-methyl-D-aspartate (NMDA) 
receptor antagonist and dissociative anesthetic. When used in certain doses and in 
conjunction with lower-dose opioids, it may help to decrease opioid usage and sub-
sequent tolerance [176, 177]. Institutional policies dictate if low-dose ketamine 
infusions are administered on a regular unit or require admission to the PICU for 
monitoring [75, 178].

Opioid Therapy for Pain
Pain treatment for children with cancer is complex, but the foundation of management 
for moderate to severe pain in pediatric cancer continues to be opioid medications 
[74]. Children with hematologic/oncologic diagnoses or those undergoing HCT may 
have previous exposure to opioids prior to PICU admission. Healthcare providers 
must have a thorough knowledge of the child’s history of opioid use to determine if 
the patient is naïve or at risk for physiologic tolerance due to past exposure [165, 170].

Tolerance Children with chronic pain, such as patients with sickle cell disease 
(SCD), may have a history of opioid use requiring doses significantly higher than 
standard starting dosing to achieve effective pain management [179]. Acute pain, if 
coupled with the underlying chronic pain, may necessitate a dose escalation and/or 
the addition of another pain medication.

Children requiring critical care may necessitate prolonged periods of sedation to 
tolerate invasive mechanical ventilation [75, 158, 159, 165]. Over time, these 
patients can become more tolerant of the infusions, requiring close monitoring for 
diminishing efficacy of their current dosing. Opioid doses should be titrated to the 
patient’s response, and thus there is no maximum daily dose.

In cases where the patient’s pain is not adequately controlled with opioids, adju-
vant medications such as dexmedetomidine (Precedex®), ketamine, barbiturates 
(e.g., pentobarbital), or intermittent methadone and lorazepam may become 
 necessary additions to the patient’s care plan [75].
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Side Effects Respiratory depression is the most serious potential side effect of 
opioid therapy. However, when dosed appropriately and according to physiologic 
need, patients typically tolerate these medications well. The PICU is an ideal loca-
tion to provide intravenous opioid therapy if the patient’s pain necessitates it, given 
the availability of continuous monitoring and assessment [165]. Children who are 
opioid-naïve should be monitored closely with initial doses. If given for sedation 
purposes to a child who is intubated, respiratory depression may be an expected and 
tolerable side effect.

Certain patients have other risk factors that make them more vulnerable to even 
mild respiratory depression related to opioid use. For example, a patient may pres-
ent with a tumor burden that compromises their airway, such as a mediastinal mass 
secondary to T-cell acute lymphoblastic leukemia or a solid tumor near or around 
the upper or lower airways. Once given an opioid, the child may experience mild to 
moderate subsequent respiratory depression and/or drowsiness that may further 
compromise the child’s ability to maintain their natural airway. While receiving 
opioid or sedative therapy, patients with these or similar risk factors may benefit 
from close monitoring in an ICU to allow for rapid intervention if needed.

Mucositis is a common complication of  chemotherapy and often identified as a 
significant source of pain [74]. Mucositis results in swelling, increased mucous pro-
duction, and potential bleeding in a patient’s airway. Moderate to severe mucositis 
often requires opioid therapy to effectively mitigate the pain. Typically, this treat-
ment complication can be managed with routine care and monitoring in the general 
ward. However, in cases of particularly severe mucositis, a child’s airway may 
become swollen and narrowed as a result. This is particularly plausible in infants as 
their normal airway diameter is notably smaller than an older child’s. In extreme 
cases, intubation may be required to support the child through the healing course to 
ensure patient safety while allowing for adequate pain control.

Constipation can be a side effect of opioid therapy  as well as cancer treatment 
regimens. Preemptive, preventative, anticipatory management is necessary. Children 
should be initiated early on a prophylactic bowel regimen [181, 182]. 
Methylnaltrexone is an opioid receptor antagonist that is used to treat opioid- 
induced constipation (OIC). It is the only medication currently available to treat 
OIC that can be administered by intravenous (IV) or subcutaneous (SQ) routes. 
Thus, it can be given to patients who are NPO without risk of counteracting the 
efficacy of the opioids in reducing pain [182–184].

Methadone is a long-acting opioid used to treat chronic, complex, and neuro-
pathic pain and pain uncontrolled by other high-dose opioids or in order to wean 
patients off of opioid therapy [185, 186]. Methadone has been shown to cause cor-
rected QT (QTc) prolongation on electrocardiogram in adults that, if left untreated, 
can lead to lethal arrhythmias. However, it is generally well tolerated in pediatrics 
and, infrequently, if at all, associated with QTc prolongation in children less than 
18 years of age being treated for cancer [186, 187]. If experienced, it is typically in 
the setting of comorbid  conditions [187].

Organ Dysfunction Children undergoing treatment for hematologic/oncologic 
diagnoses are at risk for hepatic and renal insufficiency. The nurse should monitor 
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for acute changes in sedation status that are inconsistent with patient history and 
may be symptoms of medication buildup, or “stacking,” from reduced hepatic and 
renal clearance. Laboratory values measuring hepatic and renal dysfunction should 
also be monitored. In addition to oversedation, buildup of by-product from some 
opioids and benzodiazepines can have neurotoxic effects such as myoclonus [165].

Withdrawal Management As patients recover from critical illness, technological 
support is weaned and, with it, the patient’s sedation infusions. When administered for 
more than 5 days, opioids, benzodiazepines and barbiturates are known to have high 
risk for withdrawal symptoms with rapid discontinuation [75]. Dexmedetomidine 
(Precedex®) given over prolonged periods has also been shown to cause signs and 
symptoms of withdrawal that may look slightly different than those associated with 
opioids and benzodiazepines [188]. Given the risk of prolonged periods of invasive 
mechanical ventilation, the hematology/oncology/HCT patient should be monitored 
closely for signs and symptoms of withdrawal at regular intervals using a validated 
scale, such as the Withdrawal Assessment Tool – Version 1 (WAT-1) [189]. Nurses are 
instrumental in facilitating optimal and efficient weaning schedules. A baseline score 
is established at the start of the weaning process, and as weaning commences, a clear 
goal score should be established among the multidisciplinary care team. Families 
should be educated about what signs and symptoms of withdrawal to look for, and 
reassured that some amount of withdrawal may be unavoidable and safely tolerated. 
Reassure families that the child will return to their baseline. Consulting with pain 
treatment experts is often helpful in ensuring a safe and efficient weaning plan.

 Non-pharmacologic Interventions

While pharmacologic intervention is an integral part of pain and comfort manage-
ment, non-pharmacologic interventions can be powerful additions to a child’s regi-
men. Preparing a child physically, psychologically and emotionally for painful 
procedures is essential in helping to minimize anxiety and reduce pain. Child life 
specialists can be instrumental in facilitating preparation and distraction when 
appropriate. Hypnosis, aromatherapy, Reiki, massage, acupuncture, relaxation tech-
niques, and behavioral therapy are all feasible options and can be offered to reduce 
a patient’s pain [75, 170].

Anxiety is not an uncommon experience for hematology/oncology/HCT patients. 
It is important to decipher what symptom(s) are afflicting the patient and utilize the 
most appropriate therapies. Partnering with psychosocial clinicians and child life 
specialists can be useful in developing alternative non-pharmacological approaches 
to care [75, 76, 170].

 Managing Procedure-Related Pain

Achieving optimal sedation during invasive procedures is important to reduce 
anxiety and eliminate emotional and physical trauma related to procedural pain. 
Children undergoing cancer therapy often cite invasive procedures as some of the 
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most distressing experiences they endure. Recommendations are to use appropri-
ate procedural sedation when general anesthesia is not necessary or plausible 
[71, 75,  170].

While in the PICU, the patient may require procedures as a part of their diag-
nostic workup and/or treatment [190], such as a lumbar puncture or placement of a 
peritoneal drain for ascites related to sinusoidal obstruction syndrome (SOS). In 
the PICU, these children are often intubated and can safely and easily receive addi-
tional sedation to facilitate procedures. Sometimes, however, these children may 
not be intubated yet still require sedation to undergo a procedure. When a child is 
breathing spontaneously while maintaining a natural airway and receives sedation, 
it is known as “procedural sedation.” Procedural sedation is defined as altering the 
patient’s level of consciousness to allow for procedures to safely and comfortably 
take place [190–192]. A patient can be sedated along a continuum of sedation from 
minimal to moderate to deep sedation before finally progressing to general anes-
thesia [191, 192]. Use of moderate sedation can promote patient cooperation and 
safety  during a procedure, as well as reduce anxiety and fear for future interven-
tions [162, 190–193].

Nursing Implications and Monitoring
Procedural sedation monitoring should follow national guidelines consistent for all 
patients [190, 192, 193]:

• Ensure consent is obtained
• Ensure procedure is explained to the patient and family
• Assess for aspiration risk and last known oral/enteral intake. Ensure NPO status 

according to established institutional policies in accordance with national 
guidelines

• Ensure emergency equipment is readily available
• Obtain baseline vital signs
• Place patient on continuous cardiorespiratory monitoring including HR, RR, 

SpO2, and end-tidal CO2 (ETCO2) (if available) for duration of the procedure
• A goal sedation level is to be determined by the licensed provider prior to begin-

ning of procedure
• Perform a time-out
• Document vital signs according to institutional policy
• Document a recovery score

Any provider who is caring for a patient receiving procedural sedation must be 
aware of the appropriate reversal agents for commonly used sedation medications. 
Naloxone (Narcan) is the reversal agent for opioids, and flumazenil is the reversal 
agent for benzodiazepines [192, 193]. These medications should be readily avail-
able in the location where the patient is undergoing the procedure [193]. If reversal 
agents are administered for respiratory depression, the patient needs to be moni-
tored for a sufficient amount of time following administration to ensure complete 
recovery of adequate spontaneous breathing [192–194]. It is imperative to under-
stand the risk of recurrent respiratory depression following administration of a 
reversal agents. Doses of one or both reversal agents may need to be repeated if the 
patient has recurrent episodes of respiratory depression due to the short half-life of 
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reversal agents as compared to the longer half-life of sedatives. The patient should 
also be closely monitored for rebound pain, tachycardia, hypertension, and flash 
pulmonary edema with the administration of reversal agents [193, 194]. In addi-
tion, reversal of benzodiazepines should be avoided in children with a history of 
seizures or long-term benzodiazepine use as this may put the child at a higher risk 
for seizure activity.

Providing developmentally appropriate  psychological preparation and support is 
paramount to minimizing distress from pain in children during painful procedures 
by optimizing their coping abilities. Medical play can be helpful, as can involving 
parents or family members when appropriate and in accordance with their wishes. 
Utilizing non-threatening language provides rationale(s) for any procedure(s) and 
accurate information about what to expect. Distraction, self-talk, guided imagery, 
and behavioral coping strategies may all be helpful in supporting patients through 
procedures [195].

 End-of-Life (EOL) Symptom Management Considerations

Successful pain management at the end of life (EOL) may require a more intensive 
approach when children are critically ill. The fear of, or actual, inadequate pain 
control can put unnecessary stress on patients and families, further intensifying their 
pain [196]. When formulating a multidisciplinary plan for EOL symptom manage-
ment, the following factors must be considered:

 1. Explore and understand family goals and wishes so that medical EOL strategies 
can be aligned accordingly, focusing on [196–198]:

• Relief of suffering.
• Assuring the child is as comfortable as possible in terms of pain, agitation, 

and anxiety.
• Having the child be awake and able to relate whenever possible. Depending 

on the child’s clinical status, this may not always be feasible, but must be 
addressed and considered. If it is not possible, rationale should be explained 
to the family and alternative forms of memory making offered such as photo-
graphs, hand/foot prints, or story-telling and reminiscing. Families should 
still be encouraged to speak to the child and reassured that their presence is 
meaningful.

 2. Pain is a “crisis” and must be treated as quickly as possible.

• Avoid promising the child can be “pain-free.”
• Continually assess pain, and ensure that all attempts are made to relieve pain 

and suffering.

 3. Consider previous pain management history and patient’s response, including:

• Opioid and sedative history and potential for high tolerance levels
• Other agents previously administered to the patient and his/her response to 

them
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 4. Evaluate current pain management regimen, including:

• Total hourly doses of opioids, benzodiazepines, and other agents being 
administered by both continuous infusions and scheduled intermittent doses

• Current PRN bolus doses
• Duration of treatment on current sedation infusions

 5. Assure family of careful titration of comfort medications. Educate the family 
that this will likely include continuous infusion(s) of pain medication with bolus 
doses available for optimal symptom management.

 6. For children in the PICU, invite the primary hematology/oncology/HCT team 
members to be a part of EOL discussions and planning. This can facilitate more 
effective and efficient clarification of goals of care and promote feelings of trust 
and collaboration.

 7. Perform a huddle daily, or more frequently as needed, with the multidisciplinary 
team and then the family. This is essential to ensure a cohesive and clear plan to 
promote symptom relief at end-of-life. When the mode of death will be a termi-
nal wean of life-sustaining technologies, a huddle should be held just prior to the 
event, including contingency planning for comfort medications in the event non-
traditional strategies are unsuccessful [199].

 8. Discuss with the family the role of palliative sedation if symptoms cannot be 
controlled with typical comfort medications.

• Medications such as propofol and/or ketamine are considered for children at 
end of life with intractable pain or incredibly high tolerance levels to tradi-
tional medications to relieve their burden of pain [198–200].

Emphasize the power of presence for a  child facing EOL [196–198]. Often, 
caregivers simply need reminding and reinforcing of the importance of “being with” 
their child; holding, reading to, playing music, sharing memories, and praying are 
tools that may bring calmness and relieve existential as well as physical pain. Utilize 
all members (child life specialists, chaplaincy, psychosocial clinicians) of the mul-
tidisciplinary team in caring for family. Each member can bring a unique contribu-
tion to patients and families through this difficult time [196–198]. See Chap. 17: 
Psychosocial Aspects of Care and Palliative Care for a comprehensive and multi-
disciplinary discussion of EOL considerations.

 Developing a Collaborative Interdisciplinary Care Model

 Introduction

Advances in supportive and intensive care have improved the outcomes of critically 
ill pediatric immune-compromised hematology/oncology/HCT patients. However, 
the transition of care from the inpatient unit to the PICU can be challenging for 
patients, families, and healthcare providers. The complexity of this patient popula-
tion’s physical and emotional care needs demands a free flow of information both 
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across disciplines and across specialties. Thus, interdisciplinary communication 
and collaboration remain the foundation for successful care of these patients in the 
PICU [201–203]. Throughout the patient’s care continuum, these principles should 
be applied on both the individual and institutional levels.

 Optimizing Transfer of Care

Pediatric hematology/oncology/HCT patients are transferred to the PICU for a mul-
titude of reasons that can be classified into one of the three categories: planned 
admissions, episodes of acute decompensation, and chronically critically ill (see 
section “Framework for Categorizing Patients”). Regardless of the reason for a 
patient’s PICU admission, it is essential to ensure there is comprehensive commu-
nication between the various members of the patient’s care team.

 Criteria for Escalation in Level of Care

Variability exists among institutions about when a patient should be transferred to a 
PICU for a higher level of care [204, 205]. Individual institutional policies and proce-
dures determine these criteria and are based on a multitude of factors including staff-
ing, nursing education and expertise, patient monitoring capabilities, and availability 
of supportive care measures [204, 206]. When a child develops a condition that is 
immediately life-threatening or potentially life-threatening, or there is an acute change 
in their stability, transfer to the PICU is necessary [204]. Each institution should have 
policies in place, including physiologic parameters, to distinguish what the acceptable 
level of care for the general ward is and what care must be provided in the PICU [204, 
207]. As pediatric hematology/oncology/HCT care advances with newer therapies 
such as immunotherapy, the location of care for the patient may become less clear. 
The pediatric oncology nurse has the most knowledge and expertise about the patient’s 
disease and therapy, but the potential risks of the therapy may be so significant that 
care is best provided in the intensive care unit. Approaches to these types of scenarios 
are ideally addressed in advance of administering a new or potentially high-risk ther-
apy with patient safety being the main priority.

Whenever possible, the care for a critically ill pediatric hematology/oncology/
HCT patient should be provided in an intensive care unit specific to pediatrics. 
Outcomes are better when this specialized patient population is cared for in a PICU 
versus an adult ICU [208].

 Early Warning Systems

Early intervention and transfer to the PICU for the pediatric hematology/oncology/
HCT patient population with respiratory failure and shock have been shown to 
improve outcomes [5, 6, 11, 202, 209]. Additionally, early initiation of noninvasive 
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ventilation (NIV) has shown promise in avoiding endotracheal intubation for 
immune-compromised children who develop acute respiratory distress syndrome 
(ARDS) [210, 211]. However, success depends on early referral and treatment.

Institutions should consider implementing an early warning scoring tool to aid in 
identifying those patients at risk for potential clinical deterioration. Algorithms that 
guide care decisions based upon the patient’s score should accompany these tools. 
Identifying patients who are clinically deteriorating and transferring them to an 
intensive care unit prior to a cardiopulmonary arrest is a priority for acute care insti-
tutions [212, 213]. Approximately 8.5–14% of all cardiopulmonary arrests in hospi-
talized pediatric patients occur in non-intensive care unit settings, and outcomes for 
these patients are poor [213]. Upon review of patient events, there are often physi-
ologic changes and/or abnormalities documented within 8–12  h of the patient’s 
deterioration [214]. Staff members from inpatient units have concentrated on devel-
oping effective and efficient bedside assessment tools that provide an early warning 
for patient deterioration [214].

Early warning scores were first implemented in the adult population in the late 
1990s and found to be helpful in identifying patients at risk for clinical deterioration 
[215]. An early warning tool specific to pediatric patients was developed in 2005 
known as the Pediatric Early Warning Score (PEWS) [216]. PEWS was based on 
three clinical components: the patient’s behavior, cardiovascular status, and respira-
tory status. PEWS calculated an aggregate score ranging from 0 to 13 [217].

Since the development and implementation of early warning scoring systems, 
several institutions have modified the tools. There are four validated tools in pediat-
rics: the PEW tool, the PEW System Score, the Bedside PEW System Score [218], 
and the Children’s Hospital Early Warning System (CHEWS) [219]. Each uses a set 
of variables that are summed to give the patient a score, which is then applied to an 
intervention algorithm identifying tiers of monitoring and a set of responses [218–
220]. The identified score and interventions support communication between the 
nurse and provider, allow for timely ICU consultation, and prompt management of 
a deteriorating patient [219, 220]. These tools have been validated in the pediatric 
hematology/oncology/HCT patient and are appropriate and essential to use for this 
population [213, 220].

Box 19.7 Considerations for Patient Transfer to a Higher Level of Care
• Hemodynamic instability
• Vasopressor support
• Escalating respiratory needs
• Increasing pain/comfort management
• Acute changes in mental or neurological status
• Frequent lab monitoring requiring electrolyte replacement
• Medication administration traditionally restricted outside of an intensive 

care unit
• A feeling something is wrong with the patient
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 Standardized Exchange of Patient Information

A leading cause of medical errors and patient harm is poor communication among 
healthcare professionals [221]. Any time a patient’s care is transferred, it is essential 
that there is clear communication between the clinical care providers. This exchange 
of information may be known as patient handoff, sign-out, patient report, or shift 
report. The handoff period is a high-risk event and errors that have occurred during 
this critical exchange of information have been linked to sentinel patient events [222]. 
Standardizing the communication of information during patient handoff can help 
mitigate the risk for loss of information. One method is to utilize a structured handoff 
tool, such as I-PASS. I-PASS is a mnemonic that stands for Illness severity, Patient 
summary, Action list, Situation awareness and contingency planning, and Synthesis by 
the person receiving the information [223]. See Fig. 19.6 for an example.

In addition to the exchange of clinical information, it is also essential for the pedi-
atric hematology/oncology/HCT patient population to communicate non- physiologic 
information, including input from psychosocial clinicians and child life therapists. 
This information may be overlooked, particularly if the transfer of care was unex-
pected or urgent. Time is needed to understand a patient’s prior history, their family 
unit, and other pertinent psychosocial history. This information is necessary to support 
the patient and family’s transition to a higher level of care and promote their adapta-
tion to the new, potentially unfamiliar setting. During urgent transfers, this informa-
tion may need to be communicated at a later date/time versus in the acute moment of 
transfer in order to expedite the transition. Complete exchange of all pertinent infor-
mation requires ongoing communication between the multidisciplinary PICU and 
hematology/oncology/HCT teams.

 Collaboration Throughout the PICU Admission

 Promoting Continuity

Communication and collaboration are two of the six tenets that contribute to a 
healthy work environment [224]. The PICU bedside nurses provide the majority of 
the hands-on care to the patient and are responsible for the continuous monitoring 
of a patient’s condition. A collaborative relationship with clear and respectful com-
munication between the nurse and interdisciplinary team is essential to maintaining 
a healthy work environment (HWE) [201, 206, 225]. A HWE has been shown to 
positively impact patient outcomes.

Hull and O’Rourke (2007) propose five opportunities to improve the continuity 
of care provided for hematology/oncology/HCT patients in the ICU [206]:

 1. Relationship building: Use of open communication to develop a trusting rela-
tionship between both nursing specialties.

 2. Collaborative relationships: Highlights the importance of a free-flow exchange 
of information between the two units.
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I-PASS Handoff:
Transfer from HCT Unit to Pediatric Intensive Care Unit (PICU)

• Diagnosis/Type of HCT/Transplant Day (ex: ALL, Allogeneic MURD, Day +40)
• ICU Admission Route: Code, ICU Stat, ICU Consult, Post Operative, Other
• Assessment of Current Condition: Stable/Unstable; Mild/Moderate/Severe Distress
• CHEWS (or other early warning system) score

Red flag issues (i.e. decompensating hemodynamics; outstanding
chemotherapy/biotherapy; pre-medication for blood products, SOS Watch etc.)

Close loop communication: PICU Receiving RN synthesizes and summarizes the
patient’s status and plan to HCT RN. Provide opportunity to ask clarifying questions.

Abbreviations: HCT = hematopoietic cell transplant; PICU = pediatric intensive care unit; MRN = medical record
number; ALL = acute lymphoblastic leukemia; CHEWS = Children’s Hospital Early Warning System; PMH = past
medical history; MURD = matched unrelated donor; GI/GU = gastrointestinal/genitourinary; FEN = fluid,
electrolytes and nutrition; CXR = chest xray; SOS = sinusoidal obstruction syndrome

• Reason for admission to PICU (e.g. respiratory distress/failure, hypotension, sepsis,
 altered mental status/seizures, other)
• Significant events leading to transfer
• PMH/Co-Morbidities
• Review of Systems
  ° Neurological and Pain/Comfort
  ° Respiratory
  ° Cardiovascular
    . Total Fluid Resuscitation Given:                                     ml/kg
    . Vasopressor Requirements
    . Access:                                                                               
  ° Infectious disease
    . Pending Cultures/Last Blood Cultures
    . Current Antibiotics
    . Precautions
  ° Graft/Hematology;
    . Immunosuppression:                                     
    . Designated Lumen:                                       
    . Transfusion parameters:                                
    . Current Blood Counts
    . Pre-Medications for Blood Pruducts?
  ° GI/GU
    . Anti-Emetic Plan; Next Dose Due
  ° FEN
    . Nutrition
    . Fluid Balance
    . Weight Trend? Last Weight:                        
  ° Skin
  ° Musculoskeletal
• Psychosocial Needs
• Other Special Care Needs

• Plan for Time of Transfer
• Patient Needs that Require Follow Up:
  ° Cultures/Labs to be Sent
  ° Outstanding/Overdue/Newly Ordered Medications
  ° Fluid Boluses/Blood Products to be given
  ° Diagnostic Tests to be done (i.e. CXR, ultrasound)
  ° Upcoming Procedures

I Illness Severity

Patient
Summary

Action List

Situational
Awareness

Synthesis (by
receiver)

P

A

S

S

Patient name:                                                         MRN:                                  
Age:            Weight:            kg  Allergies:                                                           

Fig. 19.6 Example of I-PASS tool. (Adapted from Boston Children’s Hospital)
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 3. Continuing education: Successful care of the patient is reliant on ongoing and 
real-time education between the two nursing specialties.

 4. Scheduled reviews: Multidisciplinary collaborative efforts should be evaluated 
on a regular basis to assess impact on patient outcomes.

 5. Enhanced baccalaureate curriculum: Critical care and hematology/oncology educa-
tion and experience should be offered in the undergraduate, nursing curriculum.

These principles should be applied throughout a patient’s course in the 
PICU.  Specific interventions and practices should be tailored to each institution. 
Successful and ongoing collaboration between specialties is essential. Often, addi-
tional consulting teams are involved, such as infectious disease specialists, pain treat-
ment experts, or nephrologists, in addition to the hematology/oncologist/HCT team(s). 
One technique to optimize communication is adopting a joint rounding practice. This 
involves collecting, at a minimum, the PICU bedside nurse, intensive care providers, 
and representative(s) from the hematology/oncology/HCT team, for daily or twice 
daily rounds. A nursing liaison from the hematology/oncology/HCT team should also 
be included [206]. This may be the patient’s primary nurse from the ward, a charge 
nurse, advanced practice nurse, or nurse in a designated liaison position [206]. 
Additional consulting services may also be invited. It is important to schedule a mutu-
ally agreed-upon time and for both teams to be mindful and respectful of the other’s 
time. A commitment from both the PICU and hematology/oncology/HCT team must 
be made to adhere to the agreed-upon schedule and optimize success.

 Nursing Education

Exposure to pediatric hematology/oncology and pediatric critical care is limited if 
not absent in the traditional baccalaureate nursing curriculum. Nursing orientation 
in the critical care environment is multifaceted and must cover a wide range of dis-
eases. It is important that staff have access to resources such as clinical nurse spe-
cialists, unit educators, and current policies and procedures. Critical care staff 
educators need to work closely with their hematology/oncology/HCT colleagues to 
develop a comprehensive education plan for orientation as well as on-demand, as 
therapies are constantly evolving. Opportunities such as scheduled education days 
and just-in-time education at the point of care provide great opportunities for learn-
ing [201, 206]. Institutions should also consider providing cross-training or shad-
owing experiences for nurses across the units [201, 203, 226, 227].

 Providing Patient- and Family-Centered Care (PFCC)

 Overview of Patient- and Family-Centered Care (PFCC)

The concept and practice of family-centered care came about in the latter half of the 
twentieth century as awareness increased regarding the positive impact of families 
and the role families play in their child’s development [228]. A patient- and 
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family- centered care approach is based on a shared relationship between the patient, 
family, and clinician that values the importance of the family and their role in ensur-
ing overall patient health and well-being [228]. A patient- and family-centered care 
model includes sharing of information in a clear, complete, and honest manner with 
minimal medical terminology; mutual listening; and shared decision-making when 
appropriate [229]. Individualization of the patient- and family-centered approach 
should be based on the unique needs of each patient and family [229]. Nurses play a 
key role in information sharing, often translating the messages from the physician 
groups [201, 227].

 Engaging the Psychosocial Care Team

Providing care to pediatric hematology/oncology/HCT patients requires a team 
approach, inclusive of various disciplines. Social workers, psychologists, psychia-
trists, chaplaincy, and child life specialists each bring a unique set of knowledge and 
are able to support patients and families in a multitude of ways. Patients and fami-
lies struggle when they have a sick child in the ICU and need emotional support. 
Social workers are able to provide emotional support, as well as help to facilitate 
communication among the patient, family, and clinical team [230]. Hospital chap-
laincy should be available to support patients’ and families’ spiritual and religious 
needs. Child life specialists are integral team members and ensure the developmen-
tal needs of patients are being met with age-appropriate play and environmental 
accomodations. They are also a great resource in supporting parents and staff in 
ensuring communication to patients is provided at an appropriate-age level.

 Combating Compassion Fatigue, Burnout, and Distress 
in the Bedside Nurse

 Background: Resilience in the Face of Compassion Fatigue, 
Burnout, and Distress

Caring for pediatric hematology/oncology/HCT patients, particularly when they are 
critically ill, can be physically and cognitively demanding, stressful, and sad [227, 
231–235] but also greatly fulfilling [232, 235, 236]. Nurses who work with this patient 

Box 19.8 Examples of Patient/Family Inclusion
• Allowing the parent to stay overnight at the bedside
• Including patient (age appropriate) and/or caregivers to participate in daily 

rounds
• Actively involving the patient/parent in decision-making and goal setting
• Allowing the patient/parent to participate and assist with care when 

appropriate

19 Nursing Considerations



388

population find great meaning and satisfaction in their work [232, 234, 236–238]. 
Often, meaning is derived from the relationships built with their patients and families 
[232, 238, 239] in combination with the nurse’s personal and professional develop-
ment [238]. Finding meaning in their work is an essential component to nurses expe-
riencing satisfaction in their job [232, 236, 238–240]. PICU nurses report similar 
feelings of satisfaction [235] and value the therapeutic relationships built with patients 
and families. In both fields, nurses describe the privilege and honor of being present 
to support the child and their family through their experience undergoing cancer ther-
apy and/or critical illness [232, 236, 238]. These positive effects contribute to two 
important concepts: compassion satisfaction [241] and compassionate presence [232] 
(See Box 19.9). These effects promote resilience and serve as the positive balance to 
negative experiences that can contribute to burnout and compassion fatigue [240, 
242]. Resilience appears to strengthen over time, as a nurse gains more experience in 
the profession [235].

Box 19.9 Definitions
• Compassion satisfaction describes the joy and meaning one gains from 

competently providing care to another person. This helps to balance, or 
combat, compassion fatigue [235, 241].

• Compassionate presence is achieved when the nurse is present, physically 
and existentially, with a patient and family, to freely provide care while 
sharing in their experience with total compassion. During the experience, 
the nurse shares in the entirety of the patient/family experience, including 
the pain, sorrow, and resulting emotions, thereby achieving fulfillment and 
enlightenment, in spite of the pain and suffering being witnessed [232].

• Compassion fatigue, sometimes called “secondary traumatization,” is the 
emotional toll taken by caring for people who are suffering or undergoing 
a traumatic experience(s) [243]. Symptoms of compassion fatigue can 
include, but are not limited to [244]:

• Mood swings • Loss of objectivity •  Increased use of  
sick days

• Restlessness • Memory issues • Headaches,  
digestive  
problems (nausea,  
vomiting, diarrhea),  
muscle tension,  
altered sleep  
patterns, chest  
pain/palpitations,  
fatigue

• Irritability •  Poor concentration,  
focus, and judgment
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• Oversensitivity •  Avoidance or  
dread of  
working with  
certain patients

 • Anxiety •  Decreased  
ability to  
feel empathy  
toward patients

•  Excessive use of  
substances: nicotine,  
alcohol, illicit drugs

• Lack of joyfulness

• Depression

 • Anger and resentment

• Burnout is a constellation of symptoms representing a care provider’s  
(i.e., nurse’s) disengagement from their work, often driving them to depart 
a once beloved and meaningful profession. Three of the most common 
signs are emotional exhaustion, depersonalization, and a decreased sense 
of personal accomplishment [240].

• Moral distress is a complex phenomenon with a multitude of environment- 
specific nuances. Generally speaking, however, moral distress refers to the 
scenario of an individual making a judgment as to what the morally right 
thing is to do yet perceives institutional, social, or procedural factors that 
prevent them from proceeding with the right thing and instead force them 
to engage in perceived moral wrongdoing [245–247]. This scenario leads 
to moral distress within the provider.

• Distress is a general term that is different than moral distress. Distress 
simply implies discomfort and concern over a hard situation [248].

Nurses frequently bear witness to suffering [232, 235, 239]. Nurses who work 
with chronically ill hematology/oncology/HCT patients, particularly those who are 
dying, report struggling to complete the complex and numerous tasks required to 
provide ongoing physical and emotional care while simultaneously preparing for 
the patient’s decline or death [227, 232, 249]. Often, they report feeling too busy 
with tasks to perform the emotional and spiritual support they recognize patients 
and families need [227, 238, 250]. Similar phenomena are described in pediatric 
intensive care [227, 251]. In addition, caring for patients with complex, chronic ill-
nesses and those at the end of their life has been identified as a risk factor for moral 
distress [240, 252, 253].

This multifaceted stress experienced by nurses can contribute to the devel-
opment of burnout and compassion fatigue. Both compassion fatigue and 
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 burnout are well- known concepts to pediatric hematology/oncology/HCT and 
pediatric critical care and can have a detrimental effect on nursing job satisfac-
tion, staff turnover rates, and cost and subsequently negatively impact patient 
outcomes [254].

Moral distress is a separate but related phenomenon. Moral distress is a well- 
documented risk factor to developing burnout and compassion fatigue in nurses and 
is also implicated in negatively impacting patient outcomes [240, 253, 254]. 
Maintaining a HWE, however, is shown to lower the levels of moral distress [224, 
253]. Nurses who care for the pediatric critically ill hematology/oncology patient 
are at particularly high risk to experience moral distress and develop burnout and 
compassion fatigue [231, 239].

 Raising Awareness

In order to combat compassion fatigue, burnout, and moral distress, both the 
individual(s) experiencing the phenomena and their nurse leaders must identify 
their presence [243, 247, 252, 255]. A number of different tools are available to 
assist in screening for these effects. Ongoing research is working to validate these 
scales for nurses working in pediatrics (Table 19.5).

Table 19.5 Assorted selection of screening tools for compassion fatigue, burnout, and moral 
distress

Tool What it measures Description

a.  Professional Quality of Life (ProQOL) 
Elements Theory and Measurement for 
Compassion Satisfaction and 
Compassion Fatigue, Burnout, 
Secondary Traumatic Stress. Vicarious 
Traumatization and Vicarious 
Transformation [241]: http://proqol.org/
Home_Page.php

Measures compassion 
satisfaction and 
compassion fatigue

A comprehensive 30-item 
self-report questionnaire 
that can be administered 
to an individual or group

b. Moral Distress Thermometer [256] Moral distress Simple self-report tool 
with visual and numeric 
cues to quantify the 
amount of moral distress 
being experienced

c.  The Maslach Burnout Inventory 
(MBI) [257]

Aspects of burnout/
compassion fatigue 
(e.g., emotional 
exhaustion,
depersonalization, and 
personal 
accomplishment)

Self-administered 
22-question survey

d.  Moral Distress Scale – Revised 
(MDS-R) [258]

Frequency and intensity 
of moral distress

Self-administered 21-item 
questionnaire
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 Strategies to Combat Compassion Fatigue,  
Burnout, and Moral Distress

Guiding Principles
Suggested strategies to combat compassion fatigue, burnout, and all facets of dis-
tress are presented below. The following guiding principles apply to the planning of 
any intervention(s):

 1. It is imperative to recognize signs and symptoms of moral distress early in order 
to implement effective change [252].

 2. Self-awareness is important, and the ability to identify signs of burnout and com-
passion fatigue is essential [255].

 3. Successful interventions require proactive institutional support from the senior 
leadership level [239, 252].

 4. The American Association of Critical Care Nurses (AACN) Healthy Work 
Environment initiative offers helpful guiding principles when framing strategies 
[224].

 5. Fostering meaning making and compassion satisfaction can balance out compas-
sion fatigue, burnout, and moral distress [232, 240, 242].

 6. No single intervention can or will be successful in isolation. Successful manage-
ment of staff distress relies on multidimensional and varied strategies tailored to 
the staff and their specific patient population and needs [237].

 7. Reassessment of interventions is required and should be followed to evaluate the 
efficacy of implemented programs [231].

Suggested Strategies
 1. Provide opportunities for nurses to develop moral resilience by promoting self- 

awareness and self-regulatory strategies, supporting nurses in voicing concerns 
professionally and confidently, searching for meaning in spite of sadness, fos-
tering therapeutic relationships, and promoting ethics involvement [259].

 2. Apply AACN’s “the four A’s”: Ask – Affirm – Assess – Act [260].

• Ask – Is moral distress being experienced?
• Affirm – Confirm with colleagues that moral distress is present.
• Assess – Evaluate the type of distress, obstacles to intervention, and prepara-

tion to intervene.
• Act – Develop possible intervention for the bedside nurse to use.

 3. Consider setting “boundaries” between nurse and patients/families. 
“Boundaries” carry a wide variety of meaning for all nurses [233]. While some 
describe it negatively as “disconnecting” [233], others find that it helps to main-
tain a sense of being a nursing “professional,” without closing off [233, 238].

 4. Encourage and implement creative methods of meaningful recognition [261]. 
This may include:

• The Daisy Award®
• Unit-based recognitions/awards
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• Peer-to-peer acknowledgments
• Personalized “thank you” notes

 5. Offer mindfulness training [237].
 6. Provide workshops in relaxation, self-care, and stress reduction [239].
 7. Seek early ethics consults [252, 262]. Consider providing educational programs 

designed to develop nurses’ competency [259, 263].
 8. Refer nurses to institution-based clinician support programs.
 9. Ensure opportunities to talk about episodes of moral distress in order to debrief 

and learn from them [262, 264].
 10. Provide updates to PICU staff about patient success stories at discharge and 

beyond [227].
 11. Consider early palliative care team involvement to support not only the family 

but the nurses at the bedside [233].
 12. Foster healthy coping skills [238]:

 (a) Allow for humor.
 (b) Share experiences and feelings with others who are familiar with and/or 

understand your situation/experiences [233].
 (c) Maintain a life outside of the hospital to balance the experiences at work.
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