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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 
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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.
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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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