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Review

Introduction

According to the American Cancer Society, pediatric can-
cer constitutes just 1% of all US cancers numbering about 
16 000 cases a year with an annual incidence of about 190 
cases per million children/adolescents.1 Fortunately, the 
survivability of all cancers has improved to an average of 
80% after 5 years,1 however acute/early complications can 
occur as a direct result of the cancer itself or from early 
treatment side-effects involving any organ system. Long-
term consequences of pediatric cancer are well docu-
mented and show a higher tendency to involve cancer 
reoccurrence, cardiovascular, and pulmonary sequela.2 
Pulmonary hypertension (PH) is a cardiovascular compli-
cation that has been associated with cancer especially dur-
ing the treatment phase in adult3 and pediatric4,5 patients 
with an estimated prevalence in 1 adult study of 15.4%6 
but the prevalence in pediatric cancer is not known. This 
review article will discuss the classification, pathophysiol-
ogy and evaluation of PH in pediatric cancer which is 
needed to guide PH treatment in this population.

Pulmonary Hypertension Definition 
and Classification

PH is a general term for the abnormal elevation of pul-
monary artery (PA) pressures which can lead to right 

heart failure. The yearly incidence and total prevalence 
of PH in pediatrics is about 4 and 20 to 50 cases, respec-
tively per million children.7,8 With current PH therapies, 
the survivability of pediatric PH by the REVEAL regis-
try is about 74% at 5 years for pulmonary arterial hyper-
tension (PAH).9 PH is generally considered a chronic 
and sometimes insidious disease that is progressive in 
nature without a cure.10 However there are circum-
stances that can lead to more rapid progression of PH 
such as pulmonary embolism or interstitial lung disease. 
PH has been classified into 5 sub-categories in terms of 
mechanism of disease to aid in diagnosis and treatment 
(Table 1).11 The latest classification system was updated 
in 2018 and includes a new hemodynamic definition of 
a mean PA pressure of >20 mmHg (Table 2).11 There are 
several registries of pediatric pulmonary hypertension 
that describe PH occurrence by sub-category but spe-
cific etiology such as its association with cancer is not 
listed.8,9,12-15 PH associated with cancer and cancer ther-
apy can fall into any of the 5 sub-categories based upon 
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the effects on the pulmonary arteries, lung parenchyma, 
or heart. The etiology of PH associated with cancer can 
be due to several mechanisms which include direct 
injury, indirect injury and treatment related (Table 3).

Direct Injury Mechanism of Cancer 
Associated PH

Direct compromise of the PA’s and proximal airways 
can occur as a result of tumor mass effect or tumor 

invasion into bronchial or arterial tissues and create 
PH.16 Tumors known to cause compressive/obstructive 
compromise of the PA’s include benign and malignant 
tumors such as sarcoma, carcinoma, germ cell tumors, 
lymphoma, and teratoma which can also lead to PH.16,17

Tumors that can make their way into the circulation 
can also embolize into the pulmonary arterial system 
known as pulmonary tumor embolism (PTE) and has 
been described since the 1930’s as a cause of right heart 
failure in cancer patients.3 Cancers noted to be associated 

Table 1.  Classification of PH by World Symposium on Pulmonary Hypertension 2018 and Associated Oncologic Conditions.11

Group # Group classification Sub-classifications Oncologic associated conditions

1 Pulmonary arterial 
hypertension (PAH)

Idiopathic PAH  
Heritable PAH  
Drug and toxin induced PAH Chemotherapy-Dasatanib, alkylating agents
Associated PAH with other disease states*  
Long-term responder to calcium channel 

blockers
 

Pulmonary venous obstructive disease/
pulmonary capillary hemangiomatosis 
(PVOD/PCH)

Chemotherapy induced PVOD

Persistent PH of the newborn  
2 PH due to left heart 

disease
PH due to diastolic or systolic dysfunction Chemotherapy induced cardiomyopathy
Valvular heart disease  
Congenital or acquired heart disease 

leading to post-capillary PH
 

3 PH due to lung 
disease and/or 
hypoxia

Obstructive, restrictive, and mixed lung 
disease

Chemotherapy induced interstitial lung 
disease

Hypoxia without lung disease  
Developmental lung disorders  

4 PH due to pulmonary 
artery obstructions

Chronic thomboembolic PH (CTEPH) Cancer induced hypercoagulable 
state-pulmonary embolism, tumor 
thromboembolism (PTE/PTTM)

Other pulmonary artery obstructions Tumor occlusion/compression of 
pulmonary artery

5 PH due to 
unclear and/
or multifactorial 
mechanisms

Hematologic disorders Myeloproliferative disease
Systemic and metabolic disorders  
Others (eg, renal failure)  
Complex congenital heart disease  

Abbreviations: PH, pulmonary hypertension; PTE, pulmonary thromboembolism; PTTM, pulmonary tumor thrombotic microangiopathy.
*Associated with: connective tissue disease, HIV, portal hypertension, congenital heart disease, schistosomiasis.

Table 2.  Hemodynamic Classification of Pulmonary Hypertension.11

Hemodynamic measures Pre-capillary* Post-capillary†
Mixed pre and post 

capillary§

Mean pulmonary artery pressure >20 mmHg >20 mmHg >20 mmHg
Pulmonary artery wedge pressure ≤15 mmHg >15 mmHg >15 mmHg
Pulmonary vascular resistance index ≥3 Woods units × m2 <3 Woods units × m2 ≥3 Woods units × m2

*Classification groups 1, 3, 4, 5.
†Classification groups 2 and 5.
§Classification groups 2 and 5.
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with PTE are carcinomas but in pediatrics have also 
included osteosarcoma,18,19 and Wilms tumor.20 Some 
autopsy studies estimate the prevalence of PTE to be 3% 
to 26% of patients with these tumors and symptoms do 
not necessarily correlate with tumor burden.20

In close association with PTE is pulmonary tumor 
thrombotic microangiopathy (PTTM) which is likely a 
continuing spectrum of PTE and was recognized for its 
unique features in 1990.3 Like PTE, tumor presence in 
small artery/arterioles occurs but there is additional fibro-
cellular intimal proliferation.21 The tumor cells them-
selves may be capable of creating endothelial cell damage 
of the arteriole intimal layer which leads to activation of 
coagulation cascade and growth factor release.3 These 
changes are very similar to those of idiopathic PAH.22

Symptoms associated with direct tumor affects 
depend upon the proximity of the tumor load to the cen-
tral pulmonary arteries with more proximal masses cre-
ating more acute symptoms.20 Severe acute right heart 
failure can occur in 15% to 20% of PTE patients mim-
icking thrombotic pulmonary embolism (PE), but 
asymptomatic patients have also been found to have 
PTE on autopsy.18,20 PTTM tends to present with more 
progressive dyspnea (87%) and cough (67%)21 but the 
condition can quickly thereafter lead to right heart fail-
ure and death.21,23 PTTM itself carries a poor prognosis 
and can be rapidly fatal once symptoms begin.21,23 When 
PTTM is discovered before death, initiation of chemo-
therapy may improve survival by several months.21

Chest x-ray (CXR) can sometimes demonstrate pos-
sible oncologic involvement such as cystic lesions, well 
circumscribed nodules, and multiple calcified lesions as 
well as chest wall abnormalities such as fusiform expan-
sion of the ribs (eg, Ewing sarcoma).24-26 If CXR is con-
cerning for tumor involvement the next step is chest CT, 
particularly multidetector CT with angiography to look 
at central and peripheral lung fields, pulmonary vascula-
ture and airways.24 Echocardiography is the primary 
method of diagnosing intracardiac tumors, but can also 
see proximal intra and extra-pulmonary artery tumors as 
well look for evidence of PH.27 The diagnosis of micro-
vascular PTE or PTTM requires a very high index of sus-
picion antemortem and is often missed. Chest CT and 
V/Q scan are very non-specific in both conditions.20,21 
Pulmonary wedge aspiration via cardiac catheterization 
can be attempted to withdraw distal tumor cells.3 A posi-
tive CT for any tumor concerns will prompt a biopsy plus 
or minus bronchoscopy for definitive diagnosis.21,24

Indirect Injury Mechanism of Cancer 
Associated PH

Cancerous cells can create circumstances that promote 
elevation of PA pressures as a result of the body’s 

physiological reaction to the cancer. Two such reactions 
are thromboembolism and inflammation.

Cancer is a prothrombotic state and a risk factor for 
venous thromboembolism (VTE) (deep venous thrombo-
sis or PE).6 The prevalence of VTE in cancer patients is 
estimated to be 7 times greater compared to the general 
population.28 The pathophysiology of hypercoagulation 
due to cancer is complex. These events together with the 
release of tumor microparticles will create activation of 
the clotting cascade and thrombus formation.28

Cancer patients have twice the risk of developing PH 
in the setting of any VTE which is increased to 3-fold 
with PE alone.6 However not all PE’s found in cancer 
patients are symptomatic with asymptomatic incidental 
PE’s found in 4% of adult29 and 2% of pediatric cancer 
patients.29-31 Additional risk factors for pediatric PE 
include coagulation disorders, prior VTE31 major sur-
gery, central line placement32 and use of chemotherapy.30 
The “gold standard” for PE diagnosis remains pulmo-
nary angiography, but this has mainly been replaced 
with CT angiography.33 V/Q scans can still be used but 
limited due to frequent low or intermediate probability 
risk scans.33 Newer techniques exist for MRI analysis 
which avoids radiation exposure and can evaluate car-
diac function.33 PE’s that are high risk with cardiovascu-
lar compromise may require treatment with thrombolytic 
or surgical intervention in addition to anticoagulation vs 
anticoagulation alone in lower risk patients but no set 
guidelines exist in pediatrics.33

Cancer and PH both have a prominent inflammatory 
response that is integral to their pathogenesis.34-37 The 
innate and adaptive cellular immune response as well as 
certain cytokines and inflammatory pathways are found 
to be exaggerated in both conditions.35,36 Macrophages 
can comprise up to 50% of a tumor’s mass and are 
known as “tumor-associated macrophages”.35 These 
macrophages promote aberrant cell proliferation and 
increase tumor metastasis through the secretion of cyto-
kines (eg, interleukin (IL)-1RA, IL-8, and granulocyte-
macrophage colony stimulating factor.35,37 In PH 
macrophages are found in pathologic PH arterioles as 
perivascular infiltration and in occlusive vascular out-
growth vessels called plexiform lesions.38 T cell prolif-
eration (increase T-helper) but decrease T-regulatory 
cells is noted to occur in tissue associated with tumor.35,37 
In PH T-helper cell types 1 and 17 are involved in vascu-
lar remodeling through the secretion of IL-6 and TNF-α 
likely as a result of immune dysregulation.38 These 
inflammatory cells secrete cytokines and chemokines 
that further propagate inflammation in PH and  
cancer.35,36,38 Cytokines IL-1B, IL-6, and TNF-α are 
elevated in PH patients and are associated vascular 
remodeling.36 In cancer, these cytokines among others 
also promote activation of proinflammatory pathways 
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and stimulate cell survival and proliferation as well as 
angiogenesis.35 Proinflammatory pathways nuclear 
factor-κB (NF-κB) and STAT 3 serve to increase local 
cytokines and promote cell proliferation and survival of 
tumor cells.35 In PH the transforming growth factor beta 
(TGF-β) pathway regulates multiple cellular functions 
and mutations in the bone morphogenic protein recep-
tor (BMPR) II of this pathway have been found in par-
ticular types of PH.36 Mutations of BMPR II are found 
in 70% to 80% of inherited PAH and 10% to 20% of 
sporadic IPAH which affects cell growth and apopto-
sis.39 TGF-β pathway is also involved in aberrant 
immune cell response in tumors while BMPR II muta-
tions promote migration of tumor cells.40 With strong 
similarities between cancer and PH in their type of 
inflammatory response, there is evidence that tumor 
microenvironment inflammatory process directly pro-
motes vascular changes which elevates PA pressures 
consistent with PH pathogenesis.37 Targeting inflamma-
tion in cancer such as with IL-6 inhibitor toclizumab 
may provide novel cancer therapy and possibly also tar-
get these PH changes.35

Pulmonary Hypertension Associated 
with Cancer Therapy

Hematopoietic stem cell transplant (HSCT) is a life-
saving advanced cancer therapy used to treat leukemia, 
lymphoma and certain tumors.41 A severe small vessel 
angiopathy called transplant-associated thrombotic 
microangiopathy (TA-TMA) can occur as a complica-
tion of HSCT in 10% to 35% of patients.42,43 Patients 
can present with difficult to control hypertension, 
hypoxia, respiratory failure, heart failure and shock.42-

44 PH was found in one cohort in 25% of HSCT patients 
with respiratory failure.43 TA-TMA is an endothelial 
damage syndrome that creates a cascade of procoagu-
lation, hemolytic anemia, thrombocytopenia, and com-
pliment consumption.42 Histologically, TA-TMA can 
resemble severe PAH with cellular proliferation and 
lumen occlusion.44 There are risk factors for develop-
ing TA-TMA which include genetic variants in compli-
ment genes, African American race, female gender, 
allogeneic HSCT, use of cyclosporine or tacrolimus 
and prior HSCT.42 TA-TMA has a high mortality rate 
of around 44% by 1 year of diagnosis.43 Addressing PH 
with TA-TMA first involves treating the TA-TMA. 
Management of TA-TMA includes managing hyper-
tension, use of compliment blockage, stopping calci-
neurin inhibitors, managing graft vs host disease and 
addressing infections.42 Because of the concern for 
concomitant PH in the setting of TA-TMA, echocar-
diographic screening has been proposed every 1 to 

2 weeks especially in the setting of severe symptoms of 
heart or respiratory failure.44

Several chemotherapeutic agents have the potential to 
cause PH by their effects on the lungs and heart (Table 4). 
Survivors of childhood cancer have a 5% incidence of 
pulmonary adverse events45 resulting in a 9.2 fold increase 
in risk of death from lung disease in pediatric cancer sur-
vivors.46 Pulmonary toxicity from chemotherapy can 
occur at various timeframes with early toxicity resulting 
in interstitial lung disease to late onset pulmonary fibrosis 
up to 15 years after treatment.46 Key offenders include 
bleomycin which is an antibiotic antitumor medication 
known to cause interstitial lung disease by free radical 
creation.45 Pulmonary vascular injury can be directly 
induced by tyrosine kinase inhibitors (TKI) with dasa-
tanib most commonly associated with PH and has been 
labeled by the 6th World Symposium on Pulmonary 
Hypertension as a definite cause of toxin induced PH.11,47

Cardiotoxicity from chemotherapy can place a patient 
at risk for developing PH secondary to cardiac dysfunc-
tion. Acute cardiotoxicity with heart failure symptoms 
can occur with treatment in about 1.6% of pediatric 
patients and delayed onset of heart failure can occur in 
2.5% of children treated several years afterward anthra-
cycline usage.48 However up to 57% of pediatric patients 
have asymptomatic ventricular dysfunction.49 Risk fac-
tors for cardiotoxicity include use of anthracyclines at a 
young age (<4 years), high cumulative dose for age 
(≥200 mg/m2 for age <1 year and ≥300 mg/m2 for 
>1 year old), concurrent use of radiation therapy, and 
female gender.48,49 Cardiotoxicity manifests as left or 
right ventricular systolic or diastolic dysfunction.50 
Because of the risk of cardiotoxicity, echocardiography 
is obtained frequently with treatment and every 5 years 
after low dose anthracycline ± radiation therapy 
(<15 gray) exposure and every 2 years with high dose 
(>250 mg/m2) or whenever a higher dose (>15 gray) of 
radiation therapy is used.51 Cardiomyopathy, including 
that associated with doxorubicin, is associated with 
increasing mortality for each 5mmHg increase in mean 
pulmonary artery pressure.52

Radiation therapy can significantly affect pulmonary 
and cardiac function. It has been shown that survivors of 
pediatric cancer and radiation therapy have a 3.5% inci-
dence of pulmonary fibrosis over a 20 year period and 
continue to increase beyond 25 years after therapy.45 A 
St. Jude Hospital study of adult survivors of pediatric 
cancer showed that those who received chest radiation 
therapy had echo estimated abnormal PA pressures in 
25% with an odds ratio (OR) of 2 versus those who did 
not.53 The prevalence of elevated PA pressures increase 
at higher radiation doses with >30 gray having about 
31% (OR 4.5) showing possible PH.53
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HSCT, Chemotherapy and radiation therapy share a 
common consequence of cancer treatment known as 
pulmonary veno-occlusive disease (PVOD) which is 
part of group I PH classification. PVOD can be found in 
all ages of cancer patients as a result of therapy.54 This 
rare condition can be more prevalent with certain che-
motherapy regimens (Table 3)55 while some studies 
have shown up to 34% of HSCT patients had pathologi-
cal evidence of PVOD on autopsy.56

PVOD results from endothelial cell inflammatory 
and procoagulant changes that affect the pulmonary 
venules and small veins.54 This creates vascular smooth 
muscle layer hyperplasia, intimal fibrosis with eventual 
luminal occlusion.55 Vascular changes consistent with 
PAH also occur in the pulmonary arterioles making 
PVOD unique in that it affects all 3 pulmonary vascular 
compartments.55

Clinically PVOD demonstrates poor diffusion capac-
ity in pulmonary function tests, CXR with vasculature 
congestion, bilateral infiltrates and pleural effusions 
while a chest CT may demonstrate the lungs with ground 
glass opacities, septal thickening, pleural effusions, and 
mediastinal lymph nodes.54,55 Definitive diagnosis 
would require a lung biopsy.55 However patients are 
very likely (“highly probable”) to have PVOD if they 
have evidence of precapillary PH (consistent with PAH) 
on cardiac catheterization along with typical radio-
graphic abnormalities.57 A patient can be considered to 
have “probable” PVOD without catheterization data 
with all the other clinical and imaging findings.57

PVOD carries a poor prognosis due to PH with the 1 
and 3 year lung transplant-free survival of 75% and 
34%, respectively.55 There are no good treatments for 
PVOD and therapy is mainly supportive. Preventative 
therapy with amifostine, a cytoprotective free radical 
scavenger, can be given when patients are on cyclophos-
phamide or mitomycin-C.3,57 Lastly lung transplant 
would be the only definitive therapy if a patient was a 
surgical candidate.54,55

Evaluation and Management of PH 
in the Cancer Patient

In the cancer patient, suspicion of possible PH can occur 
as a result of a surveillance echocardiogram with find-
ings consistent with PH or with a change in clinical sta-
tus showing symptoms of possible PH. The most 
common symptoms for pediatric PH include dyspnea on 
exertion (65%), fatigue (41%), syncope (20%), chest 
pain (11%), and dizziness (7%).8 Routine screening may 
be necessary to identify subclinical PH in asymptomatic 
at risk patients. Guidelines exist for the diagnosis and 
management of pediatric PH that should be applied.10,58 
The goal of the evaluation is to make a diagnosis of PH, 
find modifiable causes and to see if pulmonary vasodila-
tors (PVDs) are appropriate. To treat patients with 
PVDs, they need to meet criteria for PAH with the 
exception of PVOD.59 PVDs are generally contraindi-
cated for group 2 classification.10 Patients who fit closer 

Table 4.  Chemotherapy Drugs/Radiation Therapy Associated with PH and their Targeted Method.

Drug group Drug name
Pulmonary 
effects45

Cardiac 
effects48 PVOD57 Other

Alkylating agents Busulphan ** Part of HSCT + other drugs
Cyclophosphamide * ** *** Cardiotoxicity->150 mg/kg per dose
Carmustine(BCNU) ** **  
Cisplatin * ***  

Antibiotic Bleomycin *** *  
Mitomycin C * ***  

Antimetabolite Methotrexate ** *  
Cytarabine ** ** *  

Plant alkaloid Vincristine ***  
Topoisomerase II 
inhibitor-antracyclines

Doxorubicin * ** *** Risk higher with ≥250 mg/m2 cumulative 
dose. Long-term echo screening based 
upon dose

Daunarubicin ** **  
Epirubicin ** *  

Molecular target-tyrosine 
kinase inhibitor

Dasatanib Direct endothelial damage. One-third of 
patients continue with PH after usage47

Radiation therapy *** ** *** Long-term echo screening recommended 
by echo based upon dose

***Strongly associated. **likely associated. *possibly associated.
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into group 3 might benefit from PVD if they are not 
improved with addressing lung disease.60,61 Patients that 
meet criteria for group 4 or 5 classification should have 
the underlying issue addressed. An echocardiogram is 
going to be the initial screening test and this may lead to 
more advanced testing such as chest CTA to look for 
parenchyma or pulmonary vessel disease such as tumor 
metastasis, infection or PE (Figure 1). If there is obvious 
and addressable etiology for suspected PH then a trial of 
targeted therapy of the condition maybe reasonable. 
Re-evaluation by echocardiogram in a short interval (eg, 
after antibiotics for infection or steroids for inflamma-
tion) is needed especially if the patient is worsening. 
The gold standard for PH diagnosis still remains cardiac 

catheterization in order to confirm and classify the type 
of PH present.10,58 However it is also understandable 
that a cancer patient may not be stable enough to undergo 
a cardiac catheterization or other testing procedures.58

Once PAH is confirmed or highly suspected and 
deemed appropriate to treat with drug therapy, assess-
ment and drug choice should occur with the guidance of 
a pediatric PH expert as there are currently several 
drugs with various side-effects/drug interactions and 
technical aspects that need close monitoring and follow 
up (Figure 2). Non-PVD drugs are often a part of the 
management to off load the right ventricle and help 
improve oxygenation such as diuretics and supplemen-
tal oxygen. In certain cases surgical/interventional 

Figure 1.  Pulmonary hypertension diagnosis. Algorithm is modified based upon 2019 guidelines10 to identify etiology and 
modifiable factors.
*Screening in HSCT patients based upon Jodele et al.44
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therapy may be needed if there is continued low cardiac 
output due to refractory PH. Continuous reassessment 
and medication adjustment as needed is key to manag-
ing PH therapy. Large studies demonstrating outcomes 
with PH therapy in cancer are not available.

Conclusion

Pulmonary hypertension is multi-factorial progressive 
condition that has a high mortality rate. Its occurrence as 
a result of cancer burden and therapy has been identified 
but not well studied in pediatrics. Cancer associated PH 
is unique in that it can be classified into any one or mul-
tiple PH subcategories depending upon its presentation. 
Recognizing symptoms and risks for developing PH can 

lead to earlier screening by echocardiography to begin 
prompt treatment. Understanding the pathogenesis of 
PH in cancer is key to direct treatment to underlying 
causes such as obstruction, inflammation, drug toxicity 
or microvascular changes. PH diagnosis should follow 
established algorithms tailored for cancer patients in 
order to make sure therapy, including pulmonary vaso-
dilators are appropriate. Because of the disease com-
plexity, management of PH is best under the guidance of 
a pediatric PH expert.
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Figure 2.  Pulmonary hypertension treatment with pulmonary vasodilators algorithm based upon 2019 guidelines.10

Abbreviations: PDE-5I, phosphodiesterase inhibitors; ERA, endothelin receptor antagonist; I.V., intravenous; S.C., subcutaneous.
*Other echo parameters include indices of RV function, minimal right atrium/ventricle dilation, normal Doppler outflow peak signal for low 
risk patients and severe chamber dilation, rapid Doppler outflow peak signal for high risk patients.
**Other catheterization parameters include mean right atrial pressure <10 mmHg, and mean pulmonary/systemic artery pressures <0.5 for 
low risk and >15 mmHg and >0.75 respectively for high risk.



Kirkpatrick	 9

used for this manuscript and no personal health information 
was accessed. Therefore ethics approval was not required for 
the creation of this manuscript.

Author Contributions

Author wrote and revised the entire article.

Declaration of Conflicting Interests

The author declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author received no financial support for the research, 
authorship, and/or publication of this article.

ORCID iD

Edward C. Kirkpatrick  https://orcid.org/0000-0003-4088 
-5723

References

	 1.	 Ward E, DeSantis C, Robbins A, Kohler B, Jemal A. 
Childhood and adolescent cancer statistics, 2014. CA 
Cancer J Clin. 2014;64:83-103. doi:10.3322/caac.21219

	 2.	 Mertens AC, Liu Q, Neglia JP, et al. Cause-specific late 
mortality among 5-year survivors of childhood cancer: 
the childhood cancer survivor study. J Natl Cancer Inst. 
2008;100:1368-1379. doi:10.1093/jnci/djn310

	 3.	 Price LC, Seckl MJ, Dorfmüller P, Wort SJ. Tumoral pul-
monary hypertension. Eur Respir Rev. 2019;28:180065. 
doi:10.1183/16000617.0065-2018

	 4.	 Aggarwal M, Schuettpelz L, Kolodziej J, Grady RM. 
Rapid development of pulmonary hypertension during 
treatment of paediatric cancer. Cardiol Young. 2019;29: 
286-289. doi:10.1017/S1047951118002196

	 5.	 Oda WF, Atiya JK, Alchalabi A, Hasan JG. Pulmonary 
hypertension in children with cancer. J Carcinog Mutagen. 
2017;8:1-5. doi:10.4172/2157-2518.1000285

	 6.	 Wieshammer S, Dreyhaupt J, Müller D, Momm F, Jakob 
A. Venous thromboembolism and persistent pulmonary 
hypertension in cancer patients: a cross-sectional study. 
Thromb J. 2016;14:3. doi:10.1186/s12959-016-0077-1

	 7.	 del Cerro MJ, Abman S, Diaz G, et  al. A consensus 
approach to the classification of pediatric pulmonary 
hypertensive vascular disease: report from the PVRI 
Pediatric Taskforce, Panama 2011. Pulm Circ. 2011;1: 
286-298. doi:10.4103/2045-8932.83456

	 8.	 Berger RMF, Beghetti M, Humpl T, et  al. Clinical fea-
tures of paediatric pulmonary hypertension: a registry 
study. Lancet. 2012;379:537-546. doi:10.1016/S0140-
6736(11)61621-8

	 9.	 Barst RJ, McGoon MD, Elliott CG, Foreman AJ, Miller 
DP, Ivy DD. Survival in childhood pulmonary arte-
rial hypertension: insights from the registry to evalu-
ate early and long-term pulmonary arterial hypertension 

disease management. Circulation. 2012;125:113-122. 
doi:10.1161/CIRCULATIONAHA.111.026591

	10.	 Hansmann G, Koestenberger M, Alastalo T-P, et  al. 
2019 updated consensus statement on the diagnosis 
and treatment of pediatric pulmonary hypertension: the 
European pediatric pulmonary vascular disease network 
(EPPVDN), endorsed by AEPC, ESPR and ISHLT. J 
Heart Lung Transplant. 2019;38:879-901. doi:10.1016/j.
healun.2019.06.022

	11.	 Simonneau G, Montani D, Celermajer DS, et al. Haemo
dynamic definitions and updated clinical classification of 
pulmonary hypertension. Eur Respir J. 2019;53:1801913. 
doi:10.1183/13993003.01913-2018

	12.	 Lévy M, Celermajer D, Szezepanski I, Boudjemline Y, 
Bonnet D. Do tertiary paediatric hospitals deal with the 
same spectrum of paediatric pulmonary hypertension as 
multicentre registries? Eur Respir J. 2013;41:236-239. 
doi:10.1183/09031936.00114212

	13.	 Fasnacht MS, Tolsa J-F, Beghetti M; Swiss Society for 
Pulmonary Arterial Hypertension. The Swiss registry for 
pulmonary arterial hypertension: the paediatric experi-
ence. Swiss Med Wkly. 2007;137:510-513. doi:2007/35/
smw-11895

	14.	 del Cerro Marín MJ, Rotés AS, Ogando AR, et  al. 
Assessing pulmonary hypertensive vascular disease in 
childhood. Data from the Spanish registry. Am J Respir 
Crit Care Med. 2014;190:1421-1429. doi:10.1164/rccm. 
201406-1052OC

	15.	 Fraisse A, Jais X, Schleich J-M, et al. Characteristics and 
prospective 2-year follow-up of children with pulmonary 
arterial hypertension in France. Arch Cardiovasc Dis. 
2010;103:66-74. doi:10.1016/j.acvd.2009.12.001

	16.	 Fang JX, Fang BX, Lam CS, Chan P, Tam FC, Siu C. 
Extrinsic pulmonary artery compression mimicking acute 
pulmonary embolism. Clin Case Rep. 2017;5:1591-1593. 
doi:10.1002/ccr3.1099

	17.	 Chappell T, Creech CB, Parra D, Strauss A, Scholl F, 
Whitney G. Presentation of pulmonary artery intimal 
sarcoma in an infant with a history of neonatal valvular 
pulmonic stenosis. Ann Thorac Surg. 2008;85:1092-1094. 
doi:10.1016/j.athoracsur.2007.08.072

	18.	 Shao L, Willard MJ, Lowe LH, Singh V. Fatal pulmo-
nary tumor embolism in a child with chondroblastic 
osteosarcoma. Pediatr Dev Pathol. 2008;11:156-159. 
doi:10.2350/07-02-0241.1

	19.	 Auger M, Raney B, Callender D, Eifel P, Ordóñez NG. 
Metastatic intracranial chordoma in a child with massive 
pulmonary tumor emboli. Pediatr Pathol. 1994;14:763-
773. doi:10.3109/15513819409037673

	20.	 Roberts KE, Hamele-Bena D, Saqi A, Stein CA, Cole 
RP. Pulmonary tumor embolism: a review of the litera-
ture. Am J Med. 2003;115:228-232. doi:10.1016/S0002-
9343(03)00305-X

	21.	 Uruga H, Fujii T, Kurosaki A, et  al. pulmonary tumor 
thrombotic microangiopathy: a clinical analysis of 30  
autopsy cases. Intern Med. 2013;52:1317-1323. doi:10. 
2169/internalmedicine.52.9472

https://orcid.org/0000-0003-4088-5723
https://orcid.org/0000-0003-4088-5723


10	 Global Pediatric Health

	22.	 McLaughlin VV, Shah SJ, Souza R, Humbert M. 
Management of pulmonary arterial hypertension. J 
Am Coll Cardiol. 2015;65:1976-1997. doi:10.1016/j.
jacc.2015.03.540

	23.	 Kumar N, Price LC, Montero MA, Dimopoulos K, Wells 
AU, Wort SJ. Pulmonary tumour thrombotic microangiop-
athy: unclassifiable pulmonary hypertension? Eur Respir J. 
2015;46:1214-1217. doi:10.1183/13993003.00052-2015

	24.	 Weldon CB, Shamberger RC. Pediatric pulmonary 
tumors: primary and metastatic. Semin Pediatr Surg. 
2008;17:17-29. doi:10.1053/j.sempedsurg.2007.10.004

	25.	 Dishop MK, Kuruvilla S. Primary and metastatic lung 
tumors in the pediatric population: a review and 25-year 
experience at a large children’s hospital. Arch Pathol 
Lab Med. 2008;132:1079-1103. doi:10.1043/1543-2165 
(2008)132[1079:PAMLTI]2.0.CO;2

	26.	 Lichtenberger JP, Biko DM, Carter BW, Pavio MA, 
Huppmann AR, Chung EM. Primary lung tumors in chil-
dren: radiologic-pathologic correlation from the radiologic 
pathology archives. Radiographics. 2018;38:2151-2172. 
doi:10.1148/rg.2018180192

	27.	 Garg A, Mooney J, Amado Escañuela MG, Mathur A, 
Goyal V, Nanda NC. Transthoracic echocardiographic 
assessment of spindle cell sarcoma of the pulmonary 
artery in a child. Echocardiography. 2014;31:385-387. 
doi:10.1111/echo.12529

	28.	 Falanga A, Marchetti M, Russo L. The mechanisms of 
cancer-associated thrombosis. Thromb Res. 2015;135:S8-
S11. doi:10.1016/S0049-3848(15)50432-5

	29.	 Gladish GW, Choe DH, Marom EM, Sabloff BS, 
Broemeling LD, Munden RF. Incidental pulmonary 
emboli in oncology patients: prevalence, ct evalua-
tion, and natural history. Radiology. 2006;240:246-255. 
doi:10.1148/radiol.2401051129

	30.	 Font C, Carmona-Bayonas A, Beato C, et  al. Clinical 
features and short-term outcomes of cancer patients 
with suspected and unsuspected pulmonary embolism: 
the EPIPHANY study. Eur Respir J. 2017;49:1600282. 
doi:10.1183/13993003.00282-2016

	31.	 Lee EY, Kritsaneepaiboon S, Arellano CMR, Grace RF, 
Zurakowski D, Boiselle PM. Unsuspected pulmonary 
emboli in pediatric oncology patients: detection with 
MDCT. AJR Am J Roentgenol. 2010;194:1216-1222. 
doi:10.2214/AJR.09.3463

	32.	 Babyn PS, Gahunia HK, Massicotte P. Pulmonary throm-
boembolism in children. Pediatr Radiol. 2005;35:258-
274. doi:10.1007/s00247-004-1353-y

	33.	 Zaidi AU, Hutchins KK, Rajpurkar M. Pulmonary embo-
lism in children. Front Pediatr. 2017;5: 170. doi:10.3389/
fped.2017.00170

	34.	 Cool CD, Kuebler WM, Bogaard HJ, Spiekerkoetter E, 
Nicolls MR, Voelkel NF. The hallmarks of severe pul-
monary arterial hypertension: the cancer hypothesis—
ten years later. Am J Physiol Lung Cell Mol Physiol. 
2020;318:L1115-L1130. doi:10.1152/ajplung.00476.2019

	35.	 Todoric J, Antonucci L, Karin M. Targeting inflamma-
tion in cancer prevention and therapy. Cancer Prev Res 
(Phila). 2016;9:895-905. doi:10.1158/1940-6207.CAPR-
16-0209

	36.	 Price LC, Wort SJ, Perros F, et al. Inflammation in pul-
monary arterial hypertension. Chest. 2012;141:210-221. 
doi:10.1378/chest.11-0793

	37.	 Pullamsetti SS, Kojonazarov B, Storn S, et  al. Lung 
cancer–associated pulmonary hypertension: role of 
microenvironmental inflammation based on tumor cell–
immune cell cross-talk. Sci Transl Med. 2017;9:eaai9048. 
doi:10.1126/scitranslmed.aai9048

	38.	 Rabinovitch M, Guignabert C, Humbert M, Nicolls MR. 
Inflammation and immunity in the pathogenesis of pul-
monary arterial hypertension. Circ Res. 2014;115:165-
175. doi:10.1161/CIRCRESAHA.113.301141

	39.	 Morrell NW, Aldred MA, Chung WK, et al. Genetics and 
genomics of pulmonary arterial hypertension. Eur Respir 
J. 2019;53:1801899. doi:10.1183/13993003.01899-2018

	40.	 Wakefield LM, Hill CS. Beyond TGFβ: roles of other 
TGFβ superfamily members in cancer. Nat Rev Cancer. 
2013;13:328-341. doi:10.1038/nrc3500

	41.	 Majhail NS, Farnia SH, Carpenter PA, et al. Indications for 
autologous and allogeneic hematopoietic cell transplanta-
tion: guidelines from the American Society for blood and 
marrow transplantation. Biol Blood Marrow Transplant. 
2015;21:1863-1869. doi:10.1016/j.bbmt.2015.07.032

	42.	 Dvorak CC, Higham C, Shimano KA. Transplant-
associated thrombotic microangiopathy in pediatric hema-
topoietic cell transplant recipients: a practical approach to 
diagnosis and management. Front Pediatr. 2019;7:133. 
doi:10.3389/fped.2019.00133

	43.	 Jodele S, Davies SM, Lane A, et  al. Diagnostic and 
risk criteria for HSCT-associated thrombotic micro-
angiopathy: a study in children and young adults. 
Blood. 2014;124:645-653. doi:10.1182/blood-2014-03-
564997

	44.	 Jodele S, Hirsch R, Laskin B, et  al. Pulmonary arterial 
hypertension in pediatric patients with hematopoietic 
stem cell transplant-associated thrombotic microangiopa-
thy. Biol Blood Marrow Transplant. 2013;19:202-207. 
doi:10.1016/j.bbmt.2012.08.022

	45.	 Versluys AB, Bresters D. Pulmonary complications 
of childhood cancer treatment. Paediatr Respir Rev. 
2016;17:63-70. doi:10.1016/j.prrv.2015.09.004

	46.	 Mertens AC, Yasui Y, Liu Y, et  al.; Childhood Cancer 
Survivor Study. Pulmonary complications in survivors of 
childhood and adolescent cancer. a report from the child-
hood cancer survivor study. Cancer. 2002;95:2431-2441. 
doi:10.1002/cncr.10978

	47.	 El-Dabh A, Acharya D. EXPRESS: Pulmonary hyperten-
sion with dasatinib and other tyrosine kinase inhibitors.  
Pulm Circ. 2019;9:2045894019865704. doi:10.1177/ 
2045894019865704

	48.	 Fulbright JM. Review of cardiotoxicity in pediatric can-
cer patients: during and after therapy. Cardiol Res Pract. 
2011;2011:942090. doi:10.4061/2011/942090

	49.	 Neudorf U, Schönecker A, Reinhardt D. Cardio-toxicity 
in childhood cancer survivors “cure is not enough.” J  
Thorac Dis. 2018;10:S4344-S4350. doi:10.21037/jtd. 
2018.11.28

	50.	 Tadic M, Cuspidi C, Hering D, Venneri L, Danylenko O. 
The influence of chemotherapy on the right ventricle: did 



Kirkpatrick	 11

we forget something? Clin Cardiol. 2017;40:437-443. 
doi:10.1002/clc.22672

	51.	 Children’s Oncology Group. Long-term Follow-Up 
Guidelines for Survivors of Childhood, Adolescent and 
Young Adult Cancers v5. 2018. Accessed September 18, 
2020. http://www.survivorshipguidelines.org/pdf/2018/
COG_LTFU_Guidelines_v5.pdf

	52.	 Cappola TP, Felker GM, Kao WHL, Hare JM, Baughman 
KL, Kasper EK. Pulmonary hypertension and risk of death 
in cardiomyopathy: patients with myocarditis are at higher 
risk. Circulation. 2002;105:1663-1668. doi:10.1161/01.
cir.0000013771.30198.82

	53.	 Armstrong GT, Joshi VM, Zhu L, et al. Increased tricus-
pid regurgitant jet velocity by Doppler echocardiography 
in adult survivors of childhood cancer: a report from the  
St Jude Lifetime Cohort Study. J Clin Oncol. 2013;31: 
774-781. doi:10.1200/JCO.2012.43.0702

	54.	 Bunte MC, Patnaik MM, Pritzker MR, Burns LJ. 
Pulmonary veno-occlusive disease following hematopoi-
etic stem cell transplantation: a rare model of endothelial 
dysfunction. Bone Marrow Transplant. 2008;41:677-686. 
doi:10.1038/sj.bmt.1705990

	55.	 Günther S, Perros F, Rautou P-E, et  al. Understanding 
the similarities and differences between hepatic and 

pulmonary veno-occlusive disease. Am J Pathol. 2019; 
189:1159-1175. doi:10.1016/j.ajpath.2019.02.007

	56.	 Price LC, Wells AU, Wort SJ. Pulmonary tumour 
thrombotic microangiopathy. Curr Opin Pulm Med. 
2016;22:421-428. doi:10.1097/MCP.0000000000000297

	57.	 Ranchoux B, Günther S, Quarck R, et al. Chemotherapy-
induced pulmonary hypertension: role of alkylating 
agents. Am J Pathol. 2015;185:356-371. doi:10.1016/j.
ajpath.2014.10.021

	58.	 Abman SH, Hansmann G, Archer SL, et  al. Pediatric 
pulmonary hypertension: guidelines from the American 
Heart Association and American Thoracic Society.  
Circulation. 2015;132:2037-2099. doi:10.1161/CIR.000 
0000000000329

	59.	 Kramer MR, Estenne M, Berkman N, et  al. Radiation-
induced pulmonary veno-occlusive disease. Chest. 1993; 
104:1282-1284. doi:10.1378/chest.104.4.1282

	60.	 Harder EM, Waxman AB. Clinical trials in group 3 pul-
monary hypertension. [Review]. Curr Opin Pulm Med. 
2020;26:391-396. doi:10.1097/MCP.0000000000000694

	61.	 Hansmann G, Sallmon H, Roehr CC, Kourembanas S, 
Austin ED, Koestenberger M. Pulmonary hypertension 
in bronchopulmonary dysplasia. Pediatr Res. 2021;89: 
446-455. doi:10.1038/s41390-020-0993-4

http://www.survivorshipguidelines.org/pdf/2018/COG_LTFU_Guidelines_v5.pdf
http://www.survivorshipguidelines.org/pdf/2018/COG_LTFU_Guidelines_v5.pdf

