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      Over the last 3 decades, therapeutic progress has 
resulted in a growing population of survivors of 

childhood cancer. In 2006, there were  �  11 million 
cancer survivors in the United States, three times the 
number of survivors in 1971.  1   The 5-year survival 

rate for children diagnosed with cancer is approach-
ing 85%,  2   and an estimated one in 570 individuals 
in the United States between the ages of 20 and 
34 is a survivor of childhood cancer.  3   

 Unfortunately, increased survival rates are not 
without consequences. There is substantial evidence 

  Background:    The purpose of this article is to summarize the literature that documents the long-
term impact of cancer treatment modalities on pulmonary function among survivors of cancer 
and to identify potential areas for further research. 
  Methods:    Systematic reviews of clinical trials, observational studies, case series, and review arti-
cles were conducted. Articles were limited to the studies that discussed pulmonary toxicity or late 
effects among pediatric cancer survivors and to follow-up investigations that were conducted a 
minimum of 2 years after completion of cancer-related treatment or 1 year after hematopoietic 
stem cell transplant. 
  Results:    Sixty publications (51 clinical studies/reports and nine reviews) published from January 
1970 to June 2010 in PubMed met the inclusion criteria. Data showed an association between 
radiotherapy, alkylating agents, bleomycin, hematopoietic stem cell transplant, and thoracic sur-
gery and pulmonary toxicity, as well as possible interactions among these modalities. 
  Conclusions:    Pulmonary toxicity is a common long-term complication of exposure to certain anti-
cancer therapies in childhood and can vary from subclinical to life threatening. Pulmonary func-
tion and associated loss of optimal exercise capacity may have adverse effects on long-term quality 
of life in survivors. Lung function diminishes as a function of normal aging, and the effects of 
early lung injury from cancer therapy may compound these changes. The information presented 
in this review is designed to provide a stimulus to promote both observational and interventional 
research that expands our knowledge and aids in the design of interventions to prevent or ame-
liorate pulmonary late effects among survivors of childhood cancer.    CHEST 2011; 140(4):881–901   
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capacity of the lung for carbon monoxide; GVHD  5  graft-vs-host disease; gy  5  gray; HL  5  Hodgkin’s lymphoma; 
HSCT  5  hematopoietic stem cell transplant; NHL  5  non-Hodgkin’s lymphoma; PFT  5  pulmonary function testing; 
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and/or “lobectomy” for surgery exposure. Reference lists of review 
articles and retrieved studies were also assessed for relevant 
titles. 

 Validity Assessment and Data Extraction 

 One author (T. H.) screened all retrieved reports and selected 
those that were potentially valid. To ascertain the validity of 
included studies, two authors independently assessed the selected 
studies for methologic quality.  11   Information was sought for the 
following four criteria: comparability of subject, clear defi nition 
of exposure or intervention, standard outcome measurement, 
and appropriate statistical analysis. The discrepancies of validity 
assessment were resolved by discussion. Of note, we were unable 
to use one of the Preferred Reporting Items for Systematic 
Review and MetaAnalysis commanded approaches, such as the 
Cochrane method for the assessment of risk of bias, because 
literature in this area includes many observational and few 
randomized studies. For each included study, patient characters, 
antitreatment exposure, follow-up period, sample size, and main 
study results were extracted. 

 Results 

 Search Results 

 The search of the PubMed database initially 
resulted in a total of 132 citations. After adjusting 
for duplicates, 130 remained. Of these, 76 studies 
were discarded because they did not meet the inclu-
sion criteria (65 studies did not discuss pulmonary 
toxicity among childhood-onset cancer; eight stud-
ies investigated follow-up late effects no more than 
2 years after completion; three studies investigated 
late effects among childhood cancer survivors within 
1 year after HSCT). Another three papers were dis-
carded because their full texts were not available. 
The reference lists of the remaining 51 studies were 
examined, and nine additional studies were identi-
fi ed that met the inclusion criteria. Thus, 60 publi-
cations (51 clinical studies/reports and nine reviews) 
from January 1970 to June 2010 were included in 
this review. 

 Description of Studies 

 Of 51 clinical studies, nine were prospective stud-
ies; the others were observational studies, except for 
one self-report study. No prior systematic review 
or meta-analysis on the adverse effects of childhood 
cancer and its treatment on the lung was identifi ed. 
The treatment protocols varied by institution, classi-
fi cation, and timing of the primary diagnosis. The 
adverse effects of anticancer therapy on the lungs 
ranged from subclinical abnormalities on PFT to 
disabling and life-threatening pulmonary syndrome. 
The research demonstrated an association between 
radiotherapy, alkylating agents, bleomycin, HSCT, 
and thoracic surgery and pulmonary late effects among 
survivors of childhood cancer. 

that survivors of childhood cancer are at risk of devel-
oping various severe, disabling, or life-threatening 
conditions later in life.  4-6   Cancer treatment-related 
complications represent a major cause of morbidity 
that can have a profound effect on quality of life and 
can predispose to early mortality during adulthood. 
In a large-scale retrospective study of 5-year cancer 
survivors (N  5  20,483), Armstrong et al  4   reported sig-
nifi cant excess rates of death largely due to treatment-
related causes rather than recurrence or progression of 
primary disease. Of note, pulmonary causes accounted 
for excess mortality risk (standard mortality ratio, 8.8), 
second only to deaths from subsequent cancers (stan-
dard mortality ratio, 15.2).  4   Chemotherapy and radio-
therapy used to treat children with cancer can cause 
permanent lung damage.  7-9   The cumulative incidence 
of pulmonary complications increases with increas-
ing time since diagnosis, suggesting that survivors of 
childhood cancer continue to face new-onset pulmo-
nary morbidity as they age.  10   

 This review provides a synopsis of current knowl-
edge on the adverse effects on the lung of childhood 
cancer and its treatment. We summarize treatment 
modalities associated with pulmonary toxicity and 
review how these agents may interact and contribute 
to permanent lung dysfunction in adult survivors of 
childhood cancer. We also discuss other risk factors 
for pulmonary morbidity and mortality in this popu-
lation, and identify knowledge defi cits that should be 
addressed in future research to benefi t the childhood 
cancer survivor population at risk of pulmonary late 
effects. 

 Materials and Methods 

 Criteria for Inclusion 

 We considered only the studies that discussed pulmonary toxicity 
or late effects among individuals with childhood-onset cancer 
and limited those to follow-up investigations that were conducted 
a minimum of 2 years after completion of cancer-related treat-
ment or 1 year after hematopoietic stem cell transplant (HSCT). 
The primary outcome was defi ned as the occurrence of the pul-
monary complications and a change in pulmonary function testing 
(PFT) results from serial evaluations. 

 Search Strategies 

 We searched the PubMed database (January 1970 to June 2010) 
for clinical trials, observational studies, case series, and reviews to 
include in our review. The key words “late effects” or “late seque-
lae” or “complications” AND “child” or “childhood” AND “cancer 
survivor” AND “lung” or “thorax” or “pulmonary” were combined 
with keywords for each therapeutic exposure. Accordingly, the 
keywords “radiation,” “radiotherapy,” or “ionizing radiation” were 
selected for radiation exposure; “chemotherapy” or “combined 
chemotherapy” for chemotherapy exposure; “stem cell trans-
plant,” “bone marrow transplant,” “allogeneic” and/or “autologous 
bone marrow transplant  ” for HSCT; and “surgery,” “resection,” 
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to lung injury. Self-reported data from 12,000 survivors 
in the Childhood Cancer Survivor Study showed that, 
compared with siblings, survivors treated with chest 
radiation had a fi vefold increased risk of abnormal 
chest wall development (RR  5  5; 95% CI, 2.7-9.4), 
a fourfold excess risk of developing lung fi brosis 
(RR  5  4.3; 95% CI, 2.9-6.6), and a twofold excess risk 
of chronic pneumonia (RR  5  2.2; 95% CI, 1.5-7.0).  39   
In this cohort, the cumulative incidence of lung fi bro-
sis was 3.5% within 20 years of diagnosis. 

  Table 3   lists the 22 reports published from January 
1970 to June 2010 on radiation-induced pulmonary 
late effects among survivors of childhood cancer. Data 
from early studies on children treated for metastatic 
Wilms tumor demonstrate that irradiation of the tho-
rax primarily affects the lung parenchyma and results 
in reduced lung volume,  13,14   impaired dynamic com-
pliance,  14   and deformity of both the lung and chest 
wall.  12,14   The diffusing capacity of the lung for carbon 
monoxide (D lco ) may also be reduced.  12   In 1992, 
Attard-Montalto et al  20   described lung function in eight 
survivors of Wilms tumor (follow-up, 14.8 years) who 
had received whole-lung irradiation at 15.3  �  1.8 gray 
(Gy) in 10 to 14 daily fractions  , and actinomycin, a 
radiomimetic chemotherapeutic agent. These children 
demonstrated small lung volumes but normal gas 
transfer per unit lung volume (lung diffusion capacity 
corrected for alveolar ventilation) when compared 
with predicted values for age and height. This sug-
gests that although pulmonary irradiation in childhood 
leads to underdevelopment of the thorax, diffuse lung 
fi brosis is unlikely to be a signifi cant feature at this 
dose level. 

 Patients receiving partial-lung irradiation are also 
at risk of developing radiation-induced pulmonary 
late effects. In a cross-sectional study of 47 survivors 
of childhood Wilms tumor, Shaw et al  19   demonstrated 
that patients who had received partial-lung irradia-
tion (20 Gy in 10 daily fractions) had signifi cantly 
lower lung volumes than those who had received no 
irradiation. Lung diffusion capacity corrected for 
alveolar ventilation was signifi cantly lower ( P   ,  .05) 
in the whole-lung radiation group (12 Gy in eight 
daily fractions) than the partial-lung irradiation 
group, but other PFT parameters, such as FEV 1 , 
residual volume, and total lung capacity (TLC) were 
not signifi cantly different between the two groups. 

 Although extensive data are available on lung func-
tion in adult survivors of Hodgkin’s lymphoma (HL)/
non-Hodgkin’s lymphoma (NHL),  18,65-69   there are 
few studies on pulmonary function after childhood 
HL/NHL. Bossi et al  26   reported that children with 
HL who received mediastinal irradiation of  .  20 Gy 
and higher cumulative doses of chemotherapy had a 
high risk of developing lung function abnormalities. 
Nysom et al  28   reported reduced TLC and D lco  in 

 Study Quality and Risk of Bias 

  Table 1   provides an overview of study quality in 
the included publications. Overall, the included stud-
ies demonstrated a clear defi nition of exposure, valid 
outcome measure, and appropriate statistical analy-
sis. Unfortunately, our ability to compare study popu-
lations was limited because many of the articles we 
located included single- or limited multi-institutional 
data derived from retrospective or cross-sectional 
investigations with samples of convenience. Addition-
ally, the data presented from the earlier studies may 
not be relevant to current practice, because treat-
ment of childhood cancer has changed substan-
tially over time. Furthermore, because many studies 
were cross-sectional in nature, survivor bias may have 
excluded patients with more severe complications 
from PFT measurements at later time points. Never-
theless, this literature has value because the informa-
tion helps defi ne the extent and patterns of pulmonary 
dysfunction observed in adult survivors of childhood 
cancer, and offers clues about possible risk factors 
for long-term lung complications in this cohort. 

 Discussion 

 Summary of Evidence 

  Table 2   provides the summary of this systematic 
review. The results shows that certain therapeutic 
exposures, such as radiotherapy, specifi c alkylating 
agents, bleomycin, HSCT, and thoracic surgery, are 
linked to late pulmonary sequelae. 

 Disease- and Treatment-Induced Pulmonary 
Toxicity in Survivors of Childhood Cancer 

 Pulmonary dysfunction in survivors of childhood 
cancer results from primary or metastatic disease, 
antineoplastic therapy, and superimposed infections. 
Primary lung tumors are exceptionally rare in chil-
dren  .  63   However, the lung is a common site for metas-
tases, even years following treatment.  64   Pulmonary 
toxicity as a result of anticancer therapy may range 
in severity from subclinical abnormalities on PFT to 
disabling and life-threatening pulmonary syndromes. 
Although pulmonary complications are essentially 
preventable by limiting the administration of offend-
ing drugs and irradiation, toxicity may be unavoid-
able if the toxic modalities are required to optimize 
tumor control. 

 Late Effects of Radiation in Survivors of Childhood 
Cancer:   The late effects of radiation exposure are 
particularly important in children because both 
impaired organ development and skeletal growth 
defects may occur and magnify the problems related 
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 Pulmonary Function and Loss of Optimal Exercise 
Capacity:   Mild restrictive lung disease has also been 
reported as a potential outcome after treatment of 
childhood-onset acute lymphoblastic leukemia (ALL), 
and may eventually lead to reduced exercise capacity. 

41 children treated for malignant lymphoma with 
chemotherapy with or without radiation. Oguz et al  33   
reported reduced lung volumes and D lco  among 
13% (10 of 77) of survivors of childhood HL/NHL 
at a median 5 years post diagnosis. 

 Table 2— Treatment Exposures-Based Risk Factors for Development of Late Effects in Survivors of Childhood Cancer  

Treatment Exposures Potential Late Effects Risk Factors

Radiation Pulmonary toxicity Host factors
 Pulmonary fi brosis  Younger age at irradiation
 Interstitial pneumonitis Treatment factors
 Restrictive lung disease  Radiation dose  �  15 Gy
 Obstructive lung disease  Chest radiation combined with TBI

 Radiation combined with
  Bleomycin
  BCNU  
  CCNU
  Radiomimetic chemotherapy (eg, doxorubicin, dactinomycin)
Medical conditions
 Atopic history
Health behaviors
 Smoking

Alkylating agents: Pulmonary fi brosis Treatment factors
 Busulfan  Higher cumulative doses ( .  500 mg) combined with radiation
 BCNU Medical conditions 

 Atopic history 
 CCNU Health behavior

 Smoking
 Bleomycin Pulmonary toxicity Host factors

 Interstitial pneumonitis  Younger age at treatment
 Pulmonary fi brosis Treatment factors
 ARDS (very rare)  Higher cumulative doses ( �  400 units/m 2 ) combined with

  Chest irradiation
  Busulfan
  BCNU
  CCNU
Medical conditions
 Renal dysfunction
 High-dose oxygen support such as during general anesthesia
Health behavior
 Smoking

HSCT with any history of chronic GVHD Pulmonary toxicity Host factors
 BO Younger age at HSCT
 BOOP Treatment factors
 IPS  Chest radiation
 Restrictive lung disease  TBI
 Obstructive lung disease  High-dose chemotherapy

 Pulmonary toxic chemotherapy
  Bleomycin
  Busulfan
  BCNU
  CCNU

Surgery Pulmonary dysfunction Treatment factors
Pulmonary lobectomy  Combined with pulmonary toxicity therapy
Pulmonary metastasectomy   Bleomycin
Pulmonary wedge resection   Busulfan

  BCNU
  CCNU
Medical conditions
 Atopic history
Health behaviors
 Smoking

BCNU  5  carmustine; BO  5  bronchiolitis obliterans; BOOP  5  bronchiolitis obliterans organizing pneumonia; CCNU  5  lomustine; GVHD  5  graft-vs-host 
disease; Gy  5  gray; HSCT  5  hematopoietic stem cell transplant; IPS  5  idiopathic pneumonia syndrome; TBI  5  total body irradiation.
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factors, and a death rate of 1% to 2% among those 
patients. Below this threshold, the incidence of 
pulmonary toxicity is estimated to be between 3% 
and 5%.  74   

 Little has been written on bleomycin toxicity in 
childhood cancer survivors. In a study by Hale et al,  37   
PFTs in 13 children treated for germ cell tumors with 
bleomycin (median dosage, 120 mg/m 2 ) revealed pul-
monary dysfunction in eight patients. Mefferd et al  34   
demonstrated pulmonary dysfunction by exposure to 
bleomycin (a maximum dose of 60 units/m 2 ) among 
surviving children with HL. 

 Concomitant or subsequent thoracic irradiation, 
administration of other chemotherapeutic agents, 
and/or oxygen therapy may exacerbate bleomycin-
induced lung injury. A review of published clinical 
studies  75,76   and a randomized trial  77   indicate that the 
incidence of pulmonary fi brosis rises when bleomy-
cin and radiotherapy are used together. Cyclophos-
phamide, vincristine, doxorubicin, and methotrexate 
with bleomycin have also been reported to increase 
the risk of fi brosis.  7   

 Goldiner et al  78   reported that the use of oxygen 
therapy (mean concentration, 39%) during and after 
pulmonary resection in fi ve patients with testicular can-
cer who were treated with bleomycin (400  �  180 mg) 
6 to 12 months prior, resulted in 100% mortality 
because of respiratory distress. Postmortem exami-
nation showed severe alveolar wall damage consistent 
with bleomycin-induced pulmonary injury. In a sub-
sequent study by Goldiner and Schweizer  ,  79   12 patients 
with similar medical profi les maintained on an oxy-
gen concentration of  �  25% had no respiratory com-
plications. Ingrassia et al  80   also reported that patients 
who had previously received bleomycin and then 
needed oxygen support during surgery were suscep-
tible to the development of lung toxicity. Because 
activated bleomycin induces its toxicity in part by the 
production of free radicals, the administration of a 
high dose of inspired oxygen likely magnifi es the risk 
of toxicity. 

 Alkylating Agents and Lung Dysfunction:   In chil-
dren, busulfan may be used as part of the condition-
ing regimen for HSCT. Busulfan-induced toxicity 
usually develops insidiously. Symptoms include a 
nonproductive cough, dyspnea, or fever. The average 
time from initiation of therapy to onset of respiratory 
symptoms is 3.5 years (range, 8 months to 10 years).  81   
It is unclear whether busulfan-related injury is dose 
dependent, but there are no reports of lung injury in 
patients receiving doses of busulfan of  ,  500 mg in 
the absence of other toxic agents.  82   As with other 
chemotherapeutic agents, concomitant irradiation 
may magnify the effect of busulfan. The chest radio-
graph in patients with busulfan toxicity reveals a 

In a cohort study of 38 survivors of childhood-onset 
ALL,  .  50% had one or more abnormalities in PFTs.  26   
Similar data were reported in another study on a 
mixed cohort (15 ALL and 14 solid-tumor survivors), 
in which 48% had pulmonary function abnormali-
ties.  15   In a study by Jenney et al  24   of lung function and 
exercise capacity in 70 survivors of childhood leuke-
mia at a median of 6 years after diagnosis,  .  50% of 
survivors had lower lung volumes and impaired maxi-
mal exercise capacity with a reduction of maximal 
workload, maximal oxygen uptake, and maximal ven-
tilation than normal controls. Exercise performance 
at submaximal levels was also affected. Of note, one-
half of the subjects who participated in the study had 
chest infection during, or subsequent to, their treat-
ment of leukemia. It is known that children who 
undergo acute respiratory insult may develop more 
chronic problems as they age.  70   This   was confi rmed 
in a multivariate analysis,  24   in which chest infection 
occurring during treatment was identifi ed as a risk 
factor for reduced lung volumes as well as transfer 
factor. Other risk factors identifi ed for reduced lung 
volumes in childhood leukemia were cyclophosph-
amide and craniospinal irradiation, whereas reduced 
transfer factors were doxorubicin, craniospinal irra-
diation, and HSCT. 

 Chemotherapy-Induced Injury 

 Previous investigations that have documented that 
pulmonary function is compromised by exposure to 
specifi c chemotherapeutic agents, including bleomy-
cin, carmustine (BCNU), lomustine (CCNU), busulfan, 
and cyclophosphamide are summarized in  Table 4  . 

 Bleomycin-Induced Pulmonary Toxicities:   Several 
distinct pulmonary syndromes are associated with 
bleomycin exposure, including bronchiolitis obliterans 
organizing pneumonia (BOOP), eosinophilic hyper-
sensitivity, and, most commonly, interstitial pneumo-
nia, which may ultimately progress to fi brosis.  71   The 
onset of pulmonary fi brosis generally occurs several 
months after completion of therapy. At present, 
the pathogenesis of bleomycin-induced pulmonary 
toxicity is not well understood. However, bleomy-
cin is poorly metabolized in the lung because this organ 
has low levels of the bleomycin-detoxifying enzyme, 
bleomycin hydrolase.  72   Bleomycin accumulation dam-
ages endothelial cells in lung vasculature, resulting 
in accumulation of infl ammatory cells (macrophages, 
lymphocytes, and neutrophils) and fi broblasts in 
the lung parenchyma.  71-73   The effects of bleomy-
cin can be harmful and even potentially fatal.  73   
Research shows that bleomycin at total cumulative 
doses of 400 units   is associated with the development 
of fi brosis in 10% of adult patients without other risk 
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but appears to be less common.  88   Clinical and histo-
logic fi ndings are similar to those seen for pulmonary 
toxicity caused by BCNU. 

 Other Chemotherapy Agents:   Methotrexate, teni-
poside (VM-26), and cytarabine have been associated 
with noncardiogenic pulmonary edema, a rare acute 
complication of therapy.  83   Signs and symptoms are no 
different from those of noncardiogenic pulmonary 
edema associated with other causes.  83   Methotrexate-
induced pulmonary toxicity may manifest as hyper-
sensitivity pneumonitis, which is typically associated 
with rapid reversal and complete recovery after drug 
withdrawal.  86,88   

 The taxanes are a group of new-generation anti-
cancer agents used broadly in adult cancer protocols. 
Their use is evolving in pediatric cancer protocols.  90   
These agents are associated with pulmonary toxicity 
in adults, usually manifested as nonspecifi c inter-
stitial pneumonitis, diffuse alveolar damage, and 
pleural effusion.  91   Gemcitabine has also been recog-
nized to induce pulmonary toxicity, in about 10% of 
patients.  92   Gemcitabine-induced pneumonitis is likely 
a cytokine-mediated infl ammatory reaction of the 
alveolar capillary wall. It appears as noncardiogenic 
pulmonary edema, diffuse alveolar damage, or alveo-
lar hemorrhage.  93   

 HSCT and Lung Injury 

 HSCT is now an established treatment approach 
for many malignant and nonmalignant diseases. Pul-
monary complications are a major cause of posttrans-
plant morbidity and mortality.  94   In a retrospective 
review of 363 children undergoing HSCT over a 
5-year period, Eikenberry et al  95   reported that those 
with pulmonary complications had higher mortality 
rates than those who did not (65% vs 44%,  P   ,  .01). 
Pulmonary complications among HSCT patients are 
heterogeneous in their frequency, timing, and out-
comes.  96   Complications are related to either the trans-
plant process or the transplant preparative regimen, 
and are divided into four main categories: (1) condi-
tioning regimen toxicity; (2) infectious complications, 
which occur during the period of hematopoietic and 
immune reconstitution; (3) noninfectious complica-
tions, which occur because of the chemotherapy or 
radiotherapy used in the conditioning regimen; and 
(4) complications due to alloreactivity, which occur 
after allogeneic transplant. 

 Late Effects of HSCT in Survivors of Childhood 
Cancer:    Table 5   lists the 23 studies of late sequelae 
after HSCT published from January 1970 to June 
2010 among children transplanted primarily for malig-
nancies. Late sequelae after HSCT are characterized 

combined alveolar and interstitial infi ltrative pat-
tern. Pathologic fi ndings include lymphocytic and 
plasma cell interstitial infi ltration, type 2 hyperplasia, 
and interstitial fi brosis that are more severe than 
those seen in other chemotherapy-induced pulmo-
nary toxicities.  81,83   

 Cyclophosphamide is an alkylating agent used to 
treat hematologic and solid-tumor malignancies, in 
HSCT preparative regimens, and as an immunosup-
pressant for nonmalignant disorders. Clinical features 
of cyclophosphamide-induced lung toxicity include 
dyspnea, fever, cough, gas exchange abnormalities on 
PFTs, parenchymal infi ltrates, and pleural thickening.  84   
Two distinct patterns of cyclophosphamide-induced 
lung toxicity have been identifi ed.  84   Early-onset pneu-
monitis may appear up to 6 months after exposure 
but resolves with drug withdrawal or corticosteroid 
administration. Late-onset pneumonitis appears more 
than 6 months after exposure and does not respond 
to cessation of cyclophosphamide and/or corticoster-
oid administration. Late-onset disease is rare ( ,  1% of 
those exposed), but often progresses to fi brosis.  85   
There is no apparent relationship between the devel-
opment of lung injury and the dose of cyclophosph-
amide or duration of its use.  81,82,86   

 Nitrosoureas are a class of agents with both alkylat-
ing and carbamylating activities. They are widely used 
to treat gliomas and other CNS tumors, and are 
also included in conditioning for autologous HSCT.  81   
There is a clear relationship between nitrosoureas 
cumulative dose and lung injury; and long-term injury 
may be present even without acute evidence of injury. 
BCNU-induced lung injury occurs in 20% to 30% of 
treated patients overall,  76   and increases to 50% in 
patients who receive a total dose of  .  1,500 mg/m 2 .  87   
Lung injury may even occur at lower doses in individu-
als who have previously received thoracic radiation.  86   
Symptoms such as dyspnea, tachypnea, and nonpro-
ductive cough, may develop as early as 1 month after 
initiation of therapy.  88   

 Long-term BCNU toxicity appears as fi brosis. 
It is insidious in onset, follows a bibasilar reticular 
pattern,  88   and seems to be intractably progressive. 
Corticosteroid therapy is ineffective.  81   In a review 
of 17 survivors of childhood brain tumor, restrictive 
changes with lung fi brosis were reported as long as 
25 years after exposure to BCNU at 100 mg/m 2  every 
6 to 8 weeks for 2 years.  38   Nine of 17 survivors died 
of pulmonary fi brosis, two within 3 years of treat-
ment, four within 6 and 13 years of treatment, and 
three within 13 to 25 years of treatment. Of the eight 
patients still alive 25 years after treatment, follow-up 
data from seven survivors showed evidence of upper 
zone pulmonary fi brosis.  89   

 Lung fi brosis has also been associated with similar 
agents, such as CCNU and methyl-CCNU (semustine), 
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toward worsening PFTs with increasing age in 25 chil-
dren receiving HSCT for different neoplastic malig-
nancies. Arvidson et al  43   and Leneveu et al  52   reported 
that children transplanted at a young age had better 
PFT values than those transplanted at an older age. 

 Thoracic Surgery and Lung Damage 

 Surgical resection remains a key component of 
the treatment of pulmonary metastasis in children.  100   
Children appear to tolerate resection better than 
do adults.  101,102   In one study, among adults who were 
treated for childhood cancer and who were  �  30 years 
post pulmonary resection, adaptive mechanisms, such 
as hypertrophy or hyperinfl ation of the remaining 
lungs, were present to compensate for the loss in lung 
tissue in the long term.  103   

 Interactions 

 Chemotherapy-Radiotherapy Interactions:   Numer-
ous studies have shown that radiomimetic drugs such 
as actinomycin D,  104-107   bleomycin,  107,108   cyclophosph-
amide,  106,107   and doxorubicin,  107,109   and multiple radio-
mimetic drug regimens  110   magnify the damaging 
effects of radiation on the lung. Although doxorubi-
cin is not considered a direct pulmonary toxin, it 
adds to the toxic effects of radiation.  9   In a study by 
Verschoore et al,  111   13 of 24 patients treated with 
low-dose doxorubicin and chest radiation (40 Gy in 
10 fractions) developed pneumonitis. 

 Chemotherapy-Chemotherapy Interactions:   Tox-
icity is seen at much lower doses than expected when 
certain drugs are used in combination. Synergism 
is particularly problematic when nitrosoureas and 
cyclophosphamide are used together.  9   As described 
above, concomitant use of bleomycin and other che-
motherapeutic agents, such as cyclophosphamide, 
vincristine, doxorubicin, or methotrexate magnifi es 
the risk of bleomycin-induced fi brosis.  7   

 Other Risk-Based Factors for Lung Damage 

 Skeletal growth defects, such as thoracic hypopla-
sia, scoliosis, and/or kyphosis, are common late effects 
among children receiving radiotherapy and could 
reduce lung volumes, resulting in restrictive lung dis-
ease. Among 787 children from the National Wilms’ 
Tumor Study 1 and 2 (1969 to 1979), Evans et al  112   
reported that the prevalence of scoliosis was nearly 
seven times higher in those children receiving radio-
therapy (61.4%) than in those who did not (9.4%). 
Paulino et al  113   reported that the actuarial incidence 
of scoliosis at 5, 10, and 15 years after radiotherapy 
(10-40 Gy) in 55 children treated for Wilms tumor 
was 4.8%  �  3.3%, 51.8%  �  9.0%, and 56.7%  �  9.3%%, 
respectively. 

by complex interactions between the infectious/
noninfectious agents and the lung ( Fig 1  ). Infectious 
agents are an important source of complications fol-
lowing HSCT in children. Children remain at risk of 
bacterial and fungal infections if they develop graft-
vs-host disease (GVHD) and are also at risk of viral 
infection, particularly reactivation of herpes viruses 
such as cytomegalovirus.  97   Ferry et al  98   reported that 
the 10-year cumulative incidence of fi rst episode of 
infection in 112 children was 31%  �  4% and in nine 
patients it involved the pulmonary system   (gram-
negative infection of respiratory tract, n  5  5; viral 
infl uenza with lung extension, n  5  2; pulmonary asper-
gillosis, n  5  1; and pneumocystis carinii, n  5  1). 

 Longitudinal HSCT data in children show that there 
is a decline in lung volume and diffusing capacity 
from pretransplant for 3 to 6 months post transplant, 
partial recovery for 1 to 2 years, and then stabilization 
for up to 10 years post transplant.  43,45,46,48,49,52,55,99   The 
most commonly reported fi nding is a restrictive ven-
tilatory defi cit, sometimes associated with a decrease 
in D lco .  40,42,43,45,47-49,50,51,53-55,58   In a cohort of survivors of 
childhood hematologic malignancies after allogeneic 
HSCT (n  5  89), Inaba et al  62   showed progressive wors-
ening of pulmonary function measured with forced 
midexpiratory fl ow (25%-75%), residual volume, TLC, 
and D lco  during a median follow-up of 8.9 years. 

 Obstructive disease associated with chronic 
GVHD can also occur among children who received 
HSCT.  44,55   In a retrospective study of 80 children 
treated with allogeneic HSCT during a 16-year 
period, Bruno et al  55   reported mean FEV 1 /FVC values 
of  ,  60% predicted for patients whose chronic GVHD 
persisted 5 years post HSCT. In a large cross-sectional 
study, Hoffmeister et al  58   examined the prevalence 
of pulmonary dysfunction in survivors of pediatric 
HSCT, 175 of whom were transplanted for hemato-
logic malignancies and 40 for nonmalignant diseases 
(median transplant age, 8.3 years; range, 0.3-18.0 years). 
PFTs performed 10 years post HSCT showed that 
40% of patients had either restrictive lung defi cits or 
obstructive lung disease. 

 Both the timing of the transplant and the age at 
transplant have been indicated as potential risk fac-
tors for the development of late-onset pulmonary 
abnormalities. In a cross-sectional study of 52 chil-
dren with hematologic malignancies, Cerveri et al  51   
reported that the percentage of patients with pul-
monary abnormalities was higher in patients who 
received HSCT after two or three complete remis-
sions than in those who were transplanted immediately 
after the fi rst remission (54% vs 21%;  P   ,  .02). This is 
not surprising given that many fi rst-line chemothera-
peutic agents such as cyclophosphamide, metho-
trexate, and cytosine arabinoside have been reported 
to cause lung toxicity. Quigley et al  99   reported a trend 
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late effects among survivors of childhood cancer, the 
evidence indicates that some treatments necessary 
to cure malignancy contribute to long-term pulmo-
nary dysfunction. Individual and combined treat-
ment exposures to radiotherapy, bleomycin, alkylating 
agents, HSCT, and thoracic surgery increase the risk 
of later lung diseases. Understanding the late effects 
that result from specifi c treatment exposures, the con-
tributions of the interactions among therapeutic modal-
ities, and the natural history of evolving pulmonary 
morbidity over time provides information about 
host and therapy-related factors that adversely affect 
outcome. 

 Although current knowledge facilitates awareness 
of adverse pulmonary outcomes and identifi cation of 
high-risk groups, additional investigation is required 
on many fronts. First, exploring the genetic suscepti-
bility to adverse pulmonary outcomes may provide 
more information about populations whose risk of a 
poor outcome precludes use of a particular agent 
during treatment.  114,115   Genetic factors may also 
infl uence the interaction of therapeutic exposures 
with lifestyle exposures such as tobacco. Second, 
progress in understanding the underlying molecular 
mechanisms that predict pulmonary toxicity post 
therapy may foster the development of early detec-
tion methods and allow early treatment among 
specifi c groups of survivors of childhood cancer. For 
example, several predictive markers of radiation pneu-
monitis, such as transforming growth factor  - b 1, inter-
leukins, and implicated adhesion molecules have 
been iden tifi ed as potentially useful.  116,117   Third, cancer 

 In addition to their therapeutic exposure to agents 
designed to treat their disease, children with can-
cer may have other risk factors that predispose them 
to long-term pulmonary problems. These include 
genetic susceptibility to chemotherapy or radiation, 
underlying asthma or chronic obstructive lung disease, 
infection, cigarette use, and exposure to environmen-
tal respiratory toxins. The effect of early childhood 
injury during cancer therapy in accelerating the nor-
mal decline in lung function that occurs with aging is 
an important area for future research. 

 Limitations 

 Our review was limited to studies requiring a 
minimum of 2 years follow-up after completion of 
cancer-related treatment, and early-onset pulmonary 
complications related to anticancer modalities were 
not discussed. Another limitation was that most con-
clusions in this review were based on prospective 
serial evaluations, retrospective chart reviews, and 
cross-sectional investigations in a small cohort in one 
or multiple institutions. The data from the included 
studies were limited to published studies. Addition-
ally, it is likely that selection bias is possible because 
we excluded two articles because their full texts were 
not available. 

 Conclusions 

 In this systematic review of literature from 1970 to 
2010 focused on the known and potential pulmonary 

  Figure  1. Mechanisms for altered pulmonary function and/or growth by HSCT. BO  5  bronchiolitis 
obliterans; BOOP  5  bronchiolitis obliterans organizing pneumonia; CMV  5  cytomegalovirus; DAH  5  diffuse 
alveolar hemorrhage; HSCT  5  hematopoietic stem cell transplant; IPS  5  idiopathic pneumonia syndrome.   
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survivorship research is a fi eld that is evolving as 
new agents, different drug combinations, and altered 
chemotherapy-radiotherapy sequencing are being 
tested. Evaluation of the late effects of these expo-
sures will need to be conducted to determine out-
comes with more contemporary therapies. Fourth, 
advances in supportive care, including transfusions 
and hematopoietic growth factors, also require ongo-
ing surveillance to identify pulmonary late effects. 
By outlining our current understanding of pulmo-
nary toxicity in childhood cancer survivors and sug-
gesting topics for future research, we hope that this 
review will serve as a stimulus for the expansion of 
knowledge about this important aspect of cancer 
survivorship. 
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