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Abstract

Purpose—Antiangiogenic agents show significant antitumor activity against various tumor
types. In a study evaluating the combination of sorafenib, bevacizumab, and low-dose
cyclophosphamide in children with solid tumors, an unexpectedly high incidence of pneumothorax
was observed. We evaluated patient characteristics and risk factors for the development of
pneumothorax in patients receiving this therapy.
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Patients and Methods—Demographics, clinical course, and radiographic data of 44 patients
treated with sorafenib, bevacizumab and cyclophosphamide were reviewed. Risk factors
associated with the development of pneumothorax were analyzed.

Results—Pneumothorax likely related to study therapy developed in 11 of 44 (25%) patients of
whom 33 had pulmonary abnormalities. Median age of patients was 14.7 years (range, 1.08-24.5).
Histologies associated with pneumothorax included rhabdoid tumor, synovial sarcoma,
osteosarcoma, Ewing sarcoma, Wilms tumor, and renal cell carcinoma. Cavitation of pulmonary
nodules in response to therapy was associated with pneumothorax development (P<0.001).
Median time from start of therapy to development of pneumothorax was 5.7 weeks (range, 2.4—
31).

Conclusion—The development of cavitary pulmonary nodules in response to therapy is a risk
factor for pneumothorax. As pneumothorax is a potentially life-threatening complication of
antiangiogenic therapy in children with solid tumors, its risk needs to be evaluated when
considering this therapy.
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Antiangiogenic strategies are well characterized in clinical oncology and may involve the
use of either single-agent, multitargeted tyrosine kinase inhibitors with activity against
different proangiogenic factors [e.g., vascular endothelial growth factor (VEGF), VEGF
receptors (VEGFRs) and platelet derived growth factor receptors (PDGFRs), fibroblast
growth factor receptors (FGFRSs)] or an antiangiogenic agent combined with cytotoxic
chemotherapy. [1-6] The benefit of these approaches has thus far been seen only in adults,
and therapeutic outcomes in children are not fully known. Further, the efficacy of
commercially available drugs targeting the tumor vasculature, such as bevacizumab,
sorafenib, pazopanib, and sunitinib, remains limited in the clinical setting because of the
development of adaptive drug resistance.[7] One potential approach to overcome resistance
is to combine drugs that work within the same vertical or horizontal angiogenic axis (e.g.,
VEGF and VEGFRs), and preclinical models support this strategy.[8, 9]

Considering the limited data available for antiangiogenic therapy in children and the
concerns with resistance, we conducted a phase | trial evaluating a combination
antiangiogenic strategy (sorafenib, bevacizumab, and low-dose cyclophosphamide) in
children and young adults with refractory solid tumors.[10] Surprisingly, in this dose-finding
safety study on heavily pretreated patients who had rapidly progressive disease, objective
responses and disease stabilization were observed in more than 50% of patients. Dose-
limiting toxicities included rash, increased lipase, anorexia, and thrombus, but we also
observed a high incidence of spontaneous pneumothorax in patients on this therapy. In the
current study, our objective was to identify patient characteristics and the risk factors
associated with the development of pneumothorax.
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1. Patients and Methods
1.1. Patient Population and Study Design
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The medical records of the 44 patients with refractory or recurrent solid tumors enrolled on a
single-institution phase I trial of bevacizumab and sorafenib combined with low-dose
cyclophosphamide (NCT00665990) between November 2008 and May 2013 were reviewed.
The dose-escalation phase of this study has been previously reported and included 19 of
these patients.[10] The remaining 25 patients were treated in the extension phase of the
study to better define the toxicity and anti-tumor activity at the recommended dose of
sorafenib 90 mg/m2/dose by mouth twice daily, bevacizumab 15 mg/kg intravenously every
3 weeks, and cyclophosphamide 50 mg/m?2 by mouth once daily. The trial was approved by
the St. Jude Children’s Research Hospital Institutional Review Board. All patients, parents,
or legal guardians provided written informed consent. The inclusion and exclusion criteria
for the clinical trial have been previously reported.[10] Briefly, inclusion criteria were
presence of a recurrent solid tumor or a solid tumor that was refractory to standard therapy;
age <21 years at initial diagnosis, life expectancy =8 weeks, Karnofsky/Lansky performance
score =50, body surface area =0.3 m2, and adequate bone marrow and organ function as
specified in the protocol. Disease assessments which included a CT of the chest were
required at baseline, at the end of course 1 and 2, then after every other course.

Patient demographics (age, gender, race) and cancer-related history (tumor type, sites of
disease at the time of study enrollment, prior treatments) were noted. For patients who
developed a pneumothorax, the timing of the pneumothorax, number and location of
pulmonary nodules, history of prior lung intervention (surgery or radiation), treatment for
the pneumothorax, and outcomes were reviewed.

The study radiologist (M.B.M) retrospectively reviewed the baseline and all follow-up chest
computed tomography (CT) scans of patients with lung pathology and documented the
number and laterality of pulmonary nodules, whether nodules were subpleural in location
(within 3 mm of the pleural surface), and whether they were cavitary or solid. For
participants who developed pneumothorax, the laterality and size of the pneumothorax were
recorded. The radiologist estimated size categories on the basis of the following criteria:
small, causing <10% lung compression; medium, causing up to 50% lung compression; and
large, causing >50% lung compression. The presence of a tension component (mass effect or
shift of midline structures) and outcome of pneumothorax were also recorded.

1.2. Statistical Analysis

The Chi-square test and logistic regression were used to study the association between
potential risk factors and the development of pneumothorax. P-values less than 0.05 were
considered statistically significant.
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2.1. Patient Characteristics

Table 1 summarizes the patient characteristics. Of the 44 patients (27 male; 8 white), 11
patients developed a pneumothorax that was thought to be related to the therapy. One patient
developed a small pneumothorax as a consequence of central venous catheter placement,
which resolved spontaneously. For this analysis, this patient was considered as having no
pneumothorax. The median length of time from the start of therapy to the development of
pneumothorax was 5.7 weeks (range 2.4-31 weeks). There were no significant differences in
age, gender, race, tumor type, history of prior chest surgery or radiation therapy, number of
prior chemotherapy regimens received, or timing of study entry from the last chest surgery
between patients who did and did not develop a pneumothorax (Table 1). However, patients
with pulmonary nodules were significantly more likely to develop a pneumothorax than
those without pulmonary nodules (P = 0.041); no patients without pulmonary nodules
subsequently developed pneumothorax.

Table 2 compares the characteristics of pulmonary nodules in patients with and without
pneumothorax. Eight of the 11 patients who developed pneumothorax had pulmonary
metastases at study entry that were confirmed by biopsy or clinical judgment (nodules were
multiple, bilateral or round and sharply defined). The benign versus malignant nature of
pulmonary nodules in the remaining 3 patients was not apparent at study entry. The first
patient had questionable nodules in the right lung that were initially thought to be infectious
in etiology but later proved to be tumor. The second patient was thought to have
postoperative changes at the site of an eventual pneumothorax associated with a small
cavitary nodule. The third patient with synovial sarcoma developed a left pneumothorax in
association with a posterior mediastinal mass and a cavitary nodule in the left lung (later
biopsy proven to be tumor).

Patients were more likely to develop a pneumothorax if the pulmonary nodule(s) became
cavitary in response to therapy (P = 0.0008). Of the 12 patients with cavitary nodules in
response to therapy, 9 (75%) developed a pneumothorax. However, of the 21 patients
without cavitary nodules in response to therapy, only 2 (9.5%) developed a pneumothorax.
Five patients had cavitation of existing nodules before the development of pneumothorax,
and 4 of these patients presented asymptomatically with the pneumothorax. The number of
pulmonary nodules and subpleural location were not associated with an increased risk of
pneumothorax (P > 0.2). A histologic diagnosis of sarcoma was also not associated with the
development of pneumothorax in the entire group of patients as well as the group with
pulmonary nodules.

Table 3 summarizes the characteristics and treatment of the 11 patients with a
pneumothorax. Seven patients had unilateral pneumothorax. Ten pneumothoraces were
small or medium, with 2 causing a mediastinal shift. The pneumothorax was incidentally
noted on routine CT imaging in 7 of the 11 patients; 4 patients were symptomatic (chest pain
or shortness of breath) and further underwent a plain chest x-ray. One patient who had
bilateral pneumothoraces presented initially with chest pain and then re-presented with a
recurrence of a unilateral pneumothorax with shortness of breath.
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2.2. Treatment and Outcome of Patients with Pneumothorax

Of the 11 patients with pneumothorax, 3 had resolution of pneumothorax while continuing
study therapy. One patient required a pigtail catheter to evacuate the pneumothorax, whereas
the other 2 patients required no intervention. The time to resolution of pneumothorax in
these three patients was 27, 41, and 126 days from onset. The remaining 8 patients had
persistent pneumothorax at the time they met off-study criteria. Reason for off study
included progressive disease (N = 4), persistent pneumothorax requiring surgical
intervention (N = 2), death due to pneumothorax (N = 1), and family preference (N = 1). The
patient who was off study due to family preference was lost to follow up. Of the 4 patients
with progressive disease, 1 patient had spontaneous resolution (i.e., no intervention) of
pneumothorax whereas the other 3 patients had persistent pneumothorax at the time of last
imaging. One of these 3 patients required bilateral chest tubes and chemical pleurodesis. The
remaining 2 patients required no intervention before death due to their disease. Of the 2
patients removed from study because of persistent pneumothorax, one underwent a bilateral
video-assisted thoracoscopy with chemical pleurodesis, followed by a thoracotomy with
mechanical pleurodesis due to continued air leak. The other patient required a thoracotomy
and wedge resection of what was suspected to be the source of an air leak approximately 3
weeks after his last dose of the study drug. Pathology from the wedge resection at the site of
air leak revealed metastatic renal cell carcinoma with angiolymphatic spread. Of the 11
patients with pneumothoraces, 7 patients were identified incidentally on follow-up imaging.
Of these 7, one patient required interventions on both thoracic cavities beginning with
pigtail catheter placement and ultimately requiring chemical pleurodesis with doxycycline.

The patient who died from the complication of pneumothorax had rapidly progressive
Wilms tumor with bilateral lung masses at the time of study entry (Fig. 1A). After 1 course
of therapy, the tumors in the lungs had become smaller and largely cavitated with internal
cyst formation (Fig. 1B). Imaging at the end of course 2 of therapy showed a large right
pneumothorax with mediastinal shift. The patient was asymptomatic. A pigtail catheter was
placed, the pneumothorax evacuated, and the catheter removed without incident. During
course 3 of therapy, the patient developed acute onset of right-sided chest pain and shortness
of breath. A chest radiograph revealed a right pneumothorax with mediastinal shift. A chest
tube was placed, which led to improvement in mediastinal shift. The patient underwent a
pleurodesis. Within 48 h, the patient developed acute respiratory distress following a
coughing episode secondary to choking on a piece of food. A chest CT scan revealed
multiple cystic changes in the right lung with right upper lobe atelectasis; pneumothorax
could not be excluded (Fig. 1C). The patient’s respiratory status deteriorated. A catheter was
placed in one of the cystic lesions, leading to some improvement, but the overall condition
of the patient remained critical. The patient was sent home on hospice care and died the
following day.

3. Discussion

Pneumothorax as a complication before treatment or after initiating cytotoxic chemotherapy,
radiation, or targeted biologic agents, including antiangiogenic agents (e.g., pazopanib,
cediranib, sunitinib, or bevacizumab) in patients with pulmonary malignancy has been
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reported for several tumor types.[11-26] In most series reported in the literature, the
incidence of pneumothorax is less than 5%.[17, 21, 23, 27] However, we found a higher
incidence (33%) of pneumothorax in our patients: 11 of 33 patients with pulmonary nodules
developed pneumothorax in various tumor types while receiving sorafenib, bevacizumab,
and low-dose cyclophosphamide, while no pneumothoraces were noted in the 11 patients
without pulmonary nodules. To our knowledge, this is one of the largest and most
comprehensive analyses of the incidence of pneumothorax in patients receiving
antiangiogenic therapy or chemotherapy. Given the potential life-threatening nature of this
complication, the risk of pneumothorax should be assessed and evaluated in children
considered for this therapy that was primarily developed to target the tumor vasculature.

The pathophysiologic mechanisms of pneumothorax in the setting of treating a pulmonary
malignancy are not known, but may include fistula formation between the lung parenchyma
and pleural space due to necrosis of a subpleural tumor nodule, infarction and necrosis of
tumor emboli, over distension and subsequent rupture of alveoli due to tumor progression,
and increased intrathoracic pressure following emetogenic chemotherapy.[19-21, 24, 28, 29]
In the case of antiangiogenesis treatment, sorafenib and bevacizumab both work by blocking
VEGF signaling either by VEGFR tyrosine kinase inhibitor (sorafenib) or recombinant
humanized anti-VEGF monoclonal antibody (bevacizumab), thereby disrupting the vascular
architecture of the tumor-burdened tissue. Within this context, one can hypothesize that the
use of VEGF blockers in combination with antiproliferative chemotherapy produces
pulmonary nodule necrosis secondary to vascular perfusion compromise, subsequent rupture
and pathologic pneumothorax formation.

The risk factors for spontaneous pneumothorax related to pulmonary metastasis and
cytotoxic/biologic agents are poorly understood. Our results showed that the incidence of
spontaneous pneumothorax events in patients receiving low-dose cyclophosphamide,
bevacizumab, and sorafenib did not vary significantly among the selected variables (i.e.,
patient demographics, tumor type, prior lung radiation, chemotherapy, chest surgery, or the
characteristics of lung nodules). However, we found a significant association between
cavitation of pulmonary metastatic lesions in response to therapy and pneumothorax. Tumor
cavitation after chemotherapy within both primary lung cancers and metastatic pulmonary
nodules is well recognized; in particular, cavitation during antiangiogenic therapy in adult
patients with lung cancer has been reviewed and may represent a class effect of angiogenesis
inhibitors. Marom et al.[30] reported that 17 of 124 (14%) patients who received
antiangiogenic therapy developed tumor cavitation. Cavitary pulmonary change was also
reported in up to 24% of 33 patients with non-small cell lung cancer in a trial of
angiogenesis inhibitors.[31] Interestingly, while a potential link with clinically relevant
pulmonary hemorrhage has been suggested, neither of these studies reported pneumothorax
as a complication in this patient population. Studies supporting the association of
pneumothorax and cavitary pulmonary tumors after chemotherapy are limited and are
restricted to case reports.[32] We postulate that some patients who develop pneumothorax
during treatment are asymptomatic, and therefore pneumothorax goes unrecognized. In our
cohort, 7 of 11 (64%) of patients were asymptomatic and only 1 asymptomatic patient
required treatment.
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Appropriate management of a pneumothorax includes observation alone, observation with
supplemental oxygen, needle aspiration, insertion of an intercostal catheter or thoracostomy
tube, or invasive thoracoscopy or thoracotomy. Although treatment options are dictated by
clinical symptoms and size of the pneumothorax, many aspects about the management of
pneumothorax in children, especially those with cancer, are challenging and currently there
are no established guidelines for children. Furthermore, establishing a standardized approach
is difficult as the data in children are based on small-scale studies and mainly address
primary spontaneous pneumothorax. Because of the link between the development of a
pneumothorax and combination antiangiogenic chemotherapy-induced tumor cavitation in
our patient population at a median of 5.7 weeks from the start of therapy, we recommend
imaging with a 2-view chest x-ray at least 3—4 weeks from the initiation of therapy to
evaluate for the presence of cavitary change in the lung nodules and an asymptomatic
pneumothorax. Patients with these findings warrant close observation with serial imaging.
The caregiver and patient should also be educated about potential symptoms necessitating
further evaluation. Given the need for knowledge concerning appropriate management
guidelines in children, we propose an algorithm for the management of spontaneous
pneumothorax as a complication of treatment for advanced cancer (Fig. 2). Our algorithm
was devised based on the American College of Chest Physicians (ACCP) consensus
statement regarding treatment of secondary spontaneous pneumothorax in adults. We added
our experience to formulate a pediatric-specific pneumothorax management protocol [33].

This report is an in-depth analysis of pneumothorax in children with refractory or recurrent
solid tumors receiving combination antiangiogenic therapy. The report is important for
several reasons. First, it highlights the important complication of pneumothorax in patients
receiving combinatorial antiangiogenic agents. Second, we identify risk factors for the
development of pneumothorax that can be detected by radiographic imaging. Third, this
study highlights the ethical challenges associated with phase | trials that recruit children with
refractory cancer. Given that these trials are unlikely to cure a child [34], the implications of
the treatments raise ethical concerns about high-risk pediatric research. The identification of
an increased chance of pneumothorax and possible death due to this complication
undoubtedly increases the complexity of an already difficult medical situation and places
greater importance of parental understanding of informed consent. Cousino et al. [35]
recently investigated physician—parent communication during informed consent conferences
and parental understanding of the purpose of pediatric phase I studies. They found that of
the 60 parents who were interviewed, 32% had a substantial understanding of the scientific
purpose of phase | cancer trials, but 35% had little or no understanding of them. Although
physician—parent communication and high-quality informed consent represent areas that are
critically important to pediatric phase | research, the balance between risks and benefits also
underscores the likelihood that the research will produce knowledge that is relevant to
treating the particular disease. In our patients, we learned that although development of
pneumothorax was associated with tumor cavitation/response, it represents an important
adverse event in patients with evidence of pulmonary metastatic disease who receive the
novel combination antiangiogenic therapy. Despite this complication, the results of the trial
have allowed us to better select the patients who will receive this therapy. Although it may
be challenged that this is a recognizable and treatable complication, in future trials we will
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offer this treatment as a maintenance therapy in children with advanced solid tumors without
imaging evidence of pulmonary disease.
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Fig. 1.
Nine year old female with pulmonary recurrence of Wilms tumor. A) Axial computed

tomography (CT) image obtained just before initiation of therapy shows large solid
pulmonary nodules and mass in the right lower lobe (arrows). B) At the end of course 1, the
nodules and mass became cavitary with numerous cysts scattered throughout them. A small
right pneumothorax had developed (arrow). C) Coronal CT image obtained approximately
during course 3 of therapy shows right tension pneumothorax (straight black arrow) causing
shift of mediastinal structures into the left chest. The right lower lobe is now largely
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replaced by cysts (straight white arrow). A large solid mass is present in the left upper lobe
(curved arrow).
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Fig. 2.

Treatment algorithm for the management of spontaneous pneumothorax in the setting of
pediatric patients with pulmonary lesions receiving cancer-directed therapy. Chest X-ray
every 3-6 weeks is recommended if formation of cavitary nodules is noted on follow-up CT.
We define a moderate pneumothorax as one causing >10% and <50% lung compression.
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Table 3
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Characteristics and treatment of pneumothorax (N = 11)

Characteristic

Patients (No.)

Bilateral 4
Unilateral 7
Left 5
Right 2
Size of Pneumothorax
Small
Medium 4
Large 1
Presence of Tension Component by CT 2
Symptomatic® 4
Chest pain 3
Shortness of breath 2
Therapy for Pneumothorax 5
Pigtail catheter 5
Chest tube 2
Chemical pleurodesis with doxocycline 2
Mechanical pleurodesis 1
Video-assisted thoracoscopic surgery and chemical pleurodesis 1
Thoracotomy 1
Length of Therapy (days) [median (range)] 12 (3-101)
Outcome of Pneumothorax
Resolved 5
Incomplete resolution 4
UnknownP 1
Mortality 1

Abbreviation: CT, computed tomography.

aThe same patient presented with shortness of breath and chest pain on separate admissions.

b ..
Patient lost to follow-up, and outcome of pneumothorax unknown.
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