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ABSTRACT

Photodynamic therapy is increasingly being utilized to treat thoracic malignancies. For patients with early-stage non-

small cell lung cancer, photodynamic therapy is primarily employed as an endobronchial therapy to definitely treat endo-

bronchial, roentgenographically occult, or synchronous primary carcinomas. As definitive monotherapy, photodynamic

therapy is most effective in treating bronchoscopically visible lung cancers <1 cm with no extracartilaginous invasion.

For patients with advanced-stage non-small cell lung cancer, photodynamic therapy can be used to palliate obstructing

endobronchial lesions, as a component of definitive multi-modality therapy, or to increase operability or reduce the ex-

tent of operation required. A review of the available medical literature detailing all published studies utilizing photody-

namic therapy to treat at least 10 patients with non-small cell lung cancer is performed, and treatment recommendations

and summaries for photodynamic therapy applications are described.
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Introduction

A projected 1.6 million people will be diagnosed worldwide with lung
cancer in 2011. Despite standard lung cancer treatment modalities,
including surgery, chemotherapy, and radiation therapy, lung cancer is
the leading cause of death attributed to malignancies in the world, with
nearly 1.4 million annual deaths (1). With the significant magnitude and
severity of this disease, additional therapeutic and palliative treatment
modalities have emerged.

Photodynamic therapy (PDT) is an emerging treatment modality
that is increasingly being utilized to treat thoracic malignancies. PDT
employs a photosensitizing agent that is activated by light of a specific
wavelength to produce reactive singlet oxygen (‘O,) that mediates cellular
cytotoxicity. The mechanism of action of photodynamic therapy has

been previously described (2) and is depicted in Figure 1. PDT works
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through direct cell killing via apoptosis or necrosis and by damaging
tumor vasculature, and it may induce an inflammatory reaction that may
lead to a host anti-tumor immune response. Following the administration
of a photosensitizing agent, tumor loci are irradiated with appropriate
wavelength light from a laser or other sources. A common light source for
PDT is a laser that can be directed through fiberoptic cables and inserted
through an endoscope into the lungs to treat bronchogenic malignancies
(3-5). For pleural PDT, light can be delivered by multiple methods,
including microlenses and custom designed applicators (6).

Porfimer sodium, the photosensitizing agent most commonly
utilized to treat patients with thoracic malignancies, has been approved
by the U.S. Food and Drug Administration to treat non-small cell lung
cancer in patients for whom standard therapies are not appropriate and
to palliate symptoms in patients with airway obstruction (7) (Table 1).
As the light needed to activate most photosensitizers typically cannot
pass through more than 5-10 mm of tissue, PDT is usually applied to
treat lung cancers involving the lining of internal organs or cavities,
and it is less effective in treating larger tumors without prior surgical
debulking or interstitially placed light sources (3-6).

Since the U.S. Food and Drug Administration approved PDT for
the treatment of microinvasive endobronchial non-small cell lung
cancer in early 1998 and advanced partially obstructing endobronchial
lung cancer in late 1998 (7), there has been increasing interest in using
PDT alone or in combination with standard therapeutic or palliative
modalities to treat non-small cell lung cancer.

Although there have been several recently published trials assessing

the role of PDT alone or as part of multi-disciplinary therapy to treat
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Figure 1. A photosensitizer ('PS) is administered systemically or topically to a patient prior to the application
of a laser or incandescent light (hv) directed to the region of interest. This light is typically between 600-800 nm
within the optical window of tissue, and the light source is dependent on the photosensitizer absorption, disease
location, tumor size and accessibility, and tissue characteristics. The absorption of light causes the photosensitizer
with two electrons in the ground state with opposite spin to transfer one electron to a higher energy orbital,
generating an unstable excited photosensitizer ('PS*). This excited photosensitizer can emit excess energy as
fluorescence and/or heat, or it may develop into an intersystem crossing that forms a more stable triplet state
(°PS*) with inverted spin of one electron. Reactive oxygen species that mediate photodynamic therapy cytotoxicity
can then be generated through two processes. A Type II process, which is the most common process governing
photosensitizers in photodynamic therapy and predominates in normoxic conditions, can occur when the triplet
state photosensitizer decays to a ground state or transfers its energy to molecular oxygen (O,), resulting in the
formation of excited state singlet oxygen ('0,) and regenerating the ground-state photosensitizer. Singlet oxygen
can reacts with the substrate (S) to generate oxidized products. Alternatively, a Type I process can occur when the
triplet state photosensitizer reacts directly with an organic molecule or substrate to produce a radical or radical ion
both in the photosensitizer and the substrate. The substrate typically donates an electron to the sensitizer, resulting
in a substrate radical cation (S+) and a photosensitizer radical anion (PS-). Although a type I reaction can occur
during hypoxic conditions, in the presence of oxygen the reduced photosensitizer can undergo autoxidation with
oxygen (O,) to generate a superoxide anion radical (O,-), regenerating the ground-state photosensitizer.

non-small cell lung cancer, no recent review article has been published
examining the utility of PDT to treat lung cancer. This review reports
on those newer studies published utilizing PDT to treat lung cancer and
serves as the most comprehensive review of PDT for non-small cell lung
cancer to date by thoroughly detailing the existing medical literature
for roentgenographically occult, early-stage, and endobronchial non-
small cell lung cancer, synchronous primary bronchogenic carcinomas,

and advanced-stage non-small cell lung cancer in an attempt to discern

treatment recommendations and summaries for PDT applications and

its multi-disciplinary utilization for these cancers.

Materials and methods

MEDLINE and CANCERLIT databases were searched using key words
"photodynamic” or "PDT" and "lung", "thoracic", "bronchogenic",

"endobronchial”, "palliative”, "pleural”, or "non-small cell". All studies
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Table 1. Photodynamic Therapy Photosensitizers Approved to Treat Lung Carcinoma.

Photosensitizer Wavelength Approval Pending Approval
Porfimer sodium (Photofrin) 630 nm US, Europe, Asia

Temoporfin (m-tetrahydroxyphenylchlorin, Foscan) 652 nm Europe US trials ongoing
Talaporfin (mono-(L)-aspartylchlorin-e6, NPe6, LS| 1) 664 nm Asia US trials ongoing
2-[|-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) 665 nm US trials ongoing

Table 2. Published Clinical Indications of PDT to Treat Patients with Non-Small Cell Lung Cancer Thoracic Malignancies.

Definitive Therapy for Synchronous Primary Carcinomas

Definitive Therapy for Early-stage Peripheral Lung Lesions

and Resolve Acute Hemoptysis and Poststenotic Pneumonia

Definitive Therapy for Early-stage Central Endobronchial Tumors
Definitive Therapy for Early-stage Locally Recurrent Central Tumors Following Definitive Surgery or Radiation Therapy
Definitive Therapy for Roentgenographically Occult Central Tumors

Palliation to Reduce Endobronchial luminal Obstruction and Tumor Stenosis, Improve Performance Status and Respiratory Function,

Neoadjuvant Therapy to Reduce the Extent of Surgical Resection (Pneumonectomy — Lobectomy)
Neoadjuvant Therapy to Convert Originally Inoperable Patients to Surgical Candidates

Treatment of Locally Advanced Disease as Part of Multi-modality Therapy

Treatment of Disease with Pleural Spread as Part of Multi-modality Therapy

reporting on the use of photodynamic therapy to treat human subjects
were indiscriminately reviewed, regardless of date published or language
of publication. Studies reporting on fewer than 10 patients were not
included in this analysis unless they substantially advanced the available
literature discussion for the disease topic described. Additionally,
when authors published findings in multiple sources, the most recent
publication was included. Older publications were also included if they
reported on patient subsets that were not better detailed in the most

recent publications.

Non-small cell lung cancer overview

The use of PDT for both early-stage or advanced non-small cell
lung cancer has several advantages over other therapies. PDT has
a relatively favorable side effect profile when compared to other
treatment modalities like surgery, external beam radiation therapy,
or endobronchial brachytherapy. PDT administration is typically
performed on an outpatient basis. Patients can be retreated with PDT for
incomplete disease response or subsequent disease recurrence, and PDT
does not typically compromise future therapeutic options in the event
that additional treatment modalities become necessary. Additionally,
mutations that confer resistance to chemotherapy or radiation therapy
do not limit the efficacy of PDT. Despite these advantages, limitations of
PDT include patient photosensitivity following therapy, bronchogenic
tumors that invade the pulmonary artery are not amenable to therapy,
and the treatment of thoracic malignancies with PDT is dependent on
tumor location and size.

Following the initial approval by the U.S. Food and Drug

Administration to use PDT to treat patients with non-small cell
lung cancer, the therapeutic applications of PDT for bronchogenic
carcinomas have increased (Table 2). For early-stage disease, PDT
is primarily employed as an endobronchial therapy to definitively
treat endobronchial or roentgenographically occult tumors. Similarly,
patients with multiple primary lung cancers may be definitively
treated with PDT. For advanced-stage or metastatic disease, PDT is
primarily employed to palliate symptomatic patients with obstructing
endobronchial lesions who have airway compromise or hemoptysis.
Patients with advanced disease may be treated with PDT in an attempt
to increase operability or reduce the extent of operation required.
Patients with pleural dissemination of non-small cell lung cancer may
also be treated with intraoperative PDT following macroscopically
complete surgical resection.

Since their early report of PDT administration to treat 13 patients
with lung cancer (8), Investigators at Tokyo Medical College, Tokyo
Medical University Hospital have been leaders in the use of PDT to
treat patients with non-small cell lung cancer. These investigators
have reported on the utility of PDT for each of the aforementioned
indications for non-small cell lung cancer and have also pioneered
PDT use for the treatment of peripheral lung lesions. A thorough
review of their experience and the remainder the literature addressing
the utilization of PDT to treat non-small cell lung cancer by clinical

situation follows, along with summaries and recommendations.

Advanced-stage non-small cell lung cancer

Advanced-stage and metastatic non-small cell lung cancer are associated
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with a grave prognosis, with a median survival of less than one year.
Patients with advanced-stage lung cancer are often debilitated and have
significant morbidity and decreased quality of life (9,10). Palliative
care, therefore, plays a prominent role in the care and management of
these patients. The utility of palliative care in improving the quality of
life for patients with advanced non-small cell lung cancer is now widely
recognized. Several studies have reported an association between
depressed mood and/or poor quality of life and shorter survival among
patients with metastatic non-small cell lung cancer (11-13).

For patients with locally advanced or metastatic non-small cell lung
cancer, PDT has been most commonly utilized to palliate symptoms.
Endobronchial PDT can decrease airway obstruction and allow for
improved respiratory function and quality of life (14). PDT can also
be used to palliative patients with uncontrollable life-threatening
hemoptysis. In this manner, PDT can cause thrombosis and control
small vessel bleeding from a variety of locations and etiologies (15).
One of the earlier reports on PDT for palliation for lung cancer
describes its utilization to treat 15 consecutive patients with advanced
squamous bronchogenic carcinomas in London, in which all tumors
responded and symptomatic relief was achieved (16). PDT was also
used to successfully palliate symptoms among seven patients with
thoracic metastases and three primary lung cancers at the National
Cancer Institute (17).

It should be noted, however, that early studies reporting on PDT to
treat advanced lung cancer found this modality to be less successful in
controlling disease than when used for other primary cancer sites. Of
the variety of tumors treated with PDT in Beijing from 1982-198S, the
complete response rate for lung cancer lesions (n=54) was significantly
lower than the remaining 486 lesions (17% vs. 45%). The overall
response rate for patients with lung cancer, however, was 89% (18).
Investigators from the University of California, Irvine Medical Center
similarly found five lung cancer patients to be less likely to achieve
complete responses when compared to 72 patients with head and neck
and breast malignancies treated with PDT between 1981-1983 (19).

Additionally, among the 26 patients with inoperable non-small cell
lung cancer treated with PDT at the Netherlands Cancer Institute, 10 of
11 patients with stage I disease achieved a complete response. However,
among the 15 patients with stage III disease, all of whom had previously
received external beam radiation therapy, brachytherapy, or Nd:YAG
laser therapy, 11 patients had a partial response and four had tumor
progression and died of pulmonary hemorrhages within six months of
receiving PDT (20). PDT was also administered at the National Cancer
Center Hospital in Japan to 28 patients with early lung cancer and 38
patients with advanced lung cancer having 69 unresectable malignant
lesions of the trachea and bronchus. Patients were not suitable for
radical treatment with chemotherapy or radiation therapy. Most patients
achieve a complete response (13%), partial response (64%), or tumor
regression (19%), whereas disease progression was only seen in 4% (21).

Despite these difficulties, several studies have demonstrated the
ability of PDT to successfully palliate patients with symptomatic locally-

advanced non-small cell lung cancer. Among 10 patients with surgically

unresectable advanced endobronchial obstructing non-small cell lung
cancer treated with PDT by Northwestern University Medical School
investigators from 1985-1989, PDT reduced pulmonary obstruction
from 86% +/-2% to 57% +/-3%, and all patients had a decrease
in symptoms (22). A study in the United Kingdom prospectively
evaluated PDT as palliation for 100 patients with stage IIIa-IV advanced
inoperable bronchogenic carcinoma with endobronchial luminal
obstruction, of which 90% had non-small cell lung cancer and 82%
had previously received chemotherapy or radiation therapy. The mean
endoluminal obstruction fell from 85.8% to 17.5% following PDT,
with similar improvements in mean forced vital capacity (FVC) and
forced expiratory volume in one second (FEV1). The cohort achieved
a 9-month mean survival and had a 19% 2-year overall survival (23).
Russian investigators also demonstrated that PDT reduced bronchial
obstruction among patients with stage IIIb-IV disease in 75% of cases
(9/12) and achieved a 100% complete response rate for early-stage
cancers (8/8), although two patients developed recurrent disease within
3 months of PDT (24).

When University of California, Irvine investigators reviewed their
first 10 patients with stage ITI-IV obstructive inoperable non-small cell
lung cancer with hemoptysis, dyspnea, and airway obstruction treated
with PDT, they found all 10 patients had a response to therapy and
reduction in airway obstruction, and seven patients had resolution of
acute hemoptysis (25). At the University of Alabama Hospital, 133
symptomatic patients were treated with PDT for endobronchial lung
lesions of varying histologies, the majority of which were non-small
cell lung cancer (n=89). PDT allowed for significant improvements
in dyspnea in 74% of patients as assessed by the Modified Medical
Research Council Dyspnea Scale (26).

PDT may also improve the efficacy of surgery or allow for surgical
resection among patients with locally-advanced non-small cell lung
cancer. Based on the 191 patients treated by Russian investigators
with endotracheobronchial surgeries, including 153 patients with
advanced non-small cell lung cancer causing respiratory obstruction,
the addition of PDT to surgery may improve patient outcomes when
compared with surgery alone (27). PDT has also been successfully
employed as a means to reduce the extent of resection by allowing
patients with non-small cell lung cancer who were initially planned to
undergo pneumonectomy the ability to undergo lobectomy (28,29),
or to convert originally inoperable patients to surgical candidates (29).
Of the 26 patients with various stages of non-small cell lung cancer that
received preoperative PDT at Tokyo Medical University Hospital to
reduce the extent of resection or convert inoperable disease to operable
status, surgical goals were achieved in 85% of patients treated. Four of
five originally inoperable patients were converted to resectable and 18
of 21 patients who were originally candidates only for pneumonectomy
were able to undergo lobectomy (29).

As PDT is based upon a photochemical reaction that is limited by
the availability of molecular oxygen in the target tissue, 30 patients
in Austria with inoperable non-small cell bronchogenic carcinoma

and endobronchial stenosis were enrolled in a prospective pilot study
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from 1997-1999 assessing the combination of PDT with hyperbaric
oxygen. Following PDT, without any therapy-related complications,
patients reported significant improvements in dyspnea, hemoptysis, and
poststenotic pneumonia (all P<0.05), and they had reductions in tumor
stenosis (P<0.05) and improvements in performance status (P<0.05)
(30).

As with malignant pleural mesothelioma, PDT may be utilized as
part of multi-modality management for patients with non-small cell
lung cancer with pleural spread. A phase II trial enrolling 22 patients
with pleural spread and clinical T4 non-small cell lung cancer was
conducted at the University of Pennsylvania. Patients underwent
surgery with complete (n=17) or partial tumor debulking (n=3),
followed by hemithoracic pleural PDT (n=20) or PDT alone (n=2). The
rate of 6-month local control for the cohort was 73.3% and the median
overall survival was 21.7 months, compared with 6-9 months for similar
patients based on historical controls (31).

Summary: Patients with advanced-stage and metastatic non-small
cell lung cancer have a grave prognosis and often require palliative
interventions for symptomatic management. Although these patients
are less likely to achieve a complete response to therapy than those with
early-stage bronchogenic carcinomas, tumor response rates to PDT
for patients with advanced bronchogenic carcinomas are still high and
PDT is effective in palliating this patient population. PDT can reduce
endobronchial lJuminal obstruction and tumor stenosis, allowing for
improvements in patient dyspnea and pulmonary function. PDT can
also resolve acute hemoptysis and poststenotic pneumonia and improve
patient performance status. Furthermore, when used in the neoadjuvant
setting, PDT can increase operability or reduce the extent of operation
required. With limited available data, PDT also appears to be an
effective component of multi-modality therapy for patients with locally
advanced disease and may prolong survival for patients with non-small
cell lung cancer with pleural spread when included as a component of

multi-modality therapy.

PDT vs. Nd:YAG Laser Therapy for Advanced-stage Non-small
Cell Lung Cancer

Patients with non-small cell lung cancer with symptomatic central
airway obstruction often require palliative intervention, particularly
for life-threatening obstruction or bleeding. Endobronchial treatment
is typically associated with a rapid relief of symptoms and limited side
effects. Central airway obstruction may be endoluminal, extraluminal, or
infiltrating, and treatment should be tailored to the type of obstruction
identified. Endoluminal obstruction is amenable to treatment with
external beam radiation therapy, PDT, laser therapy, or brachytherapy
(32,33). Treatment recommendations for extraluminal obstructions and
detailed discussions of radiation therapy and laser therapy are beyond
the scope of this review.

Nd: YAG laser therapy has historically been the most widely utilized
modality to achieve tumor ablation within the tracheobronchial tree.

As PDT may offer a safer and easier to perform alternative treatment

(34), thermal ablation has been compared to PDT in an attempt to
identify the optimal treatment modality for patients with obstructing
bronchogenic carcinomas. One of the earliest reports comparing PDT
with Nd:YAG laser therapy for palliation of patients with symptomatic
non-small cell lung cancer was a retrospective study performed by
Bulgarian investigators. They reported that a complete response was
achieved in 58% of the 12 patients with central bronchial carcinoma
patients treated with PDT, compared with 42% of 12 similar patients
treated with Nd:YAG laser therapy (35).

Of the 258 advanced lung carcinoma lesions causing endobronchial
stenosis or obstruction treated with PDT (n=81) or Nd:YAG laser
treatment (n=177) at Tokyo Medical University in the 1980’s and
1990’s, the overall treatment effectiveness was 75% with PDT and
81% with Nd:YAG laser. Nd:YAG laser was somewhat more effective
for tumors in the trachea or main bronchi (93% vs. 73%) but not for
tumors in lobar or segmental bronchi (73% vs. 76%). PDT, however,
had an improved safety profile. No major complications occurred in
patients receiving PDT, whereas Nd:YAG resulted in massive bleeding
in 6%, perforations in 3%, and a procedural mortality rate of 1.7% (36).
In contrast, University of Louisville School of Medicine investigators
retrospectively compared treatment side effect profiles for 102 patients
with bronchial obstruction treated from 1988-1999 with PDT (n=19)
or Nd:YAG laser therapy (n=83) and found no differences in morbidity
or mortality rates between the groups (34).

In a retrospective review of 75 patients with obstructing primary
lung cancer with airway obstruction or hemoptysis who were not
surgical candidates treated from 1994-2002 at Allegheny General
Hospital, no differences in patient or tumor characteristics were
found between patients treating with varying therapeutic modalities
or combinations of modalities that included Nd:YAG laser therapy,
PDT, stenting, and endoluminal brachytherapy. The type of modality
used in patients receiving a single type of intervention had no impact
on survival. When compared with patients treated with a single type
of intervention, patients receiving multiple treatment modalities had
similar 1-year (50% vs. 51%) but significantly improved 3-year (22% vs.
2%, P=0.04) cumulative survival rates without increased complication
rates (37).

Spanish investigators performed a prospective randomized
controlled trial comparing PDT (n=14) to Nd-YAG laser therapy (n=17)
in 31 patients with partial or complete tracheobronchial obstruction
due to inoperable non-small cell lung cancer. Although patients in both
groups experienced symptomatic relief after treatment (P=0.003),
patients receiving PDT experienced a significantly longer time until
treatment failure (P=0.03) and longer median survival (P=0.007) (38).

A recent systematic review was conducted to evaluate the clinical
effectiveness and safety of PDT in the treatment of a variety of cancers
and precancerous conditions. Among the 88 trials reported in 141
publications that were analyzed, only seven trials of 329 patients
investigated PDT for lung cancer. Only five of these trials were
published, and no trials were more recent than 2002. Despite this, the
authors concluded that two trials suggested that PDT plus radiation
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therapy may be more effective than radiation therapy alone in the
palliative treatment of non-small cell lung cancer. However, the authors
concluded that three trials do not answer if PDT is superior, equivalent,
or inferior to Nd:YAG (39).

Summary: With limited comparative data available, PDT and
Nd:YAG laser therapy appear to be equally effective in relieving
intraluminal obstruction by tumor and palliating patient symptoms.
Although Nd:YAG therapy does not result in subsequent
photosensitivity, PDT is perhaps easier to perform, does not require
general anesthesia, and may have a somewhat better safety profile.
PDT may allow for a longer time to treatment failure. The use of each
modality should be tailed to the clinical situation and may be dependent
on practitioner preference and experience. The combined use of these
modalities or the use of each modality in conjunction with another
local therapy, such as external beam radiation therapy or endobronchial
brachytherapy, may allow for improved local control or a longer
duration of symptomatic control at the expense of increased treatment

toxicity.

PDT in Combination with Radiation Therapy, Chemotherapy for
Advanced-stage Non-small Cell Lung Cancer

External beam radiation therapy and endobronchial brachytherapy are
two of the most established and effective palliative treatment modalities
for patients with central obstruction from non-small cell lung cancer.
The role of brachytherapy in this setting may optimally be reserved
for patients who have failed a prior course of external beam radiation
therapy (33). The addition of external beam radiation therapy to
endobronchial brachytherapy can, in rare cases, can be associated with
potentially fatal massive hemoptysis, formation of tracheoesophageal
fistulas, radiation-induced bronchitis, bronchial stenosis, and
bronchospasms (40). The administration of PDT following external
beam radiation therapy may have a more favorable toxicity profile than
the administration of endobronchial brachytherapy and may be a viable
treatment option as part of multi-modality therapy for patients with
symptomatic obstructive non-small cell lung cancer.

Although very limited in patient numbers (n=11), Vancouver
investigators completed a randomized trial to determine if PDT
improves outcomes when combined with external beam radiation
therapy to 30 Gy in 10 fractions over two weeks for patients with
inoperable bronchogenic non-small cell carcinoma obstructing a
central airway. All patients achieved symptomatic improvement and
objective evidence of tumor regression at four weeks following therapy.
However, at longer follow-up, based on post-treatment spirometry,
ventilation-perfusion lung scans, CT scans, bronchoscopies, and quality
of life scores, the addition of PDT prior to radiation therapy provided
significantly improved and more durable local control (41).

Additionally, 41 patients with locally advanced non-small cell lung
cancer, including 78% with stage III disease, received induction PDT
and chemotherapy and/or radiation therapy at Ohio State University
Medical Center. PDT-based induction allowed 57% of patients initially

deemed unresectable to undergo definitive surgical resection and 27%
initially deemed in need of pneumonectomy to undergo lobectomy,
pathological downstaging in 64%, and a pathologic complete response
in 18% undergoing surgery. Overall, 46% of patients were alive at 3
years following therapy, and the mean survival was greatest in patients
undergoing lobectomy (35.9 months) and shortest in those unable to
undergo surgery after multi-modality therapy (14.7 months) (42).

Prospective studies have also suggesting a possible synergistic
effect when combining PDT and ionizing radiation, particularly
brachytherapy. Among 32 patients with bulky endobronchial non-small
cell bronchogenic carcinoma (range 10-60 mm along the bronchus)
treated at Beth Israel Deaconess Medical Center with PDT followed
six weeks later with brachytherapy (Iridium-192, 4 Gy weekly for five
weeks), patients achieved 81% local control, 94% distant metastasis-
free survival, and 100% overall survival at a mean follow-up of 24
months. There were no severe complications, including hemoptysis,
fistula formation, post-obstructive pneumonia, or obstructive bronchial
scarring requiring intervention (43). Brody School of Medicine at East
Carolina University investigators also safely combined PDT with high-
dose-rate brachytherapy for patients with symptomatic obstruction
from endobronchial non-small cell lung cancer (44). However, patients
with upper aerodigestive tract carcinomas who previously received
treatment with both external beam radiation therapy and intraluminal
brachytherapy may be at higher risk for complications when
subsequently treated with PDT (45).

Summary: PDT may be most effective when delivered as part of
multi-modality therapy. The combination of PDT with external beam
radiation therapy or endobronchial brachytherapy may have a more
favorable safety profile than the combination of external beam radiation
therapy with endobronchial brachytherapy. The addition of PDT to
external beam radiation therapy or endobronchial brachytherapy may
significantly improve symptomatic relief and lengthen the duration
of local control among patients with symptomatic obstructing non-
small cell lung cancer. Although the optimal sequence for combined
therapy is undetermined, local control may be best when high-dose-
rate brachytherapy is administered prior to PDT and when PDT is
delivered prior to external beam radiation therapy. Tumor control may
be optimized when PDT and radiation therapy are delivered within one
month of brachytherapy therapy (44). PDT may also be administered
as induction therapy before chemotherapy and can increase tumor
resectability and decrease the extent of surgery required when delivered

as part of multi-modality therapy.

Early-stage non-small cell lung cancer

Roentgenographically Occult Bronchogenic Non-small Cell Lung Cancer

Even with improvements in imaging diagnostics over the past two
decades, a subset of patients with bronchoscopically-confirmed
pulmonary carcinomas has lesions that are undetectable by

currently available imaging technologies. Such lesions are termed



Journal of Thoracic Disease, Vol 4, No |, February 2012

69

roentgenographically occult. Roentgenographically occult carcinomas
can be detected in high-risk patient groups that undergo sputum
cytology screening. Patients with roentgenographically occult
carcinomas most often present with early-stage squamous cell
carcinoma with centrally-located disease.

Surgical resection has historically been the therapy of choice
for patients with such lesions but can be associated with significant
morbidity. As fewer than 1% of patients with roentgenographically
occult bronchogenic carcinoma that are endoscopically visibility but
lack cartilaginous invasion have metastatic lymph node involvement,
focal therapy to the primary lesion alone can be curative (46). PDT and
bronchoscopic electrocautery, using an insulated flexible bronchoscope
to coagulate and vaporize tumor, have emerged as definitive treatment
options for such patients (47). The latter modality is beyond the scope
of this review.

One of the earlier reports of PDT to treat roentgenographically
occult bronchogenic carcinoma was performed by National Kinki
Central Hospital for Chest Diseases investigators. Between 1983-
1990, they treated 25 patients with 29 roentgenographically occult lung
carcinomas with PDT. Complete remission was achieved in 72% of
lesions, including 89% (17/19) of lesions <1 cm and 86% (18/21) of
visible peripheral area lesions. Among patients with a compete response,
five developed disease recurrence within the first two years following
PDT, with all relapses occurring at least seven months following initial
therapy (48).

At the National Cancer Center Hospital in Tokyo, 36 patients with
39 roentgenographically occult lung cancer lesions of the trachea and
bronchus were treated with PDT through a fiberoptic bronchoscope
between 1981-1987. PDT was not associated with any significant
toxicity. All patients had a clinical response to therapy, and a complete
response was achieved in 31% of lesions. Patients with a partial response
received subsequent surgery or radiation therapy. At a mean follow-
up of 5.4 years, 43% of patients were alive with no apparent recurrence
or metastasis (49). In a pulled series from five Japanese hospitals, 33
patients with 40 roentgenographically occult carcinomas proximal to a
subsegmental bronchus were treated with PDT by an excimer dye laser
via flexible bronchoscope. WHO grade >2 toxicity occurred in 8% of
patients and included transient dermatitis and obstructive pneumonitis.
A complete response to PDT was achieved in all lesions <1 cm (n=32)
but in only three of eight larger carcinomas (50).

From 1986-1992, 39 roentgenologically occult predominantly
squamous cell (38/39) lung cancers in 29 patients were treated
at Osaka Prefectural Habikino Hospital in Japan using PDT, with
thoracic radiation therapy administered for patients with residual
tumor following PDT. Initial PDT achieved a complete response
in 64% of lesions. A complete response to PDT was more likely for
lesions that were superficially infiltrating than those that were nodular
in appearance (76% vs. 43%). Of the 14 lesions not completely
responsive to PDT, 71% achieved a subsequent complete response
to radiation therapy. All subsequent recurrences during the follow-

up period (n=9) were retreated with PDT and/or radiation therapy.

The 2-year, 3-year, and S-year overall survival rates for the cohort were
93%, 72%, and S6%, respectively (S1). Additionally, Tohoku University
Hospital investigators treated 48 medically operable patients with
roentgenographically occult bronchogenic squamous cell carcinomas
with bronchoscopic longitudinal tumor lengths of <10 mm with PDT
from 1994-2006. A complete response was achieved in 94% of patients,
and the S-year and 10-year overall survival rates for the cohort were 81%
and 71%, respectively (52).

A cohort of 32 medically inoperable patients with intraluminal
central airway microinvasive radiographically occult lung cancer with
lesions <1 cm were treated at Vrije Universiteit Medical Center in
Amsterdam with bronchoscopic therapy that included PDT, Nd:YAG
laser therapy, electrocautery, or argon plasma coagulation. No
differences in patient outcomes were observed based on the type of
bronchoscopic therapy administered, and the S-year overall survival for
the cohort was 50% (53).

Summary: While surgical resection is an effective treatment modality
for roentgenologically occult bronchogenic carcinomas, PDT is
minimally invasive, is associated with less treatment morbidity, and has
a high initial complete response rate to therapy. Even among surgical
candidates, therefore, PDT may be considered a first-line treatment
modality for patients with roentgenologically occult squamous cell
carcinomas of the lung that are bronchoscopically visible, have tumor
lengths of <1 cm, have no extracartilaginous invasion or lymph node
involvement, and have no radiologic findings on high resolution
computed tomography imaging (46). However, patients undergoing
PDT may be at higher risk for local recurrence and should be carefully
monitored. Most recurrences following PDT can be adequately treated

with surgery, radiation therapy, and repeat administration of PDT.
Early-stage and Endobronchial Non-small Cell Lung Cancer

Similar to roentgenologically occult bronchogenic carcinomas, early-
stage and curable endobronchial non-small cell carcinomas can be
effectively treated with PDT. Reports from Mayo Clinic investigators
provided early support for the use of PDT to treat patients with
early centrally located bronchogenic carcinomas. Their 1982 report
of 10 patients with tracheobronchial tree carcinomas treated with
laser phototherapy administered via flexible fiberbronchoscope
demonstrated that complete tumor responses were only obtained for
patients with microinvasive tumors with depths of invasion less than $
mm (54). Following this report, there has been increasing interest in the
utilization of PDT to treat thoracic malignancies. When reporting on
their expanded cohort of 38 patients with 40 carcinomas treated from
1980-1986, a complete response was achieved in 35% of lesions, all of
which were <3 cm” in surface area. In fact, a complete response was
achieved in 48% of lesions <3 cm” in surface area (n=29) but none of
the 11 lesions >3 cm” (55).

Although initially and still most typically utilized for patients
unsuitable for surgical resection, PDT has became an established

alternative treatment modality to surgery for patients with small, early-
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stage central non-small cell lung cancers. Mayo Clinic investigators
further reported that among 21 surgical candidates with 23 early
superficial squamous cell carcinomas who declined resection, PDT
alone allowed for a complete response in 70% of lesions, with 75%
of these responses sustained for at least 12 months. Overall, 48% of
patients subsequently required surgery for persistent disease, disease
recurrence, or a second primary lung malignancy, leading the authors
to conclude that at least 22% of patients with early-stage squamous cell
lung cancer who are candidates for surgery can be treated with PDT and
spared invasive resection (56). In a related cost-effectiveness analysis
assessing monetary expenses and quality adjusted life years saved for
early-stage lung cancer without lymph node metastasis, the total cost
of PDT was found to be 43% less expensive than lobectomy, and the
cost-effectiveness rate for patients undergoing surgery was 1.3-1.5 times
higher (57).

Other early reports in the 1980’ also demonstrated excellent tumor
responses to PDT. A complete response was achieved in all but 1 of
the 35 patients with primary non-small cell lung cancer (n=29), other
primary pulmonary tumors (n=3), and metastatic pulmonary lesions
(n=3) within the tracheobronchial tree treated in Los Angeles with
PDT (58). Independent early reports from China indicated that PDT
achieved a 96% response rate among 21 patients with 24 lung cancer
lesions (59) and a 97% response rate among 54 patients with 69 cancer
foci in the lumen of the trachea-bronchus (60), with both groups
reporting no severe complications from therapy.

The Japan Lung Cancer Photodynamic Therapy Study Group
conducted a phase II study from 1989-1992 in which patients were
treated with PDT with porfimer sodium as photosensitizer for centrally
located subsegmental or larger bronchi early-stage lung cancer. PDT
toxicities included transient elevation of ALT (1.9%), pulmonary
toxicity (7.7%), allergic reaction (7.7%), and sunburn (1.9%). Of
49 patients with 59 carcinomas assessable for response, a complete
response was achieved in 85% of lesions, and the median duration of
complete response was greater than 14 months. A complete response
was significantly more likely for lesions with a longitudinal tumor
extent of <1 cm (n=45) than for those >1 cm (n=14) (98% vs. 43%,
P=0.00001) (61). Additionally, S0 patients with 59 early squamous
cell carcinomas of the bronchus were treated at National Kinki Central
Hospital for Chest Diseases with PDT from 1983-1997. A complete
response was achieved in 73% of lesions. No patient recurred if they
were disease free for the two years following PDT, and 53% of all lesions
were considered cured with PDT. Bcl-2 immunoreactivity was detected
in 23 tumors (47%) and pS3 immunoreactivity was detected in 22
tumors (45%). Although bcl-2 had greater expression among larger than
smaller tumors (P=0.0155), neither bcl-2 or pS3 status were associated
with local recurrence or long-term outcomes following PDT (62).

From 1982-1996, 175 patients with varying stages of endobronchial
non-small cell lung cancer were treated over a 14-year period with PDT
at the Grant Laser Center in Ohio. PDT morbidity was minimal, and
survival significantly differed by clinical stage (P<0.0001). Median

survival for the 16 patients with stage I disease was not reached at the

time of reporting but was 7 months for the entire cohort, suggesting
that PDT can be an effective alternative treatment to surgery for
patients with stage I carcinoma in whom the risk of surgery is high
(63). Investigators in Hiroshima, Japan treated 18 cases of early-stage
squamous cell carcinomas with PDT from 1997-2001. A complete
response and long-term control was achieved in all nine lesions that
were intracartilaginous at a median follow-up after PDT of 32 months.
The remaining nine lesions with extracartilaginous extension were
treated with combinations of surgery, PDT, radiation therapy, and
chemotherapy, and all patients in this group were disease-free at a
median follow-up of 24 months (64).

Italian investigators also found a 62% complete response rate and
100% overall response rate when treating 23 patients with 26 early
central bronchogenic squamous cell carcinomas with PDT (65).
As reported by Egyptian and Japanese investigators, of 16 centrally
located early lung carcinomas treated from 1999-2010 with PDT, a
complete response was achieved in 88% of lesions, but 29% of lesions
that completely responded were subsequently found to recur within 12
months of PDT administration (66).

From 1980-1995, 240 patients with 283 central lung cancer lesions
were treated at Tokyo Medical University Hospital. The overall response
rate was 99%, with 40% of all lesions achieving a complete response. A
complete response was achieved in 83% (79/95) of early-stage lesions,
including in 94% (65/69) of lesions <1.0 cm, 54% (14/26) of lesions
>1.0 cm, and 38% (6/16) of lesions >2.0 cm (P=0.00001). Among
these early-stage cancers, lesions with a clearly visible distal tumor
margin (n=67) were somewhat more likely to respond completely to
PDT than tumors without a visible margin (n=28) [86.8% vs. 71.4%,
P=0.09] (67). When these investigators evaluated PDT utilizing a YAG-
OPO laser as the light source when treating 26 patients with 29 early-
stage lung cancers with PDT from 1995-1996, the complete remission
and overall response rates were 83% and 97%, respectively (68).

A more recent update of the series from Tokyo Medical University
Hospital demonstrated that among 93 patients treated with PDT for
114 central early-stage lung cancers with long-term follow-up, the
complete response was higher for lesions <1.0 cm (77/83) than >1.0
cm (18/31) [93% vs. 58%, P<0.001]. The S-year survival rate did not
differ by tumor size (58% vs. 59%, P=0.207). Among lesions <1.0 cm
with an initial complete response to PDT, 12% recurred. Recurrences
with histologic low-to-moderate atypia could successfully be salvaged
with additional PDT, whereas recurrences found to have high-grade
atypia demonstrated intracartilaginous bronchial wall tumor invasion,
potentially related to inadequate laser irradiation and penetration (69).

In a recent review of original articles of >10 patients with early
central lung cancer treated with PDT, 15 trials of 626 patients with
715 lesions were identified. PDT was typically employed for patient
ineligibility for operation, and porfimer sodium photosensitizer
followed by bronchoscopic illumination using a laser light after an
interval of 48-72 hours was the most common treatment course.
PDT-related death occurred in 1 patient (0.15%), whereas adverse

events included photosensitivity skin reactions in 5-28%, respiratory
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complications in 0-18%, and non-fatal hemoptysis in 0-8%. A complete
response was achieved in 30-100% of patients for 2-120 months. The
overall S-year survival rate was estimated to be 61% (70).

PDT may also have an emerging role as salvage therapy for patients
who develop tumor recurrence following surgical resection of early-
stage non-small cell lung cancer (71). In fact, among the first 200
patients treated with bronchoscopic PDT by investigators at Yorkshire
Laser Centre, 21 had early central lung cancer and were ineligible or
declined surgery (n=11) or had metachronous (n=1) or recurrent
(n=10) endobronchial lesions following surgical resection (n=6)
or external beam radiation therapy and/or Nd:YAG laser therapy
(n=4). No significant toxicities were encountered following PDT
administration, and all 21 patients achieved a complete response to
PDT. However, 33% of patients required subsequent repeat applications
of PDT due to disease recurrence within 15 months of initial therapy
(72). Additionally, 40 patients with early (TINOMO) medically
inoperable lesions (n=12) or recurrent carcinoma in situ following
previous treatment for invasive lung cancer (n=28) were treated by
Italian investigators with PDT from 1989-2004. PDT was not associated
with any severe adverse events and achieved a 72% overall complete
response rate, with similar complete response rates for Tis lesions and
T1 lesions (73% vs. 69%, P>0.05). The median overall survival for the
cohort was 91 months, with patients with Tis lesions demonstrating a
longer median survival (120 months vs. 36 months, P=0.03) (73). Of
note, recurrent tumors in the bronchial stump following initial therapy
may be better served by a treatment modality other than PDT if there is
difficulty in delivering light endobronchially to distal tissues (74).

Summary: Early-stage and curable endobronchial non-small cell
carcinomas can be effectively treated with PDT. PDT is most effective
in patients with lesions <1 cm and no extracartilaginous invasion or
lymph node involvement. Although most frequently administered
in patients who are not medical or surgical candidates for definitive
tumor resection, PDT has proven to be an effective treatment modality
even among patients who are surgical candidates. In this patient
population, PDT has a more favorable toxicity profile and is more
cost effective. Such patients who undergo definitive PDT should be
carefully monitored for local recurrence. PDT may also be employed as
salvage therapy for patients who develop non-bronchial stump tumor
recurrence following surgical resection of early-stage non-small cell lung

cancer.

New indications, photosensitizers, and

surveillance for PDT treatment of
early-stage non-small cell lung cancer

A novel form of delivery of PDT has recently been evaluated at Tokyo
Medical University Hospital as definitive therapy for patients who are
unfit for surgery or radiation therapy and who have peripheral lung
cancers less than 1 cm in size. Following photosensitizer administration,
needles containing an internal catheter were inserted percutaneously

under CT guidance and then extracted. Light delivery then followed

through a catheter positioned within the tumor. This technique
was employed in nine patients, seven of whom achieved partial
remission. The procedure, however, was complicated by two cases of
pneumothorax (75).

The use of second generation photosensitizers has also recently
been employed in clinical trials in Japan. A phase II study of 41 patients
at Tokyo Medical University Hospital to assess the use of mono-L-
aspartyl chlorin e6 (NPe6, 40 mg/ m’, 664 nm), a second generation
photosensitizer, for PDT (100 J/cm” four hours after photosensitizer)
to treat early-stage central superficial lung squamous cell carcinoma
lesions <2 cm. Skin photosensitivity disappeared within two weeks
in 85% of patients and within 18 days in all patients, and no serious
adverse drug reactions were observed. Additionally, 85% of patients
achieved a complete response, prompting the authors to conclude NPe6
and diode laser will become a standard modality of PDT for central type
early superficial squamous cell carcinoma of the lung (76). Thereafter,
these investigators treated 75 additional patients with 91 centrally
located early lung cancers with NPe6-based PDT from 2004-2008.
Complete response rates were 94% for lesions <1.0 cm (n=70) and
90% for lesions >1.0 cm (n=21). The authors concluded that PDT with
NPe6 photosensitizer produces effective tumor killing of large or deeply
invasive tumors that have been reduced by electrocautery, whereas such
lesions would not typically be amenable to adequate treatment with
PDT employing porfimer sodium as photosensitizer (77).

Improvements in endoscopy, imaging, and surveillance may allow for
PDT to become more effective and more widely utilized. The cure rates
for tumors <1 cm may exceed 90% but significantly decline for larger
lesions. Newer imaging techniques, including fluorescence endoscopy,
may better visualize tumor extension along the bronchial wall and
may be able to prevent tumor undertreatment with PDT or improve
surveillance following PDT administration. In fact, the addition
of the newly developed video endoscopy-based auto fluorescence
bronchoscope system (SAFE-3000) to conventional bronchoscopy
increased the sensitivity of post-PDT surveillance from 69% to 100%
(66). Furthermore, the addition of endobronchial ultrasonography to
endoscopy can better assess tumor thickness and may also reduce tumor
undertreatment with PDT. Additionally, improvements in imaging
techniques may improve surveillance following PDT and increase the
salvage rates among patients who recur following initial successful PDT
administration.

Summary: The utilization of newer and potentially improved
photosensitizers may expand the clinical indications of PDT in the
treatment of early-stage central non-small cell lung cancer and also
allow for more effective treatment of larger or more invasive carcinomas.
Newer imaging techniques, including fluorescence endoscopy,
may better guide PDT therapy and also improve the sensitivity of
surveillance following PDT administration. Improvements in post-PDT
surveillance may result in higher salvage rates among patients who recur
following PDT administration, which may lead to the more widespread
utilization of PDT as definitive therapy for early central bronchogenic

carcinomas. The treatment of peripheral lung lesions with PDT is still
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an unproven and experimental treatment modality and should not
currently be considered a primary therapeutic option for patients unable

to undergo surgical resection or external beam radiation therapy.

Synchronous primary bronchogenic carcinomas

Synchronous multiple primary lung cancers occur in 1-15% of patients
with lung malignancies, with the incidence rising due to improvements
in computed tomography scanning and increasing utilization of positron
emission tomography scanning (78). Patients with synchronous
bronchogenic tumors typically present with centrally located disease
that is most often of squamous cell histology (79). As the long-term
survival for patients with synchronous primary lung tumors is superior
to that for patients with stage III or IV disease for reasons other than
synchronous cancers, aggressive management of each primary tumor is
typically indicated, with surgical resection most often employed (80).

PDT in the setting of synchronous intrathoracic primary tumors
has typically been utilized among patients with significant medical
comorbidities or poor performance status, those who are not otherwise
curable with surgical intervention, and those who would be at significant
risk of pulmonary morbidity from surgery or radiation therapy
following definitive treatment of multiple tumors (81). PDT has even
been reported to safe and effective in definitively treating synchronous
quadruple lung primary malignancies (82). As a substantial number
of patients with multiple lung cancers have a heavy tobacco smoking
history and resulting limited pulmonary function, a treatment modality
that spares normal tissues, such as PDT, warrants investigation.

Among 13 patients with synchronous (n=5) or metachronous (n=8)
central lung cancers treated at Tokyo Medical University Hospital
form 1980-1989 with endoscopic PDT alone for each lesion (n=3) or
PDT for the smaller lesions and surgery for the larger lesion (n=10),
their median survival was 38 months (range 14-87 months) (83).
Investigators at Tokyo Medical University Hospital later reported on 22
patients with centrally-located early lung cancers that were treated from
2004-2008 with PDT alone for each lesion (n=11) or surgery for more
peripheral primary lung lesions and PDT for more centrally-located
lesions (n=11). Of the 39 central tumors treated with PDT, a complete
response was achieved in all lesions by two months following PDT, and
all patients were alive with variable follow-up of up to five years (79).

PDT was also found to be an effective treatment modality among
the 44 patients with multiple primary lung carcinomas treated at
Osaka University Hospital with surgery, PDT, radiation therapy, and/
or chemotherapy (84). In the largest reported cohort of patients with
synchronous lung primary malignancies treated with PDT, 104 patients
with multiple tumors of the trachea and lobar and segmental bronchi
underwent endoluminal endoscopic surgery and PDT. Outcomes were
found to significantly depend on tumor size, with complete tumor
regression occurring for all tumors less than 1 cm in diameter (85).

Summary: Synchronous primary endobronchial carcinomas are an
increasingly common occurrence. Despite the advanced stage of disease

associated with synchronous tumors, long-term survival is possible

and definitive management of each lesion is warranted. PDT should be
considered for any patient with synchronous endobronchial carcinomas
who is medically or surgically not a candidate for curative resection.
As surgical resection or external beam radiation therapy to multiple
lesions may result in significant risk of pulmonary morbidity, PDT may
be considered in properly selected patients who are surgical candidates,

particularly for patients with all tumors less than 1 cm in diameter.

PDT is a relatively new and promising anti-tumor treatment modality
for patients with lung cancer and may currently be underutilized.
PDT to treat non-small cell lung cancer is typically well tolerated and
uncommonly associated with severe toxicities. PDT can be administered
as definitive monotherapy for patients with early-stage non-small cell
lung cancer who have central or roentgenographically occult carcinomas
or synchronous primary endobronchial carcinomas. In this setting,
PDT is most effective in patients with bronchoscopically visible lesions
<1 cm with no extracartilaginous invasion. Close surveillance following
definitive PDT to assess for local recurrence is warranted, however,
particularly in the first two years following therapy. For advanced-stage
non-small cell lung cancer, PDT can be used to palliate symptomatic
patients with obstructing endobronchial lesions or as a component
of definitive multi-modality therapy. PDT can also be administered
neoadjuvantly in an attempt to increase operability or reduce the
extent of operation required. Importantly, PDT has not been reported
to produce second malignant neoplasms, and PDT typically does not
compromise future treatment options for patients in need of additional
definitive therapy with isolated endobronchial or other local recurrences
or for those with progressive disease in needed of additional palliative
therapy. The eflicacy of PDT and subsequent post-therapy surveillance
may be increased by newer photosensitizers and improved endoscopic
and imaging techniques, which may lead to a more widespread
utilization of PDT to treat early central bronchogenic carcinomas and

lung malignancies.
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