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Abstract
Photodynamic therapy was the first treatment to have been shown to significantly decrease high-
grade dysplasia and cancer in patients with Barrett’s esophagus. However, its use has been limited,
primarily because of the side effects, which include esophageal strictures, cutaneous photosensitivity,
chest pain, and nausea and vomiting [1]. The tolerability aspects of photodynamic therapy, as well
as the dosimetry, though, can be improved with existing technologies to further develop this therapy
into truly a widely applicable therapy. Studies have recently been done to help identify patients more
likely to suffer stricture after photodynamic therapy. In addition, there has been evidence to suggest
that the efficacy of photodynamic therapy also can be limited by genetic abnormalities in the mucosa.
By combining knowledge of tissue biology, optical properties of the tissue, and dosimetry issues
with ablation, photodynamic therapy can still have a potentially bright future.

Potential of photodynamic therapy
Photodynamic therapy consists of three elements [2]. There is a drug, which can be
administered either orally or intravenously, that is supposed to be preferentially taken up within
the Barrett’s mucosa. The most commonly used oral drug, 5-aminolevulinic acid (ALA),
generally is administered within 4 hours of photoradiation, while the intravenous drug sodium
porfimer must be given 48 hours before photoradiation. The oral medication certainly would
make therapy simpler but is not used in the United States except as a topical application. Once
adequate concentrations of the drug are achieved, photoradiation can be applied. This generally
uses “red” wavelengths (630-635 nm) of light, which activate the drug. The drug interacts with
molecular oxygen, causing it to form a singlet oxygen state, which then can interact with the
tissue, causing cell death (Fig. 1).

Although this sounds complicated, this is one of the simplest methods by which phototherapy
can be delivered. Technically, it is a very easy procedure to perform which ensures that
treatment can be performed without much variation in response due to variation in endoscopic
skills. The administration of light can be done through very small fibers that can fit through
any endoscope or even potentially come from nonendoscopic light sources. In addition, the
photoradiation periods are relatively short and do not require much endoscope motion, which
makes the therapy easily tolerated by most patients. The simplicity of this treatment would
indicate that it has the highest chance of being effectively introduced into community practice.
A great deal of the ablative therapies currently available are fairly complex and are suitable
only for tertiary referral centers where the expertise exists to utilize these therapies.
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This situation is analogous to esophagectomy where, if it is performed in expert centers,
mortality rates are often less than 3%, even in the older population of patients who are prone
to Barrett’s esophagus [3]. If one examines, though, the mortality rate in the community, they
can easily approach 18% in centers where esophagectomy is not often performed. The same
issues will most likely apply to complicate complex endoscopic procedures. In fact, this type
of cancer therapy is probably more translatable to practice, not only in this country, but also
in countries with limited healthcare resources where more complex modalities are difficult to
deliver.

Current technology
A number of advances have been made, but at the current time the available technology is fairly
limited. The light sources for photoradiation are limited primarily to diode lasers, which are
very reliable at 630nm but are generally fairly limited in power. Older lasers such as the KTP-
YAG-pumped tunable dye lasers can deliver up to 7W of power, but these are no longer
manufactured. Their higher power is advantageous if longer treatment fibers are used for
treatment of long segments of Barrett’s esophagus, but currently in North America only shorter
fibers (< 5cm) are available, which has decreased the demand for these large-output but more
complicated lasers.

Balloon diffusing fibers have also been used to deliver energy, but, though theoretically more
capable for treatment, in actual practice the balloons did not seem to make a difference in
increasing treatment efficacy or decreasing toxicity (Fig.2). The reason for this is unclear,
although the delivery of light in a patient under conscious sedation is more difficult and
esophageal motility often had a tendency to disrupt the placement of the balloon.

Drug dosimetry has been relatively static in clinical use. In North America, only sodium
porfimer is approved for use in Barrett’s esophagus and is given at a dosage of 2 mg/kg, which
is the same as that applied for esophageal cancer. The drug is expensive to administer since it
must be reconstituted immediately before use and is dispensed in 75-mg vials such that most
patients will require at least three vials for treatment. The drug must also be given intravenously
2 days before photoradiation. ALA, used most often in Europe, can be given orally and is
usually given at a dosage of 60 mg/kg 4 hours before photoradiation.

Current evidence supporting photodynamic therapy in Barrett’s esophagus
Phototherapy was first approved in the gastrointestinal tract on the basis of a randomized
controlled trial comparing photodynamic therapy with sodium porfimer with thermal ablative
therapies using the Nd:YAG laser therapy [4]. In this study of 218 treated patients, 110 received
photodynamic therapy with sodium porfimer (2 mg/kg) and 108 received treatment with
Nd:YAG lasers in a total of 24 separate medical centers. The drug was administered 48 hours
prior to photoradiation with a light dose of 300 J/cm fiber. Overall, the dysphagia improvement
was similar between Nd:YAG and photodynamic therapy, but the latter was seen to be more
efficacious for tumors in the upper and lower third of the esophagus in patients who had fairly
lengthy tumors. In addition, complications were less severe in those patients who had
photodynamic therapy. Perforations only occurred 1% of the patients who received
photodynamic therapy versus 7% of those who received laser therapy. It is interesting that
photodynamic therapy was approved because this therapy was associated with fewer
complications than the standard at that time, Nd:YAG therapy. Because of these findings,
photodynamic therapy was approved for the palliation of esophageal carcinoma.

Barrett’s esophagus was first treated with photodynamic therapy when it was noted that
treatment of small cancers within Barrett’s esophagus led to the resolution of the segment
[5]. Multiple case series were then reported that seemed to indicate that photodynamic therapy
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could affect the amount of metaplastic mucosa present [6,7]. This eventually led to a Barrett’s
esophagus study that was the first randomized controlled treatment trial in Barrett’s esophagus
with high-grade dysplasia. In this study, 485 patients were screened for entry for Barrett’s with
high-grade dysplasia, and 208 were eventually accepted for the study [8]. After confirmation
by a single pathologist, patients were randomized 2:1 to receive either omeprazole alone or
omeprazole with photodynamic therapy with sodium porfimer. The drug dose remained at 2
mg/kg while the light dose was actually decreased to 130 J/cm because of the development of
a novel treatment balloon. It was felt that the balloon should decrease the toxicities that had
previously been experienced with this therapy since it would allow even light distribution, and
reflective coated ends of the balloon served to reflect back into the Barrett’s segment light that
would have disappeared into the stomach or into the throat. Stricture rates of 30% or more had
been reported using bare fibers, although this included series where very high dosages of light
were used that also produced atrial fibrillation. The selection of 130J/cm fiber for
photoradiation proved to be less than ideal, with the randomized trial leading to the lowest
mucosal ablation rate of any prior clinical report. Patients required multiple therapies (up to
three) in order to achieve a reasonable outcome; 138 patients received active therapy versus
the 70 who received omeprazole alone. At 24-month Follow-up, 77% of those patients who
were treated with Barrett’s with high-grade dysplasia had remission of Barrett’s esophagus
versus 39% in the control group. This high spontaneous remission rate of Barrett’s esophagus
was partially due to the criterion that any patient who had decreased dysplasia on subsequent
surveillance endoscopy at any point was regarded as a success. Because of this definition, 5-
year results also continued to show that no high-grade dysplasia was found in 77% of patients
versus only 39% of the controls. No dysplasia at all was found in 59% of treated patients versus
14% of control patients, and this was on long-term follow-up at a 5-year mark [9]. Finally,
complete squamous mucosa was found in 52% of the patients who received treatment but in
only 7% of those who were followed with surveillance. The appearance of a Barrett’s segment
before, 48 hours after treatment, and after complete healing is shown in Fig. 3.

It is interesting that with biopsy alone patients could completely regress their Barrett’s
esophagus segment. The rate of progression to cancer was significantly reduced in those who
received photodynamic therapy, and it decreased to 15% versus 29% of those who received
omeprazole. This was statistically significant, although it should be noted that the trial was not
powered on cancer prevention but only on elimination of high-grade dysplasia. It also needs
to be pointed out that, as to staging of the cancers that progressed, four were advanced cancers.
Three were T2 and one was T3, versus only one T2 in the patients in the control group. The
advanced cancers occurred primarily because of the difficulty in differentiating recurrent tumor
from a photodynamic-therapy-induced stricture (Fig. 4). Unfortunately, the treatment fairly
commonly produced strictures, in about 30% of patients. In addition, over 60% developed some
type of cutaneous photosensitivity.

ALA has had a controversial role in the treatment of Barrett’s esophagus. It has been reported
by certain groups to be very effective in treating Barrett’s with high-grade dysplasia and early
esophageal cancer, with a 97% and 100% initial response rate, although with a relatively high
recurrence rate in patients with early cancer (30%) [10]. However, other studies that
investigated adding 5-ALA and varying doses of light have found less promising results, with
dysplasia response rates as low as 67% and even one treatment-related death with 5-ALA due
to vascular instability [11]. Another series that examined patients after mucosal resection found
that photodynamic therapy with ALA did not seem to prevent recurrence of disease, especially
when margins of mucosal resection were known to be positive [12]. A small series recently
reported, though, that very high light dosages of up to l000J/cm fiber might be needed to
eliminate dysplasia, although even at this dosage the group only found a 75% response rate
[13].
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Multiple outcomes studies have been published comparing photodynamic therapy to surgery
or surveillance, all of which have found that photodynamic therapy for high-grade dysplasia
is cost-effective in terms of quality-adjusted life years [14-16]. In addition, it was shown that
photodynamic therapy was more cost-effective than no prevention of any kind. All of this
evidence suggests that photodynamic therapy, despite its problems in producing side effects,
is cost-efficacious compared to surveillance. The most recent cost-effectiveness study found
that, although surveillance was the least costly strategy, it was also the least effective, making
photodynamic therapy or esophagectomy the most cost-effective. Moreover, photodynamic
therapy was less expensive than surgery and dominated the surgical strategy when willingness
to pay was at a level between 100 and 3500 dollars (Canadian) per life year saved [17].

Photodynamic therapy is often combined with other treatments, such as endoscopic mucosal
resection, especially in high-risk patients. Although the mucosal resections have been shown
to perhaps increase the risk of stricture formation after phototherapy, using endoscopic mucosal
resection allows one to properly stage any small neoplasms that may be occurring in a Barrett’s
segment [18].

We examined the results of long-term follow-up of photodynamic therapy in our center [19],
There were 129 patients in the photodynamic therapy group versus 70 in the surgical group.
The patients who received phototherapy in this retrospective cohort study were older than those
who received surgery. In addition, the Barrett’s length was significantly longer in those who
had esophagectomy. However, those patients who had photodynamic therapy generally had a
significantly worse performance status, which made them less likely to be surgical candidates.
Seven cancers were found following photodynamic therapy in our institution for high-grade
dysplasia. Four of these were intramucosal cancers, whereas three actually became
submucosal. Most of these were found within 12 months, although two were detected within
18 months of therapy. Recurrent high-grade dysplasia occurred in 30% of these patients.
However, it was then re-treated with ablative therapies and eradicated in 70%. Overall, at 1
year in our endoscopically treated cohort, 88% of patients had high-grade dysplasia eliminated.
At 3 years, it was still absent in 86% of the patients.

Ultimately, despite the more advanced-stage recurrent cancers and advanced-age patients in
the endoscopically treated group, overall mortality in the endoscopic and surgical treatment
groups was similar. It should be pointed out that 80% of patients in this study had undergone
mucosal resection as part of their therapy. After a median follow-up of 63 months, there was
only 8.5% mortality in the surgically treated group, which had a slightly longer follow-up. In
the photodynamic-therapy group, there was a 9% mortality rate at a mean 57-month mark.
Most importantly for outcomes, none of the patients in either group died from esophageal-
cancer-related causes.

Challenges to photodynamic therapy
At the current time, photodynamic therapy faces a number of challenges. Interestingly, efficacy
is not a challenge to photodynamic therapy. As compared to other ablative therapies,
photodynamic therapy’s ability to eradicate high-grade dysplasia and decrease cancer risks
seems to be reasonable, although no randomized studies have been performed. None of the
ablative therapies to date has been 100% successful and most are about 80% effective in
eliminating high-grade dysplasia. The number of applications of photodynamic therapy is fairly
limited compared to other ablative therapies, often being limited to a single application
[20-22].

The primary challenge to photodynamic therapy is probably the stricture rate. In the
randomized controlled trial it was about 30%. but this was the overall stricture rate of patients
who were treated up to three times. Confining the figures to patients who had a single treatment,
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the stricture rate in our series is less than 20%. Photodynamic therapy based on ALA has been
shown to decrease this rate significantly to on l%-2% [10-12]. The nature of ALA is to be
concentrated in the mucosa and this may be the reason that strictures are rare. Most ablative
therapies that have been more effective tend to injure transmurally. This may well be the result
of the need to injure deep enough to destroy all neoplastic tissue, which often leads to transmural
inflammation and strictures. Improved dosimetry could reduce this problem.

The next major challenge is that of cutaneous photosensitivity. This is quite problematic, as
no other therapy has this particular issue. Patients are not very experienced in avoiding sunlight.
It is fortunate that the current agents do not lead to significant injury from cutaneous
photosensitivity. However, well over two-thirds of patients experience some minor degree of
sunburn. Usually, this is self-limited. It can be treated with an antihistamine to relieve
symptoms.

The third major challenge is the acute morbidity caused by photodynamic-therapy-induced
injury. Once again, all ablative therapies are associated with some degree of chest pain and
discomfort. Photodynamic therapy can cause fairly severe chest pain and nausea. Dehydration
is a definite risk in the first 2 weeks after photodynamic therapy. This might be due to the
increased injury and it may also be due to the nature of the temporary porphyria state induced
by the drug.

Future directions of photodynamic therapy
The first step would be to improve the dosimetry with existing agents. Since phototherapy
involves the application of light, being able to measure light parameters during phototherapy
would improve this treatment. In particular, knowing the properties of the tissue in terms of
scattering light might well lead to changes in dosimetry. All of these optical properties can be
measured using fairly basic optical tools, such as reflectance spectrometry. Once these
measurements of scattering and absorption in the tissue are obtained, a much more accurate
light dose can be assembled. This is much like what has been done in radiation therapy, where
early treatment was marked by toxicity. Currently, by taking advantage of multiple ports of
overlapping radiation fields, the truly cellular-toxic doses of radiation can be concentrated
specifically in tumor areas, avoiding damage to normal structures. In the case of photodynamic
therapy, we can more carefully model the photon path in the tissue and ensure that only the
necessary amount of light is delivered.

In addition, the tissue photosensitizer levels can usually be measured. Using similar
fluorescence spectroscopy techniques, one can actually measure levels of drug in the mucosa
[23], Furthermore, one can measure the treatment effect during therapy by measuring the
breakdown of the drug. As the photosensitizers are activated, if additional light is received, the
compounds actually will break down, a process known as “photobleaching.” Photobleaching
results in the destruction of the molecule and leads to photochemical changes in the molecule,
leading to decreased fluorescence, which would be a tool to measure the outcomes of therapy.
Other tools to measure treatment outcome might even be to measure oxygenation status [24].
Studies have shown that decreased oxygenation during the treatment correlate with treatment
efficacy. This is because one of the major targets of photodynamic therapy is the vascular
supply. As treatment proceeds, the oxygenation tissue profusion at the local level is decreased.

Future directions in phototherapy also include the development of new photosensitizers. Third-
generation photosensitizers have been developed that can clear the body faster and absorb light
at higher wavelengths [25-31].This leads to a more limited period of photosensitivity. One of
the problems with these agents is that they are so effective that, although the period of
photosensitivity is much shorter, the reaction is much more intense, since the patients truly
have to avoid almost all light. The development of these compounds that can target different
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parts of the cell, such as the lysosomes or the cell walls, might be very useful in treatment of
tumors, since they could be altered or mixed to target specific cell abnormalities.

Finally, there is a need to determine the best patients for phototherapy. Biomarkers have
recently been shown to predict the outcomes after ablative therapy. In particular, using
fluorescence in situ hybridization, our group has recently reported that p16 copy number
abnormalities in tissue lead to a decreased response to phototherapy [32].This is found in
multivariate analysis to be a significant factor. In the future, it is hoped that these and other
markers will help us more appropriately select the parents for the most appropriate type of
treatment.
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Fig. 1.
Photodynamic therapy in its current iteration. Light is used to activate a drug in the tissue. The
drug absorbs the light energy and interacts with oxygen causing singlet oxygen which mediates
cell death.
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Fig.2.
Photodynamic therapy of Barrett’s esophagus using a bare cylindrical diffusing fiber.
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Fig.3.
a A Barrett’s segment is treated with photodynamic therapy. b After 48 hours the mucosa
sloughs. c After 3 months, the mucosa regenerates, although some fibrosis can be appreciated.
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Fig.4.
Stricture after photodynamic therapy. It is fairly stenotic with extensive fibrosis.
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