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Abstract
Mathias von Beckerath (2014): Photodynamic therapy in the Head and Neck.
Örebro Studies in Medicine
Photodynamic therapy, PDT, is a method to diagnose and treat cancer.
In PDT a sensitizer is administered to the patient and this sensitizer is
accumulated in tumors. If the sensitizer-containing tumor is subjected to
a laser of a specific wavelength the tumor is fluorescing allowing diagnostics. If other wavelengths are used a process involving reactive oxygen species and singlet oxygen is started and the tumor cells are killed.
This process thus requires oxygen as well.
This thesis investigates how UV-induced damage of the skin and different physiological factors of the skin influences the uptake of 5aminolevulinic acid, ALA, and its conversion to the active sensitizer
protoporphyrin IX, PpIX. It shows that UV-induced damage affects both
the uptake and production of PpIX. UV-induced damage lowers the
PpIX produced after ALA application both if the damage is acute and in
chronically UV-affected skin.
The PpIX production differs inter and intra individually. When looking how different physiological factors affect the PpIX production after
topically applied ALA the thesis shows that an increase of temperature
increases the production. No correlation between the formation of PpIX
and the density of hair follicles was found and a weak correlation was seen
comparing the epidermal and total dermal thickness and PpIX production
The thesis also shows how PDT is used in treating laryngeal malignancies. It shows that it is possible to cure laryngeal tumors (both squamous cell carcinomas and sarcomas) using PDT primarily, and that the
cure rate as well as outcome of voice and patient safety is comparable to
the conventional treatment modalities.
PDT can also be used as a function and organ sparing treatment for recurring laryngeal cancers, both squamous cell carcinomas and sarcomas.
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Introduction:
Photo Dynamic Therapy, PDT, is a technique whereby cancer can be treated and diagnosed. It has a long history and is in some medical specialties a
common and accepted treatment of cancer. One example is the treatment
of non-melanoma skin cancer (1). In this thesis the use of PDT in both skin
and other tissues in the head and neck area will be studied.
In the head and neck area PDT has been used for decades in a research
setting but it wasn’t until the 1990’s that sensitizers were commercially
available.
A sensitizer can be administered systemically (intravenously or orally) or
topically (a cream or a patch).
This thesis consists of four studies. The first two parts are studies in a laboratory setting concerning factors that influence a topically applied sensitizer. The other two studies evaluate the clinical effect of PDT in primary
laryngeal cancer and as a treatment of recurrences of laryngeal cancer.
Lennart Löfgren was the pioneer who introduced PDT at the ENT-clinic
in Örebro. He introduced it in the late 1980’s and worked with PDT actively until his retirement.
Since the introduction over 200 treatments on over 130 patients have
been performed at the clinic. The great majority of patients have been
treated for malignant tumors. Other indications have been laryngeal papilloma and basalioma (one patient with Gorlins syndrome was treated more
than 40 times).
The first two studies in this thesis were in collaboration with prof Moans
group at Radiumhospitalet in Oslo, Norway. This group has a long experience in PDT, especially topically applied ALA and its esters.
The two later studies are based on treatments at the University Hospital
in Örebro.
The author, Mathias von Beckerath, is a head and neck surgeon, trained
and working at the ENT-clinic at the University Hospital in Örebro, Sweden since 1995. He has actively worked with PDT since 1997.

A short history of PDT:
/ight as therapy has been used for several thousand years starting
in India, Egypt and China. The first description of the combination of a
sensitizer and light is from 1400 BC. In one of India’s sacred books Atharava-veda there is a description on how the seeds of the plant Psoralea CoryMATHIAS VON BECKERATH	
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lifolia can be used for the treatment of vitiligo (2). Psoralens are a group of
sensitizers.

Fig 1: Psoralea Corylifolia, picture from Wikimedia

The concept of PDT is over one hundred years old. It was first described by
Raab(3). He studied the toxic effect of the malaria drug chinin on paramecium. During incubation experiments there was one instance when the
paramecium only survived 1,5 hours instead of 15 hours. The observant Raab
noted that the only difference between the experiments had been a thunderstorm and thus he stumbled on the combined effect of sensitizer and
light. It was however his supervisor von Tappeiner who coined the name
Photodynamic (4).
A number of experiments were carried out during the years 1908-13 using
hematoporphyrine in different cultures and animals. The German doctor
Friedrich Meyer Betz tried to inject himself with 200 mg hematoporpyrine
and became very photosensitive for two months (5). Dyes were also used in
treatment of tumors and short term results were seen but there was no long
time follow up. During this time the antitumor effect of ionizing radiation
12
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was discovered and this attracted a much larger interest and PDT attracted
less interest and was more or less forgotten (2).

Fig 2: Friedrich Meyer Betz during and after the photodynamic effect.(5)

The modern PDT started with the work of Dougherty and coworkers who
in 1978 at Roswell Park (re)discovered the anti-tumor effects of PDT. Their
work resulted in the first commercial PDT sensitizer Photofrin (6).

Photodynamic action
Three prerequisites are necessary for PDT to work:
• A sensitizer
• Light of a specific wavelength
• Oxygen.
Another fundament of PDT is that each part required for PDT is harmless
by itself (in clinical doses) or if one of the prerequisites is absent. But together they are lethal for the cells that take part in the action.
Photosensitizer + Light gives a singlet state photosensitizer. This singlet
state photosensitizer can either give away fluorescence or convert to a more
stable triplet state by intersystem crossing. This triplet state photosensitizer
is sufficiently long lived to partake in a photodynamic action (7).

MATHIAS VON BECKERATH	
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Fig 3: Photochemical reactions of the excited photosensitizers (Jablonski diagram). A
schematic illustration of photodynamic therapy: The Photosensitizer, PS initially
absorbs a photon that excites it to the first excited singlet state and this can relax to
the more long-lived triplet state. This triplet PS can interact with molecular oxygen
in two pathways, type I and type II, leading to the formation of reactive oxygen
species (ROS) and singlet oxygen respectively.(8)

The photodynamic action can be of two kinds. It can either partake in an
electron or hydrogen transfer reaction producing reactive intermediates that
are harmful to cells, such as superoxides, hydroperoxyl (Type I). Or, it can
react with oxygen creating singlet oxygen, which is highly reactive (Type II).
It is generally considered that Type II photodynamic action is the main
source of photodynamic cell toxicity. After the triplet state sensitizer has
partaken in the photodynamic reaction it is returned to its original state and
can thereby re-enter the process again if there is an activating light and oxygen.
Singlet oxygen can in sufficient doses cause necrosis of the cell. In lower
concentrations it will cause apoptosis (9).
Singlet oxygen has a short lifetime and range (10) and this is the reason
why the PDT-effect is contained in the target cell. The effect stays in the
cell where the sensitizer was located and the light was directed at.

14
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PDT also affects the stroma of the tumor. The vasculature is damaged by
the PDT effect. Some sensitizers have less effect on the vasculature (like 5aminolevulinic acid, ALA) and other sensitizers have more (like porfimer
sodium) (11).
:

Fig 4: Type II PDT effects can be summarized by a figure by Oleinick and Kessel
(12).

Sensitizers
A perfect sensitizer would be one that is specifically taken up in tumor cells,
which doesn’t accumulate in skin (in head and neck PDT) or normal cells,
reaches the target cells quickly, is non toxic, is cheap, is able to be administered by different ways (e.g. orally, topically) and is activated by light of
adequate wavelengths.
Today there are several different sensitizers with different properties.
The sensitizers on the market today can be divided into three different
groups (13):
MATHIAS VON BECKERATH	
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Porphyrines examples are HpD, porfimer sodium (Photofrin), 5Aminolevulinic Acid (ALA, Levulan)
• Chlorophylls example is temoporfin (Foscan®)
• Dye example is Phthalocyanine (Photosens)
In this thesis HpD, porfimer sodium, 5-Aminolevulinic Acid and temoporfin have been used.
Hematoporphyrine Derivate, HpD, was the earliest sensitizer used in
modern PDT. Its properties as a sensitizer were studied already in the
1960’s. One problem with HpD is that it is a mixture of many molecules
with different properties. Therefore when porfimer sodium was extracted
from HpD by Thomas J. Dougherty, (6) it was a big step for PDT.
Porfimer sodium is more efficient than HpD and can therefore be used in
smaller doses. It is most often used with the dose 2 mg/kg and activation
with a laser of 630 nm is done 48 hours later. The time of activation is decided by when there is a sufficient level of sensitizer in the tumor cells and
when the ratio between normal and tumor cells is most favorable. It is not
clearly understood or known why HpD and porfimer sodium is accumulated
in a higher degree in tumor cells. HpD and porfimer sodium are today
commercial products. Porfimer sodium is sold under the name of Photofrin®. HpD and porfimer sodium are both given systemically in most
treatments but have also been administered topically as injections.
5-Aminolevulinic acid or ALA is a precursor in the synthesis of Hem. It
occurs naturally in the cells, in the mitochondria. It is in several steps converted into hem and one of those steps is protoporphyrin IX (PpIX). There
is a negative feedback so the process is halted when the levels of hem are
high enough but this feedback works on the step before ALA (Succinyl CoA
+ Glycine). Therefore the production of PpIX is not halted when we administer ALA (7). The activity of porphobilinogendeaminase seems also to be
high in some tumors (14). The step between PpIX and Hem, the enzyme
Ferrochelatase, has a limited capacity (15).
•
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Fig 5: Hem biosynthesis pathway showing how increased intracellular amounts of 5ALA can increase the amount of Protoporphyrine IX, PpIX (14)

This means that if ALA is administered a high dose it will give a high concentration of PpIX, the active PDT molecule, and ALA is therefore a precursor.
ALA can be administered as a topical application in a cream, thermo gel or
bio adhesive patch, or be taken orally, inhaled as an aerosol or injected intravenously. It is among other indications used in neurosurgery for diagnostic purposes and in dermatology in treatment of non-melanoma skin cancers
and
for
treatment
of
precancerous
lesions.
and for treatment
of precancerous
lesions.
Many different esters of ALA such as Met-ALA and Hex-ALA are used as
well. They have different properties compared to ALA. Another reason for
research of esters is that they can be patented and can thereby yield a higher
economic gain than ALA, which is an orphan drug.
Temoporfin or meta-tetra-hydroxy-phenylchloride (m-THPC) is sold under the name Foscan® and was the first PDT-sensitizer that was registered
in Europe. It was first registered for use in the head and neck area. It is
more potent than HpD or porfimer sodium and the dose used is normally
MATHIAS VON BECKERATH	
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0,15 mg/kg. The time between the injection of temoporfin and activation is
4 days. This means that less sensitizer is needed but the side effects are
similar as with other systemically used sensitizers. The activation of temoporfin is with a laser of the wavelength 650 nm and that is an advantage
compared to the previously mentioned porphyrines because that wavelength
penetrates deeper into tissue than 630 nm does (16).

Fig 6: Molecular structure of temoporfin

Temoporfin is also subject to many studies where it is used in liposomal
formulation, as nanoparticles. The idea is that it would give the sensitizer
new properties such as a higher ratio between tumors and normal tissue as
well as faster uptake in tumors. So far it seems as if both Foslip® and
Fospeg® (temoporfin in liposomes) are promising as intravenous and topical
sensitizers. There are also studies on modification of the m-THPC molecule
to change its properties (compare with ALA and met-ALA or hex-ALA) (17)
A possibility to use temoporfin topically would very much facilitate the
clinical use. The patient light sensitivity and the time between injection and
activation are two issues that pose problems for the patient and makes the
PDT more expensive since the treatment often is not done in an outpatient
setting. The injection can also for some patients be painful.

Oxygen:
One of the important parts of PDT is the presence of oxygen. This is more
difficult to control than sensitizer or light activation. It is important during
the treatment to allow as much oxygen into the tissue as possible. Therefore
18
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one should avoid local anesthetics containing adrenaline for example. It is
probably important that the patient refrains from smoking at the time of
treatment. This is however not proven in studies. Another way of increasing
the possibilities of a high oxygen level is to fractionate the treatment
whereby the concentration of oxygen is allowed to rise during the dark periods (18).

Lasers and other light sources:
When PDT is used as a diagnostic (PDD, Photo Dynamic Diagnostics)
either the auto fluorescence in the tumor or the fluorescence from a low
dose sensitizer such as ALA is used. The auto fluorescence is much lower or
absent in malignant or premalignant tissue so it is possible to see a difference compared to normal tissue. If the patient is given ALA, as an inhalation, cream or orally it will result in a fluorescence that is higher in tumors
than in normal tissue and thereby the tumor is visualized (19)

Fig 7: Picture from Kraft et al(19). Invasive carcinoma. White light endoscopy (A)
demonstrates a bulging tumor of the right vocal fold. Auto fluorescence endoscopy
(B) shows a marked loss of auto fluorescence, whereas induced fluorescence endoscopy (C) displays a strong protoporphyrin IX fluorescence.

The light that is used for diagnostics is of a shorter wavelength than that
used for treatment. The wavelength is around 4-500 nm and therefore it
doesn’t penetrate as deep into the tissue, it can only penetrate to 3-500 μm.
This should be taken into consideration during diagnosis. The energy needed to visualize fluorescence is sufficiently achieved by using a normal light
source.
When PDT is used as a treatment however other wavelengths of light
and stronger light sources are needed. In order to activate the sensitizer a
light of a certain wavelength and of a sufficient energy is required. A laser is
MATHIAS VON BECKERATH	
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very useful for PDT since it gives light of a very specific wavelength and it
can produce high energy.
The wavelength is the most important factor of penetration. An increase
in wavelength increases the penetration depth up to a wavelength of about
1100 nm. The increase of depth is quite significant with light between 500
and 900 nm (20).

Fig 8: The optical penetration depth of human skin (above) and mucosa (below). The
optical penetration depth is the depth where the light intensity has dropped to 1/e
(close to 37 %)(20) Note that the penetration in mucosa is much higher.

Different lasers and light sources can be used for PDT. In ALA-PDT a laser
is not required so red light diodes (LED) giving a wavelength of 630 nm are
sufficient. For HpD and porfimer sodium a gold-vapor laser that gives a red
20
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light of 628 nm can be used. This wavelength is ideal for porphyrines. For
temoporfin a special diode-laser from Biolitec® that emits a light of the
wavelength 652 nm is often used.

Light delivery:
The light can be delivered to the tumor or the area subject to diagnostics in
different ways.
Diagnostics need a lower light intensity and therefore it is sufficient to
use a conventional light source equipped with filters. One example is Storz
D-light®. It is also possible to use computer-enhanced pictures and software to further facilitate the PDD (Photo Dynamic Diagnostics). The light
therefore can be delivered by the means we normally use, such as through
endoscopes.
In the treatment setting the light that has to be delivered needs to be
much more intense. Therefore a laser is often needed. The light from the
laser is guided through a fiber and delivered to the intended site. At the site
the light can be delivered by a variety of means. Most commonly a micro
lens is used for surface application.
To reach deeper into tissue, for example to treat tumors that are thicker
than one centimeter, the light has to be administered interstitially. This can
clinically be done by either a cylindrical diffusor that is put in an arterial
catheter or a preformed applicator that can be inserted into the tissue. In
treatment of laryngeal cancer a vocal cord applicator can be used, which is
an example of the latter.
It is also possible to control the positions of the interstitial fibers with ultrasound or computer tomography.

Organs and tissue studied
Skin
The skin’s purpose is to protect. It keeps the body’s internal environment
and protects against mechanical trauma, heat, cold, light, chemical substances and microorganisms from the outside.
The skin consists of three layers: the epidermis, the dermis and the subcutaneous layer. In the epidermis there is a keratin layer that is an important part of the skin’s protection (21). In PDT this layer is hard to penetrate for topically applied sensitizers. Since skin tumors have a damaged
keratin layer this accounts for some of the selectivity of PDT. If you howMATHIAS VON BECKERATH	
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ever prepare the skin over the tumor further with curettage it does not increase the PDT effect (22).
The skin also has adnexa such as hair follicles and sebaceous glands. It has
been shown that these sebaceous glands take up sensitizers to a higher degree than normal skin (23).

Skin tumors
UV-exposure because of sunlight is the most common etiology of skin cancer. The tumors in the skin range from slow growing non-metastatic tumors
such as most basal cell cancers to malignant melanoma that can be life
threatening. Skin cancers are normally easy to reach with both topical sensitizers and lasers. It is in this group that PDT has the most common use.
PDT in dermatology
Today treatment with the sensitizers 5-ALA and Met-ALA are used clinically in a large scale. The sensitizers are used topically and normally applied
under an occlusive dressing. One of the mechanisms of PDT selectivity is
that tumors often have a damaged stratum corneum and this facilitates the
penetration of the sensitizer.
The light sources are both non-coherent and lasers. Non-coherent light
sources have many advantages; they are cheaper, can cover larger areas and
require less maintenance. They however have a lower irradiance and therefore require longer treatment time (24)
In dermatology PDT is used for a variety of pathologies. Examples are
Squamous Cell Carcinoma, Actinic Keratosis, Acne Vulgaris, Basal Cell
Carcinoma, Actinic Chelitis, Viral infections, cutaneous T-cell lymphoma
and various cosmetic applications (25).
When it comes to non melanoma skin tumors the advantages are a proven good effect (except SCC where there is insufficient data), good cosmetic
outcome and it is preferred by patients compared to other therapies (1).
Especially patients who have recurring dermatologic tumors such as patients
with Gorlins syndrome and patients who have received organ transplants
have a benefit of PDT (26).
In the present study the variability of PpIX production is studied.
It is frequently observed that there clinically is a large variability among
patients with respect to the sensitivity of normal skin to PDT. Furthermore, the sensitivity of skin on different body localizations appears to be
different, there is an inter and intra individual difference. Different parts of

22
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the body also react differently to exposure from solar radiation, mostly because of the history of sun exposure
The chronic changes in solar exposed skin are mostly induced by the UVradiation. The skin protects itself against prolonged UV-radiation by tanning and thickening of the epidermis (27, 28). UV-radiation also causes nontumorous acute changes such as erythema, pigment regeneration and skin
thickening (29). These reactions are thought to be in response to the UVradiations carcinogenic effects (30).
It has been shown that ALA-PDT delays the development of UVinduced skin tumors in hairless mice (31).
In short there is one acute reaction to UV-radiation and one chronic.
Since UV-light is one of the most important etiologies for tumors of the
skin and ALA-PDT is able to both delay and treat skin tumors it would be
interesting to see whether the skins UV-induced changes influences ALAPDT.
The large differences between individuals and in an individual also make
ALA-PDT efficiency unpredictable (32, 33). It is known that factors such as
high activity in the rate limiting enzyme porphobilinogen deaminase
(PBDG) (34), temperature (35), permeability and integrity of the overlying
skin (36) and vehicle composition (37) play a role. In our study we looked at
factors that vary between individuals and are easily measurable. We looked
at how these factors influenced PpIX production in skin after application of
topical ALA and its esters.

Larynx
The larynx has two main purposes. One is to generate sound that can be
converted into speech in the oral cavity and the other is to protect the airway from aspiration of food and drink destined for the esophagus.
The larynx extends superiorly to the dorsal side of the epiglottis and inferiorly to the caudal edge of the cricoid. Peripherally it includes the laryngeal
framework that consists of the cartilage of the thyroid and cricoid.
The subdivisions of the larynx are subglottic (below the vocal cords), glottis and supraglottic (above the vocal folds).

MATHIAS VON BECKERATH	
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Fig 9: Cross section of the larynx. From a from a public domain edition of Gray's
Anatomy.

The muscles of the larynx are divided into intrinsic, that move the vocal
cords to phonate or to facilitate breathing, and the extrinsic that support
and position the larynx. Innervation is by the superior and recurrent laryngeal nerves that both originate from the vagal nerve (38).
The vocal folds, or vocal cords, are stretched between the arytenoid cartilage and the anterior commissure at the thyroid cartilage. Above the vocal
folds are the false cords or folds.
24
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The vocal folds have a delicate lining below the mucosa and exteriorly of
the vocal ligament called Reinke’s space. This space is important to voice
quality and is easily disturbed by treatments of the larynx or chronic irritation i.e. smoking.

Laryngeal tumors
Tumors in the larynx are one of the most common tumors in the Head and
Neck Area (39, 40). The most common tumors are squamous cell carcinomas. The most common etiology is smoking (41) but alcohol is also associated with increased risk (42).
The larynx is in some patients the site for troublesome papilloma virus infections and it has now been established that HPV also is a risk factor for
laryngeal cancer (43).
There are also carcinoid tumors and sarcomas of the larynx but these are
much more unusual.
Laryngeal cancer has a worldwide incidence of 1.6 per 100,000 in males
and 0.4 per 100,000 in females (age-standardized rate); in Sweden, the incidences are 3.1 and 0.6 per 100,000, respectively . Laryngeal cancer is the
third most common head and neck cancer in Sweden (39).
Currently, laryngeal cancers are generally treated with surgery or radiation therapy. The more common surgical treatment for early laryngeal cancer is presently trans-oral laser surgery (TLS); open laryngeal surgery for
early laryngeal cancer is less common (44).
Radiation therapy and TLS provide comparable cure rates and voice outcomes (45). However, TLS has some disadvantages. TLS can be technically
complicated and results are closely linked to the experience of the individual
surgeon (46). The vocal cords also must be readily visualized to allow laser
surgery.
Radiotherapy is a more lengthy therapy and also requires experience. Furthermore, if the area has been irradiated previously, radiotherapy may be
hazardous and thus is usually avoided. This treatment can also induce future
cancers in the long term (47).
The results of early laryngeal cancer treatment are very good. However,
sometimes neither of the two dominant treatment modalities is suitable.
Primary treatment of laryngeal T1 and T2 cancer has similar curates for
RT, 66--‐95%, and TLS, 76--‐96% (48). But if recurrences occur there is
some controversy over the best treatment. Total laryngectomy is the most
successful relapse treatment but organ-sparing treatments such as TLS and
partial laryngectomy are options. The results of those treatments are well
MATHIAS VON BECKERATH	
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described when TLS is used as a relapse treatment after radiotherapy and
about 1/3 of the recurrences after RT are considered to be suitable for TLS
(49). Fewer studies have been conducted on treatment of a relapse after TLS
and it seems that retreatment with TLS after recurrence after TLS is associated with decreased survival and larynx preservation (50).

PDT in the Head and Neck
Tumors in the head and neck area are in many ways suitable for PDT. They
are often visible and therefore available to illumination.
In the US and EU Barrett's esophagus, obstructing esophageal carcinoma
and early and obstructing tracheobronchial carcinoma is approved using the
photosensitizer porfimer sodium (Photofrin®). In Europe temoporfin (Foscan®) is approved in early head and neck cancer as well as a palliative treatment for head and neck cancer (European Medicines Agency
EMEA/H/C/000318).
Tumors of the oral cavity, both malignant and pre-malignant have been
successfully treated as well as naso- oro and hypopharyngeal cancers. Benign
lesions such as hygroma and vascular lesions are also possible to treat with
PDT (51).
At our clinic we have experience in treating head and neck cancers with
PDT since 1988. We have used HpD, porfimer sodium and temoporfin. The
treated tumors have included nasopharynx, tongue, floor of mouth, bucca,
oropharynx, hypopharynx, skin and larynx.
We have treated laryngeal cancer with PDT in over 20 cases when the
conventional therapies were less suitable.
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Aims
The aim of this thesis were to:
•
•
•

•
•

Investigate whether UV-induced erythema has any influence on the
ability of mouse skin to produce PpIX from ALA.
Compare PpIX-fluorescence in human skin frequently exposed to
solar radiation with skin exposed rarely to solar radiation.
Investigate and compare the production of PpIX from ALA and its
hexylester derivative with respect to various physiological parameters of human skin.
Evaluate results of primary PDT LQlaryngeal cancer, (squamous cell
carcinomas (SCC) and sarcomas).
Describe the results of photodynamic treatment of recurring laryngeal cancer after primary treatment with radiation or surgery.
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Materials
Animals:
26 Female nude BALB/c mice 8-24 weeks of age were used for the animal
experiments in study one. BALB/c mice have been frequently used in PDTstudies. The choice of nude mice was done to facilitate cream application
and occluding dressing. Animals were used in study one.

Healthy volunteers:
Seven healthy male volunteers age 25-55 (mean 36.9 years) were included in
the studies on locally applied ALA in humans. None of the volunteers had a
history of skin disease or excessive burning of the sun. One had a significantly less history of sun exposure of cultural reasons. Healthy volunteers
were used in study one and two.

Patients
Örebro University Hospital, USÖ, is a tertiary referral hospital. Between
1993 and 2012 we had 310 cases of malignant laryngeal tumors. The treatment and local outcome of the T1 and T2 tumors is shown here:
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Tab 1: Early malignant laryngeal tumors and their treatment according to T-stage.
RT-Radio Therapy, Rec – recurrence, PDT – Photodynamic therapy, Surgery denotessurgery with or without laser.

MATHIAS VON BECKERATH	
  Photodynamic Therapy in the Head and Neck

29

	
  
	
  
	
  

5	
  PDT	
  

	
  

1	
  	
  PDT	
  

3	
  Cured	
  after	
  
PDT	
  

2	
  Cured	
  after	
  
additional	
  
surgery	
  
1	
  Cured	
  

1	
  No	
  treatment	
  

2	
  Rec	
  

9	
  Rec	
  

3	
  Cured	
  

4	
  Surgery	
  

25	
  Surgery	
  

97	
  RT	
  

134	
  T1	
  

2	
  Cured	
  

2RT	
  

3	
  Rec	
  

11	
  PDT	
  

1	
  Cured	
  

1	
  New	
  PDT	
  

8	
  	
  Rec	
  

68	
  	
  RT	
  

3	
  Cured	
  

5	
  Surgery	
  

1	
  No	
  treatment	
  

1	
  Cured	
  after	
  
PDT	
  alone	
  

2	
  Cured	
  after	
  
additional	
  
surgery	
  

3	
  PDT	
  

Cured	
  

Cured	
  

1	
  PDT	
  and	
  then	
  
Laryngectomy	
  

2	
  Rec	
  

6	
  	
  Surgery	
  

1	
  Laryngectomy	
  

74	
  T2	
  

	
  

All patients that are diagnosed with a head and neck malignancy or are referred to Örebro University Hospital go through a three-day program as
inpatients in our clinic. At that time diagnostics such as CT and pathology
evaluation are looked at and completed, if needed. A head and neck surgeon, if needed under general anesthesia, examines all patients. If needed
additional examinations and tests are performed. Many patients and all
laryngeal cancer patients are also examined by a phoniatrician. At the end of
the three days a multi disciplinary tumor board (MDT) is held where all
patients are presented, most often in person. There the decision is made
what therapy is best suited for the patient. In study three and four the results of patients treated with PDT for laryngeal cancer are shown.
As demonstrated in the graphics above most patients were considered
best treated by RT. The number of patients treated with surgery has increased in later years with an increase of TLS but the numbers of patients
treated by RT are still much higher. This trend is in concurrence with international trends (44).
At times neither RT nor TLS is suitable as a treatment. TLS is less suitable for example if the visualization during direct laryngoscopy is impaired,
the surgeon is inexperienced, and the anterior commissure is involved. RT
can be a bad choice for example if the area has been radiated before, the
tumor is less suitable for radiation treatment or the patient has claustrophobia.
When used to treat recurrences TLS is only suitable in 1/3 of the cases
(49) and RT can normally not be repeated. Therefore PDT was used to a
higher degree in recurrences than in primary tumors.
In our material PDT was chosen most often when there were contraindications like the ones described but three patients also chose PDT on their
own accord. When PDT was chosen as a recurrence therapy the reason was
most often to avoid laryngectomy.
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Pat
nr
1
2
3
4

Smoker
No
Yes
Yes
Yes
Previous

Location

T

AI

Supraglottis
Glottis
Glottis
Glottis

1
1
1
1

No
No
Yes
No

Histology
SCC
SCC
SCC
SCC

Glottis

1

Yes

SCC

Male

Previous

Glottis

1

No

78

Male

Yes

Glottis

1

Yes

8

48

Male

No

Subglottis

1

No

9

56

Male

No

Subglottis

1

No

10

35

Female

Yes

Subglottis

1

No

Age

Sex

73
80
86
70

Female
Male
Male
Male

5

60

Male

6

58

7

Chondrosarcoma
SCC
Liposarcoma
Chondrosarcoma
Pleomorphic
Undifferentiated
sarcoma

Tab 2: Above: Details of the10 patients that were treated with PDT as primary
treatment. T – Tumor stage, SCC – Squamous cell carcinoma AI- Aneterior Comissure involvement

MATHIAS VON BECKERATH	
  Photodynamic Therapy in the Head and Neck

31

Nr

Age

T

Histology

Previous Treatment

1

58

T2

SCC

PLE/TLS

2

40

T3

SCC

RT

3

81

T2

SCC

RT

4

74

T1a

SCC

RT

5

65

T2

SCC

RT/PLE/TLS

6

70

T1a

Fibrosarcoma

TLS

7

54

T1a

SCC

RT

8

74

T1a

SCC

RT

9

46

T2

SCC

RT

10

62

T1

SCC

RT, TLS

11

35

T1

Pleomorphic	
  
Undifferenti-‐
ated	
  sarcoma

PDT

Tab 3: Above: Details of the 11 patients treated with PDT for recurrence. PLEPartial Laryngectomy, SCC-Squamous cell carcinoma, T- Tumor stage, RTRadiotherapy, TLS-Trans Oral Laser Surgery. N.B. Patient 11 is identical with patient 10 in the group treated primarily with PDT.

Methods
Sensitizers
We used ALA in study one and two and its hexylester derivate (ALA-Hex)
in study two, both obtained from Photocure ASA, Oslo, Norway, Both were
used as topical application. We used porfimer sodium (Photofrin®, Pinnacle Biologics, Bannockburn, IL, USA) or temoporfin (Foscan®, Biolitec
Pharma Ltd, DublinIreland) in patients with laryngeal malignancies.
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UV-exposure:
The acute UV-exposure of the mice in study one was achieved with a commercial sunlamp (Philips, The Netherlands), where the IR sources were
blocked with two aluminum sheets. To prevent overheating the mouse was
also protected with aluminum except for a hole that was 2 cm in diameter.
Only one side of the mouse was subjected to UV-light allowing the mouse
to be its own control. The total radiation fluence rate was approximately
70mW/cm2 and the fluence rate of UVA radiation (310-400 nm) was
1,8mW/cm2 at the position of mouse exposure.
The minimal erythema dose (MED) was calculated by exposing mice to
the UV-source. Different parts of the skin were subjected to UV-light for 1,
2, 4, 7, 14 and 21 minutes and the skin reactions were evaluated after 24
hours. An obvious edema and redness was noted after 7 min of exposure and
increased exposure did not increase the effect.

Fig 10: Emission spectrum of the Philips TLD 18W/08 lamp tube that was used for
erythema induction in mice. The graph shows the intensity at the position of the
exposed mouse skin.

During UV-exposure and at the beginning of the cream application the
mice were anesthetized with an intraperitoneal injection of fentanyl/fluanisone (Hypnorm®) and midazolam (Dormicum®). Only during the
ALA-application they were kept in the dark.
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For the humans in study one spots on the body were chosen that resembled each other in pairs but differed in chronic sun exposure, the skin of the
arm below and above the T-shirt sleeve.

Topical application:
The ALA compounds used in study one and two were dissolved in an ointment (Unguentum Merck, Merck, Darmstadt, Germany) on a weight-toweight basis (w/w). Approximately 0,1 g of freshly prepared cream was applied on selected spots and covered with a transparent dressing (OpSite
Flexigrid, Smith and Nephew Medical Ltd, Hull, UK).

Fluorescence measurements:
The amount of PpIX induced by ALA in study one and two was measured
by measuring PpIX fluorescence according to a method described by Moan
et al (52). In short a luminescence spectrometer (Perkin Elmer LS50B, Norwalk, CT, USA) equipped with a photomultiplier (R928, Hamamatsu, Japan)
and an non-invasive fiber optic probe. The excitation wavelength was 407
nm and the fluorescence measured was at 637 nm. This corresponds to the
maxima of PpIX excitation and emission in skin and is a good way of measuring the PpIX concentrations in skin (53).

Physiological parameters:
In study two the influence of physiological parameters on PpIX production
was studied. The number of hair follicles was counted with a magnifying
glass in an area of 0,8 cm2. The temperature was measured with a thermal
couple (KM45 Kane-May Ltd, Welwyn Garden City, UK) immediately
before the application of the cream. An ultrasound machine with a 30 MHz
transducer (DermaScan C ver 3, Cortex Technology, Hadsuns, Denmark)
was used to measure the epidermal and skin thickness.

Spots measured:
In the study of UV-exposure (study one) mice were their own control so the
mice were measured on both sides of the body while only one side had been
subjected to UV-light. They were measured every hour through the ALA
cream except in the short-term analysis where the cream was removed after
ten minutes.
On humans spots were chosen above and below the T-shirt sleeve (upper
and lower arm) for the UV-study (study one). In the study of physiological
34
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parameters (study two) the following spots were chosen: upper and lower
arm, the neck above and below the collar, on the back and side of thorax
and in four subjects on the top of the ear and behind it. In humans PpIX
production was measured every hour for five or six hours.

Treatment of patients with laryngeal malignancies
In study three and four treatment of laryngeal malignancies with PDT was
studied. If the MDT deemed PDT to be the most suitable treatment the
patient was planned for the treatment within one month. The patient was
admitted to the ENT-ward as an inpatient and was given an injection of the
sensitizer the first day.
Tab 4: Below: Details of the PDT when used as primary treatment

Pat
nr

Sensitizer

Dose

1

Porfimer
Sodium

2

Temoporfin

5
mg/kg
0,15
mg/kg

3

Porfimer
Sodium

4

Temoporfin

5

Temoporfin

6

Temoporfin

7

Temoporfin

8

Temoporfin

9

Temoporfin

10

Porfimer
Sodium

2
mg/kg
0,15
mg/kg
0,15
mg/kg
0,15
mg/kg
0,15
mg/kg
0,15
mg/kg
0,15
mg/kg
2
mg/kg

Illumination

Wavelangth
of laser

Energy
given

Surface

628 nm

40 J/cm2

Surface

652 nm

20 J/cm2

Surface &
Interstitial

628 nm

Interstitial

652 nm

Interstitial

652 nm

Surface

652 nm

Interstitial

652 nm

Interstitial

652 nm

Interstitial

652 nm

Surface

630 nm

80 J/cm
fibre,
100
J/cm2
30 J/cm
fibre
30 J/cm
fibre
20 J/cm2
30 J/cm
fibre
30 J/cm
fibre
30 J/cm
fibre
100
J/cm2
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Sensitizer in patients
The sensitizer was more often HpD or porfimer sodium in the first patients
and temoporfin more often in the later patients. The reason for this was
availability of HpD and porfimer sodium early in the series. Later temoporfin was approved for head and neck cancer and this explained the
change.
HpD was given in the dose 2 mg/kg except in one case (patient 1 in the
group primarily treated with PDT) where the dose was 5 mg/kg. The dose
temoporfin was 0,15 mg/kg except in one patient where it was about ¼ of
the dose, 0,0375 mg/kg (patient 5 in the group treated with PDT for a recurrence).
If HpD or porfimer sodium was used, the injection was given two days before the treatment and if temoporfin was used, the injection was given four
days before the treatment. In one case the illumination of the patient was
delayed because of a laser malfunction. A patient that had received HpD
was illuminated after five days.
The patients were kept under light restriction and were allowed 100 lux day
one and after that 100 lux times the number of days after injection. The
light exposure was assessed using a lux-meter that was monitored by the
patient.
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Pat
nr

Sensitizer

Dose

Illumination

Wavelangth
of laser

1

Porfimer
Sodium x 2

2

Temoporfin

2
mg/kg
0,15
mg/kg

Surface

628 nm

Surface

652 nm

3

Temoporfin

0,15
mg/kg

Surface &
Interstitial

652 nm

4

Temoporfin
x2

0,15
mg/kg

Surface later
Interstitial

652 nm

5

Temoporfin
x2

0,0375
mg/kg

6

Temoporfin

0,15
mg/kg

7

Porfimer
Sodium

2
mg/kg

Surface &
Interstitial

628 nm

8

Temoporfin
x2

0,15
mg/kg

Surface &
Interstitial

652 nm

9

Temoporfin

Interstitial

652 nm

10

Temoporfin

Interstitial

652 nm

11

Temoporfin

Surface

652 nm

0,15
mg/kg
0,15
mg/kg
0,15
mg/kg

Surface w
cylindrical
fibre
Surface w
cylindrical
fibre

652 nm

652 nm

Energy
given
43-208
J/cm2
39 J/cm2
25 J/cm
fibre, 20
J/cm2
20J/cm2
& 30
J/cm
fibre
35 &45
J/cm
fibre
30 J/cm
fibre
100J/cm2
&240
J/cm
fibre
20 J/cm2
& 25 J/cm
fibre
30 J/cm
fibre
30 J/cm
fibre
20 J/cm2

Tab 5: Above: Details of PDT when used as treatment for recurrence. X2 stands for
two separate treatments. NB Patient 11 is identical as patient 10 in the table before.

MATHIAS VON BECKERATH	
  Photodynamic Therapy in the Head and Neck

37

Illumination of patients treated
All of the treatments were conducted under general anesthesia. Ventilation
was achieved using a microlaryngoscopy tube. A rigid laryngoscope was used,
and the light used during laryngoscope placement was kept at the lowest
possible level.
To get the light into the treatment area different methods were used.
Surface illumination was performed with either a laser fiber equipped with a
microlens (QLT, Vancouver, Canada) or a cylindrical fiber. The cylindrical
fiber could be shielded on one side. If a microlens was used it was held
above the vocal cord in a contraption that held it still.

Fig 11: A vocal cord diffusor

On some patients an interstitial technique was used. One way was to use a
custom-built laser fiber; a vocal-cord diffuser (CeramOptec, Bonn, Germany; fig 11). The tip was sharp and rigid and provided cylindrical diffusion of
light at a length of 10 or 15 mm. It was introduced into the vocal cords using
a special instrument constructed at Örebro University Hospital. The fiber
was introduced into the vocal cords at several places so that the tumor and a
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region of approximately 1 cm around the tumor were illuminated. Normally,
this was accomplished by introducing the fiber at two or three sites. Another way to achieve interstitial illumination is to use an intra-arterial catheter
and putting a cylindrical fiber inside it (fig 12).

Fig 12: Interstitial illumination schematics

The advantage of the method with the arterial catheter is that the length of
the cylindrical fiber can be longer, between 1 and 9 cm long. The same fiber
can be used in different locations in the same patient.
The treatment illumination was performed using two different lasers, either a Biolitec Laser (Biolitec, Jena, Germany) delivering 652 nm light or a
gold vapor laser delivering 628 nm light. A physicist calculated the energy to
be delivered, and each fiber was calibrated immediately before the treatment. The interstitial fiber was also calibrated after each treatment to check
for changes. No changes affecting the light emission were noted.
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Follow up
After the anesthesia the patient was kept in the ward for another period of
four to seven days under continued light restriction. The reason for the
prolonged inpatient period was to monitor for adverse events.
When the patient went home the light restriction continued according to
the same plan and the patient was given a lux meter. The light restriction
was continued for six weeks except for the injection site that was recommended to keep out of direct sunlight for four months. The reason for this
is that there is a suspicion that there may be sensitizer left there for a longer
time.
All patients were followed up every two months the first year, every three
months the second and third year and biannually for another two years. The
indication for direct laryngoscopy and biopsy was very liberal.
To compare costs of the different treatments the hospital’s economic department was asked what a referral hospital would have paid for a typical
RT, TLS and PDT patient had it been November 2011.

Results
In study one and two the typical PpIX fluorescence spectra with emission
peaks at 636 and 705 nm were observed in all spots where ALA was topically
applied in both human and mouse skin.
Study one shows how acute UV-damage influenced the uptake and transportation of ALA and the PpIX production after a short application time of
ALA was looked at. There was a difference between mouse skin with an
erythema and the control with a lower transportation and uptake in UVdamaged skin.
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Fig 13: Build-up of PpIX fluorescence in control and UV-exposed mouse skin after
10 min. of topical application of 10% ALA-cream. ALA was applied 24 h after UVexposure. Error bars show one standard deviation

When the PpIX production in acutely UV-damaged skin was studied it was
shown that the production was lower in the damaged skin. This difference
was more obvious and could be shown when we applied the cream 24 and
48 hours after the UV-exposure. This is shown in the graphs below.
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4h

24 h

48 h.
Fig 14: Build-up of PpIX fluorescence in control and UV-exposed mouse skin during
continuous topical application of 10% ALA-cream. ALA-cream was applied 4, 24
and 48 h after UV-exposure. Error bars show one standard deviation
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A chronicall UV-damage in human skin did also give a lower PpIX production. The number of hair follicles, skin thickness and temperature did not
differ between the sites and the tanning of skin at the time of the experiment was negligible since it was done in early spring.

Fig 15:Build-up of PpIX fluorescence in human skin on upper and lower arm after
continuous topical application of 10% ALA-cream. Data represent averages from 6
persons. Error bars show one standard deviation.

In the study of physiological parameters (study two) it was shown that there
was a difference between the PpIX productions at different body locations.
It could vary as much as a factor two. The spots with a history of sun exposure had a lower PpIX production.
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Fig 16: Mean fluorescence of PpIX at different spots during continuous application
of A) 10% (w/w) ALA and B) 2% (w/w) ALA or its hexylester.

When pooling the data together from all spots, a clear dependency of temperature was found.
6
Fluorescence intensity (rel. u.)

Fluorescence intensity (rel. u.)

40

A
30

20

10

0

2% ALA-Hex
2% ALA

B

4

2

0
31

32

33
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o

Skin temperature ( C)

35

36

26

27

28

29

30

31

Skin temperature (oC)

Fig 17: Fluorescence of PpIX after 5 h application of A) 10% (w/w) ALA as a function of skin temperature measured on upper arm, lower arm, neck above and below a
collar, side and back and B) 2% (w/w) ALA or its hexylester on the outer ear.

Large variation in PpIX production between individuals was seen in both
study one and two. The differences within the individuals all followed the
same pattern with one exception, subject 2, who had a much lower history
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of sun exposure for cultural reasons and also a noticeable lower pigmentation in sun exposed areas compared with the other subjects.
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Fluorescence Intensity (rel. u.)

Fig 18: Fluorescence of PpIX for different individuals after 5 h application of ALA.
The data represent Left: 10% ALA (w/w), Right: 10% ALA (w/w) corrected for the
temperature Upper arm (empty bars) Lower arm filled bars.
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Back of ear
Top of ear
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4

Subject #

Fig 19: Fluorescence of PpIX for different individuals after 5 h application of ALA.
The data represent Left: 2% ALA (w/w), Right: 10% ALA (w/w) corrected for the
temperature Back of ear (empty bars) Top of ear filled bars.

No correlation between the formation of PpIX and the density of hair follicles was found and a weak correlation was seen comparing the epidermal
and total dermal thickness and PpIX production in study two.
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Fig 20: PpIX production correlated to number of hairs, epidermal thickness and
total skin thickness

Results of treatment of patients with laryngeal malignancies (Study
three and four)
The follow-up of the patients was between 2 and 170 months. None of the
patients died from a local disease. Three patients in the group treated with
PDT for recurrence died of regional and distant metastasis despite a laryngectomy. No other patients died of their laryngeal cancer
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Improved
8 8 2424
months
relapse
modality
modality
Tumorfree
freePDT
PDTsole
sole
Tumor
months NoNo
relapse Improved
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Pat number

1

Result of
first PDT
PR, Progressive disease
after 4
months

Result of
second PDT

Final treatment

Follow up

Total LE

9 years NED

2

CR, Recurrence after
12 months

Total LE

3

CR, Recurrence after
11 months

Total LE

4

CR, Recurrence after
10 months

CR, Recurrence after
15 months

5

PR, Progressive disease
after 3
months

PR, Progressive disease
after 2
months

6

CR

PDT

7

PR, Progressive disease
after 2
months

Partial LE

8

CR, Recurrence after
13 months

9

CR

PDT

10

CR,
CR, Recurrence after 6
months

PDT

11

CR

CR

Total LE

Total LE

PDT

Dies of regional recurrence after 3
years
Dies after 6
months of
distant metastasis
8 years NED
Dies with
recurrence
in hypofarynx after 3
years
14 Years
NED
11 Years
NED
Dies of unrealated
disease a 20
mo, NED
Dies of unrealated
disease a 16
mo, NED
16 mo, NED

PDT

11 years,
NED

Tab 7: Above: Results of PDT in patients with recurrences. RT-Radio Therapy,
TLS-Trans Oral Laser Surgery CR- Complete Response, PR- Partial Response, LELaryngectomy NED – No evidence of disease
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One serious adverse event was noted. Patient 10 in the recurrence group
required a tracheostomy two months after treatment. It was removed after
another two months but was replaced again after another 6 months. None
of the times he required the tracheostomy it was not done acutely but after
about one week of consideration. Ten of the 20 patients did not experience
hoarseness after the treatment. One of the 20 patients (Patient 1, primary
treatment) had a tracheotomy before the treatment; therefore, hoarseness
could not be assessed. Other side effects were one swollen lip and one swollen tongue (1/20 patients). This was most likely caused by light from the
operation microscope that was not fully shielded. In the group treated for
recurrences three had pain that required pharmaceutical treatment and four
required antibiotics for infections. None in the primarily treated group
required pharmaceutical treatment.
In the primarily treated patients, three patients had a tumor relapse. Two
relapses occurred 10 months after treatment. Those patients were then
successfully treated with radiotherapy. One patient suffered relapse seven
months after the PDT and was treated with PDT again, but this time was
sensitized with temoporfin instead of HpD. This treatment was successful,
with no relapse occurring during nine years of follow-up.
PDT alone cured 7/10 patients in the patients treated with PDT primarily. These patients were the last patients treated in this study, and all were
sensitized with temoporfin. They have been followed for between one and a
half and 9 years. One patient presented with a new laryngeal cancer after
five years; however, this was considered a new tumor rather than a relapse
because the patient had had a SCC and had been tumor-free for five years.
The new tumor was on the same site as the first and the patient was now
treated with a laryngectomy.
Five of the 20 patients had sarcomas. If PDT had not been used, they
would have been treated surgically with a partial or total laryngectomy. Of
the seven sarcomas treated at our clinic since 1988 four were treated successfully with PDT primarily, one was cured with PDT after repeated attempts with TLS and two were treated with open surgery (one partial and
one total laryngectomy). The patient treated with a partial laryngectomy
died with but not of a recurrence. In all of the patients treated with PDT,
the larynx was spared.
All three patients treated primarily with PDT who had a tumor affecting
the anterior commissure were treated with interstitial illumination using the
vocal cord diffuser, and one of these patients required radiation after the
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PDT. All of the patients were recurrence-free after their treatment with a
follow up of 2,6 to 5 years.
The voice assessment was only done in the group treated primarily with
PDT. It was difficult to evaluate in 2/10 patients. Patient 1 had an advanced
tumor in the oral cavity and had a weak voice. Patient 3 also had a weak
voice that was difficult to assess but was considered unchanged.
Of the remaining eight patients, two had good voices both pre- and postPDT; one had an unchanged, well-functioning voice after PDT; and five had
an improved voice after PDT.
The costs of the different treatments in our hospital are shown in the table below.

Costs nov 2011

TLS

PDT

Surgery

1 310 € (60
min)

1 310 € (60
min)

Anaesthesia

390 €
min)

390 €
min)

Postop care

254 € (240
min)

(90

Sensitizer
(Temoporfin)

RT

(90

254 € (240
min)
7 998 €

RT 62,5 Gy
In patient care

7 880 €
2 087 €
days)

(3

6 260 € (9
days)

Hotel
Total

1 778 €
4 041 €

16 212 €

9 658 €

Tab 8: Above: What the referring hospital is charged for treatment costs as of November 2011
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Discussion
UV-exposure
We have investigated the influence of UV-exposure and other physiological
parameters on topical ALA induced PpIX fluorescence in mouse and human skin. Fluorescence and/or production of PpIX at various times after
UV-exposure seem to be influenced by UV-induced processes in the skin.
The PpIX production also shows an inter and intra individual variation.
Some variations can be explained by physiological parameters such as temperature and skin thickness.
ALA-diffusion (penetration) can be distinguished from PpIX-production
by applying ALA for relatively short and long times, respectively. We have
earlier found that the penetration of ALA through the stratum corneum can
be measured by applying the drugs for a short time and then, after removal
of the drugs, determining the fluorescence intensity of PpIX as a function
of time (54). During a short application time (around 10 min.) practically no
PpIX is produced, so that the later production is directly related to the
amount of ALA that has penetrated into the tissue during short application
time. Thus, after a short application time the fluorescence of PpIX is proportional to the number of ALA molecules that has diffused through the
epidermis. Lower PpIX fluorescence is observed in UV-exposed skin possibly indicating decreased ALA penetration in skin (Fig. 13). When ALA is
applied continuously on skin, the amount of drug penetrating to the living
cells will be larger than after short application time and the amount of PpIX
produced will be related to the rate of PpIX-production in the cells (35).
Continuous application of ALA after UV-exposure reveals a lasting skin
damage. Significant difference in PpIX fluorescence was seen at late times
after UV-exposure (Fig. 14).
Disrupted stratum corneum has a marked response to ALA and light (55).
Moreover, when ALA and light is applied on sun-exposed areas of human
skin such as face and arms, a mild edema is observed, while a combination of
ALA and light produces no effect on sun-unexposed areas (56). It is supposed that permeability of the stratum corneum may have been altered by
UV-exposure and enhanced penetration of ALA occurs through the stratum
corneum (31). Prolonged UV-exposure of skin induces stronger skin damage
and leads to a higher PpIX production rate after application of ALA-methyl
ester in UV-exposed skin than in normal skin (57). Oppositely, we observed
lower PpIX fluorescence in skin for short time UV-exposures. This contraMATHIAS VON BECKERATH	
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diction may lead to a conclusion, that early UV-induced damage lowers
PpIX fluorescence, while prolonged UV-induced damage results in increased PpIX fluorescence in skin. Furthermore, we cannot exclude two
possible differences of normal and UV-damaged skin: 1) altered penetration
of ALA and 2) altered metabolism in skin, which contribute to the observed
differences in PpIX fluorescence after ALA application.
The model of UV-exposed mouse skin was compared with that of human
skin. The lower part of an arm shows a decreased PpIX fluorescence as
compared to the upper part of an arm (Fig. 18). All the volunteers included
in this study frequently wore T-shirts during summer time, resulting in a
prolonged exposure of the lower arm to solar radiation, while the upper arm
stays covered for most of the time. This correlates with the present animal
experiments, showing reduced PpIX production in skin exposed to single
UV doses. For the case of solar pigmentation of human skin, PpIX fluorescence could be partially influenced by absorption of blue excitation light by
melanin, that is present in pigmented skin. However, in our case the tanning
of volunteers’ skin was minimal or absent at the time of experiment.
In conclusion, UV-radiation induces alterations in the skin that has a
prolonged influence on its ability to produce PpIX from ALA. Thus, it
seems possible to assess the degree of skin damage by a topical application
of ALA followed by fluorescence spectroscopy: for early UV-induced damage lower PpIX fluorescence is observed while prolonged UV-induced damage results in increased PpIX fluorescence in skin. The alteration persists
for at least 48 h after single UV-exposure in mouse skin. Daily solar radiation on human skin results in a reduced ALA-induced PpIX fluorescence.
Observed differences in PpIX fluorescence after ALA application may be
due to altered penetration of ALA through stratum corneum and/or altered
metabolizing ability of normal and UV-damaged skin. Further investigations
of such UV-induced inhibition of PpIX synthesis are of great interest.

Factors influencing PpIX production
There is a large variation of PpIX production in skin from person to person
and from skin site to skin site. This is true for both ALA and its hexylester
derivative. Skin temperature certainly varies from person to person and
from one skin site to another (58) Temperature is an important determinant
for PpIX formation. Even a small temperature increase may give rise to a
significantly elevated production of PpIX (59). Our data indicate that skin
temperature is a major determinant for PpIX production in human skin.
This is in agreement with our, as well as others’, earlier work where the
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temperature of the skin of mice and humans was manipulated artificially (35,
60). In the present study the temperature dependency of PpIX formation is
confirmed by natural variations of the skin temperature. An artificial cooling of mouse skin from around 36 to 30oC reduced the PpIX fluorescence
by a factor of 2-3 (61). This is in a good agreement with the present data
obtained from human skin. An increase of 2oC on an ear roughly doubles the
fluorescence both for ALA and ALA-Hex (Fig. 17 B). On other body sites
the average dependency is less expressed, giving a rise of around 20% for 1oC
(Fig. 17 A).
Furthermore, skin thickness varies from person to person and from one
body site to another. The impact of this variation is hard to foresee. On one
hand, thick skin would retard the downward penetration of drug, but on the
other hand, thick skin contains more cells, also living ones, that may contribute to PpIX synthesis. Production of PpIX was found to be only slightly
dependent on the skin thickness (Fig. 20). There seemed to be no proportionality between the amount of PpIX formed and skin thickness, since
regression lines do not pass through the origo. The statement is not strong
because of the large scatter of the points, but, if true, it indicates a limited
penetration downwards in the skin, even in the skin epidermis. It should be
kept in mind that the excitation wavelength used for the fluorescence measurements was 407 nm and probes mainly superficial skin layers down to
around 1 mm (62). This may partly explain why PpIX fluorescence is independent on the thickness of the whole skin (epidermis and dermis). The
density of hair follicles also shows large individual variations. It has been
shown that hair follicles in the skin of mice are preferentially damaged by
ALA-PDT (23). This may be due to the fact that after application of ALA,
fluorescence of PpIX is mainly located in tumors, epidermis, hair follicles(63) and sebaceous glands ( 64). Surprisingly, PpIX formation was found
to be independent on the density of hair follicles (Fig. 20). It may indicate
that, even though individual follicles exhibit a strong PpIX fluorescence
after ALA application (23), the density of them is rather low so they do not
contribute significantly to overall skin fluorescence. The discrepancy between our studies and microscopic studies is probably related to the methodology. Fluorescence microscopy enables distinguishing of fluorescence
pattern as a function of a fine skin structure. In our case the fiber-optic
probe ensures an integrated record of fluorescence signal over a relatively
large skin area (around 0.3 cm2). This may be an advantage whenever fast
and reliable pharmacological in situ comparisons are needed, but the fine
structure of the fluorescence pattern will be lost.
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Sun exposure seems to play a role, since in most cases more PpIX was
produced at skin sites shielded from the sun (upper arm) than on similar
skin sites (of similar thickness and temperature) more regularly exposed to
the sun (lower arm). Skin on the back of the ear produced twice as much
PpIX as skin on the top of the ear (Fig. 19). This may be related to differences in both temperature and history of sun exposure (65). However, the
results are surprising in view of animal experiments, which showed larger
PpIX formation in UV-exposed mouse skin than in unexposed skin (66, 67).
The reason for this discrepancy may be that in the animal experiments we
studied skin with acute UV-damage while in the present work we consider
body localizations with different long-time exposure to sunlight.
The present results show large individual variations in PpIX production
in skin. Increased PpIX production in skin with elevated temperature is
indicated. Thus, heating may be a clinically relevant method of increasing
the efficacy of ALA-PDT. This is probably also true in other tissue than
skin. There was only a weak dependence of PpIX production on skin thickness and no dependence on the density of hair follicles. However, the history of sun exposure, which is an important factor in dermatology, seemed to
play a role in that less PpIX formation was found in sun exposed than in
unexposed skin.

Topical sensitizers in the head and neck area
In the head and neck area most tumors appear in the mucosa. We have
done pilot studies on topical application on the mucosa and have seen that
the PpIX levels after ALA application rise much faster than on skin. This is
probably due to the lack of stratum corneum and therefore a much faster
penetration of ALA. A faster penetration means shorter application times.
A shorter application time could increase the importance of temperature,
since the temperature dependence can be attributed to a greater enzyme
activity and therefore increased ALA to PpIX conversion.
Other ways of increasing the PpIX formation have also been tried, such
as the use of ultrasound (68).
There have been several attempts to use topical PDT in the head and
neck area (69, 70). Especially precancerous lesions have been the targets of
this treatment. A topical application would have many benefits: no systemic
light sensitivity, higher specificity, shorter hospital stay and lower costs.
Ways of administering the ALA are already designed, such as patches that
stick to mucosa and deliver ALA (71). Other ways that seem promising are
thermosetting gels (72). Since light penetration is deeper in the mucosa, the
54

MATHIAS VON BECKERATH	
 Photodynamic Therapy in the Head and Neck

head and neck area is perhaps even more suitable for PDT than the skin
(20).

PDT in laryngeal malignancies
PDT can be used to treat laryngeal cancer. We present the results of PDT
of primary laryngeal cancer (73) and when used for recurrence of laryngeal
cancer.
The current treatments of choice for early laryngeal cancer are radiotherapy or TLS. Both treatments yield excellent results. The use of open surgery
has declined in the past decade (74). There is a discussion about what treatment is the best and so far it seems as if the results after radiotherapy and
TLS are similar concerning local control, overall survival, disease-specific
survival, and post treatment voice quality (75). The preservation of the larynx seems to be higher in the TLS group (76). Local control is high in both
treatment groups.
However, some patients with laryngeal tumors are not suited to either
treatment. Radiation can be less appropriate if the patient has previously
received radiation to the laryngeal area, is claustrophobic or has a tumor
that is less radio sensitive. In the case of young patients, one must consider
the risk of a future radiation-induced tumor. Additionally, a six-week radiation treatment can pose problems for many patients. Successful TLS requires experience, particularly if the anterior commissure is involved (77).
TLS also requires a good laryngoscopic view. In experienced hands, TLS is
an excellent therapy, but there is a learning curve (46).
The use of PDT in the treatment of early laryngeal cancer has been described by several authors (78-88). The results varied, but Feyh and Biel observed a complete response rate of up to 90%. Generally PDT has mostly
been used to treat squamous cell carcinomas, the most common type of
laryngeal cancer. While different photosensitizers have been used, HpD was
utilized for 93% of the patients in the scientific reports.
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Study

#

Primary

T

Sensitizer

C
R

P
R

Tis
T2 (3
CIS)
T1

HpD
HpD

11
1

1

17 T1,
15 Tis

HpD

25

Feyh
Wenig

12
1

Freche

32

Not
disclosed
Yes
24
prim, 8
recur

Schwei
tzer

10

Mixed

Tis-T2

HpD

8

2

Gluck
man

5

No

HpD

2

Biel
Rigual

115
3

Mixed
1 rec

T1-T3
Tis T1
T2
T1

105
2

Lorenz

1

T3

Yoshida
Sum

15
194

No
2
recurr
after
RT

HpD
HpD
Temporfin

1
1
0
1

T1-T3

Talaporfin

N
R

SCC
SCC

7

2

1

12
166

3
18

Histology

SCC
9
SCC, 1
Sarcoma

Airway
problems
1
delayed
extubation
No

No

SCC

No
3
prophylactic
trach

SCC
SCC

No
No

SCC

SCC?

1 trach

10

Tab 9: Earlier publications of PDT of laryngeal cancer. # - Number of subjects, T –
Tumor stage according to TNM, HpD – Porfimer Sodium, SCC – Squamous cell
carcinoma CR- Complete Response, PR- Partial Response, NR- No response

We have conducted a retrospective, descriptive study, where we evaluated
our use of PDT as a primary treatment for patients with laryngeal malignan56
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cies referred to Örebro University Hospital, that were less suitable for radiation therapy or TLS. Over the past 22 years, the center has treated 381 cases
of laryngeal cancer. During the past 10 years, nine patients were considered
best treated with PDT primarily by our multidisciplinary tumor boards
(MDTs). Previously, we had treated only one laryngeal cancer patient with
PDT, in 1988, and this patient was included in this study.
The number of patients treated with PDT is small, which we believe is
because the other modalities provide good results. The reason for the increase of use of PDT is probably because of our increased experience with
PDT in other areas of the head and neck.
Seven of the 10 patients first treated with PDT had a complete response
after PDT treatment alone and did not require any other therapy. These
patients were all treated with temoporfin, and five of the seven had interstitial illumination.
Two patients had a complete response, but recurred after 10 months and
were then treated with radiation and cured. The one patient who was not
cured was our first laryngeal PDT patient; she died from a simultaneous
cancer only a few months post-treatment.

Laryngeal recurrences
Early laryngeal cancer has a good prognosis but there are of course instances
of recurrence. The recurrences can also be treated by several different modalities. The safest and most effective treatment is total laryngectomy.
Treatment or retreatment with TLS after radiation treatment also shows
promising results, if used in correct patients. Studies have shown that about
one third of the recurrences are best treated by conservation surgery, such
as TLS or partial laryngectomy (49). The reason for this is possibly the fact
that recurrence of early laryngeal cancer presents itself more advanced.
Studies have shown that recurrences are difficult to diagnose, even if the
patients are subjected to laryngoscopies under general anesthesia with biopsies (89). It has also been shown that recurrences often have more than one
foci after failed radiotherapy (90) and this could lead to false radical margins.
The present study shows that PDT is an option in treating recurrences of
laryngeal cancer. Five out of eleven patients were cured with this organ sparing technique and the other six were able to get conventional treatment
resulting in local control. On the other hand three patients died of regional
or distant failures and these failures may have been avoided with an earlier
laryngectomy. These were patients with recurrences of larger primary tuMATHIAS VON BECKERATH	
  Photodynamic Therapy in the Head and Neck

57

mors, 1/1 T3 and 2/4 T2. The study is too small to be compared to results
from other modalities. It does however concur with earlier studies with
PDT (80, 81, 85, 87, 88).
Study
#
T
Histology
Sensitizer
CR
Followup
Schweitzer 6
Tis5 SCC, 1 HpD
4 of 6
21-52 mo
T2
Sarcoma
Freche
8
TisSCC
HpD
6 of 8
1 - 4 years
T1
Rigual
1
T1
SCC
HpD
0 of 1
Biel
33
T1SCC
HpD
At least mean
84
T2
23 of 33
months
Yoshida
2
T1SCC
Talaporfin
2 of 2
Recurrence
T2
after 5 & 13
mo
Beckerath 11
T19 SCC, 2 HpD and 8 of 11
12 - 170
T3
Sarcomas
Temoporfin
mo, 3 CR
recurred
Tab 10: Studies including PDT for recurrences of laryngeal cancer # - Number of
subjects, T – Tumor stage according to TNM, CR – Complete Respeonse HpD –
Porfimer Sodium, SCC – Squamous cell carcinoma

This study supports further studies of PDT as an organ and function sparing
treatment for recurring laryngeal cancer. The advantage of PDT could be,
that since it is a selective treatment, it has a possibility to treat areas with
foci that are not clinically obvious.
Since PDT also can be used as a diagnostic tool it could be used as a
combination. A patient that is sensitized could first be subjected to blue
light to determine where the tumor, its boundaries and possible subclinical
further tumors are (19).
A study where PDT is used for selected patients with recurrence of early
laryngeal cancer after radiotherapy or TLS would be most interesting. The
recurrent tumor should be rT1 and selected rT2 with no suspicion of growth
in cartilage since this could hinder light penetration. Sensitization should be
with temoporfin or porfimer sodium and illumination with an interstitial
laser fiber emitting light at the correct wavelength. The area covered by
light should be the primary tumor and the present tumor with an addition
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of 5-10 mm. PDT in the larynx seems to be easier than TLS technically and
it requires less visualization.

Illumination of the larynx
An interstitial mode to deliver light to the tumor was used in 12/20 of the
cases. The vocal cord diffuser with the introduction instrument was preferable to a surface illumination with a micro lens. It was easy to apply the
illumination to the correct site, and the diffuser remained in place during
the entire lighting cycle. A surgeon with some experience of performing
surgery in the larynx will have no problem with the technique. It also requires less visualization than when performing TLS. The PDT effect reaches further than the area that is directly viewed. This gives PDT a longer
reach than working with a CO2-laser.
The results of the patients that have received interstitial illumination in
these studies seem to be better, but this can coincide with other factors
since they are more common later in the studies.

Systemic sensitizers
In most other studies of PDT for laryngeal cancer, the sensitizer used was
HpD. In these studies temoporfin was mostly used (18/24 treatments), and it
appears that this sensitizer has at least comparable results.
The patient treated with a fourth of the normal dose of temoporfin got a
quick recurrence suggesting this dose to be inadequate.

Sarcomas
The use of sensitizers in treatment of sarcomas was already described by
Cohen and Schwartz in 1966 (91). In these studies we successfully treated
five laryngeal sarcomas. To the best of our knowledge, PDT of only one
sarcoma in the larynx, an angiosarcoma, has been described before in the
literature (81).
Sarcomas are often less sensitive to radiation therapy; in many cases, partial or total laryngectomy is used as the treatment (92). In the case of low
malignant sarcomas, PDT appears to be a good option, particularly because
it is an organ- and function-preserving therapy. PDT cured all five sarcomas,
although two had a relatively short follow-up period (one and a half and two
years).
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The studies also demonstrate that PDT can be used for laryngeal sarcomas that have been treated by surgery but recurred or as a repeated treatment.

Voice
The voice outcome of PDT was studied in the primarily treated group and
appears to be comparable to those of the other treatment modalities (93),
with at least half of the patients experiencing an improved voice and none
having a worse voice. This is in concordance with other studies of voice
outcome after PDT for laryngeal Tis and T1 tumors (94). This shows that
PDT is both organ and function sparing.

Costs
The cost of PDT as a primary treatment in this study exceeded that of TLS
or radiation. There is hope that the difference in cost can be reduced in the
near future: For safety reasons, the patients in this study were kept in the
hospital under close surveillance for many days until it was deemed entirely
certain that the swelling caused by the treatment had subsided so to ensure
that the airway was not compromised. The in-patient cost accounted for
approximately 40% of the total cost. However, none of the patients had any
problems with airway patency or swallowing difficulties, nor was the protection from intense light a problem. Therefore a shorter hospital stay is feasible in the future. The injection may well be given in an outpatient setting,
thereby further limiting patient costs. Nonetheless, even with a shorter
hospital stay, PDT would remain more expensive than radiation and TLS
because of the high cost of the sensitizer. New or less expensive sensitizers
would increase the usefulness of PDT.

Safety
PDT is a safe primary treatment for early laryngeal cancer. We did not experience any unexpected side effects or airway problems. The side effects
were minor, with hoarseness as the most common symptom (4/10). This
finding is consistent with those of earlier studies. Of the 194 reported cases
only one patient required a tracheotomy after the treatment. In one study,
however, three out of five patients were given a prophylactic tracheotomy.
The lack of airway complications when PDT is used in the larynx is in contrast to reports of airway problems when PDT is used in base of tongue (95).

60

MATHIAS VON BECKERATH	
 Photodynamic Therapy in the Head and Neck

One patient got a second tumor in the treated area five years after the PDT.
The question whether this tumor could be induced by PDT arises, but we
have not found any indications in the literature that temoporfin has any
carcinogenic properties.
Patients who received PDT as a treatment for a recurring cancer did have
more side effects that required pharmacological treatment for pain and
infections. This was more common in the group previously treated with RT.
It is known that RT affects tissue for a long time and this could be the cause
(96). One serious adverse event was noted in this group, one patient required a tracheostomy, although it wasn’t acute. The patient got the tracheotomy after a week of consideration. One reason could be that he continued
smoking and did not follow given instructions to use antibiotics and saline
inhalations.

Future
The clinical studies conducted by us are some of few but it suggests an increased study of and use of PDT. The number of patients and the selection
of patients need to be improved in future studies. The biggest obstacles for
PDT in treatment of laryngeal cancers are the excellent outcome of today’s
treatments, costs and lack of randomized studies. Randomized controlled
studies need to be done to see if PDT is an alternative to the conventional
treatments. It would be of special interest to investigate if low-malignant
sarcomas are best treated by PDT. In the meantime PDT should mostly be
used when conventional treatments are unavailable or less suitable.
Topical application is a good option for future treatments in the head
and neck area. It would minimize adverse reactions like skin sensitivity.
Topical application is also much faster with hours between administration
of sensitizer and treatment instead of days. A possibility of one day treatments in the head and neck are, much like in dermatology, very promising.
PDT for precancerous lesions would also be more feasible with a topical
application.
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Conclusion
This thesis confirms that there is an inter and intra individual difference in
levels of PpIX produced after ALA application. The thesis has demonstrated that one of the major reasons seems to be temperature dependence
where more PpIX is produced at higher temperatures. This indicates that a
topically applied ALA could be a good way to administer sensitizers in the
mucosa.
The thesis shows that both very short term and long term UV-damage of
the skin affects the PpIX production after topical ALA by lowering it.
Study three shows that PDT could be an option for the primary treatment of laryngeal cancers. The same study also demonstrated that it is possible to cure laryngeal tumors (both SCCs and sarcomas) using PDT primarily, including temoporfin-mediated PDT.
The findings in study four suggest that PDT also can be used for treatment of recurrences of laryngeal cancers, both SCC and sarcomas.
The voice outcome of PDT appears to be comparable to those of the
conventional treatment modalities (93), with at least half of the patients
experiencing an improved voice and none having a worse voice.
For patients who are less suitable for conventional treatments, PDT is a
viable and safe option with cure rates comparable to those of other treatments. It is technically easier to perform PDT than TLS. For many laryngeal sarcomas, PDT appears to be an option that could spare organs and functions. Further studies of PDT treatment for primary and recurring laryngeal
cancer and sarcomas are warranted.
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