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Abstract 
 
Photodynamic therapy (PDT) is increasingly being recognized as an attractive, alternative 
treatment modality for superficial cancer. Treatment consists of two relatively simple 
procedures: the administration of a photosensitive drug and illumination of the tumor to 
activate the drug. Efficacy is high for small superficial tumors and, except for temporary 
skin-photosensitization, there are no long-term side effects if appropriate protocols are 
followed. Healing occurs with little or no scarring and the procedure can be repeated 
without cumulative toxicity. Considering the efficacy and lack of long-term toxicity of 
PDT, and the fact that the first treatment of cancer with PDT was done more than 100 years 
ago, one might expect that this treatment had already become an established therapy. 
However, PDT is currently only offered in a few selected centers, although it is slowly 
gaining acceptance as an alternative to conventional cancer therapies. Here, we show the 
developmental steps PDT underwent and summarize the current clinical applications. The 
data show that, when properly used, PDT is an effective alternative treatment option in 
oncology.  
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History of PDT 
 
Four centuries B.C., Hippocrates advocated that the use of sunbaths would lead to health 
improvement. Sunlight was already appreciated from the dawn of ages for giving a well 
being healthy feeling and using the capacity of sunlight as single therapy (heliotherapy) or 
in combination with a light sensitive compound (photochemotherapy) is already described 
more than 3000 years ago by ancient Indian and Egyptian civilizations. Usually, Psoralen, a 
natural plant extract that can be activated by ultraviolet light of the sun was used for 
numerous skin conditions. 

Although, of maybe because of, the simplicity and efficacy of something for free, 
it took until the end of the 19th century before a new era of light therapy started. Niels 
Rydberg Finsen founded the Finsen Light Institute in 1896 and was awarded the Nobel 
Prize in Physiology or Medicine in 1903 for his discovery that lupus vulgaris could be 
treated with sunlight. This year was hallmarked by important findings and a publication 
about ‘real’ photodynamic therapy (PDT) as treatment for cancer. Von Tappeiner and 
Jesionek were the first to treat cancer with PDT, by applying eosin topically to basal cell 
carcinoma (BCC), followed by exposure to the light of the sun or an arc lamp (1). Von 
Tappeiner and Jodlbauer later defined PDT as the dynamic interaction between light, a 
photosensitizing agent and oxygen resulting in tissue destruction (2). Over the next few 
years several important experiments were carried out. In 1911 Hausmann reported the 
fluorescence and cell killing capacities of haematoporphyrin and described the skin 
photosensitivity induced in mice after administration of the drug (3). In 1913 Meyer-Betz 
injected himself with haematoporphyrin followed by exposure to light. This resulted in 
severe phototoxicity in those parts of the body that were exposed to the light (4). It took 
another 60 years, however, before the possibilities of PDT in the treatment of cancer really 
became recognized. In 1975 Dougherty reported that haematoporphyrin derivative (HpD) 
in combination with red light could completely eradicate mouse mammary tumor growth 
(5). Clinical trials were subsequently initiated with HpD to treat patients with bladder 
cancer (6) and skin tumors (7). Following these successful studies numerous trials were 
started involving a variety of cancers and, later on, a variety of photosensitizers. This 
resulted in the approval of PDT, using the photosensitizer Photofrin, for treatment of 
bladder cancer in Canada in 1993. Today, three more sensitizers are approved for clinical 
use in oncology and PDT is becoming an established treatment modality in addition to 
conventional treatment modalities. 
 
 
 
 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 14

Principle of PDT 
 
PDT involves the administration of a photosensitizer, followed by local illumination of the 
tumor with light of the appropriate wavelength to activate the drug. Activation of the 
photosensitizer upon absorption of the light transforms the drug from its ground state (1PS) 
into an excited singlet state (1PS*, Fig. 1). From this state the drug may decay directly back 
to ground state by emitting fluorescence, which is a property that is used clinically for 
photodetection. However, to obtain a therapeutic photodynamic effect the photosensitizer 
must undergo electron spin conversion to its triplet state (3PS*). In the presence of oxygen, 
the excited molecule can react directly with a substrate, by proton or electron transfer, to 
form radicals or radical ions, which can interact with oxygen to produce oxygenated 
products (Type I reaction). Alternatively, the energy of the excited photosensitizer can be 
directly transferred to oxygen to form singlet oxygen (Type II reaction), which is the most 
damaging species generated during PDT (8). 
 
 
 

 
 
 
 
 

 

 

Figure 1. The principle of PDT. 

 
Working mechanism of PDT in vivo 
 
When using PDT in the treatment of cancer in vivo, the outcome will depend on a complex 
interplay of factors that influence the degree of phototoxicity. Important factors are the type 
of photosensitizer, the drug and light dose, light dose-rate, oxygen availability and the 
cellular and intracellular localization of the drug.  

Singlet oxygen can directly kill tumor cells by induction of apoptosis and necrosis, 
but PDT can also damage the vasculature of the tumor and surrounding healthy vessels. 
This results in indirect tumor kill via the induction of hypoxia and starvation. In addition, 
PDT is able to initiate an immune response against the remaining tumor cells. It must be 
emphasized that the outcome of PDT is therefore dependent on all these mechanisms and 
that the relative contribution of each depends on the treatment regimen given (9).  
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Singlet oxygen is highly reactive and can only diffuse 0.01-0.02 µm during its 
lifetime. Therefore the sensitizer should be localized close to its target at the time of 
illumination. With the original aim of specific tumor cell killing, it was assumed that 
optimum response would be obtained for illumination at times when tumor drug levels 
were high relative to surrounding normal tissues. However, recent animal studies (10,11) 
and clinical data (12), have shown that the concentration of sensitizer in the tumor at the 
time of illumination does not necessarily predict response to PDT. Plasma concentration of 
some photosensitizers, like Hypericin and meso-tetra-hydroxyphenyl-chlorin (mTHPC), at 
the time of illumination seems to be a better indicator for PDT outcome (13-16). This 
suggests that tumor cells may not always be direct targets of PDT, but they may be killed 
indirectly as a result of damage to other cell types.  

The first demonstration that tumor destruction occurs as a consequence of stromal 
effects rather than direct tumor cell toxicity came from experiments where tumors were 
given a curative dose of PDT in vivo, prior to excision and in vitro cell plating, or before 
transplantation (17,18).  Limited cell killing was observed for tumor cells that were excised 
and plated immediately after PDT, even for doses that led to tumor cure in vivo (18). 
Reduced cell survival (<10%) was only seen when cells were left in situ for more than 1 
hour.  Similarly, treated tumors that were excised and transplanted to another untreated area 
of the same host survived and grew (17). Other studies have shown dramatic changes in 
tumor perfusion and hypoxia shortly after curative PDT, indicating that treatment outcome 
may be dependent on the extent of induced vascular damage (15,19-21). Furthermore, 
inhibition of platelet adhesion and vasoconstriction decreases tumor response to PDT (22), 
whereas inhibition of nitric oxide synthase, leading to increased vascular damage, results in 
a more pronounced tumor response (23). All these data are consistent with the 
interpretation that the tumor vasculature, rather than tumor cells, may be the primary target 
for PDT.  

Possible factors contributing to the sensitivity of the vasculature to PDT damage 
include high local concentrations of both oxygen and photosensitizer in the blood vessels 
and intrinsic sensitivity of endothelial cells to PDT. Some in vitro studies using porfimer  
sodium indicate that endothelial cells do have a greater intrinsic photosensitivity to PDT 
(24), but others show that this reflects an increased drug uptake in endothelial cells (25,26). 
A direct comparison of mTHPC-mediated PDT in endothelial cells, normal fibroblasts and 
tumor cells, with respect to drug uptake, localization and cell killing, showed that the 
concentration of drug in cells at the time of illumination was a more important determinant 
of photosensitivity than cell type (27). The majority of evidence suggests that vascular 
sensitivity to PDT is due to physiological factors, rather than intrinsic sensitivity of 
endothelial cells.  

The therapeutic benefit of PDT results from differences in vascular integrity 
between tumors and surrounding normal tissues, combined with the limited penetration of 
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light in tissue. Accepting that the tumor vasculature is an important and valid target for 
PDT has implications for the choice of drug-light interval to give an optimal tumor 
response. Shortening of the drug-light interval to times where high sensitizer concentrations 
are present in the vasculature can markedly increase the tumor response (13-16). Some 
studies have shown that combining the direct and vascular-mediated cell killing properties 
of PDT can further enhance its efficacy. A cellular targeting PDT regimen, with a long 
drug-light interval, followed by a second injection of the photosensitizer with illumination 
at short intervals (vascular targeting) gave optimal tumor responses (28). 

PDT is associated with the enhanced expression of inflammatory cytokines like 
IL-1β, IL-6, IL-10, TNF-α and granulocyte colony-stimulating factors (29-32). Upon 
illumination, photodamaged cells will directly release these inflammatory mediators, 
leading to a large invasion of neutrophils within minutes followed by the arrival of mast 
cells, lymphocytes, monocytes and macrophages (33). This will result in phagocytosis of 
cell debris and secondary induced tumor cell death. 

The strongest evidence for a systemic anti-tumor immune response for PDT 
efficacy was shown by Korbelik et al. (34). They compared the long-term efficacy of 
Photofrin-PDT for treatment of murine EMT6 mammary sarcoma growing in syngeneic 
BALB/c mice with that in immunodeficient (scid and nude) mice with the same 
background. Although drug levels in the tumor and cell killing during the first 24 h after 
PDT were the same, long-term effects were different. Whereas all tumors were cured in 
BALB/c mice, no cures were obtained in the immunodeficient animals. Adaptive transfer 
of T-lymphocytes or bone marrow transplantation from BALB/c to scid mice partly 
restored the efficacy. These results suggested that the immune response is critically 
required in at least some tumors to eliminate remaining surviving tumor cells. Further 
studies showed that the specific depletion of neutrophils, macrophages, natural killer cells 
and T-cells resulted in decreased PDT efficacy (35-37). 

The immunological contribution was also shown to be effective at distant 
untreated metastasis after PDT in a mammary tumor model (38), but not in liver metastases 
adjacent to treated tumors in the liver (39). Also an immunological memory seems to be 
generated, because rechallenging rats with tumors that were previously cured by PDT did 
not lead to tumor growth (38). This generated tumor immunity could be recovered from 
distant lymphoid sites and transferred to other mice (40). 

Interestingly, PDT was also able to generate tumor lysates that can be used as 
prophylactic vaccination against further tumor development (41). PDT generated vaccines 
were shown to be more effective than vaccines created by UV or ionizing radiation and did 
not require co-administration of an adjuvant to be effective. The PDT vaccine was able to 
induce dendritic cell maturation and to activate these cells to express IL-12, which is 
critical for the development of a cellular immune response (41). Administration of 
immature dendritic cells after PDT stimulated the cytotoxic activity of T-cells and natural 
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killer cells and increased the anti-tumor effect in mice bearing a murine Colon-26 tumor 
(42). Further research showed that instead of lysates, whole cells could also be used as 
vaccine for established subcutaneous tumors (43). The expression of heat shock proteins 
and consequent opsonization by complement proteins are potent mediators of innate and 
adaptive immunity and were suggested to be the two unique features of PDT-treated cells. 
All three mechanisms contributing to tumor kill (i.e. direct tumor cell kill, vascular damage 
and inflammation) also have an effect on the expression of metalloproteinases (MMPs) and 
angiogenic factors (44-46). Actually, PDT outcome is negatively correlated with the 
expression of these factors. Therefore, targeting and inhibiting these molecules might 
increase clinical efficacy of PDT. Indeed, inhibiting MMPs (46) or factors promoting 
angiogenesis (47-50) was shown to improve PDT responsiveness in several mouse tumor 
models. 
 
 
Photosensitizers 
 
The most ideal photosensitizer would be a chemically pure drug with preferential uptake in 
tumor, rapid clearance, and a strong absorption peak at light wavelengths >630 nm. We 
have compared the four clinically approved photosensitizers (Table 1) and give a brief 
summary of new photosensitizers under investigation.  
 
 
Table 1.  Type of cancer and approved drug 
 
Type of cancer  Photosensitizer Country 
Actinic keratosis  Levulan; Metvix USA, EU 
Basal cell carcinoma   Metvix   EU 
Barrett’s Esophagus  Photofrin   USA 
Cervical cancer  Photofrin   Japan 
Endobroncheal cancer  Photofrin Canada, Denmark, Finland, 

France, Germany, Ireland, 
Japan, The Netherlands, 
UK, USA 

Esophageal cancer Photofrin  Canada, Denmark, Finland, 
France, Ireland, Japan, The 
Netherlands, UK, USA 

Gastric cancer Photofrin    Japan 
Head and neck cancer Foscan EU, Norway, Iceland 
Papillary bladder cancer Photofrin Canada 
 

EU, European Union; UK, United Kingdom; USA, United States of America 
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Porfimer sodium 
First-generation photosensitizers are hematoporphyrin, its derivative (HpD) and the 
purified, commercially available Photofrin® (Axcan Pharma Inc., Quebec, Canada) (Fig. 2 
and Table 2). HpD was shown to preferentially localize in tumors (51) and to give good 
tumoricidal effects when combined with red light (5). The first clinical PDT of the modern 
era was performed in patients with bladder or skin cancer using HpD (6,7). In 1993 the 
purified fraction of the active material in HpD, porfimer sodium, became the first 
photosensitizer to be approved for PDT for recurrent, superficial papillary bladder cancer; 
it is still is the most widely used and studied photosensitizer.  

Porfimer sodium is a mixture of various hematoporphyrin products with several 
absorption peaks. The absorption peak with the longest wavelength (630 nm) is also the 
weakest. However, light of 630 nm is most often used in the clinic to activate porfimer 
sodium, because light with a longer wavelength can penetrate deeper in tissue. Due to the 
relatively weak absorption at this wavelength, light doses of 100-200 J/cm2 are required for 
tumor control. Therapeutic doses of porfimer sodium result in skin photosensitivity for 4-
12 weeks.  
 
 
5-Aminolevulinic acid  
The second-generation photosensitizer 5-aminolevulinic acid (ALA, Levulan, DUSA 
Pharmaceuticals Inc., Wilmington, MA) received approval for treatment of cancerous 
lesions in 1999 (Fig. 2 and Table 2). ALA itself has no photosensitizing effect, but is a 
natural precursor of heme. The heme pathway ends with the conversion of protoporphyrin 
IX (PpIX), which has photosensitizing properties, into heme by ferrochelatase. Many tumor 
types have a decreased ferrochelatase activity compared with normal tissue (52). Therefore 
upon administration of ALA the capacity of ferrochelatase will be overwhelmed, resulting 
in a build-up of PpIX in tumor cells (53). The absorption spectrum for PpIX is very similar 
to porfimer sodium and it is usually activated by light of 630 nm. 

The use of ALA-PDT has several advantages compared with porfimer sodium-
PDT: there is a more rapid clearance (limiting skin photosensitivity to 1-2 days), it can be 
applied topically for the treatment of skin cancer and orally for cancer in the oral cavity or 
digestive tract and greater tumor selectivity is achieved. The disadvantage of ALA is that it 
is strongly hydrophylic and therefore not easily able to enter cells. This led to the 
development of several alkyl esters of ALA that do penetrate the cell easier. The methyl 
ester of ALA (Metvix, Photocure ASA, Oslo, Norway) was approved in the EU in 2001 
for the treatment of actinic keratosis and BCC.  
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mTHPC 
The most recently approved photosensitizer for cancer is mTHPC (temoporfin, Foscan, 
Biolitec Pharma Ltd., Dublin, Ireland) (Fig. 2 and Table 2). Foscan was approved in 2001 
in the EU for the palliative treatment of head and neck cancer. mTHPC is a much more 
potent photosensitizer than porfimer sodium or ALA, requiring light doses of only 10-20 
J/cm2 for tumor control (54-58). Skin photosensitivity is also reduced to 2-4 weeks. 
Furthermore, mTHPC has an absorption peak at 652 nm compared with 630 nm for both 
porfimer sodium and ALA, which slightly increases the tissue depth penetration of light.  
 
New photosensitizers 
The search for new, third-generation photosensitizers is still ongoing, especially for drugs 
that can be activated with light of a longer wavelength, which provoke shorter generalized 
photosensitivity and have improved tumor specificity. Although many new photosensitizers 
have already entered clinical trials, few results have been published. New photosensitizers 
already in clinical trials include SnET2, Npe6, BPD and Lu-Tex, which all have absorption 
bands at relatively high wavelengths (660, 664, 690 and 732 nm, respectively) and provoke 
only mild, transient skin photosensitivity. The few clinical studies published using these 
photosensitizers, include phase I/II trials in which PDT was used for the treatment of 
cutaneous cancer (59-63), early squamous cell carcinoma of the lung (64) and recurrent 
prostate cancer (65). Evaluation of the relative merits of these sensitizers and approval for 
general clinical use has to be awaited. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Chemical structures of porfimer sodium (A), ALA and Metvix (B), mTHPC (C) and absorption spectra 
of porfimer sodium and mTHPC (D). The relative absorption spectrum of ALA is comparable with that of 
porfimer sodium. 
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Table 2. Characteristics of Photofrin, ALA and mTHPC. 
 
Photosensitizer  Photofrin ALA mTHPC 
Maximum absorption    (nm) 630 635 652 
Absorption coefficient   (cm-1 mol-1 L-1) 1170 5000 22400 
Drug dose                        (mg/kg) 2 20%* 0.1-0.15 
Drug-light interval         (h) 48-72 3-6 96 
Fluence                            (J/cm2) 100-200 100 10-20 
Fluence rate                    (mW/cm2) 100 100-150 100 
 
* given as topical solution 
 

 
Light application 
 
Conventional, broad-spectrum light sources, such as arc lamps, can be used for activation 
of photosensitizers. These lamps are cheap and easy to use but it is difficult to couple them 
to light delivery fibers without reducing their optical power. It is also difficult to calculate 
the effective delivered light dose and power output is limited to a maximum of 1W. Filters 
are also required to cut off UV radiation and infrared emission that can cause heating. 
 An important breakthrough in PDT was the development of lasers, which emit 
light of precise wavelengths in easily focused beams. The early lasers were expensive, 
large, immobile machines that required a level of technical support. Further developments 
in semiconductor diode technology resulted in cheaper systems, which are compact and 
portable while still retaining high power output. Most lasers also contain an internal unit for 
dosimetric calculations and have built in treatment programs, making them much more user 
friendly. However, diode lasers offer only a single output wavelength, limiting their 
versatility. Light emitting diodes (LEDs) are also available for clinical use. They are less 
expensive than the light sources described above, they are small and can provide a power 
output up to 150 mW/cm2 at wavelengths ranging from 350-1100 nm.  

The development of optical fiber technology also plays an important role in PDT 
(66). Successful PDT requires efficient delivery of the light from source to target and a 
homogeneous light distribution. Optical fibers have been customized to meet the demands 
of illumination at different localizations. For superficial illumination of e.g. oral mucosa, 
optic fibers with a lens tip are used to spread the light over the target area. In hollow 
organs, e.g. endobronchial, esophagus and bladder, illumination is often performed with 
cylindrical diffusers in combination with a balloon. The balloon is inflated for an uniform 
light distribution. Black coating of one side of the balloon is sometimes used to shield 
adjacent normal tissue areas for protection.  
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PDT as clinical application for cancer 
 
For PDT, as for any new cancer therapy, it is important to identify the specific indications 
for treatment and to evaluate its benefits and disadvantages relative to standard therapies. 
Before considering individual cancer types, there are some general conclusions that can be 
made. 
 PDT is a treatment requiring a single injection of drug, followed after a certain 
time interval by single illumination. This is very often done on an outpatient basis. In 
comparison, typical curative radiotherapy regimes comprise daily irradiation for a total of 6 
to 7 weeks (again on an outpatient basis). Chemotherapy schedules vary, but typically last 
for several months. Surgery, although a single procedure, requires general anesthesia and 
hospitalization for one to several weeks. Cost-effectiveness comparisons have been made 
for palliative treatment of head and neck cancer with PDT versus extensive surgery or 
chemotherapy (67,68), and for PDT versus esophagectomy or endoscopic surveillance for 
patients with Barrett’s esophagus and high-grade dysplasia (69). PDT proved to be both 
cost-effective and to give increased life expectancy, compared with other treatment options 
for these conditions. 

PDT is a local, rather than a systemic treatment; it is therefore only suitable for 
localized disease. Light of wavelengths used to excite current photosensitizers can provoke 
a photochemically induced tissue necrosis up to a maximum of 10 mm (70). This means 
that, for superficial illuminations, the indication for PDT as a primary treatment should be 
limited to small, accessible tumors. It can also be given in combination with debulking 
surgery for palliative treatment of larger tumors.  

A big advantage of the limited light penetration is that this protects normal healthy 
tissue beneath the tumor from phototoxicity. Modern fiber optic technology facilitates 
delivery of light, of the desired wavelength and dose-rate, to tumors located virtually 
anywhere in the body. Localized illumination, together with shielding of sensitive tissues at 
the margin of the field, enables specific tumor treatment without destruction of critical 
normal tissues outside the treated area. By contrast, surgery and radiotherapy of tumors 
located close to critical structures can be very mutilating and leading to loss of function. 
PDT has the advantage that, although there is severe ulceration of the illuminated area 
immediately after treatment, there is minimal long-term fibrosis, resulting in functional 
recovery without scarring. PDT spares tissue architecture, providing a matrix for 
regeneration of normal tissue, because it does not damage sub-epithelial collagen and 
elastin and there is preservation of non-cellular supporting elements (71,72).  

Another advantage of PDT is that the treatment can be repeated in case of 
recurrence or a new primary tumor in the previously treated area. Such retreatment is 
extremely difficult for either surgery or radiotherapy, without the risk of severe normal 
tissue damage. 
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Bladder cancer 
HpD-PDT was used to treat recurrent bladder cancer as early as 1975 (73). This was also 
the first site to receive approval for porfimer sodium-PDT in 1993. In the 1980s, several 
trials showed that PDT with HpD or porfimer sodium was effective for superficial, 
recurrent bladders cancers (74-78). Initial response rates were very high (70-100% at 3 
months) with long-term response rates of 30-60%, comparable with responses after 
transurethral resection or treatment with bacillus Calmette-Guerin. For whole bladder PDT 
there was, however, a very high incidence of side effects (urinary frequency, pain and 
persistent reduction in bladder capacity), which prevented PDT from becoming an 
established clinical treatment for bladder cancer. These complications were associated with 
excessive light doses and non-uniform light delivery in the early studies. Nseyo et al. 
showed that for standardized protocols using lower drug and light dose (79), or for 
illumination with less penetrating light of 514 nm, good tumor response rates could be 
achieved without transmural bladder injury or treatment related morbidity (80). Whole 
bladder PDT with green light and proper dosimetry remains an attractive treatment option 
for carcinoma in situ, although this has not been fully evaluated. 

More recently, ALA has been used for recurrent superficial bladder cancer. ALA-
PDT given as single treatment, or in combination with mitomycin C, resulted in complete 
response (CR) rates of 40-52% at 18-24 months without persistent reduction in bladder 
capacity (81-83). 
 
Skin cancer  
Skin cancers are ideally suited to PDT. In the first large clinical trial, CR rates of >85% 
were achieved for HpD followed by red light (7). Since then, numerous other studies 
confirm that PDT achieves response rates for superficial skin cancers that are equivalent to 
those achieved by conventional methods (cryotherapy, surgical excision), but with less 
scarring (84). 

For patients with only a few localized lesions the use of a systemic photosensitizer 
may not be justified, because of the prolonged period of induced photosensitivity. By 
contrast, PDT using topical application of ALA or its ester Metvix is a very good 
alternative. ALA can be applied locally, a few hours before illumination of the tumor and 
excellent CR rates (86-100%) can be achieved for BCC (reviewed by Taub, (85)). The few 
recurrences that are seen seem to be due to failure of the ALA to penetrate the tumor; weak 
solutions of DMSO or desferrioxanine applied before ALA increases drug penetration and 
improves cure rates (86,87). ALA-PDT can also be successfully used to treat Bowen’s 
disease, giving significantly higher CR rates (75-88%) than 5-FU (50%) or cryotherapy 
(48%), providing that illumination is with penetrating red light (88-90). One drawback of 
ALA-PDT is that the first few minutes of illumination can be very painful. Local anesthesia 
or cold air can be used to alleviate this problem (91). 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 23

PDT with systemic photosensitizers (porfimer sodium or mTHPC) is more suitable 
for treatment of multiple lesions. The largest study, with porfimer sodium, included 1400 
superficial and nodular BCCs and resulted in CR rates of 91% (92). mTHPC-PDT is also 
effective for multiple BCC and has the advantage that treatment times are considerably 
reduced, since light doses of only 10-15 J/cm2 instead of >200 J/cm2 are required. 
Generalized phototoxicity is also limited to a maximum of 2 weeks (93). 
 
Head and neck cancer 
Early stage carcinomas in the head and neck area are normally treated with surgery and/or 
radiotherapy, while for advanced disease chemoradiation is standard treatment. Cure rates 
are good, especially for early disease, but can be associated with high morbidity. Surgical 
excision requires a wide margin, which can cause functional damage to adjacent structures 
and result in swallowing and speech difficulties. Radiotherapy is associated with a risk of 
xerostomia, trismis and even osteonecrosis. PDT is equally effective as curative surgery or 
radiotherapy for small superficial tumors or palliative treatment of recurrent disease but has 
the advantage of sparing tissue beneath the tumor, giving excellent long-term functional 
and cosmetic results (94,95).  

Early PDT studies on head and neck cancer patients used HpD or porfimer sodium 
and light doses of 100 to 200 J/cm2, but nowadays mTHPC is more often used in 
combination with 10 to 20 J/cm2. For early stage primary tumors of the oral cavity or 
oropharynx, CR rates of 85% at 1 year, decreasing to 77% at 2 years, are reported (94,95), 
with even higher CR rates of 96% for lip carcinoma (96). 

 Head and neck cancer patients have a lifetime risk of 20-30% of developing 
second or multiple cancers after radical treatment of the primary tumor. Repeated surgery is 
difficult due to progressive tissue loss and re-irradiation may be impossible without 
exceeding tissue tolerance. By contrast, there is no cumulative tissue toxicity after PDT, 
which can also be used after either radiotherapy or surgery (97,98). mTHPC-PDT treatment 
of second and multiple primary cancers resulted in CR rates of 67% for all tumors, or 85% 
for T1 tumors (Copper et al., see chapter 3.3). PDT can also be effective as a salvage 
treatment for recurrent head and neck cancer in patients who have failed conventional 
therapy (97-99).  

For larger tumors PDT can be given interstitially (100). The response rates 
achieved are similar to those for other therapies, but PDT can also be used in patients who 
are unfit for further radiotherapy or surgery. Interstitial PDT is therefore a useful additional 
treatment for late stage disease. 
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Esophageal cancer 
With 5-years survival rates of only 12.5%, esophageal cancer has a very poor outcome 
(101). Standard treatment is esophagectomy, but the high morbidity and mortality 
associated with this procedure led to the development of less invasive procedures, such as 
endoscopic mucosal resection, coagulation and PDT. For PDT, illumination is given using 
flexible cylindrical diffusers that are placed via an endoscope near the tumor. Most often, a 
partially shielded balloon is inflated around the diffuser for protection of surrounding 
normal tissue and to facilitate uniform illumination.  

The first studies with PDT in the esophagus were done as palliative treatment for 
obstructive tumors (102). Subsequent studies confirmed the efficacy of PDT for such 
tumors (103,104). PDT is also effective as a curative treatment for small superficial tumors 
in the esophagus (105). CR rates of 87% at 6 months, with a 5 year overall survival of 25%, 
were achieved in a group of 123 patients treated with porfimer sodium-mediated PDT 
(106). Comparable results were also obtained using mTHPC as the photosensitizer (107).  

Despite the efficacy of PDT for esophageal cancer, side effects from treatment of 
this thin walled, hollow organ can be severe. In addition to transient skin photosensitivity, 
stenosis, fistulas and perforations have been reported in up to 57% of the patients treated 
with PDT using red light (104,106,107). However, when mTHPC was used in combination 
with less penetrating green light no fistulae or perforations were observed, whereas efficacy 
was not compromised (107). Obstruction in the esophagus following PDT can also be 
avoided by using 180º or 240º windowed light distributors instead of full circumference 
illumination (107,108). 

 
Barrett’s esophagus  
PDT is especially suitable for treatment of the pre-malignant condition Barrett’s esophagus. 
This metaplastic tissue can progress from low-grade to high-grade dysplasia and to 
adenocarcinoma. About 50% of all new esophageal cancers, which have very poor survival 
rates (see above), develop from Barrett’s esophagus, therefore effective treatment of 
Barrett’s has major health implications (109). Porfimer sodium-PDT of Barrett’s esophagus 
can ablate high-grade dysplasia in 77-96%, compared with only 39% for omeprazole 
therapy alone, although complete elimination of Barrett’s mucosa by PDT was only seen in 
42% (110,111). The combination of PDT with endoscopic mucosal resection has shown to 
be almost as effective as esophagectomy (83% versus 100% CR at 1 year), but with much 
less morbidity (112) and shorter hospital admission.  

For PDT treatment of Barrett’s, as for esophageal cancer, strictures are the most 
important treatment related toxicity, reported in 10-50% cases treated with systemic 
photosensitizers and red light. Since the dysplasia associated with Barrett’s esophagus is 
very superficial, topical ALA-PDT offers an effective, but less toxic alternative. Complete 
remissions are usually seen after 1 or 2 treatments, and recurrences can be retreated 
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(110,113-115). Less penetrating green light (514 nm) has also been successfully used in 
combination with ALA (116,117). However, once the disease has progressed to 
adenocarcinoma involving the submucosa, systemic sensitizers are required, despite the 
higher risk of strictures, because of the dismal prognosis of uncontrolled disease (118). 
 
Endobronchial cancer  
Many publications have shown the therapeutic usefulness of PDT in different stages of 
endobronchial disease. Palliative treatment of obstructive cancer with HpD or porfimer 
sodium-PDT was safe and resulted in symptom relief in almost all patients (119-122). Side-
effects, in addition to skin photosensitivity, included cough, expectoration of necrotic 
debris and dyspnoea for a few days after PDT. Serious, or even fatal hemorrhage was 
occasionally reported, but this also occurs spontaneously in this disease and is therefore 
difficult to attribute to the PDT. 

PDT has also been used as curative treatment in early lung cancer. Overall 5-year 
survival ranged from 56-70% (120,123,124), with disease specific 5-year survivals of  90% 
for carcinoma in situ (120). However, the patients presenting with carcinoma in situ are 
sparse, limiting the clinical impact of PDT for this disease. Another indication for 
endobronchial PDT is field cancerization or recurrence of tumors after resection or 
irradiation. These patients often have a limited pulmonary reserve and cannot withstand 
additional resection or extended radiation fields. 
 
Other applications 
Although PDT already has proven its value as treatment option in the cancer types 
discussed above, it also has great potential as treatment for other types of cancer. For 
aggressive cancers with a poor prognosis and cancers in organs where other conventional 
treatments cause high morbidity, PDT is especially attractive, although publications 
demonstrating efficacy in large clinical trials are still scarce. Some of the most encouraging 
studies are summarized below. 

Very promising results were seen in a prospective phase II study of patients 
treated with porfimer sodium-mediated PDT for non-resectable cholangiosarcoma (125). 
Such patients generally have a median survival of 3 to 6 months and receive only palliative 
treatment. Although PDT could not prevent progression of the disease it did improve 
median survival (74% at 6 months) and led to improvement in cholestasis and quality of 
life.  

Porfimer sodium-PDT has also shown efficacy in Phase II trials against recurrent 
pituitary tumors (126) and in combination with debulking surgery for disseminated 
intraperitoneal disease (127), warranting further research.  

mTHPC-mediated PDT has shown to be a safe and effective treatment for 
recurrent prostate cancer in a phase I trial (128,129). Efficacy with low morbidity has also 
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been demonstrated for pancreatic cancer (130), which if confirmed could have major health 
implications since one year survival rates are currently only 10%. 

Further studies must be done to confirm the true value of PDT as a new therapy 
for these and other types of cancer. The strengths of this treatment lie in its ability to 
destroy cancers without destroying normal tissue structures surrounding the tumor and that 
treatment can be repeated without cumulative toxicity. Furthermore, it has the advantages 
that it can be used for treatment of tumors that could not be re-irradiated or are not suitable 
for surgery. PDT using less penetrating green light is also very suitable for eradication of 
dysplasia, as shown for Barrett’s. 
 
 
Future Perspectives 
 
During the past 30 years PDT has been employed in the treatment of many tumor types and 
its effectiveness as curative and palliative treatment is well documented. Especially for skin 
cancer it is becoming an established therapy. But why is its role in other disciplines still 
marginal?  

In general, it is difficult to persuade clinicians to use a new technique when 
standard treatment yield a high response. Although lasers have become much less 
expensive, the set-up of a new PDT center remains costly. However, long-term 
comparisons show that PDT is cost-effective for palliative treatment of head and neck 
cancer and treatment of Barrett’s esophagus and high-grade dysplasia. The issue of 
cumbersome, difficult to use laser equipment has now been dealt with and simple pre-
programmed menus assist the physician with treatment. Therefore the main drawback 
against using PDT as frontline therapy lies in the fact that large randomized trials have not 
yet been done. 

Treatment regimens still have to be optimized and standardized for a better 
therapeutic effectiveness. Severe side-effects have been reported when using inappropriate 
PDT schedules, especially in hollow organs such as esophagus and bladder. However, it is 
already clear that appropriate choices of drug type and dose, light wavelength and drug-
light interval can improve efficacy and safety of PDT.  

Experimental demonstrations of the important contribution of vascular-mediated 
damage to tumor destruction, and the correlation seen between drug levels in the plasma at 
the time of illumination and PDT efficacy, might have clinical implications. If the 
vasculature, rather than tumor cells, is the main target for PDT damage, then optimal 
illumination times should be when the plasma drug levels are high. New clinical protocols 
could reduce drug-light intervals, and, if they show an improvement in outcome, then drug 
dose might also be decreased, which would result in less generalized phototoxicity. 
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Research into selective delivery of photosensitizers by conjugation to antibodies, 
use of liposomes as carrier and delivery systems, or the search for new photosensitizers 
with a more specific tumor localization and faster clearance is also warranted. 

It is also worthwhile to explore the possibilities of combining PDT with other 
therapies. In studies with mice it has already been shown that the combination of PDT with 
doxorubicin (131,132), mitomycin C (133,134), modulaters of the immune system (41-43) 
and inhibitors of angiogenesis (47-50) resulted in improved PDT responsiveness. As our 
understanding of the best ways to combine these therapies increases, it is to be expected 
that further improvements in the clinical application of PDT will be seen. 
 
 
 
Acknowledgements  
 
The authors are grateful to Robert van Veen, Chantal Appeldoorn and Maurice Aalders for 
providing embedded figures. 
 
 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 28

References 
 
 1.  von Tappeiner H.and Jesionek H. (1903) Therapeutische Versuche mit fluoreszierenden Stoffen. Munch. 

Med. Wochenschr. 47, 2042-2044. 
 2.  von Tappeiner H.A.and Jodlbauer A. (1907) Die sensibilisierende Wirkung fluorescierender Substanzen: 

gesammelte Untersuchungen über die photodynamische Erscheinung. F.C.W. Vogel; Leipzig, Germany. 
 3.  Hausmann, W. (1911) Die sensiblisierende Wirkung des Hematoporphyrins. Biochem. Zeitung. 30, 276-

316. 
 4.  Meyer-Betz, F. (1913) Untersuchungen uber die biologische photodynamische Wirkung des 

Hematoporphyrins und anderer Derivative des Blut und Galenafarbstoffs. Dtsch Arch. Klin. 112, 476-503. 
 5.  Dougherty, T. J., G. B. Grindey, R. Fiel, K. R. Weishaupt, and D. G. Boyle (1975) Photoradiation 

therapy. II. Cure of animal tumors with hematoporphyrin and light. J. Natl. Cancer Inst. 55, 115-121. 
 6.  Kelly, J. F. and M. E. Snell (1976) Hematoporphyrin derivative: a possible aid in the diagnosis and 

therapy of carcinoma of the bladder. J. Urol. 115, 150-151. 
 7.  Dougherty, T. J., J. E. Kaufman, A. Goldfarb, K. R. Weishaupt, D. Boyle, and A. Mittleman (1978) 

Photoradiation therapy for the treatment of malignant tumors. Cancer Res. 38, 2628-2635. 
 8.  Foote, C. S. (1991) Definition of type I and type II photosensitized oxidation. Photochem. Photobiol. 54, 

659. 
 9.  Henderson, B. W., S. O. Gollnick, J. W. Snyder, T. M. Busch, P. C. Kousis, R. T. Cheney, and J. Morgan 

(2004) Choice of oxygen-conserving treatment regimen determines the inflammatory response and 
outcome of photodynamic therapy of tumors. Cancer Res. 64, 2120-2126. 

 10.  Morlet, L., V. Vonarx-Coinsmann, P. Lenz, M.-T. Foultier, L. X. De Brito, C. M. Stewart, and T. Patrice 
(1995) Correlation between meta(tetrahydroxyphenyl)chlorin (m-THPC) biodistribution and 
photodynamic effects in mice. Photochem. Photobiol. 28, 25-32. 

 11.  Veenhuizen, R. B., M. C. Ruevekamp, H. Oppelaar, T. J. Helmerhorst, P. Kenemans, and F. A. Stewart 
(1997) Foscan-mediated photodynamic therapy for a peritoneal-cancer model: drug distribution and 
efficacy studies. Int. J. Cancer 73, 230-235. 

 12.  Ris, H.-B., H. J. Altermatt, C. M. Stewart, T. Schaffner, Q. Wang, C. K. Lim, R. Bonnett, and U. Althaus 
(1993) Photodynamic therapy with m-tetrahydroxyphenylchlorin in vivo: optimizationof the therapuetic 
index. Int. J. Cancer 55, 245-249. 

 13.  Chen, B. and P. A. De Witte (2000) Photodynamic therapy efficacy and tissue distribution of hypericin in 
a mouse P388 lymphoma tumor model. Cancer Lett. 150, 111-117. 

 14.  Cramers, P., M. Ruevekamp, H. Oppelaar, O. Dalesio, P. Baas, and F. A. Stewart (2003) Foscan uptake 
and tissue distribution in relation to photodynamic efficacy. Br. J. Cancer 88, 283-290. 

 15.  Triesscheijn, M., M. Ruevekamp, M. Aalders, P. Baas, and F. A. Stewart (2005) Outcome of mTHPC 
Mediated Photodynamic Therapy is Primarily Determined by the Vascular Response. Photochem. 
Photobiol. 81, 1161-1167. 

 16.  Veenhuizen, R., H. Oppelaar, M. Ruevekamp, J. Schellens, O. Dalesio, and F. Stewart (1997) Does 
tumour uptake of Foscan determine PDT efficacy? Int. J. Cancer 73, 236-239. 

 17.  Star, W. M., H. P. A. Marijnissen, A. E. Van den Berg-Blok, J. A. Versteeg, K. A. P. Franken, and H. S. 
Reinhold (1986) Destruction of rat mammary tumor and normal tissue microcirculation by 
hematoporphyrin derivative photoradiation observed in vivo in sandwich observation chambers. Cancer 
Res. 46, 2532-2540. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 29

 18.  Henderson, B. W., S. M. Waldow, T. S. Mang, W. R. Potter, P. B. Malone, and T. J. Dougherty (1985) 
Tumor destruction and kinetics of tumor cell death in two experimental mouse tumors following 
photodynamic therapy. Cancer Res. 45, 572-576. 

 19.  Chen, B., B. W. Pogue, I. A. Goodwin, J. A. O'Hara, C. M. Wilmot, J. E. Hutchins, P. J. Hoopes, and T. 
Hasan (2003) Blood flow dynamics after photodynamic therapy with verteporfin in the RIF-1 tumor. 
Radiat. Res. 160, 452-459. 

 20.  Van Geel, I. P. J., H. Oppelaar, Y. Oussoren, and F. A. Stewart (1994) Changes in perfusion of mouse 
tumours after photodynamic therapy. Int. J. Cancer 56, 224-228. 

 21.  Van Geel, I. P. J., H. Oppelaar, P. F. J. W. Rijken, H. J. J. A. Bernsen, N. E. M. Hagemeier, A. J. Van der 
Kogel, R. J. Hodgkiss, and F. A. Stewart (1996) Vascular perfusion and hypoxic areas in RIF-1 tumours 
after photodynamic therapy. Br. J. Cancer 73, 288-293. 

 22.  Fingar, V. H., K. A. Siegel, T. J. Wieman, and K. Weber Doak (1993) The effects of thromboxane 
inhibitorson the microvascular and tumor response to photodynamic therapy. Photochem. Photobiol. 58, 
393-399. 

 23.  Henderson, B. W., T. M. Sitnik-Busch, and L. A. Vaughan (1999) Potentiation of photodynamic therapy 
antitumor activity in mice by nitric oxide synthase inhibition is fluence rate dependent. Photochem. 
Photobiol. 70, 64-71. 

 24.  Gomer, C. J., N. Rucker, and A. L. Murphree (1988) Differential cell photosensitivity following 
porphyrin photodynamic therapy. Cancer Res. 48, 4539-4542. 

 25.  Leunig, A., F. Staub, J. Peters, A. Heimann, C. Csapo, O. Kempski, and A. E. Goetz (1994) Relation of 
early Photofrin uptake to photodynamically induced phototoxicity and changes of cell volume in different 
cell lines. Eur. J. Cancer 30A, 78-83. 

 26.  West, C. M., D. C. West, S. Kumar, and J. V. Moore (1990) A comparison of the sensitivity to 
photodynamic treatment of endothelial and tumour cells in different proliferative states. Int. J. Radiat. 
Biol. 58, 145-156. 

 27.  Triesscheijn, M., M. Ruevekamp, M. Aalders, P. Baas, and F. A. Stewart (2004) Comparative sensitivity 
of microvascular endothelial cells, fibroblasts and tumor cells after in vitro photodynamic therapy with 
meso-tetra-hydroxyphenyl-chlorin. Photochem. Photobiol. 80, 236-241. 

 28.  Chen, B., B. W. Pogue, P. J. Hoopes, and T. Hasan (2005) Combining vascular and cellular targeting 
regimens enhances the efficacy of photodynamic therapy. Int. J. Radiat. Oncol. Biol. Phys. 61, 1216-
1226. 

 29.  de Vree, W. J., M. C. Essers, J. F. Koster, and W. Sluiter (1997) Role of interleukin 1 and granulocyte 
colony-stimulating factor in photofrin-based photodynamic therapy of rat rhabdomyosarcoma tumors. 
Cancer Res. 57, 2555-2558. 

 30.  Gollnick, S. O., X. Liu, B. Owczarczak, D. A. Musser, and B. W. Henderson (1997) Altered expression of 
interleukin 6 and interleukin 10 as a result of photodynamic therapy in vivo. Cancer Res. 57, 3904-3909. 

 31.  Yom, S. S., T. M. Busch, J. S. Friedberg, E. P. Wileyto, D. Smith, E. Glatstein, and S. M. Hahn (2003) 
Elevated serum cytokine levels in mesothelioma patients who have undergone pleurectomy or 
extrapleural pneumonectomy and adjuvant intraoperative photodynamic therapy. Photochem. Photobiol. 
78, 75-81. 

 32.  Ziolkowski, P., K. Symonowicz, J. Milach, B. Zawirska, and T. Szkudlarek (1997) In vivo tumor necrosis 
factor-alpha induction following chlorin e6-photodynamic therapy in Buffalo rats. Neoplasma 44, 192-
196. 

 33.  Krosl, G., M. Korbelik, and G. J. Dougherty (1995) Induction of immune cell infiltration into murine 
SCCVII tumour by photofrin-based photodynamic therapy. Br. J. Cancer 71, 549-555. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 30

 34.  Korbelik, M., G. Krosl, J. Krosl, and G. J. Dougherty (1996) The role of host lymphoid populations in the 
response of mouse EMT6 tumor to photodynamic therapy. Cancer Res. 56, 5647-5652. 

 35.  de Vree, W. J., M. C. Essers, H. S. de Bruijn, W. M. Star, J. F. Koster, and W. Sluiter (1996) Evidence for 
an important role of neutrophils in the efficacy of photodynamic therapy in vivo. Cancer Res. 56, 2908-
2911. 

 36.  Hendrzak-Henion, J. A., T. L. Knisely, L. Cincotta, E. Cincotta, and A. H. Cincotta (1999) Role of the 
immune system in mediating the antitumor effect of benzophenothiazine photodynamic therapy. 
Photochem. Photobiol. 69, 575-581. 

 37.  Korbelik, M. and I. Cecic (1999) Contribution of myeloid and lymphoid host cells to the curative outcome 
of mouse sarcoma treatment by photodynamic therapy. Cancer Lett. 137, 91-98. 

 38.  Chen, W. R., W. G. Zhu, J. R. Dynlacht, H. Liu, and R. E. Nordquist (1999) Long-term tumor resistance 
induced by laser photo-immunotherapy. Int. J. Cancer 81, 808-812. 

 39.  van Duijnhoven, F. H., R. I. Aalbers, J. P. Rovers, O. T. Terpstra, and P. J. Kuppen (2003) Immunological 
aspects of photodynamic therapy of liver tumors in a rat model for colorectal cancer. Photochem. 
Photobiol. 78, 235-240. 

 40.  Korbelik, M. and G. J. Dougherty (1999) Photodynamic therapy-mediated immune response against 
subcutaneous mouse tumors. Cancer Res. 59, 1941-1946. 

 41.  Gollnick, S. O., L. Vaughan, and B. W. Henderson (2002) Generation of effective antitumor vaccines 
using photodynamic therapy. Cancer Res. 62, 1604-1608. 

 42.  Jalili, A., M. Makowski, T. Switaj, D. Nowis, G. M. Wilczynski, E. Wilczek, M. Chorazy-Massalska, A. 
Radzikowska, W. Maslinski, L. Bialy, J. Sienko, A. Sieron, M. Adamek, G. Basak, P. Mroz, I. W. 
Krasnodebski, M. Jakobisiak, and J. Golab (2004) Effective photoimmunotherapy of murine colon 
carcinoma induced by the combination of photodynamic therapy and dendritic cells. Clin. Cancer. Res. 
10, 4498-4508. 

 43.  Korbelik, M. and J. Sun (2005) Photodynamic therapy-generated vaccine for cancer therapy. Cancer 
Immunol. Immunother. 1-10. 

 44.  Ferrario, A., K. F. von Tiehl, N. Rucker, M. A. Schwarz, P. S. Gill, and C. J. Gomer (2000) 
Antiangiogenic treatment enhances photodynamic therapy responsiveness in a mouse mammary 
carcinoma. Cancer Res. 60, 4066-4069. 

 45.  Ferrario, A., K. von Tiehl, S. Wong, M. Luna, and C. J. Gomer (2002) Cyclooxygenase-2 inhibitor 
treatment enhances photodynamic therapy-mediated tumor response. Cancer Res. 62, 3956-3961. 

 46.  Ferrario, A., C. F. Chantrain, K. von Tiehl, S. Buckley, N. Rucker, D. R. Shalinsky, H. Shimada, Y. A. 
DeClerck, and C. J. Gomer (2004) The matrix metalloproteinase inhibitor prinomastat enhances 
photodynamic therapy responsiveness in a mouse tumor model. Cancer Res. 64, 2328-2332. 

 47.  Dimitroff, C. J., W. Klohs, A. Sharma, P. Pera, D. Driscoll, J. Veith, R. Steinkampf, M. Schroeder, S. 
Klutchko, A. Sumlin, B. Henderson, T. J. Dougherty, and R. J. Bernacki (1999) Anti-angiogenic activity 
of selected receptor tyrosine kinase inhibitors, PD166285 and PD173074: implications for combination 
treatment with photodynamic therapy. Invest. New Drugs 17, 121-135. 

 48.  Zhou, Q., M. Olivo, K. Y. Lye, S. Moore, A. Sharma, and B. Chowbay (2005) Enhancing the therapeutic 
responsiveness of photodynamic therapy with the antiangiogenic agents SU5416 and SU6668 in murine 
nasopharyngeal carcinoma models. Cancer Chemother. Pharmacol. 56, 569-577. 

 49.  Ferrario, A., A. M. Fisher, N. Rucker, and C. J. Gomer (2005) Celecoxib and NS-398 enhance 
photodynamic therapy by increasing in vitro apoptosis and decreasing in vivo inflammatory and 
angiogenic factors. Cancer Res. 65, 9473-9478. 

 50.  Ferrario, A. and C. J. Gomer (2006) Avastin Enhances Photodynamic Therapy Treatment of Kaposi's 
Sarcoma in a Mouse Tumor Model. J. Environ. Pathol. Toxicol. Oncol. 25, 251-260. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 31

 51.  Lipson, R. L., E. J. Baldes, and A. M. Olsen (1961) The use of a derivative of hematoporhyrin in tumor 
detection. J. Natl. Cancer Inst. 26, 1-11. 

 52.  El Sharabasy, M. M., A. M. el Waseef, M. M. Hafez, and S. A. Salim (1992) Porphyrin metabolism in 
some malignant diseases. Br. J. Cancer. 65, 409-412. 

 53.  Divaris, D. X., J. C. Kennedy, and R. H. Pottier (1990) Phototoxic damage to sebaceous glands and hair 
follicles of mice after systemic administration of 5-aminolevulinic acid correlates with localized 
protoporphyrin IX fluorescence. Am. J. Pathol. 136, 891-897. 

 54.  Bourre, L., N. Rousset, S. Thibaut, S. Eleouet, Y. Lajat, and T. Patrice (2002) PDT effects of m-THPC 
and ALA, phototoxicity and apoptosis. Apoptosis. 7, 221-230. 

 55.  Ma, L., J. Moan, and K. Berg (1994) Evaluation of a new photosensitizer, meso-tetra-hydroxyphenyl-
chlorin, for use in photodynamic therapy: a comparison of its photobiological properties with those of two 
other photosensitizers. Int. J. Cancer 57, 883-888. 

 56.  Rezzoug, H., M. Barberi-Heyob, J. L. Merlin, L. Bolotine, D. Lignon, and F. Guillemin (1996) In vitro 
comparison of the photodynamic activity of meso-tetra (m- hydroxyphenyl) chlorin and hematoporphyrin 
derivative. Bull. Cancer 83, 816-822. 

 57.  Van Geel, I. P. J., H. Oppelaar, Y. G. Oussoren, and F. A. Stewart (1994) Photosensitizing efficacy of 
MTHPC-PDT compared to Photofrin-PDT in the RIF1 mouse tumour and normal skin. Int. J. Cancer 60, 
388-394. 

 58.  Yow, C. M., J. Y. Chen, N. K. Mak, N. H. Cheung, and A. W. Leung (2000) Cellular uptake, subcellular 
localization and photodamaging effect of temoporfin (mTHPC) in nasopharyngeal carcinoma cells: 
comparison with hematoporphyrin derivative. Cancer Lett. 157, 123-131. 

 59.  Chan, A. L., M. Juarez, R. Allen, W. Volz, and T. Albertson (2005) Pharmacokinetics and clinical effects 
of mono-L-aspartyl chlorin e6 (NPe6) photodynamic therapy in adult patients with primary or secondary 
cancer of the skin and mucosal surfaces. Photodermatol. Photoimmunol. Photomed. 21, 72-78. 

 60.  Kaplan, M. J., R. G. Somers, R. H. Greenberg, and J. Ackler (1998) Photodynamic therapy in the 
management of metastatic cutaneous adenocarcinomas: case reports from phase 1/2 studies using tin ethyl 
etiopurpurin (SnET2). J. Surg. Oncol. 67, 121-125. 

 61.  Lui, H., L. Hobbs, W. D. Tope, P. K. Lee, C. Elmets, N. Provost, A. Chan, H. Neyndorff, X. Y. Su, H. 
Jain, I. Hamzavi, D. McLean, and R. Bissonnette (2004) Photodynamic therapy of multiple nonmelanoma 
skin cancers with verteporfin and red light-emitting diodes: two-year results evaluating tumor response 
and cosmetic outcomes. Arch. Dermatol. 140, 26-32. 

 62.  Mang, T. S., R. Allison, G. Hewson, W. Snider, and R. Moskowitz (1998) A phase II/III clinical study of 
tin ethyl etiopurpurin (Purlytin)-induced photodynamic therapy for the treatment of recurrent cutaneous 
metastatic breast cancer. Cancer J. Sci. Am. 4, 378-384. 

 63.  Taber, S. W., V. H. Fingar, C. T. Coots, and T. J. Wieman (1998) Photodynamic therapy using mono-L-
aspartyl chlorin e6 (Npe6) for the treatment of cutaneous disease: a Phase I clinical study. Clin. Cancer 
Res. 4, 2741-2746. 

 64.  Kato, H., K. Furukawa, M. Sato, T. Okunaka, Y. Kusunoki, M. Kawahara, M. Fukuoka, T. Miyazawa, T. 
Yana, K. Matsui, T. Shiraishi, and H. Horinouchi (2003) Phase II clinical study of photodynamic therapy 
using mono-L-aspartyl chlorin e6 and diode laser for early superficial squamous cell carcinoma of the 
lung. Lung Cancer 42, 103-111. 

 65.  Verigos, K., D. C. Stripp, R. Mick, T. C. Zhu, R. Whittington, D. Smith, A. Dimofte, J. Finlay, T. M. 
Busch, Z. A. Tochner, S. Malkowicz, E. Glatstein, and S. M. Hahn (2006) Updated results of a phase I 
trial of motexafin lutetium-mediated interstitial photodynamic therapy in patients with locally recurrent 
prostate cancer. J. Environ. Pathol. Toxicol. Oncol. 25, 373-388. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 32

 66.  Van den Bergh, H. (1998) On the evolution of some endoscopic light delivery systems for photodynamic 
therapy. Endoscopy 30, 392-407. 

 67.  Hopper, C., C. Niziol, and M. Sidhu (2004) The cost-effectiveness of Foscan mediated photodynamic 
therapy (Foscan-PDT) compared with extensive palliative surgery and palliative chemotherapy for 
patients with advanced head and neck cancer in the UK. Oral. Oncol. 40, 372-382. 

 68.  Kubler, A., C. Niziol, M. Sidhu, A. Dunne, and J. A. Werner (2005) Analysis of cost effectiveness of 
photodynamic therapy with Foscan (Foscan-PDT) in comparison with palliative chemotherapy in patients 
with advanced head-neck tumors in Germany. Laryngorhinootologie 84, 725-732. 

 69.  Hur, C., N. S. Nishioka, and G. S. Gazelle (2003) Cost-effectiveness of photodynamic therapy for 
treatment of Barrett's esophagus with high grade dysplasia. Dig. Dis. Sci. 48, 1273-1283. 

 70.  Ris, H. B., H. J. Altermatt, R. Inderbitzi, R. Hess, B. Nachbur, J. C. Stewart, Q. Wang, C. K. Lim, R. 
Bonnett, M. C. Berenbaum, and U. Althaus. (1991) Photodynamic therapy with chlorins for diffuse 
malignant mesothelioma: initial clinical results. Br. J. Cancer 64, 1116-1120. 

 71.  Grant, W. E., P. M. Speight, C. Hopper, and S. G. Bown (1997) Photodynamic therapy: an effective, but 
non-selective treatment for superficial cancers of the oral cavity. Int. J. Cancer 71, 937-942. 

 72.  Verrico, A. K., A. K. Haylett, and J. V. Moore (2001) In vivo expression of the collagen-related heat 
shock protein HSP47, following hyperthermia or photodynamic therapy. Lasers Med. Sci. 16, 192-198. 

 73.  Kelly, J. F., M. E. Snell, and M. C. Berenbaum (1975) Photodynamic destruction of human bladder 
carcinoma. Br. J. Cancer 31, 237-244. 

 74.  Morales, A. (1980) Treatment of superficial bladder cancer. Can. Med. Assoc. J. 122, 1133-1138. 
 75.  Dougherty, T. J. (1984) Photodynamic therapy (PDT) of malignant tumors. Crit. Rev. Oncol. Hematol. 2, 

83-116. 
 76.  Rosenberg, S. J. and R. D. Williams (1986) Photodynamic therapy of bladder carcinoma. Urol. Clin. 

North Am. 13, 435-444. 
 77.  Benson, R. C., Jr. (1986) Laser photodynamic therapy for bladder cancer. Mayo Clin. Proc. 61, 859-864. 
 78.  Nseyo, U. O., T. J. Dougherty, D. G. Boyle, W. R. Potter, R. Wolf, R. Huben, and J. E. Pontes (1985) 

Whole bladder photodynamic therapy for transitional cell carcinoma of bladder. Urology 26, 274-280. 
 79.  Nseyo, U. O., J. DeHaven, T. J. Dougherty, W. R. Potter, D. L. Merrill, S. L. Lundahl, and D. L. Lamm 

(1998) Photodynamic therapy (PDT) in the treatment of patients with resistant superficial bladder cancer: 
a long-term experience. J. Clin. Laser Med. Surg. 16, 61-68. 

 80.  Nseyo, U. O., D. C. Merrill, and S. L. Lundahl (1993) Green light photodynamic therapy in the human 
bladder. Clin. Laser Mon. 11, 247-250. 

 81.  Waidelich, R., W. Beyer, R. Knuchel, H. Stepp, R. Baumgartner, J. Schroder, A. Hofstetter, and M. 
Kriegmair (2003) Whole bladder photodynamic therapy with 5-aminolevulinic acid using a white light 
source. Urology 61, 332-337. 

 82.  Kriegmair, M., R. Baumgartner, W. Lumper, R. Waidelich, and A. Hofstetter (1996) Early clinical 
experience with 5-aminolevulinic acid for the photodynamic therapy of superficial bladder cancer. Br. J. 
Urol. 77, 667-671. 

 83.  Skyrme, R. J., A. J. French, S. N. Datta, R. Allman, M. D. Mason, and P. N. Matthews (2005) A phase-1 
study of sequential mitomycin C and 5-aminolaevulinic acid-mediated photodynamic therapy in recurrent 
superficial bladder carcinoma. BJU Int. 95, 1206-1210. 

 84.  Rhodes, L. E., M. de Rie, Y. Enstrom, R. Groves, T. Morken, V. Goulden, G. A. Wong, J. J. Grob, S. 
Varma, and P. Wolf (2004) Photodynamic therapy using topical methyl aminolevulinate vs surgery for 
nodular basal cell carcinoma: results of a multicenter randomized prospective trial. Arch. Dermatol. 140, 
17-23. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 33

 85.  Taub, A. F. (2004) Photodynamic therapy in dermatology: history and horizons. J. Drugs Dermatol. 3, 
S8-25. 

 86.  Fijan, S., H. Honigsmann, and B. Ortel (1995) Photodynamic therapy of epithelial skin tumours using 
delta-aminolaevulinic acid and desferrioxamine. Br. J. Dermatol. 133, 282-288. 

 87.  Soler, A. M., E. Angell-Petersen, T. Warloe, J. Tausjo, H. B. Steen, J. Moan, and K. E. Giercksky (2000) 
Photodynamic therapy of superficial basal cell carcinoma with 5-aminolevulinic acid with 
dimethylsulfoxide and ethylendiaminetetraacetic acid: a comparison of two light sources. Photochem. 
Photobiol. 71, 724-729. 

 88.  Morton, C. A., C. Whitehurst, H. Moseley, J. H. McColl, J. V. Moore, and R. M. MacKie (1996) 
Comparison of photodynamic therapy with cryotherapy in the treatment of Bowen's disease. Br. J. 
Dermatol. 135, 766-771. 

 89.  Morton, C. A., C. Whitehurst, J. V. Moore, and R. M. MacKie (2000) Comparison of red and green light 
in the treatment of Bowen's disease by photodynamic therapy. Br. J. Dermatol. 143, 767-772. 

 90.  Salim, A., J. A. Leman, J. H. McColl, R. Chapman, and C. A. Morton (2003) Randomized comparison of 
photodynamic therapy with topical 5-fluorouracil in Bowen's disease. Br. J. Dermatol. 148, 539-543. 

 91.  Pagliaro, J., T. Elliott, M. Bulsara, C. King, and C. Vinciullo (2004) Cold air analgesia in photodynamic 
therapy of basal cell carcinomas and Bowen's disease: an effective addition to treatment: a pilot study. 
Dermatol. Surg. 30, 63-66. 

 92.  Zeitouni, N. C., S. Shieh, and A. R. Oseroff (2001) Laser and photodynamic therapy in the management 
of cutaneous malignancies. Clin. Dermatol. 19, 328-338. 

 93.  Baas, P., A. E. Saarnak, H. Oppelaar, H. Neering, and F. A. Stewart (2001) Photodynamic therapy with 
meta-tetrahydroxyphenylchlorin for basal cell carcinoma: a phase I/II study. Br. J. Dermatol. 145, 75-78. 

 94.  Copper, M. P., I. B. Tan, H. Oppelaar, M. C. Ruevekamp, and F. A. Stewart (2003) Meta-
tetra(hydroxyphenyl)chlorin photodynamic therapy in early-stage squamous cell carcinoma of the head 
and neck. Arch. Otolaryngol Head Neck Surg. 129, 709-711. 

 95.  Hopper, C., A. Kubler, H. Lewis, I. B. Tan, and G. Putnam (2004) mTHPC-mediated photodynamic 
therapy for early oral squamous cell carcinoma. Int. J. Cancer 111, 138-146. 

 96.  Kubler, A. C., J. de Carpentier, C. Hopper, A. G. Leonard, and G. Putnam (2001) Treatment of squamous 
cell carcinoma of the lip using Foscan-mediated photodynamic therapy. Int. J. Oral Maxillofac. Surg. 30, 
504-509. 

 97.  Schuller, D. E., J. S. McCaughan, Jr., and R. P. Rock (1985) Photodynamic therapy in head and neck 
cancer. Arch. Otolaryngol. 111, 351-355. 

 98.  Wile, A. G., J. Novotny, G. R. Mason, V. Passy, and M. W. Berns (1984) Photoradiation therapy of head 
and neck cancer. Prog. Clin. Biol. Res. 170, 681-691. 

 99.  Keller, G. S., D. R. Doiron, and G. U. Fisher (1985) Photodynamic therapy in otolaryngology-head and 
neck surgery. Arch. Otolaryngol. 111, 758-761. 

 100.  Lou, P. J., H. R. Jager, L. Jones, T. Theodossy, S. G. Bown, and C. Hopper (2004) Interstitial 
photodynamic therapy as salvage treatment for recurrent head and neck cancer. Br. J. Cancer 91, 441-
446. 

 101.  Sihvo, E. I., M. E. Luostarinen, and J. A. Salo (2004) Fate of patients with adenocarcinoma of the 
esophagus and the esophagogastric junction: a population-based analysis. Am. J. Gastroenterol. 99, 419-
424. 

 102.  McCaughan, J. S., Jr., W. Hicks, L. Laufman, E. May, and R. Roach (1984) Palliation of esophageal 
malignancy with photoradiation therapy. Cancer 54, 2905-2910. 

 103.  Moghissi, K., K. Dixon, J. A. Thorpe, M. Stringer, and P. J. Moore (2000) The role of photodynamic 
therapy (PDT) in inoperable oesophageal cancer. Eur. J. Cardiothorac. Surg. 17, 95-100. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 34

 104.  Schweitzer, V. G., S. Bologna, and S. K. Batra (1993) Photodynamic therapy for treatment of esophageal 
cancer: a preliminary report. Laryngoscope 103, 699-703. 

 105.  Okunaka, T., H. Kato, C. Conaka, H. Yamamoto, A. Bonaminio, and M. L. Eckhauser (1990) 
Photodynamic therapy of esophageal carcinoma. Surg. Endosc. 4, 150-153. 

 106.  Sibille, A., R. Lambert, J. C. Souquet, G. Sabben, and F. Descos (1995) Long-term survival after 
photodynamic therapy for esophageal cancer. Gastroenterology 108, 337-344. 

 107.  Grosjean, P., J. F. Savary, J. Mizeret, G. Wagnieres, A. Woodtli, J. F. Theumann, C. Fontolliet, H. Van 
den Bergh, and P. Monnier (1996) Photodynamic therapy for cancer of the upper aerodigestive tract using 
tetra(m-hydroxyphenyl)chlorin. J. Clin. Laser Med. Surg. 14, 281-287. 

 108.  Overholt, B. F., M. Panjehpour, R. C. DeNovo, and M. G. Petersen (1994) Photodynamic therapy for 
esophageal cancer using a 180 degrees windowed esophageal balloon. Lasers Surg. Med. 14, 27-33. 

 109.  Brown, L. M. and S. S. Devesa (2002) Epidemiologic trends in esophageal and gastric cancer in the 
United States. Surg. Oncol. Clin. N. Am. 11, 235-256. 

 110.  Overholt, B. F., M. Panjehpour, and J. M. Haydek (1999) Photodynamic therapy for Barrett's esophagus: 
follow-up in 100 patients. Gastrointest. Endosc. 49, 1-7. 

 111.  Panjehpour, M., B. F. Overholt, J. M. Haydek, and S. G. Lee (2000) Results of photodynamic therapy for 
ablation of dysplasia and early cancer in Barrett's esophagus and effect of oral steroids on stricture 
formation. Am. J. Gastroenterol. 95, 2177-2184. 

 112.  Pacifico, R. J., K. K. Wang, L. M. Wongkeesong, N. S. Buttar, and L. S. Lutzke (2003) Combined 
endoscopic mucosal resection and photodynamic therapy versus esophagectomy for management of early 
adenocarcinoma in Barrett's esophagus. Clin. Gastroenterol. Hepatol. 1, 252-257. 

 113.  Overholt, B. F., M. Panjehpour, and D. L. Halberg (2003) Photodynamic therapy for Barrett's esophagus 
with dysplasia and/or early stage carcinoma: long-term results. Gastrointest. Endosc. 58, 183-188. 

 114.  Gossner, L., M. Stolte, R. Sroka, K. Rick, A. May, E. G. Hahn, and C. Ell (1998) Photodynamic ablation 
of high-grade dysplasia and early cancer in Barrett's esophagus by means of 5-aminolevulinic acid. 
Gastroenterology 114, 448-455. 

 115.  Ortner, M. A., K. Zumbusch, J. Liebetruth, B. Ebert, B. Fleige, M. Dietel, and H. Lochs (2002) Is topical 
delta-aminolevulinic acid adequate for photodynamic therapy in Barrett's esophagus? A pilot study. 
Endoscopy 34, 611-616. 

 116.  Ackroyd, R., N. J. Brown, M. F. Davis, T. J. Stephenson, S. L. Marcus, C. J. Stoddard, A. G. Johnson, 
and M. W. Reed (2000) Photodynamic therapy for dysplastic Barrett's oesophagus: a prospective, double 
blind, randomised, placebo controlled trial. Gut 47, 612-617. 

 117.  Ackroyd, R., C. J. Kelty, N. J. Brown, T. J. Stephenson, C. J. Stoddard, and M. W. Reed (2003) 
Eradication of dysplastic Barrett's oesophagus using photodynamic therapy: long-term follow-up. 
Endoscopy 35, 496-501. 

 118.  Ackroyd, R., N. J. Brown, T. J. Stephenson, C. J. Stoddard, and M. W. Reed (1999) Ablation treatment 
for Barrett oesophagus: what depth of tissue destruction is needed? J. Clin. Pathol. 52, 509-512. 

 119.  McCaughan, J. S., Jr. and T. E. Williams (1997) Photodynamic therapy for endobronchial malignant 
disease: a prospective fourteen-year study. J. Thorac. Cardiovasc. Surg. 114, 940-946. 

 120.  Kato, H. (1998) Photodynamic therapy for lung cancer--a review of 19 years' experience. J. Photochem. 
Photobiol. B 42, 96-99. 

 121.  Diaz-Jimenez, J. P., J. E. Martinez-Ballarin, A. Llunell, E. Farrero, A. Rodriguez, and M. J. Castro (1999) 
Efficacy and safety of photodynamic therapy versus Nd-YAG laser resection in NSCLC with airway 
obstruction. Eur. Respir. J. 14, 800-805. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 35

 122.  Moghissi, K., K. Dixon, M. Stringer, T. Freeman, A. Thorpe, and S. Brown (1999) The place of 
bronchoscopic photodynamic therapy in advanced unresectable lung cancer: experience of 100 cases. Eur. 
J. Cardiothorac. Surg. 15, 1-6. 

 123.  Furuse, K., M. Fukuoka, H. Kato, T. Horai, K. Kubota, N. Kodama, Y. Kusunoki, N. Takifuji, T. 
Okunaka, C. Konaka, and . (1993) A prospective phase II study on photodynamic therapy with photofrin 
II for centrally located early-stage lung cancer. The Japan Lung Cancer Photodynamic Therapy Study 
Group. J. Clin. Oncol. 11, 1852-1857. 

 124.  Imamura, S., Y. Kusunoki, N. Takifuji, S. Kudo, K. Matsui, N. Masuda, M. Takada, S. Negoro, S. Ryu, 
and M. Fukuoka (1994) Photodynamic therapy and/or external beam radiation therapy for 
roentgenologically occult lung cancer. Cancer 73, 1608-1614. 

 125.  Wiedmann, M., F. Berr, I. Schiefke, H. Witzigmann, K. Kohlhaw, J. Mossner, and K. Caca (2004) 
Photodynamic therapy in patients with non-resectable hilar cholangiocarcinoma: 5-year follow-up of a 
prospective phase II study. Gastrointest. Endosc. 60, 68-75. 

 126.  Marks, P. V., P. E. Belchetz, A. Saxena, U. Igbaseimokumo, S. Thomson, M. Nelson, M. R. Stringer, J. 
A. Holroyd, and S. B. Brown (2000) Effect of photodynamic therapy on recurrent pituitary adenomas: 
clinical phase I/II trial--an early report. Br. J. Neurosurg. 14, 317-325. 

 127.  Hendren, S. K., S. M. Hahn, F. R. Spitz, T. W. Bauer, S. C. Rubin, T. Zhu, E. Glatstein, and D. L. Fraker 
(2001) Phase II trial of debulking surgery and photodynamic therapy for disseminated intraperitoneal 
tumors. Ann. Surg. Oncol. 8, 65-71. 

 128.  Moore, C. M., T. R. Nathan, W. R. Lees, C. A. Mosse, A. Freeman, M. Emberton, and S. G. Bown (2006) 
Photodynamic therapy using meso tetra hydroxy phenyl chlorin (mTHPC) in early prostate cancer. Lasers 
Surg. Med. 

 129.  Nathan, T. R., D. E. Whitelaw, S. C. Chang, W. R. Lees, P. M. Ripley, H. Payne, L. Jones, M. C. 
Parkinson, M. Emberton, A. R. Gillams, A. R. Mundy, and S. G. Bown (2002) Photodynamic therapy for 
prostate cancer recurrence after radiotherapy: a phase I study. J. Urol. 168, 1427-1432. 

 130.  Bown, S. G., A. Z. Rogowska, D. E. Whitelaw, W. R. Lees, L. B. Lovat, P. Ripley, L. Jones, P. Wyld, A. 
Gillams, and A. W. Hatfield (2002) Photodynamic therapy for cancer of the pancreas. Gut 50, 549-557. 

 131.  Snyder, J. W., W. R. Greco, D. A. Bellnier, L. Vaughan, and B. W. Henderson (2003) Photodynamic 
therapy: a means to enhanced drug delivery to tumors. Cancer Res. 63, 8126-8131. 

 132.  Kirveliene, V., G. Grazeliene, D. Dabkeviciene, I. Micke, D. Kirvelis, B. Juodka, and J. Didziapetriene 
(2006) Schedule-dependent interaction between Doxorubicin and mTHPC-mediated photodynamic 
therapy in murine hepatoma in vitro and in vivo. Cancer Chemother. Pharmacol. 57, 65-72. 

 133.  Baas, P., I. P. Van Geel, H. Oppelaar, M. Meyer, J. H. Beynen, N. Van Zandwijk, and F. A. Stewart 
(1996) Enhancement of photodynamic therapy by mitomycin C: a preclinical and clinical study. Br. J. 
Cancer 73, 945-951. 

 134.  Chen, B., B. Ahmed, W. Landuyt, Y. Ni, R. Gaspar, T. Roskams, and P. A. De Witte (2003) Potentiation 
of photodynamic therapy with hypericin by mitomycin C in the radiation-induced fibrosarcoma-1 mouse 
tumor model. Photochem. Photobiol. 78, 278-282. 



 

 



 

 

CHAPTER 1.2 
 
 
 
 
 

OUTLINE OF THIS THESIS 
 
 
 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 38

Outline of this thesis 
 
Photodynamic therapy (PDT) is a relatively new treatment option in oncology. When it is 
used for the proper indication and appropriate protocols are followed, efficacy is high and 
no severe long-term side effects are encountered. Therefore, PDT is slowly gaining 
acceptance as an alternative for conventional cancer therapy. Meso-tetra-hydroxyphenyl-
chlorin (mTHPC) is a second-generation photosensitizer that is more powerful than the 
first-generation photosensitizer Photofrin, and administration results in a shorter period of 
generalized photosensitivity. The aim of this thesis was to determine whether drug uptake 
and distribution influence tumor response to mTHPC-mediated PDT. We also wanted to 
test the hypothesis that for a good tumor response after PDT, vascular-mediated damage is 
more important than direct tumor cell toxicity. To reach this goal determination of PDT 
efficacy, mTHPC pharmacokinetics and cellular distribution was studied in vitro, in vivo 
and in cancer patients. 

In chapter 2.1 the in vitro photosensitivity for mTHPC was determined for 
fibroblasts, microvascular endothelial cells and two tumor cell lines and related to drug 
uptake and localization. This was done to explore the intrinsic sensitivity of endothelial 
cells and other cell types for mTHPC-mediated PDT. 

In chapter 2.2 the relationship between photosensitizer levels in plasma and 
tumor, with respect to the efficacy of mTHPC-PDT was examined using a human tumor 
xenograft in nude mice. Aspects relating to drug pharmacokinetics and localization, PDT-
induced reductions in tumor perfusion and the induction of hypoxia and necrosis were 
correlated with long-term outcome of PDT, for different drug-light intervals. We wanted to 
test whether the proposed correlation between drug levels in the plasma and outcome could 
be explained by the vascular response. 

In chapter 2.3 we explored the use of non-invasive, real-time optical coherence 
tomography (OCT) for monitoring changes in morphology and perfusion after PDT in skin 
and superficial tumor tissue. If vascular changes can be monitored and are found to 
correlate with outcome, OCT might be useful in a clinical setting to predict treatment 
response and for further optimization of treatment.  

In chapter 3.1 we describe the outcome of mTHPC-mediated PDT treatment of 
patients suffering from multiple basal cell carcinomas. Different intervals between drug 
administration and illumination of the tumor were applied to determine the most optimal 
treatment regimen. Furthermore we examined whether the observed correlation in mice 
between plasma drug levels and outcome also applied to the clinical situation. 

In chapter 3.2 we describe the pharmacokinetic behavior of mTHPC in human 
plasma. In an attempt to explain the unusual pharmacokinetic profile seen in human plasma 
but not in mice, we studied the role of in vivo distribution of mTHPC over the lipoproteins 
in both men and mice.  
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In chapter 3.3 we examined the effectiveness of mTHPC-mediated PDT as 

treatment of multiple primary tumors in the head and neck. 
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Abstract 
 
The phototoxic effect of meso-tetra-hydroxyphenyl-chlorin (mTHPC)-mediated 
photodynamic therapy (PDT) on human microvascular endothelial cells (hMVEC) was 
compared with that on human fibroblasts (BCT-27) and two human tumor cell lines 
(HMESO-1 and HNXOE). To examine the relationship between intrinsic phototoxicity and 
intracellular mTHPC content, we expressed cell survival as a function of cellular 
fluorescence. On the basis of total cell fluorescence, HNXOE tumor cells were the most 
sensitive and BCT-27 fibroblasts the most resistant, but these differences disappeared after 
correcting for cell volume. Endothelial cells were not intrinsically more sensitive to 
mTHPC-PDT than tumor cells or fibroblasts. Uptake of mTHPC in hMVEC increased 
linearly to at least 48 h, whereas drug uptake in the other cell lines reached a maximum by 
24 h. No difference in drug uptake was seen between the cell lines during the first 24 h, but 
by 48 h hMVEC had a 1.8- to 2.8-fold higher uptake than other cell lines. Endothelial cells 
showed a rapid apoptotic response after mTHPC-mediated PDT, whereas similar protocols 
gave a delayed apoptotic or necrotic like response in HNXOE. We conclude that 
endothelial cells are not intrinsically more sensitive than other cell types to mTHPC-
mediated PDT but that continued drug uptake beyond 24 h may lead to higher intracellular 
drug levels and increased photosensitivity under certain conditions. 
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Introduction 
 
Photodynamic therapy (PDT) is an effective single modality treatment for small, superficial 
tumors (1-3). It can also be used as an adjuvant to debulking surgery for more advanced 
disease (4). PDT involves administration of a photosensitive drug, followed by local 
illumination of the tumor with light of the appropriate wavelength to activate the drug. 
Activation of the photosensitizer leads to the formation of free radicals and singlet oxygen 
that provoke tumor death, either via direct tumor cell kill or indirectly via vascular damage. 

Meso-tetra-hydroxyphenyl-chlorin (mTHPC, trade name Foscan) is a second-
generation photosensitizer under investigation for several cancer types, including 
superficial head and neck cancers (5). Compared with first-generation photosensitizers such 
as Photofrin, mTHPC is 100 times more potent (drug dose x light dose) for equivalent cell 
killing. However, the mechanisms whereby mTHPC-mediated PDT results in such a strong 
response are not clearly understood. 

To date, most clinical PDT protocols for mTHPC use a 4 day time interval 
between drug administration and illumination of the tumor because the differential between 
photosensitizer levels in the tumor and normal tissue is maximal after this time interval 
(ratios of 3:6) (6). The tumor cells should therefore be preferentially sensitive to the direct 
cell killing effects of PDT at this time. However, indirect cell kill after immunological 
responses and vascular shutdown is also an important component of successful PDT 
(reviewed by Dolmans et al. (7)).  

Both animal models (8,9) and clinical data (1,10) show that the optimal response 
to mTHPC-mediated PDT does not necessarily coincide with the maximal concentration of 
photosensitizer in the tumor. Shortening the interval between drug administration and 
illumination, and thereby changing the target from tumor cells to the vasculature, appears 
to give a greater tumor response to in vivo PDT. Possible reasons for the apparent 
sensitivity of the tumor vasculature to PDT include: intrinsic sensitivity of the endothelial 
cells in the tumor, the presence of high local concentrations of both oxygen and 
photosensitizer in the blood vessels and the critical dependence of tumor growth on a 
vascular supply that is without reserve capacity.  

In vitro photosensitivity using mTHPC has been described for a range of cell types 
(e.g. fibroblasts (11), leukemia cells (12) and cell lines derived from breast carcinoma (11), 
squamous cell carcinoma and colon adenocarcinoma (13,14)). A direct comparison of 
phototoxicity between endothelial and other cell types has not been made for this 
photosensitizer. Some studies using Photofrin, a first-generation photosensitizer, indicate 
that endothelial cells do have a greater intrinsic photosensitivity to PDT (15), whereas 
others report that this increased sensitivity reflects increased drug uptake (16,17). A direct 
comparison between the photosensitivity of endothelial cells, normal fibroblasts and tumor 
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cells in relation to drug uptake and localization, should give insight into the relative 
importance of targeting the tumor cells or endothelial cells in therapeutic PDT. 

The aim of this study was to determine the in vitro PDT efficacy of mTHPC on 
human microvascular endothelial cells (hMVEC), and its comparison with human 
fibroblasts (BCT-27) and two human tumor cell lines (HMESO-1, a mesothelioma-derived 
cell line and HNXOE, a squamous cell carcinoma-derived cell line). We also studied the 
intracellular uptake of mTHPC, the localization of the drug and the mechanism of cell 
death after PDT in two different cell types. 
 
 
Materials and Methods 
 
Chemicals.  
The photosensitizer mTHPC was kindly provided by QuantaNova Ltd (Stirling, Scotland).  
Drug was freshly prepared by dissolving the drug in ethanol, polyethylene glycol 400, 
water (1:1:2, vol/vol/vol). 
 
Cell cultures. 
 HMESO-1 cells (from R.F. Camalier, National Cancer Institute, Bethesda, MD) were 
maintained in N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid buffered Roswell Park 
Memorial Institute 1640 medium (GIBCO, Rockville, MD) supplemented with 10% fetal 
calf serum (FCS, GIBCO) and antibiotics. HNXOE (from G. van Dongen, Vrije 
Universiteit, Amsterdam, The Netherlands) and BCT-27 cells (from N.S. Russel, 
Netherlands Cancer Institute, Amsterdam, The Netherlands) were grown in Dulbecco 
modified Eagle medium (GIBCO) supplemented with 5% and 10% FCS, respectively, and 
antibiotics. HNXOE cells originate from a head and neck squamous cell carcinoma 
metastasis in the oral cavity (18). BCT-27 fibroblasts were derived from normal skin 
biopsies from female breast cancer patients (19). hMVEC (Cascade Biologics, Inc, 
Portland, OR) were cultured in medium 131 with microvascular growth supplement, 
containing 5% fetal bovine serum, (Cascade Biologics) and antibiotics. hMVEC were 
derived from adult dermis of two different donors; a 12 year old male and a 30 year old 
female. All cells were grown at 37ºC in a 5% CO2 incubator. 
 
Sulphorhodamine B assay.  
Cells were seeded in 96-well plates (2000 cells/well). After a 24 h attachment period, cells 
were incubated for 3, 6, 12 or 24 h with 0.06 µg/mL mTHPC at 37ºC, in a 5% CO2 
incubator. At the end of the exposure period, medium was replaced by fresh medium 
without drug. PDT was performed 1 h later by illumination with 652 nm red laser light, 
emitted by a diode laser (Applied Optronics Corp., South Plainfield, NJ), via quartz fibers 
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with lens applicators (Medlight S.A., Ecublens, Switzerland) through a collimating lens. 
The power of the collimated beam was measured with an optical power meter (UDT 371R, 
UDT Instruments, Baltimore, MD) connected to an integrating sphere (model 2500, UDT 
Instruments). The light dose, given at a fixed fluence rate of 40 mW/cm2 at the position of 
the cells, ranged from 0 to 10 J/cm2.  

Separate experiments were done to establish the optimal time point for the 
measurement of cell survival using the sulphorhodamine B (SRB) assay. The HMESO-1 
and HNXOE cells required 7 days of growth after illumination to obtain optimal 
measurable protein levels, whereas BCT-27 and hMVEC cells required 9 days. Cells were 
fixed with ice-cold 10% trichloroacetic acid and stained for 30 min with 0.1% SRB 
(wt/vol) dissolved in 1% acetic acid. After washing three times with 1% acetic acid, the 
protein-bound dye was extracted with 10 mM Tris-HCl for determination of optical density 
at 540 nm in an EL 340 microplate reader (Bio-Tek instruments Inc, Winooski, VT). 
Surviving fractions were calculated as the absorption value ratio of the illuminated cells to 
control cells. The experiments were repeated three times with a duplex of nine wells per 
condition.  

 
Colony-forming assay.  
Cell survival of the HNXOE was also determined using the colony-forming assay (CFA); 
the other cell lines do not easily form discrete colonies. Cells were incubated for 24 h with 
0.06 µg/mL mTHPC followed by PDT 1 h after refreshing the medium. Plates were 
incubated for 14 days after illumination, and cell survival was determined by counting 
numbers of colonies, after fixation with 70% EtOH and staining with crystal violet. Plating 
efficiencies were calculated as the ratio of colonies to plated cells, and surviving fractions 
were calculated as the ratio of treated to control plating efficiencies. 
 
Intracellular uptake of mTHPC. 
To assess the relative uptake of mTHPC in different cell lines, the fluorescence of mTHPC-
treated cells was measured using flow cytometry. Cells were either incubated for 24 h at 
37ºC, in a 5% CO2 incubator with different concentrations of mTHPC (0, 0.06, 0.12, 0.58 
and 1.16 µg/mL in fresh medium) or for different time periods (0, 3, 6, 12, 24 or 48 h) 
using one concentration of mTHPC (0.06 µg/mL). At the end of the incubation period, cells 
were washed twice with ice-cold PBS and harvested using trypsin, before three cycles of 
centrifugation, washes with ice-cold PBS and resuspension in 1 mL ice-cold PBS. To check 
for possible differences between cell lines in drug efflux rates, one experiment was also 
performed with a 24 h drug-free incubation immediately before harvesting the cells for 
measurement of fluorescence. Cells were constantly kept in the dark. Mean cell 
fluorescence was measured using flow cytometry (FACStar, Becton Dickinson, San Jose, 
CA) with an excitation wavelength of 514 nm and an emission wavelength of 670 nm. 
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Fluorescent beads (blue polystyrene monodispersed latex 6.0 micron spheres, Polysciences 
Inc, Warrington, PA) were used as internal calibration standard. The cell volume was 
determined using a CASY-1 Cell Counter (Scharfe System GmbH, Reutlingen, Germany). 
 
Localization of mTHPC.  
Cells were grown on glass slides in 35 mm petri dishes and incubated for 3 or 24 h with or 
without 0.64 µg/mL mTHPC; lower drug concentrations could not be reliably visualized. 
Cells were washed with PBS and examined directly or after costaining with 200 nM 
MitoTracker Green FM (M-7514, Molecular Probes Inc, Eugene, OR) for 30 min at 37°C. 

Cells were examined with a Leica-SP2 confocal scanning laser microscope 
(CSLM) (Leica Microsystems Heidelberg GmbH, Heidelberg, Germany). Excitation light 
was 488 nm for all probes. Fluorescence of the organelle probes was detected with an 
emission filter of 500-520 nm and mTHPC fluorescence was detected with an emission 
filter of 640-660 nm. Unstained cells, cells incubated with mTHPC alone or cells stained 
with MitoTracker alone were examined in parallel as controls for specific emission and 
localization. 

 
Time lapses.  
Cells were grown on glass slides in 35 mm petri dishes and incubated for 3 or 24 h with or 
without 0.06 µg/mL mTHPC. Initial pilot studies were also done using a drug concentration 
of 0.6 mg/mL for a 3 h incubation period. However, this protocol resulted in massive 
phototoxicity in all cell lines immediately after light exposure and it was therefore not 
suitable for time-lapse experiments. At the end of the drug-exposure period, medium was 
removed and fresh medium without drug was added. PDT was performed after 1 h using 
the diode laser and lens fibers described above. Cells were monitored using a Zeiss 
Axiovert S100 inverted phase-contrast microscope (Carl Zeiss B.V., Sliedrecht, The 
Netherlands) equipped with a Zeiss AxioCam color camera (Carl Zeiss B.V.). Before and 
after illumination, photographs were taken every 15 min for 2 h and every 30 min between 
2 and 17 h.  
 
 
Results 
 
Photocytotoxicity of mTHPC  
Estimates of mTHPC-PDT cell killing for HNXOE (squamous cell carcinoma) with a 24 h 
drug-light interval was very similar when assessed by both SRB assay and CFA, although 
variation between experiments was less for the CFA (Fig.1). Because the other cell lines 
did not grow well into colonies, further phototoxicity was determined using the SRB assay.  
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The efficacy of mTHPC-mediated PDT for BCT-27, hMVEC, HMESO-1 and 
HNXOE incubated for different time intervals (3, 6, 12 and 24 h) with a fixed mTHPC 
concentration (0.06 µg/mL) is shown in Figure 2. No significant difference in 
photosensitivity was seen between the cell lines, although there was a trend for greater cell 
killing in hMVEC than in tumor cells for short incubation periods. Drug alone (0.06 
µg/mL) or light alone (3 J/cm2) did not induce measurable cytotoxicity in any of these cell 
lines (data not shown).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Comparison of cell survival after PDT assessed by CFA (-●-) and SRB (-ο-). HNXOE cells were 
incubated for 24 h with 0.06 µg/mL mTHPC prior to illumination. Results are expressed as means ± SD of three 
experiments. 
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Figure 2. Photocytotoxicity of mTHPC-mediated PDT. BCT-27 (-●-), hMVEC (-ο-), HMESO-1 (-▲-) and 
HNXOE (-∆-) cells were incubated with 0.06 µg/mL mTHPC for 3 h (A), 6 h (B), 12 h (C) and 24 h (D) before 
illumination. Cell survival was evaluated using the SRB assay. Results are expressed as means + SD of three 
experiments. 

 
Intracellular uptake of mTHPC 
The intracellular uptake of mTHPC was measured using flow cytometry. There was a linear 
correlation between mTHPC concentration (0-1.16 µg/mL) and the fluorescence per cell 
after a 24 h incubation period for each cell line (linear regression, R2 > 0.99) (data not 
shown). Cellular fluorescence could therefore be used as a relative measure of mTHPC 
content. There was no apparent difference between cell lines in the rate of efflux of 
mTHPC during a 24h drug-free incubation period. All cell lines showed a 50% decrease in 
fluorescence over this period (data not shown). 
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Cells were subsequently incubated with 0.06 µg/mL mTHPC for different time 
intervals (0, 3, 6, 12, 24 and 48 h) and analyzed using flow cytometry. The results, 
expressed as mean fluorescence per cell, are shown in Figure 3A. All the cell lines showed 
a linear uptake during the first 24 h (R2  > 0.96), and for the hMVEC, the linear increase in 
uptake continued to at least 48 h (R2 = 0.99). For the fibroblasts (BCT-27) and both tumor 
cell lines, there was no further increase in cellular drug concentration beyond 24 h. The rate 
of drug uptake by BCT-27 cells was significantly higher compared with the other cell lines 
(P < 0.02, t-test), leading to an intracellular mTHPC concentration in BCT-27 cells of two 
to three times that in other cell lines at 24 h. After 48 h incubation, both BCT-27 and 
hMVEC cells had 1.8- to 2.8-fold higher amounts of intracellular mTHPC in comparison 
with the tumor cell lines. 

There was a three-fold difference in the cell volumes of these cells, estimated from 
CASY cell counter measurements. Cell volume ratios were 3.1: 1.6: 1.8: 1 for BCT-27, 
hMVEC, HMESO-1 and HNXOE, respectively. When total drug uptake was corrected for 
cell volume, there was no difference between cell lines for incubation times up to 24 h, 
although hMVEC showed a significantly higher uptake of mTHPC after 48 h incubation (P 
< 0.04, t-test) (Fig. 3B). 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
Figure 3. A: The cellular uptake of mTHPC measured by flow cytometry. BCT-27 (-●-), hMVEC (-ο-), HMESO-
1 (-▲-) and HNXOE (-∆-) cells were incubated for 3, 6, 12, 24 and 48 h with 0.06 µg/mL mTHPC. Results are 
expressed as means ± SD. B: Total cellular uptake corrected for cell volume. 
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Phototoxicity versus intracellular uptake of mTHPC 
To examine the relationship between PDT toxicity and cellular mTHPC content, we first 
expressed cell survival as a function of total cellular fluorescence (not corrected for 
volume) for light doses of 1-10 J/cm2 applied after 3-24 h drug exposure (Fig. 4). For low 
intracellular fluorescence (below 6-8 a.u.), the HNXOE cells appeared to be most sensitive 
and fibroblasts the most resistant. At higher intracellular fluorescence levels, these 
differences were less apparent. Because these cell types have markedly different cell 
volumes, the amount of fluorescence per cell is not a true reflection of drug concentration 
per unit volume. After applying a correction factor to take account of these differences in 
cell volume, no significant difference was seen between the cell lines for cell kill with 
respect to fluorescence per unit volume (data not shown). This indicates that there is no 
marked difference in intrinsic photosensitivity between these cell lines for a given drug 
concentration. 
 

 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4. The relation between cell survival and mTHPC uptake. Data of cell survival of 1 J/cm2 (A), 3 J/cm2 (B), 
6 J/cm2 (C) and 10 J/cm2 (D) (Fig. 2) are combined with the data of the uptake (Fig. 3) and expressed as means ± 
SD. BCT-27 (-●-), hMVEC (-ο-), HMESO-1 (-▲-) and HNXOE (-∆-) cells. 
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Localization of mTHPC 
The intracellular localization of mTHPC was determined by CSLM. Cells were incubated 
for either 3 or 24 h with 0.64 µg/mL mTHPC; the lower drug concentration of 0.06 µg/mL 
could not be observed by this method. After a 3 h incubation period, mTHPC was seen 
diffusely in the cytoplasm but not in the nucleus of all cell lines. Fluorescence intensity 
increased for the incubation time of 24 h, but mTHPC localization was unchanged. 
Costaining with a mitochondrial probe showed that this organelle was targeted by mTHPC 
in all cell lines (Fig. 5). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Intracellular localization of mTHPC in BCT-27 (rows A and B) and HNXOE (rows C and D). Cells 
were incubated for 3 h (rows A and C) or 24 h (rows B and D) with 0.64 µg/mL mTHPC and costained with 200 
nM MitoTracker Green FM for 30 min. 

 
Time lapses 
The fate of PDT-treated cells (hMVEC and HNXOE) was followed by phase-contrast 
microscopy. Without PDT treatment, both cell types showed evidence of proliferation and 
movement throughout the whole follow-up period of 17 h. A light dose of 1 J/cm2 delivered 
after a 3 h incubation with 0.06 µg/mL mTHPC did not result in any signs of 
photocytotoxicity in either cell line (Fig. 6). This was consistent with cell survival results, 
which showed less than 20% cell kill after this PDT regimen. However, 3 h incubation 
followed by 6 J/cm2 or 24 h incubation followed by 1 J/cm2, resulted in a rapid shrinkage of 
cytoplasm and retraction from the substratum of hMVEC. Cells became rounded, leaving 
behind filamentous structures and blebbed within 120 min (Fig. 6). 
 HNXOE cells responded much more slowly than hMVEC after 3 h drug 
incubation followed by 6 J/cm2. Shrinkage of cytoplasm accompanied by rounding and 
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blebbing eventually occurred but only after 16 h. When HNXOE cells were exposed to 
mTHPC for 24 h followed by 1 J/cm2, there was a rapid response, but the cells appeared to 
rupture, losing their cellular content in the media (Fig. 6), rather than forming apoptotic 
bodies with intact membranes. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 6. Real-time PDT effect of mTHPC monitored by phase-contrast microscopy. hMVEC (rows A, B and C) 
and HNXOE cells (rows D and E) were incubated for 3 h or 24 h with 0.06 µg/mL mTHPC before illumination 
with light doses of 1 or 6 J/cm2. Cells were photographed at different time intervals after illumination, as indicated 
in the top of the photograph. 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 55

Discussion 
 
The main goal of this study was to compare the in vitro photosensitivity of hMVEC with 
that of normal human fibroblasts (BCT-27) and two human tumor cell lines (HMESO-1 
and HNXOE). Cellular photosensitivity was studied in relation to uptake of the 
photosensitizer mTHPC. We showed that there is no significant difference in intrinsic 
photosensitivity and no difference in cellular localization of the photosensitizer between the 
cell lines. The cellular concentration of mTHPC at the time of illumination is therefore the 
major determinant of photosensitivity. The hMVEC continued to accumulate 
photosensitizer during a 48 h incubation period, whereas drug levels in other cell lines 
reached a maximum within 24 h. This could conceivably lead to a relative increase in 
phototoxicity in endothelial cells in specific circumstances in vivo (see below). Endothelial 
cells also showed a more rapid apoptotic response after short incubation intervals. 

There are no previous reports comparing mTHPC photosensitivity of endothelial 
cells with that of other normal and malignant cells. However, for Photofrin-PDT, there is 
some evidence of increased sensitivity of bovine aortic endothelial cells (BAEC) compared 
with bovine fibroblasts or smooth muscle cells. This appeared to reflect differences in 
intrinsic sensitivity rather than differences in drug uptake (15). Increased phototoxicity of 
BAEC compared with hamster or human tumor cell lines has also been shown for Photofrin 
or hematoporphyrin derivative-PDT (16,17), although this was explained by increased drug 
uptake, rather than intrinsic sensitivity. The surviving fraction of PDT-treated cells was 
found to be dependent on cell fluorescence per unit volume in those studies, irrespective of 
the cell line treated (16,17). This is consistent with our own observations for mTHPC-PDT. 
When cell survival was expressed as a function of uncorrected drug concentration per cell, 
HNXOE cells appeared to be most sensitive while BCT-27 cells were most resistant to 
mTHPC-mediated PDT. However, after adjusting for cell volume, no difference in 
sensitivity was seen between these human endothelial, fibroblast or tumor cell lines. The 
concentration of drug in cells at the time of illumination seems to be the most important 
determinant of photosensitivity, rather than cell type. 

Our study showed that endothelial cells continued to accumulate drug for 48 h, 
whereas maximal drug concentration was reached in other cell types within 24 h. If 
endothelial cells are also capable of increased photosensitizer uptake in vivo, this could lead 
to increased photosensitivity relative to other cell types. Because of the unusual 
pharmacokinetic profile of mTHPC in humans, where drug levels in the plasma remain 
near maximal during the first 10-20 h after an intravenous bolus injection (Triesscheijn et 
al., chapter 3.2), endothelial cells are exposed to relatively high photosensitizer levels for 
protracted periods. The combination of direct contact of the endothelial cells with the 
circulating blood carrying the mTHPC and the protracted exposure to a relatively constant 
high photosensitizer level, makes it quite likely that the drug concentration in endothelial 
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cells will be higher on average than concentrations in other cell types. Small increases in 
drug concentration might be particularly important at the deepest margin of the tumor, 
where the light fluence is attenuated and the photochemical reaction will critically depend 
on photosensitizer levels. At the tumor surface, close to the light source, high fluence rates 
will probably compensate for low drug levels. 

The amount of apoptosis after PDT has been shown to vary between cell types and 
for different incubation or treatment protocols in one cell type (20,21). The mode of cell 
death can vary as function of light dose, drug dose and incubation protocol. Low light and 
sensitizer doses have been shown to result in apoptosis, whereas high light and drug dose 
lead to necrosis for several photosensitizers, including mTHPC (21,22). Differences in 
incubation interval and protocol can also lead to differences in localization of the drug and 
shift the type of cell death from apoptosis to necrosis (20). To examine whether endothelial 
cells and tumor cells (HNXOE) differed in their mechanism of cell death, we monitored 
changes in cell morphology after PDT. We expected the same results for both cell lines 
because of their similar percentage cell kill in the SRB assay and the same fluorescence 
intensity per cell volume after 3 or 24 h incubation with mTHPC. At low intracellular 
sensitizer levels (3 h incubation), hMVEC cells showed a rapid response to PDT, with 
evidence of apoptosis within 2 h of illumination. In contrast, apoptosis in HNXOE was 
delayed for 16 h. For higher intracellular drug levels (24 h incubation), hMVEC cells again 
showed apoptotic features within 2 h, whereas HNXOE cells became necrotic. A similar 
shift from apoptotic to a necrotic mode of PDT-induced cell death in cells with high 
intracellular mTHPC concentration has previously been reported for leukemia (12), rat 
colon adenocarcinoma cells and murine melanoma cells (22). 

This study is in agreement with earlier studies reporting mTHPC located 
throughout the cytoplasm, colocalized in the mitochondria but not in the nucleus (14,23-
25). Neither incubation protocol nor cell type influenced localization of the drug. The 
intracellular localization of photosensitizer can influence the degree of photosensitization 
because the damaging species resulting from activated sensitizer (singlet oxygen) can only 
diffuse a very small distance (0.01-0.02 µm). The localization of mTHPC within a cell 
could therefore provide us with an indication concerning the mechanism of cell death. 
Photosensitizers specifically targeting mitochondria induce apoptosis after PDT, whereas 
drug located in the plasma membrane delays or prevents apoptosis after illumination (26).  

In vitro cell killing by PDT is dependent on the presence of photosensitizer, light 
and oxygen. Several in vitro studies described the relation between mTHPC levels, light 
doses and photosensitivity (11,13). The translation of such in vitro information to the in 
vivo situation is, however, complicated because the precise oxygen tension, drug 
concentration and light fluence is difficult to measure in individual tissues. Furthermore, 
the result of in vivo PDT is determined by both direct tumor cell kill and indirect cell kill 
via vascular damage and an elicited immune response. Photosensitizer levels in the tumor 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 57

at the time of illumination do not correlate well with photocytotoxicity in vivo (27). Plasma 
concentration of sensitizers like Hypericin and mTHPC seems to be a better indicator for 
PDT outcome (27,28). The higher plasma levels will result in higher drug levels in the 
endothelial cells lining the vessels, which can cause vascular shutdown and secondary 
tumor cell death upon illumination (29,30). This suggests that the effect of PDT will be 
largely mediated via vascular damage rather than via direct tumor cell kill. Alternatively, 
Menezes da Silva and Newman (31) proposed that it is a nonendothelial compartment, 
maybe tissue macrophages, that reaches maximum drug levels shortly after peak levels in 
the bloodstream. Upon illumination, the cells from this compartment would release 
vasoactive substances, which may be responsible for vascular occlusion.  

To our knowledge, we are the first to investigate specific differences in mTHPC 
photosensitivity between endothelial cells, fibroblasts and tumor cells. Although intrinsic 
photosensitivity, uptake and localization of mTHPC did not differ, hMVEC showed a more 
rapid apoptotic response than HNXOE cells, particularly at low intracellular drug levels. At 
high intracellular drug content an apoptotic response was also seen in the endothelial cells, 
whereas HNXOE cells showed a necrotic response. Endothelial cells also continued to 
accumulate photosensitizer over longer times than other cell types, which could lead to 
increased apparent sensitivity even in the absence of specific intrinsic sensitivity. 
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Abstract 
 
We have previously shown that the efficacy of photodynamic therapy (PDT) using the 
photosensitizer meso-tetra-hydroxyphenyl-chlorin (mTHPC) correlated with plasma drug 
levels at the time of illumination rather than drug levels in human tumor xenografts or 
mouse skin. These results suggested that vascular-mediated effects could be important 
determinants of PDT response in vivo. In the present study we further investigated the 
relationship between PDT response, mTHPC pharmacokinetics and the localization and 
extent of vascular damage induced in human squamous cell carcinoma xenografts 
(HNXOE). Plasma levels of mTHPC decreased exponentially with time after injection, 
whereas tumor drug levels remained maximal for at least 48 h. At 3 h after administration 
mTHPC was localized in the blood vessels, whereas at later times it was distributed 
throughout the whole tumor. Illumination at 3 h after administration of mTHPC, which 
resulted in 100% long-term tumor cure, led to a marked reduction of vascular perfusion and 
increased tumor hypoxia at 1 h after treatment. Illumination at 48 h resulted in rapid 
regrowth of most tumors and only 10% cure. This protocol did not affect a significant 
decrease in vascular perfusion or increase in tumor hypoxia. These data show that optimal 
responses to mTHPC-mediated PDT were primarily dependent on the early vascular 
response, and that plasma drug levels at the time of illumination could predict this 
relationship. 
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Introduction 
 
Photodynamic therapy (PDT) involves the administration of a photosensitive drug, 
followed by illumination with light of a suitable wavelength for its activation. The ensuing 
photochemical reaction is dependent on the presence of oxygen and generates singlet 
oxygen and free radicals. PDT is an effective curative treatment for small superficial 
tumors and can be used to achieve palliation of more advanced disease (1).  

Meso-tetra-hydroxyphenyl-chlorin (mTHPC, Foscan) is a second-generation 
photosensitizer that has been approved in Europe for the treatment of head and neck cancer. 
mTHPC is much more efficient than first-generation photosensitizers, and both drug and 
light doses required for tumor responses are up to 100 times lower than for Photofrin. The 
mechanisms for tumor destruction after PDT in vivo include direct tumor cell kill by singlet 
oxygen (2), indirect cell kill via vascular damage (3,4), and an elicited immune response 
(5). 

Several studies have shown that tumor sensitizer levels at the time of illumination 
do not correlate well with the magnitude of PDT response (6-8). The plasma concentration 
of some sensitizers, such as Hypericin and mTHPC, seems to be a better indicator for PDT 
outcome than are drug levels in the tumor at the time of illumination (9,10). A likely 
explanation for this is that, at short times after injection, higher photosensitizer levels in the 
plasma will result in high concentrations of the drug in the endothelial cells lining the 
vessels. Short drug-light (D-L) intervals are therefore predicted to cause maximal 
endothelial cell damage, resulting in vascular shutdown and secondary tumor cell death. 
Support for this hypothesis comes from observations that tumor excision and in vitro cell 
plating after a lethal PDT dose in vivo, or transplanting tumors to a new host, can result in 
rescued cell viability and tumor regrowth (2,11). This indicates that tumor destruction 
occurs, at least partly, as a consequence of stromal effects rather than by direct tumor cell 
toxicity. Indeed, previous studies have shown that changes in tumor perfusion and hypoxia 
after PDT may be related to the magnitude of tumor response (12-14). Because the 
response to mTHPC-PDT is greatly influenced by D-L interval (7,15,16), drug localization 
within the tumor, as well as plasma drug levels at the time of illumination, could be an 
important determinant of vascular damage and PDT effect. 

To further investigate this question, we measured the response of human head and 
neck squamous cell carcinoma xenografts to mTHPC-PDT using a wide range of D-L 
intervals. These results were compared with drug distribution and drug concentrations in 
tumor and plasma at the time of illumination and with early changes in vascular perfusion 
and tumor hypoxia after PDT. Our data demonstrate an important role for vasculature-
mediated PDT damage with respect to long-term tumor control. 
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Material and Methods 
 
Photosensitizer. 
The photosensitizer mTHPC was provided by Biolitec Pharma Ltd (Breasclete, Isle of 
Lewis, Scotland). The drug, supplied as 5 mL solution (4 mg/mL) in a mixture of 60%/ 
40% wt/wt propylene glycol/ethanol, was diluted to a concentration of 50 µg/mL in 
ethanol, polyethylene glycol 400, water (1:1:2, vol/vol/vol). This solution was injected 
intravenously (IV), via the tail vein at a dose of 0.3 mg/kg. 
 
Tumor model. 
Female nude BALB/c mice were used for all experiments. All procedures were carried out 
according to protocols approved by the local animal welfare committee and conformed to 
national and European regulations for animal experimentation. HNXOE cells (kindly 
provided by G. van Dongen, Vrije Universiteit, Amsterdam, The Netherlands) originated 
from a human head and neck squamous cell carcinoma metastasis in the oral cavity. 
HNXOE cells were cultured in Dulbecco modified Eagle medium (Gibco, Rockville, MD) 
supplemented with 5% fetal calf serum (Gibco) and antibiotics and grown at 37ºC in a 5% 
CO2 incubator. To propagate donor tumors in vivo, 106 HNXOE cells in a volume of 0.1 
mL PBS, were injected subcutaneously in the lower dorsum of mice. When these donor 
tumors had reached a mean diameter of 8-10 mm, tumor fragments (± 1 mm3) were 
transplanted into the lower dorsum of recipient experimental mice.  

PDT was performed when tumors had reached a mean diameter of 5.5 ± 0.2 mm. 
Mice (n ≥ 6 per group) were held in restraining jigs and tumors were illuminated 5 min, 20 
min, 1 h, 3 h, 6 h, 24 h or 48 h after injection of mTHPC (0.3 mg/ kg, IV). A diode laser 
(Applied Optronics, South Plainfield, NJ) was used to deliver light of 652 nm through a 
microlens (PDT Inc., Santa Barbara, CA). A 12 mm diameter spot was illuminated (i.e. 
tumor and a 3 mm margin), while the rest of the mouse was shielded. PDT was performed 
at a fluence rate of 100 mW/cm2, to a total fluence of 30 J/cm2. 

Tumor diameter was measured in three dimensions twice per week. Mice were 
monitored until tumors had increased in average diameter to more than 2 mm from the size 
at treatment. Tumor regrowth time (to initial mean diameter + 2 mm) was calculated for 
each animal and tumors that did not regrow within 120 days were assigned a maximum 
recurrence-free interval of 120 days for graphical presentations. 

The control groups of animals described in this paper received neither mTHPC nor 
light. However, separate studies (data not shown) have demonstrated that light alone or 
drug alone did not induce any significant changes in tumor regrowth relative to no 
treatment. 
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Uptake of mTHPC in plasma and tumor.  
Blood and tumor tissue were harvested for pharmacokinetics and localization of mTHPC 
when tumors had reached a diameter of 6.3 ± 0.8 mm. Mice (n ≥ 5 per group) were killed at 
5 min, 20 min, 3 h, 24 h or 48 h after injection of mTHPC (0.3 mg/kg, IV). Plasma samples 
were obtained by exsanguination via cardiac puncture, after brief anesthesia with 
methoxyflurane, and subsequent centrifugation of the blood. The tumor was excised, rinsed 
in PBS, bisected (one half was used to measure drug uptake, and the other for the 
localization study), snap-frozen and stored at -80°C until further processing. 

High performance liquid chromatography (HPLC) analysis was used to measure 
mTHPC concentrations in plasma and tumor. Tumor samples (50 mg) were homogenized 
using a Polytron PT1200 power homogenizer (Kinematica AG, Lucerne, Switzerland), 
after 24 h incubation at 37ºC with 300 µL enzyme mixture containing collagenase: DNAse: 
pronase in PBS (0.02:0.02:0.05, vol/vol/vol). A mixture of CH3OH: DMSO (4:1, vol/vol) 
was added to 50 µL of the homogenized tissue or plasma. This mixture was centrifuged for 
25 min at 14000 rpm at 4ºC and the supernatant was analyzed by HPLC. 

The separation of mTHPC was carried out on a Waters symmetry C18 3.5 µm 4.6 
x 100 mm column, with 0.1% TFA (wt/vol) in acetonitril; (50:50, vol/vol) as a mobile 
phase, using a flow rate of 1 mL/min. Samples were injected via a Waters 717-plus 
autosampler; a Waters 474 scanning fluorescence detector set at excitation and emission 
wavelengths of 410 nm and 652 nm was used for peak detection. Quantification was done 
by comparing the mean peak areas of the samples with tissues spiked with known amounts 
of mTHPC.  

 
Localization of mTHPC. 
Cryostat sections (5 µm) were cut and mounted on clean glass slides. Background 
fluorescence was determined on blank slides and tumor samples from control animals 
(without mTHPC) were used to determine threshold levels. Photographs were taken with a 
black and white CCD camera (Photometrics MAC 200A, Photometrics Ltd., Tucson, AZ) 
coupled to a fluorescence microscope (Zeiss Axiovert 100 M inverted microscope, 100W 
short arc mercury lamp, Carl Zeiss B.V., Sliedrecht, The Netherlands). A 10x objective was 
used for viewing the sections. For excitation, a bandpass filter of 395-440 nm (Zeiss # 
447721) and a dichroic mirror FT 460 nm (Zeiss # 446433) were used. A long pass filter of 
615 nm was used to record the fluorescence of mTHPC. The images were further processed 
by subtraction of the background fluorescence. Following this scan, sections were stained 
with collagen IV antibodies to visualize the vascular basement membrane. Sections were 
fixed in ice-cold acetone for 5 min, washed in PBS and incubated for 1 h at room 
temperature with rabbit anti-collagen IV (ICN Pharmaceuticals, Aurora, OH) diluted 1:100 
in PBS with 10% goat serum. After a triple rinsing with PBS, sections were incubated for 
45 min at room temperature with a 1:200 dilution of goat anti-rabbit-FITC (Sigma, Saint 
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Louis, MO) in PBS with 10% goat serum. Finally, sections were washed in PBS, mounted 
in Fluorstab (Organon, Boxtel, The Netherlands) and covered. Fluorescence images of the 
FITC-stained vasculature were recorded at the same position as the fluorescence image of 
mTHPC to identify the exact localization of the drug.  
 
Vascular perfusion and hypoxia. 
For detection of tumor hypoxia, 2-(2-nitroimidazol-1 [H]-yl)-N- (3,3,3, -trifluoropropyl) 
acetamide (EF3), kindly supplied by C. Koch (University of Pennsylvania, Philadelphia, 
PA) was dissolved in PBS and injected (53 mg/kg, IV) 1 h before killing the mice by 
cervical dislocation. Animals subjected to PDT were injected with EF3 immediately prior 
to illumination (duration 5 min) and killed 55 min after the end of illumination. For the 
assessment of vascular perfusion, mice were also injected with Hoechst 33342 (Aldrich, 
Milwaukee, WI) (36 mg/kg, IV) 1 min before killing. Three different D-L intervals (4 mice 
per group) were used for studying the influence of PDT on vascular parameters: 20 min, 3 
h and 48 h. These time intervals were chosen to represent the extremes of both response to 
PDT and levels of mTHPC in the plasma and tumor. The experimental design and 
treatment groups are shown in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Time line sketch illustrating treatment protocols for assessing vascular perfusion and hypoxia in 
controls and tumors treated with PDT (n = 4 per group). In all groups EF3 was injected 60 min before killing the 
mice and Hoechst 33342 was injected 1 min before killing. In the PDT groups EF3 was administrated 20 min, 3 h 
or 48 h after mTHPC injection, immediately followed by illumination of the tumor.  
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After excision, tumors were snap-frozen in liquid nitrogen and stored at -80°C 
until sectioning. Sections were cut (5 µm from central tumor areas), air-dried and fixed in 
ice-cold acetone for 5 min. For the visualization of vascular perfusion, sections were 
scanned for Hoechst before staining the vascular basement membrane as described above. 
For the visualization of hypoxia, sections were stained with Cy3-labelled mouse anti-EF3 
antibody (supplied by C. Koch). Sections were incubated overnight at 4°C with the 
antibody, diluted in PBS with 10% goat serum, washed in PBS, mounted in Fluorstab and 
covered. 

 
Microscopy.  
For the analysis of perfused vessels and hypoxic areas in tumor sections, we used a fully 
automatic digital microscopic imaging system with a 10x objective. Filter combinations of 
385-415 nm excitation and 450-470 nm emission, 490-510 nm excitation and 515-550 nm 
emission and 560-590 nm excitation and 605-655 nm emission were used for the 
visualization of Hoechst (vascular perfusion), FITC (collagen IV) and Cy3 (hypoxia), 
respectively. 
 Before scanning sections for Hoechst, FITC or Cy3, a representative part of the 
slide was recorded to determine the optimum exposure time. Control images were then 
recorded for background correction and threshold settings, i.e. background was determined 
on blank slides and thresholds on adjacent sections stained without the primary antibody or 
using a section from an animal not injected with Hoechst. Thereafter slides were scanned 
and images were stored as 12-bit TIFF files.  
 
Image analysis.  
Image analysis was done using LabVIEW 7 software (National Instruments, Limerick, 
Ireland). All images of a tumor section were corrected for background. The relative 
perfused tumor area (RPTA) was evaluated by calculating the total Hoechst 33342 stained 
area as a percentage of the total tumor area. The relative vascular area (RVA) is defined as 
the total area stained for collagen IV divided by the total tumor area. The perfused fraction 
(PF) was derived by dividing the RVA by the RPTA. The hypoxic fraction was determined, 
independently by 2 people without knowledge of the D-L interval, as the percentage tumor 
area stained with EF3. 

After visualization of the fluorescence, slides were washed, stained with H&E and 
scanned again for the exclusion of cutting artefacts and necrosis. The relative hypoxic area 
(RHA) was then calculated and expressed as the total surface of EF3 stained area as 
percentage of the total tumor area. 
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Analysis of PDT-induced tissue damage. 
The microscopic changes in control and PDT treated tumors, using D-L intervals of 20 min, 
3 h and 48 h, were assessed using light microscopy. HNXOE-tumor-bearing mice were 
illuminated as described above and 1 h or 24 h after illumination, the tumor and overlaying 
skin was excised, fixed in 4% formaldehyde, sectioned and stained with H&E. 
 
Statistical analysis.  
All of the measured values are presented as means ± SD or SEM. Comparisons between 
groups were tested using the Breslow rank test, which is a generalization of the Wilcoxon 
rank test that allows inclusion of censored observations and the comparison of more than 
two groups. The significance of difference in vascular parameters or the levels of hypoxia 
between the control and treated groups was determined according to the Kruskal-Wallis 
one-way analysis of variance. The association between tumor response and drug 
concentration in plasma or tumor was assessed using the Spearman rank-order test, 
although it must be emphasized that these measurements were made in different animals. 
 
 
Results 
 
Tumor response 
The time taken for a tumor to increase by 2 mm in mean diameter from treatment size was 
defined as the recurrence-free interval. Tumors that had not regrown within 120 days were 
designated as cured and assigned a recurrence-free interval of 120 days for graphical 
presentation and statistical calculation. None of the tumors that were illuminated at 3 h 
after mTHPC administration regrew within 120 days, whereas the mean recurrence-free 
interval for tumors illuminated after 48 h was only 30 days (Fig. 2A). The response for a 3 
h D-L was significantly greater (P < 0.01) than for all other groups except for D-L intervals 
of 1 h (P = 0.05) and 6 h (P = 0.19). 
 
Uptake of mTHPC in plasma and tumor 
Plasma drug levels were high immediately after IV injection (4.60 µg/mL at 5 min after 
injection) and declined exponentially thereafter. The clearance of mTHPC from the plasma 
was described by a second-order exponential decay (C = 3.80 e-0.77t + 0.84 e-0.05t), giving t1/2 
values of 0.7 h and 12.8 h (Fig. 2B). The concentration of mTHPC in the excised tumors 
(tumor cells plus vasculature) was maximal at 24 h, although variations in tumor drug 
concentration with time were a factor 1.5. During the first 3 h plasma drug levels were 
>10x tumor drug levels, but from 24-48 h tumor drug levels exceeded those in plasma (Fig. 
2B). There was a significant overall correlation between plasma drug levels and tumor 
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response to PDT for all D-L groups (P = 0.01) and for D-L intervals of 1 - 48 h (P = 0.04), 
but no significant correlation between tumor drug levels and response (P = 0.17) (Fig. 2C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A: Mean recurrence-free interval (± SEM) for groups of mice (n ≥ 6 per group) illuminated with 30 J/ 
cm2 at different time intervals after administration of 0.3 mg/kg mTHPC. The number of cured versus total mice 
per treatment group is indicated (*). Cured animals were assigned a recurrence-free interval of 120 days and were 
included in the calculation of mean recurrence-free interval. B: The pharmacokinetic profiles for mTHPC in the 
plasma (●) and in the tumor (○) after IV injection of 0.3 mg/kg mTHPC. Data are expressed as means ± SD (n ≥ 5 
per group). C:  Mean recurrence-free interval for groups of mice illuminated at various times 
after drug administration is expressed as a function of mean plasma drug level (●) or mean 
tumor drug level (○). Data of panels A and B are combined and expressed as means ± SEM 
for the recurrence-free interval and as means ± SD for drug levels.  
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Localization of mTHPC 
Changes in distribution of mTHPC in the tumor with time are shown in Figure 3. At 20 min 
to 3 h, mTHPC fluorescence co-localized with blood vessels (collagen IV staining), with 
little extravasation into interstitial tissues (Fig. 3A, C). At 48 h, mTHPC fluorescence was 
seen diffusely throughout the tumor, indicating uptake from the blood vessels into the 
tumor cells (Fig. 3E). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The localization of mTHPC in tumor sections at 20 min (A), 3 h (C) and 48 h (E) after drug 
administration (0.3 mg/kg). Slides were imaged for mTHPC followed by imaging of the same microscope field for 
collagen IV (B, D and F, vascular basement membrane staining). 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 71

Vascular perfusion and hypoxia 
The effects of PDT on tumor vascular perfusion and hypoxia at 1 h after PDT were studied 
using Hoechst 33342 in combination with a vascular marker (collagen IV), and the hypoxia 
marker EF3. The mean relative vascular area (RVA) (green stain in Fig. 4A, C, E) ranged 
from 1.7 to 3.3% (Table 1) and there were no significant differences between the treatment 
groups (P = 0.11). Differences were, however, observed in the tumor area that was stained 
with Hoechst (blue stain in Fig. 4A, C, E), representing the relative perfused tumor area 
(RPTA) (Table 1). The estimated RPTA was significantly reduced from 2.5% in untreated 
controls to 0.5% after PDT using a 20 min D-L interval (P = 0.02) and no Hoechst signal 
was detected in tumors treated with a 3 h D-L interval (P = 0.01). Mice illuminated 48 h 
after administration of the drug did not have a significant reduction in RPTA (2.0 ± 0.7%, 
P = 0.39) (Table 1). Combining the RPTA and RVA allowed us to calculate the mean 
perfused fraction (PF) of vessels (RPTA / RVA). The PF decreased from 77 % in controls 
to 21% (P = 0.02) and 0% (P = 0.01) for D-L of 20 min and 3 h, respectively (Table 1). 
 The relative hypoxic area (RHA) was quantified by calculating the EF3 positive 
area (red stain in Fig. 4B, D, F) as a percentage of total tumor area, after exclusion of 
necrosis and artifacts. In untreated tumors the RHA was 1.9 ± 0.5%. There was a small, 
nonsignificant increase (P = 0.15) in RHA for tumors treated using a 20 min D-L interval 
and a much larger increase (up to 16.5%, P = 0.02) for tumors illuminated 3 h after drug 
administration. Tumors illuminated after 48 h did not show any increase in RHA (Table 1). 
  
 
Table 1. Summary of the recurrence-free survival and parameters for vascular perfusion and hypoxia in HNXOE 
tumors after mTHPC-mediated PDT. 
 
D-L interval RVA (%) RPTA (%) PF (%) RHA (%) Recurrence-free 

survival (days) 

control 3.3 ± 0.6 2.5 ± 0.6 77 ± 10 1.9 ± 0.5 10.4 ± 0.8 

20 min 2.3 ± 0.2 0.5 ± 0.12 21 ± 22 5.2 ± 2.4 68.4 ± 12.11 

3 h 1.7 ± 0.4 0.0 ± 0.01 0 ± 01 16.5 ± 4.82 1201  

48 h 3.1 ± 0.4 2.0 ± 0.7 65 ± 20 2.6 ± 0.9 30.1 ± 9.81 

 
1 Significantly different from the control group (P < 0.01).  
2 Significantly different from the control group (P < 0.05). Values are means ± SEM of two analyzed slides per 
tumor of four tumors per group for perfusion and hypoxia and n ≥ 10 per group in case of recurrence-free survival. 
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Figure 4. Photomicrographs of sections of control (A and B) and mTHPC-PDT treated HNXOE tumors using a  
D-L interval of 3 h (C and D) or 48 h (E and F). Both perfused and nonperfused tumor vessels are shown (A, C 
and E) as result of merging images showing the vasculature (collagen IV, green) and the vascular perfusion 
(Hoechst 33342, blue). Hypoxia is shown in the matched images (B, D and F) of H&E staining (grey) and EF3 
labelled hypoxic areas (red). 

 
Analysis of PDT-induced tissue damage 
Histological examination of control tumors showed some central necrosis and small cysts 
containing protein-rich fluid. The majority of the tumor cells looked viable (Fig. 5A). 

At 1 h after PDT, regardless of D-L interval, blood vessels were markedly dilated 
(Fig. 5C, E) and tumors treated with the 3h D-L interval also showed hemorrhage and 
fibroblasts undergoing degenerative changes (Fig. 5E). An increase in the size of the cysts 



mTHPC-mediated PDT; from bed to bench and back again                       M.L. Triesscheijn 

 73

was seen in these sections (not shown), although most of the tumor cells still looked viable 
at this time. 

At 24 h after PDT using a 3 h D-L interval there was marked degeneration of 
vascular tissue and tumor cells in the vicinity of degenerating vessels were necrotic, 
although the majority of tumor cells distant from the blood vessels still appeared to be 
viable (Fig. 5F). The skin and muscle tissue above these tumors was also hemorrhagic. 
Damage seen at 24 h after PDT using a 20 min D-L interval was similar to, but less severe 
than, that seen for the 3 h interval (Fig. 5D). PDT using the 48 h D-L interval resulted in 
only minimal changes compared to untreated tumors (Fig. 5B). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Histological changes seen in HNXOE tumors after PDT. Representative H&E stained images (20x) are 
shown for (A) control tumor; (B) 24 h after PDT with a D-L interval of 48 h; (C) 1 h after a 20 min D-L interval 
PDT; (D) 24 h after PDT using a 20 min D-L interval; (E) 1 h after a 3 h D-L interval PDT; and (F) 24 h after 
PDT using a 3 h D-L interval. FU, follow-up 
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Discussion 
 
PDT using the photosensitizer mTHPC is a clinically approved treatment for head and neck 
cancer and is under experimental clinical investigation for a variety of other malignancies 
(17). Standard protocols employ a fixed D-L interval of 4 days, which was based on early 
data showing differential drug uptake in human tumors versus normal tissues at this time 
(18-20). However, there is increasing evidence to show that plasma drug levels, rather than 
tumor drug levels, correlate with tumor response to PDT (8-10). This suggests that the 
effect of PDT may be dependent on the initiation of vascular damage. If so, tumor 
selectivity for PDT would be expected to result from local illumination of the tumor area 
and the limited penetration of light to deeper tissues, rather than differential uptake of 
photosensitizer. The consequences of vascular damage are also likely to be much more 
severe in tumors than normal tissues, which have a more robust and extensive vascular 
network. 
 The data presented in this study demonstrate that the response of HNXOE to 
mTHPC-PDT correlated with the magnitude of decreased perfusion and increased hypoxia 
induced in tumors immediately after treatment. Schedules that did not induce early vascular 
damage were ineffective at long-term tumor control. Taken together with information from 
drug localization and histological damage studies, this shows that tumor response following 
mTHPC-mediated PDT was primarily dependent on the induction of vascular damage in 
this xenograft model of human head and neck cancer.  

These data extend our previously published studies on mTHPC-PDT in the murine 
tumor RIF1 (8) and in a human mesothelioma xenograft model (10), and support our 
hypothesis that the effector compartment for mTHPC-mediated PDT is the microvessels 
feeding the tumor. In each of these tumor models, optimal results were seen for short D-L 
intervals, when plasma drug levels were high, although illumination within 20 min of 
administration of mTHPC did not produce a maximum response, indicating that the 
circulating blood is not the direct target. It is reasonable to assume that the drug first needs 
time to distribute and must enter the endothelial cells lining the vessels and reach a 
threshold concentration in those cells before a maximal response to PDT can be mediated. 
Broadly similar results were also seen for a rat fibrosarcoma model (16), although in this 
study there was the suggestion of a second peak in PDT activity at 24 h after mTHPC 
injection. The authors interpreted this as indicating both a vascular-mediated PDT response 
(at early times) and direct tumor cell toxicity for illumination at 24 h. 

In our study, early changes in vascular perfusion after PDT were evaluated for D-
L intervals when mTHPC is primarily localized in the tumor vasculature (20 min – 3 h) and 
when it has been cleared from the plasma but reached its maximal accumulation in the 
tumor (48 h). At 1 h after PDT using the 3 h D-L interval, no functional vessels were 
detected using the Hoechst 33342 perfusion marker, although the hypoxic fraction 
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estimated from EF3 staining was still only 16.5% of the total tumor area. In this study we 
did not use a Cy3 calibration dye, as was done in some other studies (3,21). The threshold 
procedures used for evaluating EF3 staining could therefore lead to an underestimation of 
hypoxia. Areas of obvious necrosis were excluded from our estimates of RHA but the 
analysis included both tumor cell and stromal areas. If the analysis had excluded areas of 
nonmetabolic collagenous tissue (about 11-16% of the total tumor area), the estimates of 
hypoxia induced by PDT would increase by about 4%. Rapid induction of vascular damage 
after PDT may also have inhibited EF3 diffusion through the tumor, because EF3 was 
injected immediately before the start of illumination. For these reasons, our results should 
be interpreted as indicating relative increases in hypoxia in treated versus control tumors. 
The absolute values of induced hypoxia are likely to be higher than our estimates but 
cannot be accurately determined from this study. 

The vascular localization of mTHPC at the time of illumination could have a 
major impact on PDT efficacy. Singlet oxygen is the most damaging species generated 
during PDT and it can only diffuse 0.01-0.02 µm during its lifetime. Consequently, drug 
should be localized close to its target at the time of illumination.  Our study showed that 
mTHPC was localized within blood vessels for 3 h postinjection. At 48 h after 
administration, the drug was distributed throughout the whole tumor. At this time, total 
drug concentrations in excised tumors were still maximal, although plasma levels had 
decreased by an order of magnitude. Total drug concentrations measured in excised tumors 
remained fairly constant over the entire period of 20 min to 48 h (maximum variation factor 
of 1.5, while mTHPC levels in the plasma decreased by a factor 52 over the same time 
period). This could be explained if the decreasing drug concentration in tumor vasculature 
is compensated by increased uptake in tumor cells. Although total drug concentration in the 
tumor plus its vasculature did not change much with time, very large differences in 
response to PDT were seen. This indicates that drug localization at the time of illumination 
is a critical determinant of response. 

In an experimental model for early squamous cell carcinoma of the Syrian hamster 
cheek pouch, Blant et al. showed that mTHPC remained localized in the vasculature for up 
to 48 h after injection (22,23). In this model, PDT using D-L intervals up to 48 h lead to 
ischemic necrosis due to vascular damage and hypoxia. Illumination at later time points led 
to less prominent vascular damage but more coagulation necrosis due to direct cell kill. The 
pharmacokinetic profiles for mTHPC clearance in the hamster also indicated that drug 
levels in the plasma remained near maximal over at least the first 12 h after injection. A 
similar unusual pharmacokinetic profile has been seen in humans after an IV bolus 
injection of mTHPC (24). Although the pharmacokinetic profiles for mTHPC clearance are 
different in the mouse compared to hamster or human, some general conclusions can be 
made. For an optimal tumor response, illumination should be given at times when plasma 
drug levels remain high and mTHPC is located within the tumor vasculature. 
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This study addressed the relationship between mTHPC-mediated PDT tumor 
response, plasma and tumor drug level at the time of illumination and extent of vascular 
damage. The results indicate that PDT efficacy was primarily dependent on the initial 
vascular damage, rather than direct tumor cell killing. The correlation between drug levels 
in the plasma at the time of illumination and early vascular responses could potentially be 
used to predict tumor response to PDT and identify optimal treatment protocols for 
individual patients.  
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Abstract  
 
In this study we investigated the feasibility of using optical coherence tomography (OCT) 
for non-invasive real-time visualization of the vascular effects of photodynamic therapy 
(PDT) in normal and tumor tissue in mice. Perfusion control measurements were initially 
performed after administration of vasoactive drugs or clamping of the subcutaneous grafted 
tumors. Subsequent measurements were made on tumor bearing mice before and after PDT 
using the photosensitizer meso-tetra-hydroxyphenyl-chlorin (mTHPC). Tumors were 
illuminated after a short drug-light (D-L) interval (i.e. 3 h), when mTHPC is primarily 
located in the tumor vasculature, or after a long D-L interval (i.e. 48 h), when the drug is 
distributed throughout the whole tumor. OCT enabled visualization of the different layers 
of tumor and overlying skin with a maximal penetration of 1 mm. PDT with a short D-L 
interval resulted in a significant decrease of perfusion in the skin and tumor periphery, to 
55% and 30% respectively, of pre-treatment values at 200 min, whereas perfusion in the 
connective tissue initially increased by 43% (at 90 min) and subsequently decreased to 53% 
of pre-treatment values (at 200 min). PDT with a long D-L interval did not induce 
significant changes in perfusion. The concept of using non-invasive OCT measurements for 
monitoring early, treatment related changes in morphology and perfusion may have 
applications in evaluating effects of anti-angiogenic or anti-vascular (cancer) therapy. 
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Introduction 
 
Photodynamic therapy (PDT) initiates a photochemical reaction, which causes tumor 
destruction either by direct tumor cell killing or indirectly via vascular damage and an 
elicited immune response. For the photochemical reaction to occur, photosensitizer, oxygen 
and light must be present in the target area. The mechanism of action of PDT depends on 
several parameters, e.g. of photosensitizer and drug-light (D-L) interval used.  

Although the idea of combined vascular and tissue damage is becoming more 
widely accepted, most clinical protocols for PDT are currently based on the assumption that 
optimum intervals between photosensitizer administration and illumination relate to the 
maximum difference between drug uptake in tumor and surrounding normal tissue. 
However, if vascular mediated tissue damage is the main determinant of tumor destruction, 
the optimal time interval should be more closely related to high drug levels in the plasma. 
Although several studies report on the effects of PDT on tissue and vasculature (1-5) the 
relationship between extent of vascular damage and efficacy of treatment is still not fully 
understood. Non-invasive methods that allow studying temporal changes in tissue perfusion 
following PDT could help to clarify the importance of vascular damage in clinical PDT. 
They could also serve as an early predictor of the efficacy of treatment.  

Optical coherence tomography (OCT) is a high-resolution cross-sectional imaging 
technique, which enables non-invasive examination of superficial tissue structures. By 
combining amplitude and phase sensitive detection, it is possible to extract the spectral 
content of the backscattered light. When the light is reflected by a moving particle, the 
spectrum will acquire a frequency (Doppler) shift. OCT therefore enables cross-sectional 
imaging of blood flow in superficial vessels, in addition to structural imaging. The clinical 
use of OCT for imaging of morphological changes following PDT has been described for 
ophthalmological applications and for monitoring laser surgery of laryngeal carcinoma (6-
9).  

In this study, the possibilities and limitations of OCT for the assessment of PDT 
effects will be investigated on both normal and tumor tissue. For validation of the 
technique, several conditions will be used to influence the perfusion in a controlled way. 
Then, OCT will be used to non-invasively obtain real-time information on the development 
of phototoxic tissue damage following meso-tetra-hydroxyphenyl-chlorin (mTHPC)-
mediated PDT in normal and tumor tissue of mice.  
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Material and Methods 
 
Animals.  
Female BALB/c nude mice were used for all experiments. All protocols were carried out 
according to protocols approved by the local animal welfare committee and conformed to 
national and European regulations for animal experimentation. HNXOE cells (kindly 
provided by G. van Dongen, Vrije Universiteit, Amsterdam, The Netherlands) originated 
from a human head and neck squamous cell carcinoma metastasis in the oral cavity. 
HNXOE cells were cultured in Dulbecco modified Eagle medium (Gibco, Rockville, MD) 
supplemented with 5% fetal calf serum (Gibco) and antibiotics and grown at 37ºC in a 5% 
CO2 incubator. To propagate donor tumors in vivo, 106 HNXOE cells, in a volume of 0.1 
mL PBS, were injected subcutaneously in the lower dorsum of mice. When these donor 
tumors had reached a mean diameter of 8-10 mm, tumor fragments (± 1 mm3) were 
transplanted into the lower dorsum of recipient experimental mice. The time required for 
the tumor to get to 5-7-mm diameter was about 27 days. During the imaging procedures, 
the mice were anesthetized by i.p. administration of a mixture of hypnorm and dormicum 
(12.5 mg/kg fluanisol + 0.4 mg/kg fentanyl citrate and 6.25 mg/kg midazolam 
hydrochloride). To maintain body temperature, which was measured at regular intervals, a 
temperature controlled underlay (37 ºC) was used (Fig.1). 
 
Control groups. 
Four control groups were used, each comprising 2 animals. In the first control group, the 
blood flow in the skin, connective tissue and tumor was completely blocked by fixing a 
metal clamp around the tumor area. The effect on flow before, during and after this 
intervention was measured by OCT. In group 2 and 3, vasodilation was induced by 
intravenous administration of 5 mg/kg nicotinic acid (0.75 mg/mL) or 300 mg/kg 
hydralazine (60 mg/mL) respectively. Nicotinic acid was expected to lead to an increased 
tumor perfusion by preventing temporary shut down of tumor vessels (13-15) and 
hydralazine to reduce the peripheral vascular resistance by directly relaxing arteriolar 
smooth muscle. This causes a relative decrease in perfusion of some tumor types, as the 
blood flow is preferentially diverted to critical normal tissues; the so-called “steal effect” 
(16,17). A vasodilation in the cutaneous blood vessels, resulting in increased blood flow, 
was expected for both drugs. In the fourth group, 2 animals received only mTHPC, but no 
illumination, to determine the effect of drug alone. In 1 animal of this last group, we 
imaged a needle that was inserted under the overlying skin and in the tumor. The OCT 
image was compared with the corresponding histology slide to identify the different layers 
in our measurement volume (data not shown). 
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PDT group.  
The photosensitizer mTHPC was provided by Biolitec Pharma Ltd (Breasclete, Isle of 
Lewis, Scotland). The drug, supplied as 5 mL solution (4 mg/mL) in a mixture of 60%/ 
40% wt/wt propylene glycol/ ethanol, was diluted to a concentration of 50 µg/mL in 
ethanol, polyethylene glycol 400, water (1:1:2, vol/vol/vol). This solution was injected 
intravenously, via the tail vein at a dose of 0.3 mg/kg. At either 3 h or 48 h after 
administration, the mice were anesthetized, after which the skin and underlying tumor was 
observed by OCT. After these pretreatment measurements, the animals were illuminated 
with 100 mW/cm2 652 nm light. A total energy of 30 J/cm2 was delivered using a bare 
fiber. The illumination spot was adjusted to cover the tumor with 3 mm margins. Repeated 
OCT measurements were made for up to 200 min after illumination. The measurements 
were done in triplicate (for each time point, on each animal, 3 independent measurements) 
and 3 mice were used in each group. After the last measurement, the animals were 
sacrificed and tissue samples were collected from both treated and non-treated areas and 
processed for histology.  
 
OCT measurement and signal processing. 
 Measurements were performed using a fiber-based time-domain OCT setup with a 1300 
nm super luminescent diode (SLD). Light from the SLD was split into two arms by a 50:50 
fiber splitter. Longitudinal scanning was obtained by using a tilting mirror (200 Hz) in the 
rapid scanning optical delay line in the reference arm (10). Transversal scanning was 
obtained by scanning the sample with the object beam. Signals at the detector were 
digitized and processed by a computer to form 2D tomographic images (512 x 1024 pixels, 
0.8 x 1.6 mm, axial resolution: ≈12 µm, lateral resolution ≈20 µm).  

For the results presented here, 32 consecutive axial samples were used to calculate 
a frequency spectrum using a Fourier transform algorithm. A Gaussian waveform was 
fitted to the spectrum to obtain a center frequency, amplitude and spectrum width. The 
Fourier window was moved over the whole data set (2D area). A shift of the center 
frequency relates to flow or other causes of movement of the sampled volume. To correct 
for low frequency motion artifacts, caused by breathing and beating of the heart, the 
average Doppler shift in a specific depth scan (a-scan) was calculated and subtracted from 
all values in that a-scan. Noise in the resulting dataset was further reduced by applying a 
moving average window (5x5 pixels) and a threshold before the Doppler shift image was 
superimposed on the amplitude picture. The value of the applied threshold, obtained with 
control measurements described below determined the minimal detectable flow.  

Because of the averaging procedures and the unknown angle of the blood vessels 
with respect to the probing beam, no attempt was made to calculate real flow velocities. 
The direction of the flow was not taken into account. From the resulting images, the 
relative perfused area (RPA), which we define as the ratio of the number of pixels 
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indicating perfusion over the total number of pixels in a region of interest, was determined. 
The values reported here are ratios of the RPA before and after the treatment and therefore 
represent relative changes in perfusion (RCP).  

Where possible, 3 areas were identified in the images; skin, connective tissue and 
tumor periphery. Figure 2 shows an OCT image in relation to a typical histology image of 
skin and a subcutaneous tumor of an untreated mouse. A gray scale is used to visualize the 
differences in back scattering; a brighter layer indicates higher back scattering. The upper 
layers of skin (stratum corneum, epidermis and dermis) are highly reflecting (Fig. 2, the 
area indicated as A). Between the skin and the tumor or muscle, a low reflecting layer can 
be observed, which consists of loose connective tissue containing blood vessels (Fig. 2, 
area B). Area C is a combination of a thin, highly vascularized muscle layer, which is 
usually distinguishable below the connective tissue layer forming the capsule of the tumor, 
and the upper part of the tumor. 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Experimental set-up for monitoring the effects of PDT using OCT. The scanhead of the OCT is placed 
above the tumor without direct contact. The mouse is placed, on a tissue, on a temperature-controlled underlay to 
maintain constant body temperature.  
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Figure 2. Histology (left) and OCT image obtained from a different location (right) of untreated mouse skin with 
a subcutaneous tumor is shown. Between the images a ruler with a total length of 1mm is shown. Three different 
tissue layers in depth are indicated; skin (A), connective tissue (B) and tumor periphery consisting of the capsule 
and the upper part of the tumor (C). 

 
 To compare the PDT effects quantitatively, the slope of the backscattered light 

was determined as function of depth in the tissue. The attenuation coefficient changes if the 
viability or configuration of the cells change (11). As described by van Leeuwen et al., this 
slope is a function of both the point spread function (PSF) of the OCT system and the 
optical properties of the tissue (12). We have not determined the PSF of our system but 
fixed the focus at the air tissue boundary, thereby keeping the influence of the PSF constant 
throughout the measurements. Furthermore, a low NA lens was used to focus the beam on 
the tissue, which reduces the influence of the PSF on the signals. The reported values are 
therefore proportional to the attenuation coefficient and can consequently be used to follow 
relative temporal changes in tissue morphology. 
 
 
Results 
 
Control Groups 
OCT measurements made before and during clamping of the tumor and overlying skin 
(group 1) showed that the RPA dramatically dropped after clamping (Fig. 3). Flow 
immediate stalled in all three layers. After removal of the clamp, perfusion remained absent 
in both skin and tumor during the observation period (10 min). In the connective tissue 
layer, however, Doppler shifts above threshold were seen after removal of the clamp (data 
not shown). 
 Perfusion of peripheral areas of the HNXOE xenograft, overlying connective 
tissue and skin was also measured repeatedly after administration of nicotinic acid or 
hydralazine (Fig. 4). Both drugs induced an increase in perfusion in the skin immediately 
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after administration but changes induced in skin were much more pronounced for nicotinic 
acid. As expected, an increase in tumor perfusion was observed after administration of 
nicotinic acid and a decrease after administration of hydralazine. Base line values of 
perfusion were restored at 50 min and 120 min after administration of nicotinic acid and 
hydralazine, respectively. No significant changes were observed in the average values of 
RPS in the different tissue layers of the mice in control group 4 (photosensitizer, no light, 
data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Effect of placement of clamping on perfusion of the skin, connective tissue and tumor. The results are 
normalized on pre-clamping values. The results are expressed as means ± SD (3 measurements per mouse, 2 mice 
per data point). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Perfusion in the mouse skin, connective tissue and tumor after administration of nicotinic acid (A) and 
hydralazine (B). Significant differences from base line values (paired t-test, P < 0.05) are indicated (*). The results 
are expressed as means ± SD (3 measurements per mouse, 2 mice per data point). 
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PDT group 
Figure 5 shows the OCT images and corresponding histology before (Fig. 5A) and 138 min 
after PDT (Fig. 5B), using a 3 h D-L interval. The 2 graphs on the right side show the 
intensity of the backscattered light as a function of depth.  

The most striking histological difference in tissue structure after PDT was the 
large amount of edema that accumulated in the connective tissue layer. This caused an 
increase in scattering and a thickening of the connective tissue layer (Fig. 5B), which 
hampered imaging of the underlying tumor.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Histology and OCT image of the skin, connective tissue and tumor, before (top row, A) and 138 min 
after PDT using a D-L interval of 3 h (bottom row, B). The graphs on the right show the backscattering intensity 
used to calculate the attenuation (see Fig. 6). Depth 0 represents the tissue surface. The arrows show the area of 
increased backscattering as result of edema. The edema caused an increase in signal level and a stronger decrease 
of the signal in depth. 

 
 
Changes in light attenuation after PDT for the 3 h and 48 h D-L interval groups 

are shown in Figure 6. All layers showed a trend for increased attenuation after PDT. This 
was greatest in the peripheral tumor layer for the 3 h D-L interval and greatest in the skin 
for the 48 h D-L interval, but none of the individual measurements were significantly 
different from baseline. The large error bars reflect biological variability, inhomogeneities 
in the layer and the high sensitivity of the fitting procedure for the length of the segment 
over which the fit is done.  
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Figure 6. Optical attenuation (base e) at different times after PDT for the 3 h (A) and 48 h D-L interval (B). The 
results are expressed as means ± SD (3 measurements per mouse, 2 mice per data point). 

 
RCP with time after PDT are shown in Figure 7. After PDT with a short D-L 

interval (3 h) perfusion of skin and tumor periphery decreased to values of 50% (skin) and 
30% (tumor) after 160 min. Perfusion in the connective tissue initially increased, followed 
by a decrease in perfusion to a value that was approximately half the baseline value at 160 
to 200 min. No significant changes in RCP were seen after PDT using a 48 h D-L interval. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Perfusion effects in the skin, connective tissue and tumor after PDT using a 3 h (A) or 48 h (B) D-L 
interval. Data are expressed as means ± SD. Significant differences from base line values (paired t-test, P < 0.05) 
are indicated (*), (3 measurements per mouse, 3 mice per data point). 
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Discussion 
 
The present study shows the possibilities and limitation of OCT for the assessment of PDT 
effects on both normal and tumor tissue. For validation of this technique, several conditions 
were imposed to influence the perfusion in a controlled way. First the flow was completely 
stopped in the target area by clamping the tumor and skin. The rapid and complete 
inhibition of perfusion was used to optimize the algorithms used to extract the flow 
parameters from the raw data. Next, nicotinic acid or hydralazine was administered to 
check whether tissue layer dependent changes in perfusion could be followed with OCT.  

The OCT tissue images that were taken after PDT showed a clear change in 
morphology (edema formation) and perfusion. These results were more pronounced for a 3 
h D-L interval compared with a 48 h D-L interval. Furthermore, OCT could identify the 
different layers of tumor and overlying skin, with a maximal penetration of 1 mm in this 
model. Flow information could be obtained over the full depth range of the structural 
image. The limited depth penetration represents one of the major limitations of OCT 
imaging. Motion artifacts in the signal, caused by breathing, heartbeat and muscle 
twitching were in the order of the local Doppler signal. Because this Doppler shift was 
usually present in the whole depth scan it could be taken into account in the algorithms and 
separated from a localized Doppler frequency.  

Like ultrasound, OCT provides images that require interpretive skills and training. 
It is hard to draw conclusions from the images alone. Processes like apoptosis and necrosis 
cause changes in optical attenuation. By quantifying the signals, these processes can be 
followed in time. We have previously shown that in cell suspensions apoptosis caused an 
increase in scattering while necrosis caused a decrease in scattering (11). However, in an in 
vivo situation, additional processes will influence the attenuation of light, like the influx of 
edema and change in blood volume. Further research on this subject is necessary. 

Non-invasive imaging of pathologic tissue is preferable to invasive biopsies in 
many clinical conditions, not only for establishing a diagnosis but also for real time 
assessment of treatment related effects and as guidance during surgery, e.g. for ensuring 
tumor free excision edges.  

Several factors determine the clinical value of an imaging technique. The clinical 
value of OCT for the application described in this paper is determined by the imaging 
resolution, imaging depth and possibility to assess functional data from the tissue. 
Considering the first two, for most imaging techniques a trade off has to be made between 
imaging depth and resolution. In that respect, OCT can be placed between (fluorescence) 
confocal microscopy (CM) and high-resolution ultrasound (US) (18-21). CM is capable of 
visualizing cell layers at micrometer resolution at the cost of a limited penetration depth of 
around 200 µm. The state of the art ultrasound (70 MHz) currently has resolutions down to 
30 µm resolution and a penetration depth up to 10 mm. 
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In addition to CM and US, a number of new technologies are now available for 
non-invasive optical diagnostic imaging in conjunction with PDT, e.g. MRI which has a 
spatial resolution of 0.5-3 mm and is intrinsically sensitive to movement (flow) (22). And, 
if assessment of perfusion is the main goal, laser Doppler perfusion imaging is an option 
(23).  
 The non-invasive techniques mentioned above are only able to measure average 
perfusion over a large volume or do not have a high enough resolution to provide any 
detailed information on PDT effects in specific tissue layers (24). OCT might overcome 
these problems due to its high-resolution depth resolved measurements. A lot of research 
has been performed to evaluate the use of OCT to determine functional parameters, like 
flow, both in vitro and for various clinical applications (6,25-34). The downside of the 
technique is obviously the limited penetration of the light. This restricts the clinical use of 
OCT to superficial tissue layers. In this respect, the mouse model that was used in our 
experiments turned out to be very challenging. Because of the many strong reflecting 
layers, it was difficult to extract information from deeper layers in the tissue. Despite this 
limitation, we were able to follow the phototoxic effect on morphology and perfusion in 
this particular animal model. Our findings justify further exploration of the technique. The 
concept of using non-invasive OCT measurements for real-time monitoring of morphology 
and perfusion may have applications in monitoring and optimization of anti-angiogenic or 
anti-vascular (cancer) therapy. 
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Abstract 
 
Background: Meso-tetra-hydroxyphenyl-chlorin (mTHPC)-mediated photodynamic 
therapy (PDT) has shown to be effective in the treatment of patients with multiple basal 
cell carcinoma (BCC).  
 
Objectives: In the present study we further optimized drug-light (D-L) interval and 
examined the correlation between plasma drug levels and treatment efficacy. 
 
Methods: Thirteen patients with multiple BCC (total of 366 lesions) were included in the 
study. Following intravenous administration of 0.1 mg/kg mTHPC, lesions were 
illuminated with 10 J/cm2 light (652 nm, 100 mW/cm2) at 12, 24, 48, 72 or 96 h. Plasma 
samples were taken prior to each illumination for determination of mTHPC levels and 
tumor response was evaluated at 6 months and 1 year. 
 
Results:  Both univariable and multivariable analysis showed that optimal 
treatment outcome was obtained for a D-L interval of 24 h, when plasma drug levels were 
high. Overall, good cosmetical results, with little or no scarring, were obtained in 87% of 
the treated lesions and no serious side-effects were observed.  
 
Conclusions: We optimized mTHPC-mediated PDT for patients suffering from multiple 
BCC by determination of the most effective D-L interval and showed that this treatment 
offers significant advantages over surgical resection. 
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Introduction 
 
Skin cancer is the most common cancer found in men. In the Netherlands the incidence is 
approximately 20,000 new cases each year, of which 70% is represented by basal cell 
carcinoma (BCC, www.ikcnet.nl). The incidence is still rising, which is probably related to 
an increased exposure to UV. BCC has several clinical presentations and histological 
appearances. Nodular and superficial subtypes are found in 21% and 17% of cases (1) 
respectively. Although these lesions have a less aggressive clinical course, treatment can 
cause severe scarring of normal tissue, especially on the face.  

First line treatment of BCC is surgical excision but many alternative treatments 
are available, including: curettage, cryotherapy, radiotherapy, Moh’s surgery, application of 
immunomodulators (i.e. intralesional interferon treatment or imiquimod) and chemotherapy 
(reviewed by Rubin (2)). All treatment modalities result in high cure rates, but the 
functional and cosmetic outcome varies considerably and repeated treatment may be 
difficult due to surgical restrictions or radiation dose limits. This is particularly true for 
patients suffering from multiple lesions.  

Photodynamic therapy (PDT) is an attractive alternative therapy, since it causes 
minimal scarring, treatment can be repeated without cumulative toxicity and multiple 
lesions can be treated on an out-patient basis within a limited time-span. PDT is a relatively 
simple treatment that consists of two procedures. A photosensitive drug is topically or 
intravenously administrated, followed by illumination of the tumor after a certain time 
interval. When light of the proper wavelength interacts with the photosensitizer, a 
photochemical reaction will occur. During this reaction, singlet oxygen and free radicals 
can be generated, resulting in tumor destruction due to vascular shutdown or direct tumor 
cell kill. 

The efficacy of PDT for skin cancer has been recognized for almost 30 years. The 
first large clinical trial used HpD as photosensitizer and showed a complete response (CR) 
in 98 out of 113 tumors (87%) (3). However, the use of HpD or its commercial derivative 
Photofrin has the disadvantage of long lasting skin photosensitivity for periods ranging 
from 4 to 12 weeks. 

Nowadays, the most widely used photosensitizer for skin cancer is ALA 
(Levulan). This drug can be applied topically to the lesion, does not provoke prolonged 
photosensitivity and results in a CR of 86% to 100% for superficial BCC (reviewed by 
Taub (4)). Drawbacks of the use of ALA are the limited penetration depth of the drug, 
restricting its use to very superficial lesions, and relatively high light dose required to 
excite the drug. The pain experienced during the first few minutes of treatment and the long 
treatment times, of 5 to 20 minutes per lesion, make it difficult to use for patients with 
multiple lesions.  
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We conducted a trial using the photosensitizer meso-tetra-hydroxyphenyl-chlorin 
(mTHPC, Foscan) for treatment of patients suffering from multiple BCC. mTHPC is a 
potent second-generation photosensitizer that is applied intravenously, but with shorter 
periods of generalized photosensitization compared with Photofrin. We have previously 
reported on dose finding studies of mTHPC-mediated PDT in patients with BCC (5). 
Effective drug and light doses were determined in this study and optimal drug-light (D-L) 
intervals were either 1 or 2 days. We have now expanded this group of patients and report 
on the effects of D-L interval, plasma drug levels, tumor diameter, tumor localization and 
tumor thickness. 
 
 
Patients and Methods 
 
Patient population. 
Thirteen patients, each suffering from multiple superficial BCCs, were entered in the study. 
The thickness of each lesion was estimated by palpation and a distinction between 
superficial (flat) and nodular lesions (≥1.0 mm) was made. Two patients were treated twice 
and one patient received three treatments; the interval between treatments was at least 11 
months. All patients had received previous surgery, cryotherapy, chemotherapy and/ or 
radiotherapy. All patients gave informed consent and the local ethical committee approved 
the study. 
 
Treatment.  
Patients were injected intravenously with 0.1 mg/kg mTHPC (temoporfin, Foscan, 
Biolitec Pharma Ltd, Breasclete, Isle of Lewis, Scotland), given as slow-bolus with a 
minimal injection time of 4 min, in a mixture of 60/40 wt/wt % propylene glycol/ethanol, 
as supplied by the manufacturer. Subsequently, patients were kept in the hospital under 
subdued light for the duration of treatment. At discharge, further advice was given on 
minimizing exposure to sunlight in the second week after injection. Illumination of groups 
of randomly selected lesions was performed at 12, 24, 48, 72 or 96 h after administration of 
the sensitizer. Illumination of the lesions was performed in 12 patients with 652 nm light 
from light emitting diodes (LEDs, Opto Electronics, Towcester, UK), equipped with a hand 
held and water-cooled light applicator. The fluence rate was measured with an optical 
power meter (UDT S371R, UDT Instruments, Baltimore, MD) connected to an integrating 
sphere (model 2500, UDT Instruments). In 1 patient PDT was performed by illumination 
with light emitted by a diode laser (Diomed 652 PDT Laser s/n 1485, Applied Optronics 
Corp., South Plainfield, NJ), via quartz fibers with lens applicators (DIO DM-5416, 
Stopler, Utrecht, The Netherlands). Special synthetic black blocks with different apertures 
were used for defining the field of illumination. For each lesion, a block was chosen with 
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an aperture with the size of the largest tumor diameter + 2 mm. All lesions were 
illuminated for 100 seconds with a fixed fluence rate of 100 mW/cm2 to obtain a total 
fluence of 10 J/cm2. 
 
Response. 
During the first week the tumor response was checked daily, thereafter patients were seen 
after 6 weeks, 6 months and 1 year. Photographs were taken before and after treatment and 
the outcome was evaluated at 6 and 12 months. CR was defined as no visible or palpable 
evidence of BCC present in the area of treatment. Partial and non-responders were pooled 
and treated as failures. We report the response of lesions at 6 months, because in patients 
with too many lesions it was difficult to relocate and evaluate the response of treated 
lesions after 12 months. Furthermore, in patients with a few lesions no change in outcome 
was observed between 6 and 12 months.  
 
Plasma drug levels. 
Blood samples were taken before drug injection and at each of the illumination intervals. 
During the first day, blood was taken from the non-injected arm. After collecting 10 mL 
blood in heparin containing tubes, samples were centrifuged for 10 min at 1500 g to 
separate the plasma. HPLC analysis was used to measure mTHPC concentration in plasma. 
A mixture of CH3OH: DMSO (4:1, vol/vol) was added to 50 µL plasma. This mixture was 
centrifuged for 25 min at 14000 rpm at 4ºC and the supernatant was analyzed by HPLC. 
The separation of mTHPC was carried out on a Waters symmetry C18 3.5 µm 4.6 x 100 
mm column (Waters, Etten-Leur, The Netherlands), with 0.1% TFA (wt/vol) in acetonitril; 
(50:50, vol/vol) as a mobile phase, using a flow-rate of 1 mL/min. Samples were injected 
via a Waters 717 plus autosampler and a Waters 474 scanning fluorescence detector, set at 
excitation and emission wavelengths of 417 nm and 652 nm, was used for peak detection. 
Quantification of drug levels was done by comparing the mean peak areas of the patient 
samples with plasma spiked with known amounts of mTHPC.  
 
Statistical analysis. 
Response rates at 6 months were analyzed with a generalized estimated equations model 
for binary repeated data. An independent correlation structure was used to account for the 
within-patient variation. Patients were analyzed as separate individuals. The parameters D-
L interval (12, 24, 48, 72 and 96 h), tumor localization (extremities, trunk, head), thickness 
of tumor (superficial (<1 mm) or nodular (≥1 mm)), drug levels in the plasma at the time of 
illumination and greatest tumor diameter were investigated for association with CR. Drug 
levels in the plasma and tumor diameter were modeled as a continuous linear factor and the 
other parameters as categorical. All analyses were performed in SAS software version 9.1.  
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Results 
 
Treatment 
A summary of results for all 13 patients, with a total of 366 lesions, is shown in Table 1. 
These results include the previously published response rates of 67 lesions from 5 patients 
(5). Overall, the CR based on clinical examination was 75% (i.e. 274 out of 366 treated 
tumors were cured). Examples of typical CR are shown in Figure 1. In the same area as 
cured PDT lesions, scars can be seen as consequence of previous surgery.  
 
Table 1. The outcome of mTHPC mediated PDT at 6 months. 
 
 Interval between mTHPC administration 

and illumination (days) 
Total 

Localization 0.5 1 2 3 4 CR/ Total 
 

extremities 2/2 11/13 10/17 15/24 9/20 47/76 (62%) 

trunk 14/18 57/63 46/58 45/59 36/47 198/245 (81%) 

head 1/1 10/11 7/14 9/11 2/8 29/45 (64%) 

CR/ Total 
 

17/21 
(81%) 

78/87 
(90%) 

63/89 
(71%) 

69/94 
(73%) 

47/75 
(63%) 

274/366  
(75%) 

 
The number of CRs out of total treated lesions are shown for each D-L interval and lesion site.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Four lesions on the trunk of a patient before (A) and 6 months after treatment (B). All lesions were 
assigned cured after mTHPC mediated PDT. The scars shown in this photograph are the consequence of previous 
surgery. 
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Toxicity 
When using the treatment regimen of 0.1 mg/kg mTHPC in combination with 10 J/cm2 at a 
dose rate of 100 mW/cm2, none of the patients experienced pain during or after treatment. 
Edema, erythema and slough formation within the illuminated area all occurred after 
treatment. Healing took 3 weeks in well vascularized tissue at the trunk, face and upper 
arms, to 12 weeks in areas with impaired vascularization. Generalized skin photosensitivity 
was experienced for a maximum of 2 weeks after injection of mTHPC. 

Although the cosmetic outcome of healing in general was good, some side effects 
were observed. Hyperpigmentation was observed in 1% (4/366) and scarring in 13% 
(49/366) of the treated lesions. It must be noted that 46 of these scars occurred in the same 
2 patients, one of whom also developed increased granulation tissue after previous surgery. 
An example of mild scarring after treatment is shown in Figure 2 (A, B). For confirmation 
of the tumor response in scars, skin biopsies were taken. All these specimens were 
histologically negative for BCC. Although patients developing scarring did follow the light 
restrictures given, the vein in which the drug was administrated became discolored 2-4 
weeks after injection (Fig. 2C, D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Side effects of mTHPC-PDT. Two lesions on the head before (A) and 6 months after treatment (B). 
Although both lesions were assigned cured, there was scarring. An example of a discolored vein 2 months (C) and 
6 months after injection of mTHPC (D). 
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Plasma drug levels 
The drug level in the plasma at time of treatment was determined for 10 patients (Table 2). 
Maximum drug levels were measured at 12 h and declined hereafter. Full pharmacokinetic 
profiles for mTHPC in these BCC patients were analyzed and will be published separately. 
 

Table 2. mTHPC levels in the plasma at time of treatment together with the overall percentage of CR. 

Interval between mTHPC 

administration and sampling (h)

mTHPC concentration 

in the plasma (ng/ml) 

Incidence of CR 

12 1077 ± 192 81% 
24 701 ± 158 90% 
48 364 ± 79 71% 
72 231 ± 62 73% 
96 166 ± 59 63% 

 
 
Statistical analysis 
Response rates were analyzed as a function of illumination interval, drug level in the 
plasma, localization of the tumor, estimated tumor thickness and greatest tumor diameter. 

Univariable analysis showed that CR was significantly highest for a D-L interval 
of 24 h, while longer intervals reduced the odds for CR (approximately 3x lower, P < 0.01), 
and for tumor localization on the trunk compared with on the head (P < 0.01). Increased 
plasma drug levels (P = 0.06), lesion localization on the extremities (P = 0.06) and 
superficial thickness of the lesion (P = 0.07) were associated with CR but not significant. In 
a multivariable model, D-L interval (P < 0.05), plasma drug levels (P = 0.02) and 
localization of the tumor on the torso (P ≤ 0.02) were significant determinants of treatment 
outcome. Although it was not significant, superficial tumors showed a 2 times higher 
chance for complete response compared with nodular tumors  (P = 0.06). Tumor diameter 
did not influence outcome, in neither univariable nor multivariable analysis. 
 
 
Discussion 
 
mTHPC is a second-generation photosensitizer that is now approved in the European 
Union, Norway and Iceland for the palliative treatment of head and neck cancer. Previously 
we reported that a light dose of at least 10 J/cm2 in combination with 0.1 mg/kg mTHPC 
was required for effective control of BCC (5). D-L intervals of 1-2 days appeared to be 
more effective than intervals of 3 to 4 days, although this conclusion was based on < 20 
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lesions per group. In the present study we have increased the total number of treated lesions 
to 366; this allows much greater precision in determining optimal D-L intervals. This study 
indicates that a D-L interval of 1 day is the most effective. 

PDT protocols were originally designed with the aim of specific tumor cell killing 
and with illumination at times when tumor drug levels were high relative to surrounding 
normal tissues (6). For mTHPC-mediated PDT the majority of clinical protocols use a D-L 
interval of 4 days. However, animal studies (7,8) and clinical data (9) have shown that the 
concentration of sensitizer in the tumor at the time of illumination does not necessarily 
predict response to PDT. Plasma concentration at the time of illumination of some 
photosensitizers like Hypericin and mTHPC, seems to be a better indicator for PDT 
outcome (10-13), suggesting that the vasculature may be an important target for PDT-
mediated tumor destruction. Therefore we examined the possible relationship between 
plasma drug levels and response rate. A trend was observed using univariable analysis, and 
multivariable analysis showed a significant correlation between outcome and plasma drug 
levels. The best results were obtained for illumination at 24 h after mTHPC injection when 
plasma levels were high (CR of 90%) and inferior results for illumination at longer 
intervals when plasma levels were lower (CR of 63-73%). Although response rates for 
illumination at 12 h were also slightly less (CR of 81%), this was not significantly different 
from the 24 h D-L interval. It must, however, be noted that there were only 21 tumors  
included in this group. These data suggest that in BCC patients, just as previously shown in 
the mouse (10,11), a high mTHPC concentration in the plasma at the time of illumination is 
a good indicator for tumor response. 

The cosmetic outcome was considered by both patient and investigator to be at 
least equivalent or superior to previous therapies and was independent of D-L interval. An 
unexpected side-effect was observed in two patients, in which the injected vein became 
discolored after 2-4 weeks. We have not observed this previously in our BCC patient 
group, but several head and neck cancer patients treated with mTHPC-PDT (0.15 mg/kg) 
did develop similar problems (unpublished data). Although all these patients followed light 
restrictions, discolored veins occurred at a few weeks to months after injection. This 
suggests the formation of a depot of mTHPC in the vessel wall at the injection site. 

PDT with photosensitizers like ALA and Photofrin can also be used successfully 
for treatment of BCC (4,14). ALA has the advantage that it is applied topically and thereby 
only induces photosensitivity at the application site, but successful ALA-PDT requires high 
light doses (4) and treatment is painful (15-17). To achieve the required high fluences, 
treatment times are generally long, up to 20 min, making this treatment not suitable for 
multiple lesions. The drawbacks of Photofrin are a prolonged general skin photosensitivity 
that can last for 12 weeks after administration. 

The advantages of mTHPC over Photofrin and ALA are its longer activation 
wavelength allowing deeper penetration of the light, higher efficacy with shorter 
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illumination times, and a shorter photosensitivity period. Furthermore, mTHPC-mediated 
PDT is not painful (unlike ALA-PDT) and patients do not require analgesics for superficial 
illumination of small skin lesions. 

For further optimization of mTHPC-mediated PDT, topical application has been 
tested for reduction of generalized photosensitivity. However, topical application of 
mTHPC in a gel formulation was not successful for the treatment of Bowen’s disease or 
BCC, with histological clearances of only 32% and 29%, respectively (18).  

Other studies have tried to improve CR rates by combining mTHPC-mediated 
PDT with 5-FU (19). Although CR rates were very good, all 20 BCC lesions treated with 
combined PDT and 5-FU were cured, the side-effects were very severe. This included pain 
requiring morphine treatment, prolonged and more severe edema, redness and ulceration, 
delayed healing and scar formation in half of the lesions. Care must therefore be taken in 
combining mTHPC-PDT with 5-FU. 

For multiple BCC lesions, mTHPC seems to be the most suitable sensitizer. High 
CR rates are obtained with short treatment times (100 seconds per lesion), excellent 
cosmetic outcome and induced photosensitivity restricted to 2 weeks. The treatment can be 
carried out on an outpatient basis, without the need for anesthetics. The decrease in 
treatment time also reduces costs, since less time is required from dermatologists and 
surgeons.  

In conclusion, mTHPC-mediated PDT was shown to be most effective for patients 
suffering from multiple BCCs when a D-L interval of 24 h was used. This treatment 
modality is both effective and less time-consuming than other treatments. It therefore 
warrants serious consideration for treatment of multiple BCC.  
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Abstract  
 
Meso-tetra-hydroxyphenyl-chlorin (mTHPC) is a hydrophobic photosensitizer that binds to 
plasma lipoproteins after intravenous (IV) injection. In vitro experiments with human 
plasma have shown that mTHPC initially binds to an unknown protein and subsequently 
redistributes to lipoprotein fractions. It has been suggested that this might explain the 
unusual pharmacokinetic profile of mTHPC in humans. In humans, unlike in rodents, 
reappearance of mTHPC has been reported, resulting in a second plasma peak after IV 
injection. However, previous studies analyzed only limited time points during the first 24 h 
after injection. Our aim was to determine the pharmacokinetics of mTHPC in detail, and to 
investigate whether the pharmacokinetic behavior of the drug is affected by binding of 
mTHPC to lipoproteins in vivo. Plasma of cancer patients and mice, IV injected with 
mTHPC, was analyzed for total drug content and drug distribution over the lipoprotein 
fractions.  

Pharmacokinetic profiles of mTHPC in a group of human subjects showed that 
apparent steady state drug levels were maintained for at least 10 h. Closer examination of 
individual profiles showed that the initial (5 min) plasma drug levels were on average 86% 
of the maximal plasma concentration, which occurred at about 5 h after injection. In mice, 
however, plasma pharmacokinetics were described by a standard bi-exponential decline of 
the drug concentration. The majority (> 58%) of mTHPC injected into both BALB/c nude 
nude mice and patients initially bound to the high density lipoprotein (HDL) plasma 
fraction. We extended our study to ApoE -/- mice, with highly elevated lipoprotein levels, 
and SR-BI -/- mice, which are lacking the main clearance pathway for HDL associated 
cholesteryl esters, to take into account the differences between lipoprotein levels and 
clearance in mice and man. Although mTHPC distribution over the lipoproteins changed in 
these mice, pharmacokinetic profiles of mTHPC remained the same. We conclude that 
neither lipoprotein levels nor cholesterol metabolism affects the pharmacokinetics of 
mTHPC in plasma. 
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Introduction 
 
Photodynamic therapy (PDT) involves the administration of a photosensitive drug, 
followed by illumination with light of the appropriate wavelength to activate this drug. In 
the presence of oxygen, the ensuing photochemical reaction will generate singlet oxygen, 
which results in tumor destruction. PDT is now approved for the treatment of a variety of 
cancers (e.g. head and neck cancer, basal cell carcinoma, esophageal cancer and bladder 
cancer). 

Meso-tetra-hydroxyphenyl-chlorin (mTHPC, Foscan) is a second-generation 
photosensitizer that has been approved in Europe for the treatment of head and neck cancer. 
mTHPC is a potent photosensitizer with a high anti-tumor efficacy. Compared with 
Photofrin, a first-generation photosensitizer, drug and light doses required for similar 
tumor responses are up to 100 times lower. Much of this difference can be explained by the 
high singlet oxygen yield and the more favorable photophysical properties of mTHPC (1). 
Several studies have reported on mTHPC concentrations in human plasma after intravenous 
bolus injection (2-5) but only one study analyzed enough samples during the first 24 h after 
injection to obtain meaningful pharmacokinetic profiles (3). This study showed that plasma 
drug levels initially decreased and then increased until maximum drug levels were reached 
at 10 h, followed by a bi-exponential decline (3). Although similar profiles were reported in 
hamsters and cats, in those studies only 1 to 3 samples were taken during the first 24 h 
(6,7). By contrast, studies in mice and rats show peak levels of mTHPC in plasma directly 
after IV injection, followed by a bi-exponential decline (8-12). To date, no satisfactory 
explanation has been found for the delayed maximum plasma drug levels seen in humans. 
Further understanding of the pharmacokinetics of mTHPC in vivo is important with respect 
to determining optimal times for tumor illumination (8,12). 

The distribution of a drug over the different plasma fractions can directly 
influence its pharmacokinetics and tissue distribution and localization. The binding of a 
variety of photosensitizers has been studied (reviewed by Jori (13)) and results show that 
hydrophilic sensitizers are transported by albumin and globulines, resulting in vascular 
stroma localization, whereas hydrophobic sensitizers, like mTHPC, are solubilized by 
lipoproteins, resulting in greater tumor tissue localization. Only a few studies have 
specifically investigated binding to and distribution of mTHPC over the lipoproteins (14-
16). Hopkinson et al. showed that after addition of mTHPC to human plasma in vitro, 70% 
initially formed a complex with an unidentified protein. With increasing incubation time 
mTHPC was redistributed to the lipoproteins, of which high density lipoprotein (HDL) 
bound > 50% of the drug within 2 h (14). Additional, but more limited, in vivo data also 
indicated that some mTHPC was bound to an unknown protein fraction in rat plasma 
immediately after IV injection (14). 
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The aim of this study was to examine whether the different pharmacokinetic 
profiles of mTHPC observed between rodents and humans, which have markedly different 
plasma lipoprotein compositions, could be explained by the in vivo binding to and 
distribution of mTHPC over the lipoproteins. For further elucidation of this difference, we 
also examined the pharmacokinetics of mTHPC in ApoE -/- mice with a lipoprotein profile 
comparable with that of humans, and in SR-BI-/- mice, which are lacking the main 
clearance pathway for cholesteryl esters. Our results show that neither lipoprotein levels 
nor cholesterol metabolism influenced the pharmacokinetic behavior of mTHPC.  
 
 
Material and Methods 
 
Chemicals. 
The photosensitizer mTHPC (temoporfin, Foscan®) was provided by Biolitec Pharma Ltd 
(Breasclete, Isle of Lewis, Scotland). The drug was supplied as 5 mL solution (4 mg/mL) in 
a mixture of 60/40 wt/wt %  propylene glycol/ethanol.  
 
Patients.  
Two patients hospitalized for pleural malignancies volunteered to receive an injection of 
0.02 mg/kg mTHPC. Ten patients hospitalized for treatment with PDT of multiple basal 
cell carcinoma (BCC) and 2 patients hospitalized for PDT treatment of squamous cell 
carcinoma of the head and neck, received 0.1 mg/kg of mTHPC; 2 of the BCC patients 
were retreated. Another 19 patients hospitalized for the treatment of malignancies in the 
oral cavity received 0.15 mg/kg mTHPC.  In all patients the drug was given IV as a slow 
bolus (4 minutes). All patients gave written informed consent prior to inclusion in the 
study, which was approved by the local medical ethical committee. 
 
Mice. 
Female nude BALB/c, ApoE -/- and SR-BI -/- mice were used to determine the 
pharmacokinetics and distribution of mTHPC over the lipoproteins. mTHPC was diluted to 
a concentration of 50 µg/ mL in ethanol, polyethylene glycol 400, water (1:1:2, vol/vol/vol) 
and injected via the tail vein, at a dose of 0.3 mg/kg. All procedures were carried out 
according to protocols approved by the local animal welfare committee and conformed to 
national and European regulations for animal experimentation. 
 
Plasma samples.  
Repeated whole blood samples (10 mL) were taken from patients before and up to 7 days 
after injection of mTHPC (i.e. were taken at 3 to 18 of the following time-points; before 
injection, at 5, 15, 30 and 45 min, and at 1, 2, 3, 5, 7, 9, 10, 11, 12, 20, 24, 32, 48, 72, 96, 
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120, 144 and 168 h after injection). In total 15, 182 and 120 samples were taken during the 
courses of 0.02 mg/kg, 0.1 mg/kg and 0.15 mg/kg mTHPC respectively. Furthermore, 
during 12 out of 14 courses of 0.1 mg/kg mTHPC, 8-11 samples were taken during the first 
12 h after injection.  During the first day, whole blood samples were taken from the non-
injected arm.  

Whole blood samples from the mice were obtained via cardiac puncture, after 
brief anesthesia with methoxyflurane. Samples were taken at 0.5, 5, 10, 15, 20, 30 and 45 
min, and at 1, 3, 6, 24 and 48 h. Blood samples were collected in heparin containing tubes 
and were centrifuged for 10 min at 1500 g at 4°C to separate the plasma. For all 
measurements, t = 0 corresponded to the end of the injection. 
 
Plasma protein separation.  
Plasma samples obtained from 6 BCC patients at 15 min, and 2, 3, 10, 24, 48 and 72 h after 
injection of 0.1 mg/kg mTHPC and from 4 head and neck cancer patients (0.15 mg/kg) at 
15 min, 3 h, and 24 h were examined for mTHPC distribution over the lipoprotein 
fractions. Plasma samples from BALB/c nude and ApoE -/-mice, obtained at 15 min and 1, 
3 and 6 h after injection of 0.3 mg/kg mTHPC, were also examined for mTHPC 
distribution over the lipoprotein fractions.  

Lipoprotein fractionation was achieved by applying diluted plasma samples (1:1, 
vol/vol, with PBS containing 1mM EDTA) to a Superose 6 column (3.2x30mm, Smart-
system, Amersham Biosciences, Freiburg, Germany) and eluted with PBS containing 1 
mM EDTA. Fractions (50 x 0.1 mL) were collected and assayed for their protein content by 
absorption at 280 nm. The obtained protein profile was used to determine which fractions 
contained  very low density lipoproteins (VLDL), low density lipoproteins (LDL) or HDL. 
 
Determination of mTHPC levels in plasma and protein fractions.  
A mixture of CH3OH: DMSO (4:1, vol/vol) was added to 50 µl samples of total plasma or 
protein fraction and centrifuged for 25 min at 14000 rpm at 4ºC; the supernatant was 
analyzed for mTHPC content by HPLC. 

The separation of mTHPC was carried out on a Waters symmetry C18 3.5 µm 4.6 
x 100 mm column, with acetonitril; 0.1% (wt/vol) TFA (50:50, vol/vol) as mobile phase, 
using a flow-rate of 1 mL/min. Samples were injected via a Waters 717 plus autosampler 
and a Waters 474 scanning fluorescence detector, set at excitation and emission 
wavelengths of 410 nm and 652 nm, was used for peak detection. Quantification of the 
drug was done by comparing the mean peak areas of the samples with plasma spiked with 
known amounts of mTHPC. The distribution of the drug was expressed as percentage of 
total recovered amount of mTHPC after fractionation. Recovery was determined by 
dividing the absolute amount of mTHPC in all fractions by the total drug amount in the 
plasma before fractionation. 
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Data and pharmacokinetic analyses.  
Pharmacokinetic parameters were calculated by noncompartmental analyses using the 
software package WinNonlin (Pharsight, version 5.0). The AUC was calculated using the 
trapezoidal method for which the concentration-time curve was extrapolated up to infinity 
for assessment of the total AUC. 

All data are given by means ± SD and student’s t-test was used to test for 
difference between mean values. 
 
 
Results 
 
Plasma pharmacokinetics of mTHPC  
Plasma pharmacokinetic profiles of mTHPC were determined in 2 volunteers, hospitalized 
for the treatment of pleural malignancies, who received a slow bolus injection of 0.02 
mg/kg mTHPC, in 12 patients who received 0.1 mg/kg mTHPC for treatment of BCC and 
in 19 patients receiving 0.15 mg/kg for PDT of head and neck cancer (Fig. 1A). Calculation 
of the average plasma drug levels per dose group shows that apparent steady state drug 
concentrations were maintained for at least 10 h after IV injection and that peak plasma 
drug levels increased in proportion to the injected dose (Fig. 1B). However, closer 
examination of individual profiles from the BCC patients showed an initial decrease in 
plasma drug levels in 10 out of 12 patients, followed by an increase to maximum levels at 2 
to 7 h (median 5 h), which were maintained for 2 to 5 h (Fig. 2). These pharmacokinetic 
profiles in humans are in marked contrast with previously published profiles for mTHPC in 
mice (8,10,12) and rats (9), which show a bi-exponential decline of mTHPC without a 
plateau phase shortly after injection.  

Table 1 shows the pharmacokinetic parameters obtained by analyses of the human 
plasma concentration-time data and of our previously published mouse data (12). The total 
AUC increased proportionally to the injected dose for 0.1 mg/kg and 0.15 mg/kg mTHPC. 
The AUC in patients injected with 0.02 mg/kg mTHPC was disproportionately lower. 
However, this is difficult to interpret because the data were obtained in only 2 volunteers.  
 
Distribution of mTHPC over the lipoproteins 
The distribution of mTHPC over plasma lipoproteins was examined in representative 
samples from patients who received 0.1 mg/kg mTHPC or 0.15 mg/kg mTHPC and was 
compared with distribution in plasma of mice that received 0.3 mg/kg mTHPC. Initial pilot 
studies were carried out in human plasma samples (from untreated volunteers who were 
hospitalized for treatment of pleural malignancies) spiked with known quantities of 
mTHPC, to test whether the duration of and the temperature during storage influenced the 
distribution of  mTHPC over the lipoproteins.  The spiked plasma samples were either used  
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Figure 1. A: Pharmacokinetic profiles for mTHPC in the plasma of patients after IV injection of 0.02 mg/kg, 0.1 
mg/kg and 0.15 mg/kg mTHPC. In all patients the drug was given as a slow bolus (4 minutes). Data are expressed 
as mean of 2 courses of mTHPC (0.02 mg/kg), and means ± SD of respectively 14 (0.1 mg/kg) or 19 (0.15 mg/kg) 
courses of mTHPC. B: Pharmacokinetic profiles during the first 12 h after injection.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Individual pharmacokinetic profiles of the BCC patients injected with 0.1 mg/kg mTHPC during the 
first 12 h after injection. In 10 out of 12 patients plasma drug levels initially decreased followed by an increase to 
maximum levels that were maintained for 2 to 5 h. 
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Table 1. Pharmacokinetic parameters of mTHPC in the plasma of patients and BALB/c nude mice. 
 

  Patients  BALB/c nude 
mice 

Injected dose (mg/kg) 0.02 0.1 0.15 0.3 
     
AUC (h*mg/L) 4 55 ± 11 81 ± 23 21 
Cl (L/h) 0.367 0.166 ± 0.05 0.143 ± 0.05 0.00036 
Vd (L) 8.5 7.3 ± 2.2 5.5 ± 1.8 0.005 
t1/2 elimination (h) 17 33 ± 4 32 ± 7 13 
MRT (h) 23 44 ± 5 40 ± 10 15 
 
Parameters were obtained by using noncompartmental analyses for patients injected with 0.02 mg/kg, 0.1 mg/kg 
and 0.15 mg/kg mTHPC. The AUC was calculated with the trapezoidal method for which the concentration-time 
curve was extrapolated up to infinity. Parameters are expressed as mean of 2 courses of mTHPC (0.02 mg/kg), and 
means ± SD of respectively 14 (0.1 mg/kg) or 19 (0.15 mg/kg) courses of mTHPC. AUC, area under the plasma 
concentration-time curve; Cl, clearance; Vd, distribution volume; MRT, mean residence time 

 
immediately for lipoprotein fractionation or maintained at room temperature or 4ºC for 4 h 
before separation. In addition, the plasma samples from 2 patients who had received 
mTHPC were split and either fractionated immediately or after 3 weeks of storage at -20ºC. 
Neither duration of storage nor temperature during storage influenced the drug distribution 
over the lipoproteins (data not shown).  

The relative distribution of mTHPC over the lipoproteins in patients injected with 
a dose of 0.1 mg/kg or 0.15 mg/kg is shown in Figure 3.  At 15 min after injection, 71% ± 
9% of the drug was bound to the HDL fraction and 20% ± 6% to the LDL fraction in 
plasma from patients injected with 0.1 mg/kg of mTHPC. In patients who received 0.15 
mg/kg mTHPC, 58% ± 7% and 31% ± 4% of mTHPC was initially bound to HDL and 
LDL respectively. The distribution of the drug over the lipoproteins did not change 
markedly over time, although the fraction bound to HDL at 3 h after injection was slightly 
lower (borderline significant, P = 0.05) for 0.1 mg/kg of drug dose. Furthermore, 
percentages of HDL bound mTHPC at 3 h and 24 h was significantly lower in the patients 
injected with the high dose (0.15 mg/kg) compared with patients that received 0.1 mg/kg 
mTHPC (P < 0.05). The median drug recovery was also lower after high dose injection (i.e. 
65% versus 84%). However, absolute amounts of HDL bound mTHPC were comparable 
between the patients injected with different drug doses.  

In order to test whether these differences in drug recovery and fraction bound to 
HDL were the consequence of a saturation after high drug dose of the separation method 
used, 2 patient samples and 1 spiked plasma sample with high dose of mTHPC (4 mg/mL) 
were analyzed after separation of the lipoproteins by both ultracentrifugation and our 
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separation method using a Superose 6 column. No changes in distribution were seen after 
using a different separation method or adjusting drug dose (data not shown).  

Injection of 0.3 mg/kg mTHPC in BALB/c nude mice resulted in an initial binding 
of 75% ± 12% to the HDL fraction (Fig. 4A). Once again there was no significant change 
in drug distribution over the lipoproteins over time, although there was a large experimental 
variation in data from the 1 h sampling time. The median recovery of mTHPC for these 
mouse plasma samples was 76% of total plasma drug levels. 

Since the majority of mouse strains (including BALB/c nudes) have extremely 
low LDL levels, unlike humans, we also examined mTHPC distribution in the plasma of 
ApoE -/- mice, which have elevated total cholesterol levels and a HDL:LDL ratio more 
comparable with humans (Fig. 5). The distribution of mTHPC over the lipoproteins in 
plasma from ApoE -/- mice was markedly different to that in BALB/c nude mice or 
humans, with > 80% bound to either VLDL or LDL and <20% bound to HDL (Fig. 4B). 
However, pharmacokinetic profiles for clearance of mTHPC in ApoE -/- mice were 
identical to BALB/c nude mice (Fig. 6).  

We also examined the effect of HDL metabolism on pharmacokinetics of mTHPC 
in SR-BI-/- mice, which lack the main clearance pathway for HDL-associated cholesteryl 
esters. The pharmacokinetic profile for mTHPC in these mice was very similar to that 
observed in wild type BALB/c nude and ApoE -/- mice (Fig. 6), although plasma drug 
levels in the SR-BI -/- mice were slightly higher at the 1 h time point (P ≤ 0.02). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The relative distribution of mTHPC over the lipoproteins in the plasma of patients, who received 0.1 
mg/kg (A) or 0.15 mg/kg mTHPC (B). Data are expressed as means ± SD and n = 3 or 4 per time point. The * 
indicates the drug levels bound to HDL that were significantly lower, p=0.05. 
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Figure 4. Relative distribution of mTHPC over the lipoproteins in the plasma of BALB/c nude (A) and ApoE -/- 
mice (B) injected with 0.3 mg/kg. Data are expressed as means ± SD and n ≥ 3 per time point. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Lipoprotein levels and LDL:HDL ratio in plasma of the patients used for analysis of mTHPC 
distribution over the lipoproteins, of a pool of different mouse strains and of the used ApoE -/- mice. Data are 
expressed as means ± SD and n ≥ 3 per time point. 
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Figure 6. Pharmacokinetic profiles for mTHPC in the plasma of BALB/c nude, ApoE -/- and SR-BI -/- mice after 
IV injection of 0.3 mg/kg. Data are expressed as means ± SD (n ≥ 3 per group) and the previously published 
average of nude mice is plotted as dotted line (12).  The pharmacokinetic profile of mTHPC was identical in all 
three mice strains. 

 
 
Discussion  
  
The pharmacokinetic profile for mTHPC in plasma following an IV bolus injection has 
been reported for several species. In mice and rats, mTHPC shows a classic bi-exponential 
decline with t1/2 values of 0.5-1.3 h for the initial decline and 6.9-20.9 h for the elimination 
phase (8-10,12). Few studies have investigated mTHPC levels in the plasma of humans 
(2,3,5) and only one study analyzed enough time-points in the first 24 h to optimally 
describe the pharmacokinetics (3). Our results reveal that mTHPC levels in plasma 
decreased immediately after slow bolus injection, reaching an initial trough within 45 min, 
after which drug reappeared in the plasma resulting in peak values as late as 10 h after 
injection. Similar delayed peak profiles were also seen for mTHPC administered IV to cats 
and hamsters, although these studies had very limited sampling over the first 24 h, making 
it difficult to obtain accurate pharmacokinetic information (6,7,17).  

For further elucidation of the pharmacokinetics of mTHPC in humans, we 
sampled plasma for 168 h after bolus IV injection, with extensive sampling during the first 
24 h. The mean plasma drug levels for groups of 12 to 19 patients were near maximum 
immediately after injection and remained in steady state for at least 10 h. Closer 
examination of 118 plasma concentration-time points taken from 12 patients within the first 
24 h after injection of 0.1 mg/kg, revealed a similar delayed peak as described before (3), 
but with a less pronounced initial decrease immediately after injection. In our study, these 
initial trough values were about 90% of the initial concentration, compared with initial 
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trough values of 55% in the study of Glanzmann (3). It should be noted that in the 
previously reported study, mTHPC was dissolved in a mixture containing water (50% of 
total volume), whereas in our study the drug was already supplied as a solution in a mixture 
of 60/40 wt/wt % propylene glycol/ethanol. The presence of water could affect drug 
aggregation and consequently its pharmacokinetics, as described below. 

Several theories have been suggested to explain the delayed maximum plasma 
drug levels in humans. The drug could be sequestered in excretory organs like the liver or 
the kidneys immediately after injection and thereafter slowly released. Our data in human 
subjects are consistent with the formation of a drug depot after injection of mTHPC with 
subsequent release back into the circulation. The initial decrease and reappearance of the 
drug followed by near steady state levels would then be the consequence of equilibrium 
between drug clearance and the new supply from the putative depot. The duration of 
equilibrium was independent of the injected drug dose.  

Several studies in mice and rats have shown that internal organs, such as the liver, 
kidneys, heart and lung retain high amounts of mTHPC for at least 2-5 days after injection 
(8,9,11). Although the organ drug concentrations remained fairly constant for at least 2 
days, this cannot be interpreted as evidence for drug depot formation, since plasma 
concentrations in these species did not show a plateau at early times after injection. 
Measurement of mTHPC concentrations in the internal organs of patients is rather difficult, 
therefore definitive proof for drug depot formation is lacking. Our pharmacokinetic 
analysis showed a distribution volume ranging from 5.5 – 8.5 L, which suggests that 
mTHPC is localized in or near the blood compartment, rather than in another deep tissue 
compartment in one of the organs. The photosensitizer however, does leave the plasma 
compartment, because increasing tissue levels have been reported, using spectroscopy (2), 
during the first 10 h in human skin and superficial tumors.  

Another possible explanation for the observed plateau and delayed plasma peak is 
aggregation and precipitation of mTHPC directly after injection (14,18,19). Drug 
aggregation in the vascular compartment could explain the apparent initial decrease in drug 
levels in the plasma, followed by increasing levels when mTHPC interacts with plasma 
proteins and disaggregates. The possibility of a vascular depot was supported by our 
clinical observations of discoloration of the vein in which the drug was injected (see 
chapter 3.1). This occurred in several patients from 2 weeks up to 6 months after injection.  

From experiments with human plasma spiked with mTHPC in vitro, it was 
postulated that the unusual pharmacokinetics of this drug could be the result of aggregation 
and binding to an unknown protein followed by redistribution to the lipoproteins (14). 
Therefore, it was suggested that early plasma pharmacokinetics are a reflection of the 
plasma lipoprotein profile (9). Since mice do not show a prolonged plateau phase after IV 
injection of mTHPC, a direct comparison of the distribution of mTHPC over plasma 
lipoproteins in humans and mice was made to test this hypothesis. The drug distribution in 
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plasma obtained from patients and mice was very similar, with 50-80% of mTHPC bound 
to HDL and no change in relative distribution over time after injection. This is consistent 
with other published results, which show that hydrophobic photosensitizers like photofrin, 
mTHPC and BPD-MA, bind preferentially to HDL (14,16,20-22). The constant absolute 
amounts of mTHPC bound to each lipoprotein fraction during the plateau phase in humans, 
together with the lack of depletion of mTHPC in one of the fractions over time, suggests a 
continuous redistribution between the lipoproteins with replenishment from an unknown 
depot during the first hours after injection. 

Although no significant differences were observed between humans and mouse in 
drug distribution over plasma proteins, there are major differences in the levels of plasma 
lipoproteins and cholesterol metabolism. The major cholesterol component of human 
plasma is LDL (3.9 ± 0.3 mmol/L), whereas mice generally have extremely low levels of 
LDL (0.2 ± 0.3 mmol/L). Therefore, we performed additional studies in ApoE -/- mice, 
with a lipoprotein profile more comparable with that of humans. The distribution of 
mTHPC in plasma of ApoE -/- mice with elevated LDL levels (5.73 ± 1.02 mmol/L) was 
markedly different, since most of the drug was bound to VLDL and LDL. However, this 
did not result in altered pharmacokinetic profiles for the drug and strongly suggests that 
binding of mTHPC to specific plasma protein fractions is not responsible for differences in 
pharmacokinetic profiles seen in mice and humans. 

Rapid redistribution of mTHPC between the lipoproteins could mask the 
importance of one lipoprotein in particular. In cholesteryl transfer protein (CETP)-
expressing animals, including humans, HDL cholesteryl esters can be transferred to other 
lipoproteins and subsequently metabolized via receptor-mediated endocytosis. Mice lack 
CETP and their main clearance pathway for cholesteryl esters involves specific uptake via 
SR-BI at the liver, without metabolizing the HDL particle. Both mTHPC and cholesteryl 
esters are strongly hydrophobic and accumulate in the core of the HDL particle. We 
therefore examined the pharmacokinetics of mTHPC in mice deficient for SR-BI, to 
determine whether cholesterol metabolism influences the pharmacokinetics of mTHPC. 
Although at 1 h after injection plasma drug levels were significantly higher than that 
observed in nude mice (P ≤ 0.02), the similar levels at other time points suggests that there 
is no substantial difference in clearance of mTHPC between SR-BI-/- and BALB/c nude 
mice. Therefore it is unlikely that mTHPC clearance is dependent of cholesterol 
metabolism.  

In conclusion, we explored the role of mTHPC binding to lipoproteins in relation 
to drug disposition in an attempt to elucidate the difference in pharmacokinetic profiles 
seen between humans and mice. This study showed that neither drug distribution over the 
lipoproteins nor metabolism of lipoproteins influenced the plasma pharmacokinetics of 
mTHPC. The most likely explanation for the prolonged plateau in drug concentrations seen 
in human plasma over time after IV injection is the formation of a drug depot, possibly in 
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the vascular compartment, immediately after IV injection. Clearly, rodents do not predict 
human pharmacokinetics as the long initial plateau in the concentration-time curve of 
mTHPC observed in humans is not seen in rodents. 
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Abstract 
 
Background: Second primary tumors are a common problem in head and neck cancer 
patients. Curative surgery or radiotherapy of these tumors can be very mutilating or even 
impossible. This study aims to evaluate meso-tetra-hydroxyphenyl-chlorin (mTHPC)- 
mediated photodynamic therapy (PDT) for multiple primary tumors in the head and neck. 
 
Methods: A total of 27 patients with 42 second or multiple primary head and neck tumors 
were treated by PDT. 
 
Results: Twenty-eight out of 42 tumors were cured (67%). Cure rates for tumor stage I or 
carcinoma in situ were 85%, versus 38% for tumor stage II/III. 
 
Conclusions: Cure rates for PDT of multiple primary head and neck tumors were lower 
than previously described for first primaries, but were still very encouraging for this 
difficult patient population. The high cure rate obtained in stage I second primaries 
emphasizes the importance of a meticulous follow-up of patients treated for head and neck 
cancer in order to detect new tumors at a curable stage. 
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Introduction 
 
The occurrence of second primary tumors after curative treatment of a first tumor is one of 
the major problems in patients with early stage head and neck cancer. The problem with 
these second primary tumors is that they often occur at notoriously bad sites, like lung or 
esophagus, or within previously irradiated or operated areas of the head and neck. If 
curative radiotherapy or surgery is possible for these tumors, it is usually associated with 
the risk of serious mutilation, either cosmetic or functional. Second primary tumors occur at 
a constant rate of 2-4 % per year for more then 10 years after diagnosis of a first head and 
neck cancer (1). This implies that patients curatively treated for squamous cell carcinoma 
of the head and neck have a 20 to 30 % lifetime risk to develop a second primary tumor. 
Survival rates for second primary tumors are in general poorer than in first primary tumors, 
but are tumor site dependent (2). Most studies describe 5-year survival rates of 
approximately 25% (2-6), although there are reports of 5 year survival up to 42% (7). 

The phenomenon of second primary tumors can be explained by the concept of 
field cancerization, which assumes that the mucosa of the whole respiratory and upper 
digestive tract is affected and prone to malignant transformation as a result of long-term 
exposure to tobacco products and other carcinogens. In addition to these environmentally 
induced risk factors, genetically determined susceptibility of specific individuals to develop 
squamous cell cancer may predispose to the development of multiple cancers.  
Alternative treatment modalities, such as photodynamic therapy (PDT), could potentially 
achieve long-term control of second primary tumors without the morbidity of surgery or 
radiotherapy. Normal tissue damage after PDT is restricted to the illuminated area and a 
maximum penetration of the light in tissue (up to 1 cm). PDT also does not damage sub-
epithelial collagen and elastin and there is preservation of non-cellular supporting elements. 
Tissue architecture may therefore be maintained while cellular and vascular elements are 
damaged, providing a matrix for regeneration of normal tissue (8,9). 

Powerful second-generation photosensitizers, like meso-tetra-hydroxyphenyl-
chlorin (mTHPC), are now available for clinical use, increasing the applicability of PDT. 
Many studies investigating the efficacy of PDT have been carried out during the past 
decade and these show cure rates for different types of early stage primary head and neck 
cancer that are at least comparable with conventional treatments like surgery and 
radiotherapy (10,11). Advantages of PDT are the excellent wound healing without 
scarification and the possibility to repeat this treatment in the future. This study aims to 
evaluate mTHPC-mediated PDT for second or multiple primary tumors in the head and 
neck area.  
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Patients and Methods 
 
Patients. 
Between 1996 and 2004, 27 patients with histologically confirmed squamous cell 
carcinoma of the oral cavity or oropharynx were treated with mTHPC-mediated PDT. All 
patients had a history of head and neck malignancies and were previously treated by 
surgery, radiotherapy, chemotherapy, PDT or a combination of these treatments. To be 
included in this study, the tumor had to be accessible for illumination using a microlens 
fiber and had to infiltrate less than 5 mm, as determined by clinical examination and 
magnetic resonance imaging. Patient and tumor characteristics are outlined in Table 1. All 
patients were treated according to the protocol approved by the medical ethical committee 
of the Netherlands Cancer Institute and patients gave their written informed consent to 
participate in the study. 
 
Treatment. 
Patients were injected intravenously with 0.15 mg/kg mTHPC, given as slow-bolus with a 
minimal injection time of 5 min, in a mixture of 60/40 wt/wt % propylene glycol/ethanol, 
as supplied by the manufacturer (Biolitec Pharma Ltd, Breasclete, Isle of Lewis, Scotland), 
and remained in the hospital in subdued light for at least 6 days. The patients remained in a 
darkened room for the first 24 h after injection (special curtains, light bulb not brighter than 
60 W). The patients were given a luxmeter to follow the guidelines for light exposure. 
From the day of injection light levels were permitted to increase by 100 Lux per day. Light 
exposure restrictions were monitored for 2 weeks after treatment. 
 Illumination of the tumor was performed 4 days after injection in the operation 
theatre under general anesthetics. All patients had a nasothracheal intubation and the tumor 
was exposed using retractors and/or sutures. Once a clear and flat view of the tumor was 
obtained, the surrounding normal tissue was shielded from the laser light by using black 
wax and/or wet surgical drapes, leaving a margin of about 10 mm around the border of the 
tumor. The tumor area was illuminated with 652 nm light emitted from a Diomed 652 PDT 
laser s/n 1485 (Diomed Limited, Cambridge, UK) or a Ceralas PDT 652 laser 
(CeramOptec, GmbH, Bonn, Germany), delivered via a handheld lens fiber (DIO DM-
5416, Diomed or Medlight S.A., Ecublens, Switzerland). The total fluence given to the 
tumors was 20 J/cm2 with a fixed fluence rate of 100 mW/cm2. Depending on the number 
of spots needed to illuminate the tumor plus a margin of 5 to 10 mm, total treatment time 
varied from 15-30 min. 

After illumination patients remained in the hospital for at least 3 days. Follow up 
of the patients was performed at the outpatient clinic every month during the first year, 
every 2 months during the second year and hereafter once every 3 months. 
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Table 1. Results of PDT in 27 patients with multiple primary tumors. 

 
Patient Previous MPT Stage PDT response Salvage 
1 S / RT r-FloorM T2N0 PD S 
  l-AntPhP T1N0 CR  
  r-SPal T1N0 CR  
  r-FloorM TisN0 CR  
  l-FloorM T2N0 PD CT 
2 S / RT r-Tongue T1N0 PD - 
3 S r-AntPhP T1N0 CR  
  r-LowAlv T1N0 PD S / RT 
4 S / RT l-FloorM T1N0 CR  
  l-RMTr T1N0 CR  
  Uvula T1N0 CR  
5 RT PostPh T2N0 CR  
6 S / RT l-SPal T2N0 CR  
  l-Tonsil TisN0 CR  
  r-Tonsil T2N0 PD - 
7 S r-FloorM T1N0 CR  
  r-AntPhP T2N0 PD RT 
8 S l-BaseT T1N0 CR  
  l-AntPhP T1N0 CR  
  l-Tonsil T1N0 CR  
9 S l-AntPhP T2N0 CR  
10 S / RT r-Tonsil T1N0 CR  
11 S r-LowAlv T2N0 CR  
12 CT/ RT l-RMTr T1N0 PD S 
13 S / RT l-Tongue T1N0 CR  
14 S l-LowAlv T1N0 CR  
  l-AntPhP T1N0 CR  
15 CT / RT l-FloorM T2N0 PD S 
16 S r-FloorM T2N0 PD - 
17 S / CT / RT r-SPal T2N0 CR  
18 S / RT l-RMTr T2N0 PD CT / RT 
19 S / RT l-AntPhP T2N0 PD - 
20 S r-BuccalM T3N0 CR  
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Table 1 continued: 

 
Patient Previous therapy MPT Stage PDT response Salvage 
21 RT l-SPal T1N0 CR  
22 S / CT / RT l-FloorM T2N0 PD CT / RT 
23 S / RT HPal T1N0 CR  
  PostPh T2N0 PD CT 
24 PDT r-Tongue T1N0 CR  
25 S / CT / RT l-AntPhP T1N0 CR  
  r-NPh T1N0 PD - 
26 PDT l-FloorM T1N0 CR  
27 S / RT l-Tongue TisN0 CR  

 
CT; chemotherapy, MPT; multiple primary tumor, RT; radiotherapy, S: surgery 

 

l-; left, r-; right, AntPhP; anterior pharyngeal pillar, BuccalM; buccal mucosa, BaseT; base of tongue,  

FloorM; floor of mouth, HPal; hard palate, LowAlv; lower alveolus, NPh; nasopharynx,  

PostPh; posterior pharyngeal wall, RMTr; retromolar trigone, SPal; soft palate 

 

CR; complete remission, PD; progressive disease 

 
 
Results 
 
A total of 27 patients with 42 tumors were treated by mTHPC-mediated PDT (Table 1). 
Thirteen were men (48%) and 14 were women (52%). The mean age at time of treatment 
was 63 years (range 48-81 years). Tumor stage was I in 23 cases (55%), stage II in 15 cases 
(36%), stage III in 1 case (2%) and carcinoma in situ in 3 cases (7%). Most patients in this 
study were treated for a single tumor. In 3 cases multiple synchronous primary tumors were 
treated concurrently by PDT. Fifteen patients developed a third primary tumor during 
follow-up after treatment for their second tumor. Seven of these were again treated with 
PDT. Two patients had received PDT in the past for their primary tumor. Follow-up ranged 
from 6 to 105 months with a median follow-up of 35 months. 

In all patients, necrosis and formation of slough at the illuminated area occurred 
within 24 h after treatment. This process subsided within the next 3 to 6 weeks. Most 
patients experienced moderate pain during the first week, which could be managed by 
analgesics such as paracetamol or diclofenac. Some patients developed more severe pain 
and required opiates for several days. In one patient grade II burning on face and hands 
occurred when he ignored light restriction protocols and sunbathed 1 week after mTHPC 
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injection. The patient was hospitalized for 1 week and recovered without permanent 
impairments. No serious phototoxicity events occurred in the other patients. 

In 28 out of 42 tumors, a complete remission was obtained (67%). Cure rates for 
stage I/in situ disease were 85%, versus 38% for stage II/III (Table 2). Tumors that did not 
respond to treatment were salvaged, if possible, by surgery, radiotherapy, chemotherapy or 
a combination of these modalities. In 5 cases no further treatment was possible or the 
patient refused this. 
 
 
Table 2. Results: complete remission rates after PDT in multiple primary tumors. 

 
 
 

 
 
 
 
 
 
 
 
 
CR; complete remission, cis; carcinoma in situ 

 
 
Discussion 
 
The successful treatment of second primary tumors in the head and neck area is 
complicated by previous surgery and radiotherapy. Surgery for multiple primary tumors 
often requires more extensive resections and reconstructions than in primary tumors leading 
to a considerable post-operative morbidity. Due to anatomical changes resection margins 
may be smaller than desired leading to irradicality and recurrent disease. Radiotherapy is 
often impossible due to previous primary or post-operative irradiation. A drawback of 
radiotherapy as treatment option for a second tumor is that this could jeopardize future 
treatment options. In our study more than half of the patients that were cured from a second 
primary tumor developed another tumor within the area of the head and neck, indicating the 
importance of a careful treatment planning for second primary cancer patients. The cases 
analyzed in this study show the benefit of a third treatment modality in addition to the 
conventional therapies. One of the advantages of PDT is that it can be applied more than 

 Number of treated 
tumors 

CR 

Stage I/cis 26 22 (85%) 

Stage II/III 16 6 (38%) 

Total 42 28 (67%) 
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once and that it does not compromise future surgical or radiotherapeutical interventions. In 
most patients the length of treatment time was shorter or comparable with a surgical 
treatment and much shorter than for radiotherapy. 

Most patients in this study recovered within 6 weeks from treatment with no 
therapy related functional or cosmetic defects. Careful monitoring of patients pain 
sensations during the first few days and adjustment of the analgesics, if necessary, is very 
important. One patient developed more serious complications due to sunlight exposure 
shortly after discharge from the hospital. This patient neglected the light exposure 
instructions that were given extensively before and during hospital admission. 
 The high cure rate of 85% in stage I disease emphasizes the importance of a 
meticulous follow-up of patients treated for head and neck cancer as proposed by others 
(12). Not only the site of the primary tumor but all other mucosa in the head and neck 
should be examined systematically and thoroughly at each outpatient visit in order to 
discover second primary tumors at an early and more curable stage. Although the complete 
remission rates are slightly worse than those described for PDT in primary head and neck 
tumors, the overall response rate is very promising in such a difficult population. We may 
conclude that PDT is a convenient and effective treatment for early stage multiple primary 
head and neck tumors with significantly less morbidity than is associated with radiotherapy 
or surgery. 
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The aim of this thesis was to determine how drug uptake and distribution influence tumor 
response to meso-tetra-hydroxyphenyl-chlorin (mTHPC)-mediated photodynamic therapy 
(PDT). mTHPC-PDT has already proven to be an attractive treatment modality for small 
superficial tumors of the head and neck. Efficacy is high and, except for generalized 
photosensitization, there are no long-term side effects if appropriate treatment protocols are 
followed. Furthermore, there are several advantages when compared with conventional 
therapies (i.e. there is no build-up of toxicity and in general there is an excellent healing). 
Nowadays clinical protocols for mTHPC-PDT make use of a drug-light (D-L) interval of 4 
days, where the greatest differential between tumor and normal tissue drug level is seen. 
However, a good shielding procedure during illumination, combined with the limited 
penetration of visible light, determines real treatment specificity; therefore illumination 
does not necessarily have to be given at times when the greatest drug differential is 
observed between tumor and normal tissue. Furthermore, using a relatively long interval 
between drug administration and illumination will emphasize direct tumor cell killing 
rather than exploiting vascular mediated effects, which several publications suggest to be a 
more important determinant of outcome than direct tumor cell kill. 

It has become clear that the outcome of PDT not only depends on drug and light 
dose, but also on the D-L interval. This interval influences localization and concentration of 
the photosensitizer in the tumor and surrounding tissues at the time of illumination and 
thereby determines which compartment is really targeted. Plasma levels of photosensitizers 
like Hypericin and mTHPC seem to be better indicators of outcome than tumor drug levels. 
This suggests again that it is not the tumor cells themselves that form the main target for 
optimal outcome, but that damage to other compartments (e.g. the vasculature) provokes 
secondary tumor cell kill. Several studies have suggested a link between extent of induced 
vascular damage and tumor response. It is therefore important to study not only vascular 
injury in vivo but also to determine whether endothelial cells are intrinsically more 
sensitive. 

Direct comparison of mTHPC-mediated photosensitivity between endothelial 
cells, fibroblasts and tumor cells could give insight in the importance of clinical targeting 
of these cells. We found that endothelial cells are not intrinsically more sensitive than other 
cell types to mTHPC-mediated PDT, and that cellular drug concentration at the time of 
illumination, rather than cell type, is the most important determinant of photosensitivity in 
vitro. However, there was a difference between the cell types in drug uptake, which could 
have influence in the in vivo situation. Endothelial cells continued to take up drug for at 
least 48 h while drug levels in other cell types reached steady state within 24 h. This could 
be of importance for PDT response in vivo, because at the deeper margins of the tumor 
light dose is attenuated and the photochemical reaction will critically depend on 
photosensitizer levels. At the tumor surface, close to the light source, high fluence rates 
will probably compensate for low drug levels. However, care must be taken when 
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translating this in vitro information to the in vivo situation because important parameters 
for PDT outcome, like the precise oxygen tension, drug concentration and light dose are 
difficult to measure in individual tissues.  

For further proof that vascular induced damage primarily determines the outcome 
of mTHPC-PDT, and that plasma drug levels could predict this, we performed a large pre-
clinical in vivo study with mice. Indeed, we found that drug levels in the plasma at the time 
of illumination correlated both with the extent of vascular damage in the tumor at 1 h after 
treatment and with long-term tumor response. Histological examination confirmed a 
massive vascular effect within 1 h, although even at 24 h after curative PDT the majority of 
tumor cells distant from the blood vessels still appeared to be viable at this time. All these 
results suggest that the correlation between drug levels in the plasma at the time of 
illumination and early vascular responses could potentially be used to predict tumor 
response to PDT. If this can be validated for men, clinical treatment outcome could be 
optimized not only by shortening the drug-light (D-L) interval but also by combining this 
with reduced drug dose, which would lead to a decrease in duration of phototoxicity. 

Investigation of vascular-induced damage in men is difficult since these 
parameters are normally determined by highly invasive methods like histology and/ or 
immunohistochemistry. Therefore, non-invasive real-time imaging methods are required to 
follow tumor response upon illumination. Such methods should have a high spatial 
resolution for discrimination of the different tissues and should be able to measure 
perfusion in those specific tissue layers, rather than provide average perfusion over large 
volumes as is done with e.g. MRI. We explored the use of optical coherence tomography 
(OCT) to investigate PDT-mediated vascular changes in our mouse model. OCT is a high-
resolution, cross sectional imaging technique, which enables non-invasive, real-time 
examination of tissue. Although the many high reflecting tissue layers of the mouse made it 
difficult to extract information from deeper areas of the tumor, perfusion could be 
monitored. Early clinical results show better depth-resolved information than was obtained 
in mice and justifies further exploration. 
 We also investigated the correlation between mTHPC levels in the plasma and 
PDT outcome in a group of patients treated for multiple basal cell carcinoma. This study 
confirmed that shortening of D-L interval from 4 days to 1 day significantly improved 
outcome. The response of tumors treated at 12 h did not significantly differ from that of 
tumors treated after the most optimal time interval (i.e. 24 h). However, it cannot be 
excluded that the unusual pharmacokinetic profile of mTHPC in the plasma of patients 
does affect the outcome after further shortening. These data confirmed that the results of 
pre-clinical studies did broadly apply to the clinical situation. However, the 
pharmacokinetic profile of mTHPC in the plasma of humans is very different from that in 
mice, which could raise questions about plasma drug levels as predictor of response. In 
mice, mTHPC shows a normal bi-exponential decline after intravenous injection, whereas 
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in patients a prolonged steady state is maintained for at least 10 h after bolus injection. This 
steady state seems to be the consequence of equilibrium between the plasma compartment 
and a presumed unknown depot. Since we do not understand the reason for the prolonged 
steady state plasma levels in humans, care must be taken before further reduction of the D-
L interval to less than 24 h. 

Several studies have looked at the distribution of photosensitizers over the  plasma 
lipoproteins, because this can influence their pharmacokinetics, tissue distribution and 
localization, and thereby also outcome of PDT. Previous in vitro studies suggested a role 
for an unknown plasma protein together with lipoproteins in the binding and 
pharmacokinetics of mTHPC; we therefore examined their role in vivo. Although we could 
not elucidate why mTHPC has such an unusual pharmacokinetic profile in man, we 
excluded a role for lipoprotein levels or cholesterol metabolism.  
  In conclusion, mTHPC-mediated PDT is already very effective with the present 
treatment protocols but the data in this thesis suggest that treatment can be improved by 
taking into account the importance of induced vascular damage and shortening the D-L 
interval from 4 days to 1 day. However, because of the unusual pharmacokinetics of 
mTHPC in humans, care must be taken before further reduction of D-L interval to less than 
1 day. This should go hand in hand with experiments for understanding the influence of and 
pharmacokinetic behavior of mTHPC during the steady state. Clinical trials are already 
underway for further optimization of D-L interval used for mTHPC-PDT. Together with 
these studies new dose finding studies for mTHPC should also be performed, since drug 
dose reduction could shorten the photosensitivity interval.  
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Photodynamic therapy (PDT) is increasingly being recognized as an attractive, alternative 
treatment modality in oncology. Efficacy is high for small superficial tumors and, except 
for temporary generalized photosensitization, there are no long-term side effects if 
appropriate protocols are followed. There are several advantages when compared with 
conventional therapies, healing occurs with little or no scarring and the procedure can be 
repeated without cumulative toxicity. PDT has therefore proven its value as an acceptable 
treatment modality in oncology. 

PDT is relatively simply to perform; first the administration of a photosensitive 
drug is required, followed by illumination of the tumor to activate the drug. If drug and 
light are combined in areas where oxygen is present, a photochemical reaction will occur. 
This reaction can result in tumor destruction either directly or indirectly. The outcome of 
treatment depends on many factors like the drug and light dose used. The interval between 
drug administration and illumination also plays an important role, because this interval 
influences localization and concentration of the photosensitizer in the body and the tumor. 
The aim of this thesis was to determine how drug uptake and distribution influence tumor 
response to mTHPC-mediated PDT. 

In chapter 1 we present a general overview of PDT, in which we give a brief 
history of PDT, describe the basic principles, working mechanisms, and clinical 
applications in oncology for the approved photosensitizers Photofrin, ALA and meso-tetra-
hydroxyphenyl-chlorin (mTHPC). 

In chapter 2 we describe pre-clinical studies in which we examined 
photosensitivity of endothelial cells, fibroblasts and tumor cells in vitro and PDT-mediated 
vascular damage in vivo in mice. In chapter 2.1 we examined whether endothelial cells are 
intrinsically more sensitive to PDT than fibroblasts and 2 tumor cell lines. mTHPC-  
mediated phototoxicity has been described for a range of cell types (e.g. fibroblasts, 
leukemia cells and cell lines derived from breast carcinoma, squamous cell carcinoma and 
colon adenocarcinoma) but a direct comparison of phototoxicity between endothelial and 
other cell types has not been described for this photosensitizer. If endothelial cells are more 
sensitive to mTHPC-mediated PDT, this could explain our hypothesis that for a good tumor 
response vascular mediated damage is more important than direct tumor cell toxicity. 
Therefore we conducted in vitro experiments to determine and correlate the uptake, 
localization and phototoxicity in different cell types. 

When cell survival was expressed as a function of uncorrected drug concentration 
per cell, human tumor cells (HNXOE) appeared to be most sensitive, while human 
fibroblasts (BCT-27) were most resistant to mTHPC-mediated PDT. However, after 
adjusting for cell volume, no difference in sensitivity was seen between human endothelial, 
fibroblast or tumor cell lines during the first 24 h. mTHPC was shown to distribute 
throughout the whole cell, and co-localized with mitochondria in all cell types. We also 
followed the mechanism of cell death by phase-contrast microscopy for the endothelial and 
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tumor cell line HNXOE. Endothelial cells showed a rapid apoptotic response after 
mTHPC-mediated PDT, whereas similar treatment protocols gave a delayed apoptotic or 
necrotic like response in HNXOE. Endothelial cells also continued to take up 
photosensitizer beyond 24 h, whereas steady state levels were already reached at this time 
in other cell types.  

In chapter 2.2 we examined the response of a human squamous cell carcinoma 
xenograft to mTHPC-PDT, to address the relationship between tumor response, plasma and 
tumor drug level at the time of illumination and extent of vascular damage. Vascular 
damage was determined by histology and by examining tumor perfusion and hypoxia with 
specific markers at 1 h after illumination. The best tumor response was observed at times 
when plasma drug levels were high. Furthermore, the most efficient treatment regimen 
induced the largest increase in hypoxia and decrease in perfusion. Histology showed that 
when the most effective treatment regimen was used, severe vascular damage was observed 
but that even at 24 h after PDT, most tumor cells distant from the blood vessels appeared 
viable. These results indicate that PDT efficacy was primarily dependent on the initial 
vascular damage, rather than direct tumor cell killing.  

In chapter 2.3 we explored whether the observed correlation between PDT 
outcome and decrease in vascular tumor perfusion could be monitored by optical coherence 
tomography. The possibility of using this non-invasive, real-time method to predict 
outcome of mTHPC-mediated PDT by visualizing changes in flow could have an important 
clinical application for monitoring the response and optimizing PDT. Although the use of a 
human xenograft model turned out to be optically very challenging, because of the many 
reflecting layers, the results suggest that we could monitor changes in flow that correlated 
with treatment outcome.  

In chapter 3 we describe the outcome of mTHPC-mediated PDT in the clinic. 
Furthermore, we examined and compared the pharmacokinetics and distribution of mTHPC 
in the plasma of mice and men. In chapter 3.1 we report the results of a clinical trial for 
optimization of mTHPC-mediated PDT for treatment of patients with multiple basal cell 
carcinoma (BCC). In addition to our previous pilot study, in which we reported optimal 
drug and light dose, we now expanded patient groups for a single light and drug dose for 
more precise determination of the most efficient drug-light (D-L) interval. We also 
examined possible relationships between efficacy and plasma pharmacokinetics of 
mTHPC, tumor localization, thickness and diameter. An overall complete response of 75% 
was obtained at 6 months; this was dependent on D-L interval and plasma drug levels at the 
time of illumination, as well as localization. A D-L interval of 24 h with high plasma drug 
levels and tumor localization on the trunk were associated with the best outcome (complete 
response rates of >80%). The outcome was cosmetically good in 86% of the treated lesions. 
These data also confirm that the observed correlation in mice between plasma drug levels 
and outcome (as described in chapter 2.2) is also seen in men. 
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In both clinical studies described in chapter 3.1 (BCC patients) and 3.3 (head and 
neck cancer patients) we extensively sampled plasma at various time-points after mTHPC 
injection. The data described in chapter 3.2 demonstrate an unusual pharmacokinetic 
profile of mTHPC after intravenous bolus injection in patients. A prolonged plateau phase 
with maximal drug concentration is maintained for at least 10 h. This unusual profile is not 
observed after administration in mice. Previous in vitro studies have shown that mTHPC 
immediately binds to an unknown protein when added to human plasma and is 
subsequently redistributed to the lipoproteins. We examined whether this also occurs in 
vivo in men and mice and whether the distribution of mTHPC in the plasma influences the 
pharmacokinetic behavior of mTHPC. The distribution of mTHPC over the lipoproteins 
was similar for mice and men and most of the drug was bound to HDL. We further 
explored the role of HDL in the clearance of mTHPC by examining the pharmacokinetics 
and plasma distribution of mTHPC in ApoE -/- (which have elevated LDL levels relative to 
wild type mice) and SR-BI -/- mice (which are lacking the main clearance pathway for 
cholesteryl esters). Although in ApoE-/- mice the distribution of mTHPC was shifted from 
HDL to VLDL and LDL, the pharmacokinetic profile was the same as in wild type mice. In 
SR-BI -/- mice the plasma pharmacokinetics of mTHPC remained the same.  

mTHPC-mediated PDT has already proven its efficacy for early stage primary 
head and neck cancer. In chapter 3.3 we describe the outcome of PDT for second or 
multiple primary tumors in the head and neck area. PDT was a convenient and effective 
treatment with cure rates of 67% overall, with even higher cure rates (i.e. 85%) for stage I 
disease. There was also significantly less morbidity than is associated with radiotherapy or 
surgery. Because of the many restrictions associated with previous treatment, head and 
neck cancer patients that develop multiple primaries are difficult to treat. The high efficacy 
of PDT for these tumors, without a build-up of toxicity and the excellent healing, show that 
PDT is a valuable additional treatment modality for this patient group.  
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Photodynamische therapie (PDT) wordt steeds meer erkend als een attractieve behandeling 
voor kanker. Het is een succesvolle behandelingsmethode voor kleine, oppervlakkige 
tumoren en er zijn wanneer het juiste behandelvoorschrift gevolgd wordt, afgezien van een 
tijdelijke gevoeligheid voor licht, op lange termijn geen negatieve effecten. Deze methode 
heeft verschillende voordelen ten opzichte van de conventionele behandelingen (chirurgie, 
radiotherapie en chemotherapie). Het eerste voordeel is dat genezing plaatsvindt zonder of 
met relatief weinig littekenvorming. Een tweede en misschien nog groter voordeel is dat de 
behandeling altijd herhaald kan worden, zowel na PDT dan wel na chirurgie, radiotherapie, 
chemotherapie of een combinatie van deze behandelingen. Met de conventionele 
behandelingsmethoden heb je vaak wel te maken met dosislimieten, wat herhaling van de 
behandeling soms moeilijk dan wel onmogelijk maakt. Mede daardoor heeft PDT zijn 
waarde bewezen als acceptabele behandelingsmethode voor bepaalde kankersoorten. 

PDT bestaat uit twee relatief simpele handelingen; ten eerste wordt een 
lichtgevoelige stof (photosensitizer) toegediend, waarna er ten tweede na enige wachttijd 
licht met een bepaalde golflengte op de te behandelen plek wordt geschenen om de 
photosensitizer te activeren. Wanneer photosensitizer en licht in aanwezigheid van zuurstof 
gecombineerd worden, zal een photochemische reactie optreden. Deze reactie kan 
resulteren in het vernietigen van de tumor. Dit proces kan direct plaatsvinden door het 
rechtstreeks doden van de tumorcellen of indirect via o.a. het vernietigen van de 
bloedvaten, waardoor de tumor geen zuurstof en voedsel meer krijgt. Het uiteindelijke 
resultaat van de behandeling hangt af van een aantal factoren. Niet alleen de totale 
hoeveelheid photosensitizer en hoeveelheid licht zijn belangrijk, maar ook het tijdsinterval 
tussen deze twee, omdat dit interval invloed heeft op de lokalisatie en concentratie van de 
photosensitizer in het gehele lichaam. Het doel van dit proefschrift was om te bepalen hoe 
opname en distributie van de photosensitizer mTHPC de uitkomst van PDT beinvloed. 

Hoofdstuk 1 is een algemeen overzicht van PDT. In dit hoofdstuk wordt kort de 
geschiedenis van PDT beschreven, de basisprincipes, hoe PDT werkt en worden de 
klinische toepassingen in de oncologie voor de goedgekeurde photosensitizers Photofrin, 
ALA en mTHPC behandeld. 

In hoofdstuk 2 wordt een aantal preklinische studies beschreven waarbij eerst de 
gevoeligheid van verschillende celsoorten in vitro (laboratoriumonderzoek waarbij 
onderzoek wordt gedaan in buizen) onderzocht is. Daarna wordt beschreven hoe een tumor 
in een muis op PDT reageert. Tenslotte is onderzocht of de schade aan de bloedvaten na 
PDT-behandeling bekeken kan worden in een levende muis, zodat er geen muis opgeofferd 
hoeft te worden. 

In hoofdstuk 2.1 is beschreven hoe de verschillende delen van een tumor reageren 
op PDT. De gevoeligheid voor PDT van endotheelcellen (dit zijn de cellen die de 
bloedvaten van binnen bekleden), fibroblasten (bindweefselcellen) en 2 verschillende 
soorten tumorcellen is vastgesteld. Voor mTHPC, de photosensitizer waarin wij 
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geïnteresseerd zijn, is in het verleden de gevoeligheid van bepaalde celsoorten beschreven, 
maar is nog nooit gekeken naar de gevoeligheid van endotheelcellen. Zouden 
endotheelcellen gevoeliger zijn voor PDT met mTHPC dan kan dit de veronderstelling 
verklaren dat vaatschade belangrijker is voor de uiteindelijke reactie dan directe celdood. 
Om dit te onderzoeken is gekeken naar de opname van mTHPC in de cellen, de plaats van 
mTHPC in de cel en de gevoeligheid voor PDT van de verschillende celsoorten. 

Wanneer de overleving van cellen wordt bepaald door de totale concentratie 
mTHPC in de cel, dan blijken de tumorcellen van een mondbodemgezwel het meest en 
fibroblasten het minst gevoelig voor PDT. Wanneer er echter gecorrigeerd wordt voor het 
volume van de cel (tenslotte kunnen een muis en een olifant niet altijd gedood worden met 
dezelfde hoeveelheid medicijn) dan worden er geen verschillen in gevoeligheid gevonden. 
Ook is onder de microscoop bekeken op welke manier de cellen dood gingen na belichting. 
Het blijkt dat endotheelcellen een snelle gereguleerde celdood ondergaan (apoptose) terwijl 
tumorcellen na dezelfde behandeling een niet-gereguleerde dood (necrose) of sterk 
vertraagde apoptose ondergingen. Dit blijkt onafhankelijk van de lokalisatie van mTHPC in 
de cel te zijn want met uitzondering van de celkern, verdeelt de stof zich door de gehele cel 
in beide celtypes.  

Wel blijkt er een verschil in opname te zijn die in vivo (in een proefdier of mens) 
gevolgen kan hebben. Endotheelcellen nemen namelijk ook na 24 uur nog steeds mTHPC 
op, terwijl andere celsoorten dan al verzadigd zijn. Dit kan belangrijk zijn omdat de 
uiteindelijke reactie afhankelijk is van de hoeveelheid licht en medicijn op een bepaalde 
plek waar zuurstof is. De hoeveelheid licht zal dieper in de tumor afnemen. Hier zou de 
aangenomen hogere concentratie van mTHPC in de endotheelcellen mogelijk het tekort aan 
licht kunnen compenseren. 

In hoofdstuk 2.2 wordt beschreven hoe een stukje getransplanteerde tumor (van 
een patiënt) in de muis reageert op PDT. Dit onderzoek is van belang om vast te stellen of 
er een relatie bestaat tussen de reactie van de tumor en concentratie van mTHPC in zowel 
het plasma (het vloeibare gedeelte van het bloed zonder de bloedcellen) als in de tumor op 
het tijdstip van belichten en de hoeveelheid vaatschade. De vaatschade is bepaald aan de 
hand van microscopisch weefselonderzoek (histologie); door vast te stellen of er nog open 
bloedvaten zijn (perfusie) en om de mate van zuurstofarme cellen (hypoxische cellen) in de 
tumor te bepalen. Dit onderzoek werd met behulp van speciale markers 1 uur na de 
behandeling gedaan. 

De beste reactie (genezing) werd verkregen wanneer de behandeling plaatsvond 
wanneer er een grote hoeveelheid mTHPC in het plasma aanwezig was. Ook blijkt dat de 
behandeling dan het grootste verschil veroorzaakte in hypoxie (toename) en perfusie 
(afname). Histologisch onderzoek toonde aan dat zelfs 24 uur na de meest effectieve 
behandeling er een heel groot effect te zien is op de bloedvaten, maar dat de meeste 
tumorcellen op enige afstand van de bloedvaten nog gewoon levend lijken te zijn. Deze 
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resultaten duiden erop dat het werkingsmechanisme van PDT met mTHPC voornamelijk 
berust op een zuurstof- en voedseltekort als gevolg van directe vaatschade en niet op 
directe schade aan de tumorcellen. 

In hoofdstuk 2.3 wordt een nieuwe methode beschreven om de effecten van PDT 
op tumoren bij muizen op een niet-invasieve manier zichtbaar te maken. Deze methode 
maakt gebruikt van de echo van licht en is genaamd optical coherence tomography (OCT). 
Het voordeel van deze methode is dat geen histologisch onderzoek noodzakelijk is en de 
muis dus niet opgeofferd hoeft te worden op het tijdstip dat het onderzoek plaatsvindt. 
Zodoende kan het effect van de behandeling in de tijd volgen in één muis gevolgd worden. 

De specifieke eigenschappen van de muizenhuid die voor vele reflecties 
verantwoordelijk is, maakte het echter moeilijk om diepere lagen van de tumor goed in 
beeld te brengen (maximaal tot 1 mm). Desondanks kunnen veranderingen in perfusie, die 
correleren met de efficiëntie van de behandeling, zichtbaar gemaakt worden. Daarom biedt 
deze niet-invasieve methode om ‘live’ veranderingen in de tumor te volgen een belangrijke 
mogelijkheid om in de kliniek de reactie van een tumor in de tijd te volgen en te 
voorspellen hoe deze uiteindelijk zal reageren op de behandeling.  

In hoofdstuk 3 wordt de werkzaamheid van PDT met mTHPC beschreven bij 
patiënten met basaalcelcarcinomen (een bepaald type huidkanker) en bij tumoren in het 
hoofd-hals gebied. Daarnaast wordt de farmacokinetiek van mTHPC (hoe gedraagt mTHPC 
zich in het plasma) vergeleken en de verdeling van mTHPC over de verschillende 
lipoproteїnen (de vervoerders van cholesterol en andere vetten) in het plasma van de muis 
en de mens. 

In hoofdstuk 3.1 worden de resultaten van een klinisch onderzoek getoond waarin 
wordt geprobeerd de behandeling met mTHPC-PDT te optimaliseren bij patiënten met 
meerdere basaalcelcarcinomen. In een eerder artikel heeft onze groep al bepaald wat de 
optimale dosis medicijn en licht zijn. De volgende stap was het nauwkeurig vaststellen van 
het meest optimale tijdsinterval tussen toedienen van het medicijn en belichten van de 
tumor. Om dit te bepalen werd de groep met patiënten uitgebreid en werd er gebruik 
gemaakt van een vaste dosis mTHPC en licht. Ook werd de relatie tussen uitkomst van 
behandeling en dikte, diameter en locatie van de tumor en farmacokinetiek onderzocht.  

Wanneer 6 maanden na behandeling het resultaat wordt geanalyseerd, blijkt dat 
75% van de tumoren genezen is. Door middel van statistische analyse blijkt dat het effect 
afhankelijk is van het gekozen interval tussen toediening en belichting, de concentratie 
mTHPC in het plasma op het moment van behandelen en de plaats van de tumor op het 
lichaam. De beste resultaten werden behaald als de belichting na een interval van 24 uur 
plaatsvond, wanneer de hoeveelheid mTHPC in het plasma hoog was en wanneer de tumor 
zich op de romp bevond (totale genezing >80%). Ook zeer belangrijk is het feit dat het 
cosmetische resultaat in 87% van de behandelde tumoren zeer goed was. Vooral in het 
aangezicht is dit een grote winst ten opzichte van standaard therapieën die mutilerend 
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kunnen zijn. Deze resultaten laten zien dat mTHPC-PDT een volwaardige en attractieve 
behandelingsmethode is om kleine oppervlakkige basaalcelcarcinomen te behandelen. 
Tevens bevestigen ze dat de relatie tussen hoeveelheid mTHPC in het plasma en de 
uitkomst van de behandeling zoals gezien en beschreven is voor de muis (zie hoofdstuk 
2.2) ook geldt voor de mens wanneer we het gebruikte interval verkorten van 96 naar 12 of 
24 uur. 

Tijdens beide klinische studies beschreven in hoofdstuk 3.1 en 3.3 is op een 
uitgebreid aantal tijdstippen na toediening van mTHPC bloed afgenomen. De uitkomsten 
van de analyse van deze monsters worden in hoofdstuk 3.2 beschreven. Er blijkt bij de 
mens sprake van een ongebruikelijk farmacokinetisch profiel voor een stof die intraveneus 
als bolus injectie gegeven wordt. Het blijkt namelijk dat de eerste 10 uur na injectie de 
hoeveelheid mTHPC in het plasma gelijk blijft. Normaliter zou de hoeveelheid in het bloed 
aanwezige mTHPC direct na injectie af moeten nemen, zoals we zien bij het gebruik van 
andere medicamenten of zoals we in de muis zien. Andere studies hebben aangetoond dat 
wanneer mTHPC in vitro aan humaan plasma wordt toegevoegd, mTHPC zich bindt aan 
een onbekend eiwit en zich langzaam verdeelt over de lipoproteїnen. Onderzocht is of dit 
ook in vivo bij patiënten en muizen plaatsvindt. Tevens is gekeken naar de rol van 
verschillende lipoproteїnen op de farmacokinetiek van mTHPC. Zowel de muis als de mens 
laat echter dezelfde verdeling van mTHPC over de lipoproteїnen zien. Omdat het meeste 
van de mTHPC bindt aan HDL (een van de soorten lipoproteïnen) hebben we de rol van 
HDL in de farmacokinetiek verder onderzocht. Daarom besloten wij de farmacokinetiek 
van mTHPC bij een groep speciale muizen te onderzoeken. Deze zogenaamde ApoE -/- 
muizen hebben een lipoproteїnprofiel dat meer op dat van de mens lijkt dan dat van gewone 
muizen. Ondanks dat de verdeling over de verschillende lipoproteїnen in deze muizen wel 
een verandering laat zien, verandert de farmacokinetiek niet ten opzichte van normale 
muizen. Aanvullend is de farmacokinetiek van mTHPC in het plasma van SR-BI -/- muizen 
bekeken. Deze muizen missen een bepaalde receptor waardoor ze HDL gebonden stoffen 
niet uit kunnen scheiden. Ook in deze muizen was het profiel hetzelfde als dat van normale 
muizen. Ondanks dat deze resultaten geen verklaringen kunnen geven voor de 
ongebruikelijke farmacokinetiek van mTHPC in het plasma van patiënten, sluiten ze uit dat 
de hoeveelheid en ratio, evenals de klaring van lipoproteїnen een belangrijke rol spelen bij 
de farmacokinetiek van mTHPC in het plasma. 

PDT heeft zijn waarde al bewezen als behandeling van kleine oppervlakkige 
primaire tumoren in het hoofd-hals gebied. In hoofdstuk 3.3 wordt getoond dat mTHPC-
PDT ook een zeer belangrijke en efficiënte methode is om een tweede of volgende primaire 
tumor in dit gebied te behandelen. Van alle behandelde tumoren was uiteindelijk 67% 
genezen en bij stage I tumoren (kleinere tumoren) bleek dit genezingspercentage zelfs 85%.  
Na radiotherapie en/of chirurgie kunnen er vervelende bijwerkingen zijn van zowel 
cosmetische als functionele aard. Wij zien dat deze vervelende bijwerkingen na PDT 
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aanmerkelijk minder voorkomen. Tevens is het na chirurgie en radiotherapie vaak moeilijk 
om nieuwe primaire tumoren te behandelen vanwege de vele beperkingen die met deze 
behandelingen gepaard gaan. PDT kan echter zonder problemen, vaak met succes, herhaald 
worden.  

In hoofdstuk 4 worden de belangrijkste conclusies nogmaals samengevat. Het 
blijkt dat PDT een efficiënte en volwaardige behandelingsmethode voor kanker is, mits de 
goede indicaties en juiste behandelingsprotocollen aangehouden worden.
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NAWOORD 
 
Eindelijk tijd voor een persoonlijk stukje. Dit zal het meest gelezen hoofdstuk van mijn 
boekje worden, waar een ieder naarstig op zoek gaat naar zijn eigen naam. Natuurlijk ben 
ik velen dankbaar, maar voordat ik alle mensen die via het werk gerelateerd zijn aan dit 
boekje ga bedanken wil ik eerst het volgende gezegd hebben.  

Ook al lijkt het misschien soms niet zo, maar een proefschrift schrijven is leuk. 
Een proefschrift schrijven met translationele waarde is misschien nog wel leuker. Het is 
dan ook het plezier dat ik gehad heb tijdens mijn promotieperiode samen met het idee dat er 
ook maar 1 patiënt hoeft te zijn die zich een moment beter heeft gevoeld door iets waar ik, 
hoe via via ook, aan heb bijgedragen, dat het de moeite waard heeft gemaakt om dit boekje 
te schrijven! De dankbaarheid die je daaruit ontvangt laat ook jezelf dankbaar zijn en geeft 
je daarmee het mooiste kado dat je kunt krijgen.  
 Oké nu is het dan tijd geworden om ego’s te gaan strelen! Daar het hier om een 
proefschrift gaat ben ik ten eerste al de mensen die hebben bijgedragen aan mijn artikelen 
ontzettend dankbaar. Alle direct betrokkenen erboven, maar zeker ook de mensen uit de 
acknowledgements. Met deze laatste groep zou ik graag willen beginnen, omdat deze 
mensen naar mijn mening nogal eens onderbelicht blijven. 
 In chronologische volgorde: alle proefdierverzorgers (de Henken, Dick, Louis, 
Martine, Brechtje) voor alle goede zorgen voor onze dieren en natuurlijk niet te vergeten 
voor al de lol! De FACS-operators Anita en Frank, de mensen van de microscopie Lauran 
en Lenny (sorry Lauran maar rood-wit doet het toch echt beter dan geel-zwart...) en Sjaak. 
Beste Sjaak je kwam er later bij, maar je discussies, opmerkingen en persoonlijkheid 
kwamen op het ideale moment, waardoor je onze groep nog beter maakte! 
 Dan ga ik weer terug in de tijd om bij mijn sollicitatiegesprek uit te komen. Ik had 
een vacature gezien bij ene Prof. Dr. Schellens. Na een aantal malen gemaild te hebben trok 
ik de conclusie dat hij meer een apotheker zocht, maar het toeval wilde dat er naast die 
vacature nog een vacature stond. (Geachte promotor, bij deze bedankt voor de eerste en de 
laatste stap in het promotietraject) Photodynamische Therapie daar ging het om, een 
onderwerp waarover ik de opstellers van de advertentie wel eens wilde horen praten, want 
tot mijn grote schande had ik daar nog nooit van gehoord! Ik mocht op gesprek komen en 
daar ontmoette ik mijn co-promotoren dr. Stewart en dr. Baas. De één heeft een half uur 
gesproken terwijl de ander een half uur in zijn nieuwe speeltje heeft zitten zoeken naar 
foto’s van een behandeling. Eigenlijk was ik meteen verkocht, want dit was wat ik zocht; 
werken met buizen, muizen en mensen. Helemaal na een tweede bezoek waar ik kennis 
maakte met Hugo en Marjan die interesse hadden in spinning en meteen met de laser 
gingen ‘spelen’. En hoe kan het ook anders met een achternaam die lichtverspreider 
betekent; ik werd de nieuwe ‘Patricia’ (mijn voorgangster en omschrijving van mijn functie 
in de notulen van de werkbespreking). 
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 Beste Fiona, bedankt voor alle rode pen en heerlijke kerstdiners. Ik hoop dat je 
ondanks mijn ‘eigen-wijsheid’ de PDT-gedachte toch nog voort zult zetten, want ondanks 
dat deze therapie ouder is dan de weg naar Rome ben ik van mening dat we aan het begin 
van een nieuw tijdperk staan waarin PDT een nog stevigere plaats gaat verwerven voor die 
indicaties waar het voor bedoeld is. En juist nu het zo goed gaat is er nog veel te 
onderzoeken, zowel in de kliniek als op het lab! 
 Dr. Baas, beste Paul, als klinische begeleider kon ik me geen betere wensen, 
waarvoor dank. Veel geleerd en plezier gehad om de interesse in nieuwe speeltjes (alias 
technieken). En inderdaad leidde het gebruik van één van de nieuwe speeltjes, de OCT, tot 
een hoofdstuk in mijn proefschrift en het ALA-werk tot een mooi artikel buiten dit 
proefschrift. 
 Marjan bedankt voor het vele kweken, tumoren meten, HPLCen  en alles wat 
daarbij kwam kijken. Jouw timmermansoog (met welke bril dan ook!) heeft geleid tot 
mooie figuren, die onmisbaar waren voor de verscheidene publicaties. Ik hoop dat dit werk 
ook voor jouw een mooie afsluiting is en wens je veel geluk in de toekomst. 
 Het woord OCT is al gevallen. Onafscheidelijk bij OCT hoort Maurice. Beste 
Maurice, je kwam op het juiste moment binnen. Zonder jou was het beslist een hele andere 
periode voor mij geworden. Onze humor en vooral ons taalgebruik heeft anderen wel eens 
tot radeloosheid gedreven, goed hè?! Op het lasercentrum komen werken was altijd een 
verademing en plezante aangelegenheid. Ik hoop dat we ooit nog eens samen zullen 
werken! 
 Heren KNO doktoren, ten eerste Bing. Beste Bing, zonder jou was mTHPC 
misschien nooit geweest wat het nu is. Jouw plezier en geloof in PDT zouden een 
voorbeeld moeten zijn voor elke arts. Met veel plezier heb ik vele uren op de OK gestaan 
om te helpen met belichten. Ik ben blij dat ik mee heb mogen werken met de KNO-PDT, 
waarvoor dank. Marcel ook jou ben ik zeer dankbaar, want ook jij sluit aan in het rijtje 
artsen waar het een plezier was mee samen te werken! Het KNO artikel is een van de twee 
artikelen waar ik bijzonder trots op ben, omdat dit artikel juist duidelijk maakt waar we 
voor bezig zijn. 
 Dan naar H6. Mijn kamergenoten vanaf het begin Hans (ja ja, sta je toch in mijn 
dankwoord Hans (en dat was twee!)) bedankt voor het schaatsen, onze gesprekken en het 
samenspannen tegen Portugese en andere kamergenoten. Jacqueline die helaas veels te 
vroeg weg ging, maar gelukkig toch op tijd terug is gekomen. Alleen werd de kamer met 
zeven man toch echt wel druk! Ben de Photoshop-koning ook voor alle lol, gedeelde smart 
op maandag (toch 2 landstitels en 2 bekers...) en het plezier om de woordgrappen van Rob, 
dus veel suczeven verder! Ook al was het niet te merken, maar Saske uit 010 kwam er als 
laatste bij. Met genoegen heb ik gekeken hoe je je vanaf dag 1 thuis voelde en nu vanaf de 
andere kant mijn promotiestress (AAAAAAAAAHHH *&@#*-sections en figuren!) kan 
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delen. Verder natuurlijk Marjan die al genoemd is, en alle tijdelijke sterren zoals Saida en 
Nuno (thanx for the jokes about the duck!).  

Een speciale paragraaf voor twee speciale collega’s. Vanaf de eerste OIO-retreat 
heb ik een speciale band met Britta en Hilde. Britta bedankt voor alle verjaardagskaarten, 
surprise eieren, Robinson, etc. Lieve Hilde, ook jij wordt bedankt voor alles. Hoewel onze 
wegen allemaal een andere kant op gaan, zal ik alle leuke dingen zeker niet vergeten. Het 
ga jullie goed. 

De kamer Schellens (mijn tweede kamer) bedankt voor de vele lunches en 
etentjes. In het bijzonder Stefan (mijn partner in crime) voor de borrels, het darten, zijn 
gelach om mijn donkere kamer grap, input en veel meer. Monique ook jou zal ik missen 
(met en zonder gewei!), gaan we nu eindelijk ook een keer naar Frans, Wolter of Dries in 
concert? Natuurlijk de altijd fleurige en kleurige Marije, Natalie die altijd bleef lachen, 
onze Karin die helaas ook veels te kort aanwezig was en als laatste Sander. 

Heel belangrijk waren ook alle leden van de soepbespreking die al mijn grappen 
moesten slikken tijdens weer een presentatie (gelukkig waren mijn grappen meestal wel 
beter dan de aanwezige soep!). Debbie en Ingrid in het bijzonder ook bedankt voor een 
heleboel andere dingen. Verder iedereen van de afdeling omdat ik me vanaf dag 1 heb thuis 
gevoeld op H6! 

Dan naar Leiden voor Ruudje mijn goede vriend. Hoe hadden we toen we 
zweefden boven de heuvels van Roznov pod radhostem kunnen bedenken dat we als Sjors 
en Sjimmie nog eens samen zouden werken aan een wetenschappelijk vraagstuk en sterker 
nog onze namen terug zouden vinden boven hetzelfde paper! Jij bent de uitzondering die de 
regel bevestigt dat je nooit met vrienden samen moet werken. Het was een plezier af en toe 
bij jou en Chantal (dank je wel Chantal) te verblijven en met Tessa te kunnen spelen! We 
hadden alleen nooit van die dropshot aan Fiona en Theo moeten vertellen........... 

En dan hoort het in de laatste paragraaf te gaan over mijn vrienden en familie die 
niet alleen mijn gekreun en gesteun aan moesten horen, maar ook mijn verhalen over het 
leukste werk ter wereld. Mama, het doet me pijn dat je het niet meer mee mag maken, maar 
ook tijdens mijn promotie zul je in gedachten bij me zijn. Ik weet hoe trots je geweest zou 
zijn. De rest bedank ik voor de jaaaarenlange steun en hoop dat een ieder nu begrijpt 
waarvoor je dat OIO-gedoe allemaal doet. Ik hoop jullie dat jullie allen erbij zullen zijn 
wanneer ik mij 20 september zal verdedigen. Ik ben in ieder geval trots en vereerd dat op 
deze dag mijn goede vriendin Nathalie en de eerder genoemde partner in crime Stefan aan 
mijn zijde willen staan als paranimf. Moge het een mooie en leuke verdediging worden...... 




