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This thesis is focused on photodynamic therapy (PDT) of cancers in the head and neck 

region. The main aims of this thesis are analyzing the current situation of PDT of head 

and neck cancer and identify opportunities for potential improvements. Thereto, a critical 

analysis of clinical use and outcome of the current state of the art PDT treatment is needed. 

Development of spectroscopic tools can help us understand clinical PDT and help to optimize 

it. Development of new light delivery methods such as interstitial treatments will broaden 

the indication range of PDT. This chapter of the thesis gives brief background information 

about PDT and head and neck cancer.

HEAD AND NECK SQUAMOUS CELL CARCINOMA

Head and neck tumors is a collective name given to all tumors located in the head and neck 

area excluding the tumors of the brain, eyes, the thyroid gland, skin, bones and muscles. It 

encompasses a broad spectrum of tumors of different histologic origins. The overwhelming 

majority of these tumors are squamous cell cancers. This thesis concentrates on squamous 

cell carcinoma of the upper aerodigestive tract or as commonly used: head and neck 

squamous cell carcinoma (HNSCC).

Globally the incidence of HNSCC is 633 per 100,000 population with mortality of 355 per 

100,000 population [1]. In the Netherlands, about 2970 new head and neck cancers were 

diagnosed in 2011 [2]. This number comprises about 4% of all cancer cases. The incidences 

are 10.2/100,000 in males and 5.4/100,000 in females. Advanced head and neck cancer 

is the fifth most common cancer in men in the world [3]. The incidence has an increasing 

trend. Between 1999 and 2000 the average incidence increase was 3.5% per year [4]. 

Conventional treatment of HNSCC is surgery, radiation, or a combination of two with or 

without accompanying chemotherapy [5]. The choice of primary treatment may vary for the 

primary site of the tumor as well as among different countries and institutions. For example, 

while the primary treatment of oral cavity cancers is surgical removal alone or combined 

with (chemo)radiotherapy depending on the tumor stage, the pharynx cancers are usually 

primarily treated with (chemo)radiation and surgery is a salvage option if (chemo)radiation 

fails. Alternative treatment methods such as photodynamic therapy (PDT) have not gained 

popularity and are not incorporated in treatment guidelines. Chapters 2 and 3 of this thesis 

explore PDT as an alternative to surgery of oral cavity squamous cell cancers.

Around 50% of the patients with HNSCC fail first line of treatment [6]. Majority of these 

second primary tumors or recurrent/residual tumors are located in the previously treated 

region. These advanced cancers are hard to manage in the previously treated region. 

Further surgical resection (salvage surgery) provides 30-40% 5-year survival, and is 
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usually complicated with functional losses and impaired wound healing [7]. Re-radiation 

is usually not possible because of increased radiotoxicity to vital structures as a result of 

the cumulative character of radiation [8]. Complications include osteoradionecrosis of skull, 

facial skeleton and vertebral column, radiation neuropathies and frequently inability to 

swallow. Palliative chemotherapy can be administered to these patients provided that their 

general health condition is favorable to endure the side effects caused by this treatment. 

Several of these patients are elderly and do not meet the general health condition criteria 

for palliative chemotherapy. The objective response rates of palliative chemotherapy are 

reported to be between 10-30% [9]. Newer strategies with targeted therapies combined 

with chemotherapy fail to increase the overall response beyond 30% [10]. There is a need 

for a new treatment for these patients who have no treatment options left except for 

supportive care or hospice [5].

PHOTODYNAMIC THERAPY (PDT) 

PDT is based on the interaction of three essential components: photosensitizer(PS), 

light and oxygen [11,12]. The PS, which is not toxic initially, can be activated by light to 

react with oxygen to produce reactive oxygen species (ROS) (13). ROS can readily oxidize 

biomolecules leading to cell death. The treatment effects of PDT against cancer derive from 

three mechanisms: direct cytotoxic effects on tumor cells [13-16], damage to the tumor 

vasculature [17,18] and induction of an inflammatory reaction that can lead to development 

of systemic immune response [19,20]. 

PHOTOCHEMICAL REACTION

Most PSs in their ground (i.e. singlet) state have two electrons with opposite spins located 

in an energetically most favorable molecular orbital. Absorption of light leads to a transfer 

of one electron to a higher-energy orbital. The excited form of the PS either gets rid of the 

excess energy by emitting fluorescence or it may undergo an intersystem crossing to form 

a more stable triplet state with inverted spin of one electron. The triplet state can interact 

with molecules in the environment. Two types of interactions are described [21]. 

For type I interactions, the PS reacts directly with an organic molecule in a cellular 

microenvironment, acquiring a hydrogen atom or electron to form a radical. Subsequent 

autoxidation of the reduced PS produces a superoxide anion radical. Dismutation or one-

electron reduction of superoxide anion radical gives hydrogen peroxide, which in turn can 

undergo one-electron reduction to a hydroxyl radical. 
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For type II interactions, the PS in triplet state can transfer its energy to molecular oxygen, 

which leads to the formation of reactive oxygen species and specifically singlet oxygen. 

CYTOTOXICITY

The main photochemical reaction leading to PDT effect is believed to be a type II reaction 

rather than a type I reaction. The lifetime of produced singlet oxygen, however, is very short, 

limiting its diffusion to only approximately 10-55 nm in cells [22]. Therefore the subcellular 

location of the PS determines the type of damage to the cell. Various photosensitizer 

have different target organelles and specific patterns of localization may vary also among 

different cell types. The PS used in this thesis, m-tetrahydroxyphenylchlorin (mTHPC) has 

been reported to target mostly mitochondria and endoplasmic reticulum [14]. 

The damage caused by singlet oxygen can lead to one of three kinds of cell death pathways: 

apoptosis, necrosis and autophagy-associated cell death [15]. Apoptosis is a generally 

major cell death modality in cells responding to PDT. Apoptosis is programmed cell death 

caused by activaton of intracellular molecular pathways, which lead to characteristic 

cell changes (morphology) and death. These changes include cell shrinkage, nuclear 

fragmentation, chromatin condensation, and chromosomal DNA fragmentation. The 

apoptotic cells are removed by phagocytes and do not induce an immune response. mTHPC 

is situated predominanty in mitochondria and cause photodamage mainly in this organelle. 

Photodamage to the regulatory proteins of Bcl-2 family located in the mitochondrial 

membrane triggers caspase related apoptotic pathways [15,16,23]. Other kinds of pathways 

triggered by various proteases such as calpains are also involved in the apoptotic effects of 

PDT [15,23]. 

Necrosis is a disorderly cell death usually caused by extensive damage to the cell membranes, 

rendering intracellular content exposed to the environment. Especially membrane specific 

PSs cause this reaction [15]. Necrosis can induce immune responses by exposing normally 

hidden intracellular antigens to the immune system. Recent evidence suggests that certain 

form of necrosis can be propagated through signal transduction pathways [24]. The molecular 

mechanisms underlying programmed necrosis are still elusive, but certain events including 

activation of receptor interacting protein 1 kinase, excessive mitochondrial ROS production, 

lysosomal damage and intracellular calcium overload, are recurrently investigated [23]. 

Severe inner mitochondria membrane photodamage or intracellular calcium overload could 

promote mitochondrial permeability transition, and favor necrotic rather than apoptotic 

phototoxicity [15].
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Recently PDT was also associated with the stimulation of autophagy [25-27], which is a 

lysosomal pathway for the degradation and recycling of intracellular proteins and organelles. 

The breakdown of cellular components can ensure cellular survival during starvation by 

maintaining cellular energy levels. Autophagy can be stimulated by various stress signals 

including oxidative stress through ROS [27]. Recent studies suggest autophagy as a means 

of survival after PDT as well as an additional programmed cell-death [27]. The oxidative 

stress caused by PDT causes photodamage to the organelles and especially the endoplasmic 

reticulum (ER), triggering autophagy mechanisms that remove these ROS-dmaged organelles 

and cytosol proteins. The relationship or balance of autophagy and apoptosis is not yet 

fully understood. Autophagy might be helping the PDT process or helping the malignant 

cells survive PDT. In cell lines where autophagy is prevented by silencing the Atg-7 gene the 

photokilling occurred at lower light doses [26]. This result is consistent with the proposal 

that autophagy can serve as a protective mechanism. There is also data supporting that 

autophagy contributes to cell death as a result of PDT. In apoptosis-deficient cells, such as 

murine embryonic fibroblasts (MEFs) doubly deficient for Bax and Bak genes, PDT stimulates 

a form of caspase-independent cell death, with a necrotic morphotype, for which aberrant 

autophagy stimulation is required [26].

There are cytoprotective mechanisms present in cancer cells to avoid cytotoxic effect of 

PDT [15]. The first mechanism identified was based on over-expression of antioxidants in 

some tumor cells [29,30]. For example superoxide dismutase (SOD) over-expression have 

been shown to counteract the cytotoxic effect of PDT [28,29]. It has been reported that PDT 

can induce the release heat shock proteins (HSP), which can protect against the effects of 

PDT [30].

VASCULAR EFFECTS

PDT causes vascular damage leading to a variety of responses: vasoconstriction or 

vasodilatation, thrombosis, increased permeability of vessels, and bleeding [31,32]. 

Vasoconstriction and vasodilatation, which are reversible, occur early during PDT. 

Endothelium appears to be a primary target for PDT. Especially vessels formed by tumor 

angiogenesis are susceptible to PDT. These vessels do not have the normal structure and 

have complex geometries and react differently to PDT than normal vessels [18]. As a result 

of the damage to the endothelium, the subendothelial matrix is exposed and thrombocytes 

and leukocytes can adhere to the matrix, causing thrombosis. Thrombosis can cause further 

vasoconstriction through release of thromboxanes from activated thrombocytes. This 

may lead to shutdown of vessels and subsequent ischemia of the tumor tissue. When the 

perfusion restarts after vasoconstriction subsides ischemia/reperfusion injury may occur as 
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well [31,32]. Vessel wall damage and increased permeability causes the typical reaction of 

edema after PDT. 

IMMUNE RESPONSE

PDT frequently provokes a strong acute inflammatory reaction easily observed as edema 

and pain at the treatment site [11]. The acute oxidative stress caused by PDT is perceived 

as tissue injury by the body and protective actions evolved for dealing with threat to tissue 

integrity are launched [34]. The main aims of these protective responses are containing 

the disruption of homeostasis, ensure removal of damaged cells, and then promote local 

healing with restoration of normal tissue function. This is a non-specific innate immune 

system reaction. The onset of PDT-induced inflammation is marked by dramatic changes in 

the tumor vasculature that becomes permeable for blood proteins [33]. The inflammatory 

cells, led by neutrophils and followed by mast cells and monocytes/macrophages, rapidly 

and massively invade the tumor [19]. Depletion of these inflammatory cells or inhibition of 

their activity after PDT was shown to diminish therapeutic effect [34].

Numerous pre-clinical and clinical studies have demonstrated that PDT can either cause 

a potentiation of adaptive immunity, or immunosuppression. Different regimens and PSs 

have different effects on the immune system [34-36]. Immune compromised mice show 

diminished long-term tumor response to PDT, suggesting that immune response may play 

an important role in PDT efficacy [37]. PDT is shown to induce specific anti-tumor immunity 

[38,39]. PDT of multifocal angiosarcoma of the head and neck resulted in increased immune 

cell infiltration into distant untreated tumors that was accompanied by tumor regression 

[38]. PDT of basal cell carcinoma (BCC) increased immune cell reactivity against a BCC-

associated antigen [39]. PDT activates both humoral and cell-mediated anti-tumor immunity. 

The cell-mediated immune response appears to be CD8+ T cell-mediated and independent 

of CD4+ T cells and dependent on natural killer (NK) cells [40]. Dendritic cells present taking 

part in the inflammatory response can play a role in developing anti-tumor vaccines [41]. 

The specific immune response induced by PDT and development of PDT induced anti-tumor 

vaccines may transform PDT from a local treatment to a systemic one also effective against 

metastatic tumors.

COMPONENTS OF PDT: PHOTOSENSITIZER, LIGHT AND OXYGEN

PHOTOSENSITIZER (PS)

The PS are based on molecules with tetrapyrrole structures, similar to that of the 

protoporphyrin contained in hemoglobin [14]. These agents typically have absorption peaks 
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in the red light spectrum. Typically the PS are termed as first-, second-, and third-generation. 

The first generation clinically used anti-cancer PS is a mixture hematoporphyrin derivatives 

(HPD, Photofrin), with an activation wavelength of 630 nm [42]. The second generation PS 

are based on chemically pure and defined PS constructed on chlorins, bacteriochlorins and 

phthalocyanines, all of which have absorption wavelengths between 600-800nm [14]. These 

longer excitation wavelengths allow the light to penetrate deeper into tissues, thereby 

increasing the depth of the PDT effect. The third-generation are specifically targeted PS, 

which are still under development. 

The PS investigated in this thesis is Meta-tetrahydroxyphenylchlorin (mTHPC, temoporfin, 

Foscan®). mTHPC is a chlorin with activation wavelength of 652 nm [43,44]. In 1980s 

Bonnet et al screened porphyrins to identify a chemically pure PS and introduced met-

tetrahydroxyphenylporphrin (mTHPP) as a PS that is 25-30 times as potent as HPD [43,44]. 

The drawback of mTHPP was that its excitation wavelength was still 630nm, which did 

not have any superiority to HPD. mTHPC, the chlorin analog of mTHPP, redshifted the 

absorption band, enabling deeper treatment effect in the tissue [43]. mTHPC mediated PDT 

has higher tissue penetration and shorter systemic photosensitivity than HPD-PDT. Since 

the synthesis of mTHPC , this PS has been used to treat various tumors, and has eventually 

been registered for the indication of recurrent head and neck squamous cell cancers [43]by 

European Medicines Agency (EMA).

Typically the PS is administered a time before the light delivery (illumination or irradiation) 

to allow distribution and accumulation at the tumor tissue. This time interval is called drug-

light interval, which is another parameter that can be changed in PDT to obtain optimal 

results [45-47]]. If the light is given within 12 to 24 hours after the administration, vascular 

effects are pronounced leading to a larger area of necrosis compared to longer drug light 

intervals [47]. Longer drug-light intervals allow intracellular absorption of mTHPC and 

washing from the vascular tissues, leading to better tumor selectivity [16,45-46]. Although 

not a dramatic difference, the best tumor to normal tissue ratio is reached 96 hours after 

mTHPC administration. This drug-light interval is the most commonly used interval in the 

clinic [43].

When the PS is activated it emits light or fluoresces at larger, specific wavelengths. 

Therefore measuring this fluorescence can reflect the PS content of the target tissues. 

For instance, the fluorescence of the PS decreases as it is used up during the PDT process, 

termed photobleaching. Photobleaching is proposed to have direct relationship with singlet 

oxygen production and the subsequent photodynamic effect [48,49]. Optical fluorescence 

spectroscopy can detect fluorescence and thus photobleaching of the PS non-invasively 

[48-56]. Thus, fluorescence spectroscopy is an important opportunity to provide insight 
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into the treatment process during PDT, which forms part of this thesis. Various optical 

spectroscopy techniques and the advantages and shortcomings of the technique used in 

this thesis are discussed in chapters 4 and 5.

LIGHT

The penetration of light in tissues is dependent on many factors such as the wavelength 

dependent tissue optical properties and the illumination geometry [57,58]. While blue light 

penetrates moderately, longer wavelengths in the red spectrum can reach deeper tissues. 

Therefore it is desirable to use light with wavelengths longer than 600nm to achieve higher 

volumes of treatment with PDT. On the other hand, light with wavelengths longer than 

850nm has insufficient energy to produce singlet oxygen [59] and is therefore undesirable. 

The wavelength of light used for PDT is also dependent on the specific excitation wavelength 

of the PS [14]. mTHPC, the PS of interest for this thesis, has an excitation wavelength of 

652nm, which lies in the visible red light spectrum. 

The total energy delivered to the tissue per surface area is referred to as radiant exposure 

and expressed in joules per cm2. The rate at which this energy is delivered or in other words 

the “power” is referred to as irradiance (also called intensity) and expressed in watts/cm2. 

Both of these parameters can be changed to induce maximum effect. Delivering higher 

doses of light does not necessarily induce more effect; as the PS or the oxygen is depleted 

the excess light will have no effect. PDT is therefore a complex balance of the simultaneous 

presence of light, PS and oxygen. 

A complicating factor is that the above mentioned radiant exposure and irradiance do not 

direcltly represent the more important parameters of the amount of light locally present in 

the tissue, the fluence (J/cm2) and fluence rate (W/cm2), respectively. As light penetrates 

the tissues, it decays in intensity. This decay is dependent not only on the specifications of 

the light delivered but also on the optical properties of the tissues, e.g. the scattering and 

the absorption coefficients and the scattering anisotropy [60]. These optical properties also 

depend on the tissue components. The main absorber in the visible part of the spectrum is 

hemoglobin. Other pigments such as melanin and bilirubin also contribute to the absorption 

properties of the tissue. Furthermore, the optical properties of the tissue can also change 

with time for example as the blood content of the tissue changes. The optical properties can 

and will change during PDT and do influence the therapeutic effect [60,61]. 

Albeit that the fluence and fluence rate are hard to determine or predict precisely in the 

tissue, please note that they can be directly influenced by changing the radiant exposure 

(c.q. output energy) and the irradiance (c.q. the power) of the laser. The fluence rate can be 
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changed by delivering the irradiance in a longer or shorter time [58]. Lower fluence rates 

with longer delivery times are associated with better responses. The rationale behind this 

improved response is that lower fluence rates allow time for replenishing of depleted oxygen 

and PS in the target tissues. The same replenishing principle can also apply for fractionation 

of light, where the fluence is delivered in fractions with pauses in between [62]. 

OXYGEN

The main type of photochemical reaction that drive PDT effect is a type II reaction which 

involves interaction of the photosensitizer, light and molecular oxygen to produce ROS. 

Therefore sufficient oxygen is necessary to induce the PDT effect. The amount of oxygen, 

however is not constant, as it can be depleted as a result of the photochemical reactions 

or vascular effects during PDT [63,64]]. Head and neck tumors can also have low oxygen 

content [65]. Oxygen is transported to the tissues bound to hemoglobin, which is a pigment 

with specific light absorption pattern. The absorption pattern is detectable with reflectance 

spectroscopy, which provides information about the oxygen content of the treated tissues. 

The spectroscopic technique to measure oxygen related parameters is discussed in chapters 

4, 5 and 6 of this thesis. 

PDT IN HEAD AND NECK CANCER

The anti-cancer use of PDT started in the late 1970s. After pre-clinical animal studies [66,67] 

demonstrating the efficacy of PDT, Kelly et al published PDT of five patients with bladder 

cancer [68]. In 1978, Dougherty reported the first large series of patients successfully treated 

with PDT (at that time named photoradiation therapy) with hematoporfrin derivatives 

(HPD) [42]. Complete or partial responses were observed in 111 of 113 malignant lesions 

of various histopathologies. Of the large variety of tumors examined, none was found to 

be unresponsive. This initial success led to clinical trials in several clinical disciplines. In the 

literature more than 200 clinical articles on PDT can be found. Most of these are case series 

rather than sufficiently powered controlled randomized trials [69]. Comparison or pooling 

of the data is difficult because of varying PDT parameters used and differences in reporting 

the outcome [69].

For the treatment of head and neck cancers, data of over 1,300 patients treated with PDT 

using Photofrin, HPD, ALA, or mTHPC has been published [70], ranging from treatment of 

small primary tumors and oral/laryngeal dysplasia to advanced and even incurable tumors. 

Tumors of a large variety of histopathologies were treated with PDT in the head and neck 

area. The first report is by Keller et al who reported HPD mediated PDT of 3 oropharyngeal 

carcinomas with complete response [71]. Several case-series of photofrin mediated PDT 
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of head and neck tumors were published; some of them with few patients and some with 

large cohorts [70-82]. The clinical success reported is variable and likely dependent on the 

experience of the center performing the procedures. Unfortunately, no randomized or 

retrospective study to compare photofrin PDT to surgery is available.

5-Aminolevulonic acid, a protoporphrin precursor, in its systemic and topical form has been 

used to treat oral leukoplakia. Unfortunately the clinical results were discouraging with low 

complete response rates and no visible tumor selectivity of ALA [83-86].

With the introduction of mTHPC, a second generation PS that can be activated by light of 

longer wavelengths, several centers started experimenting with its use in the treatment 

of HNSCC [77-91]. mTHPC has a deeper PDT effect than photofrin, shorter general 

photosensitivity period and shorter illumination time, making it more attractive to the 

clinician [70]. Earlier publications report on the early experience with a very heterogenous 

indications or with very few number of patients [87-89]. Publications following these reports 

concentrated on a single indication rather than pooling all tumors and stages, unfortunately 

resulting in too limited numbers to draw conclusions [90-92]. In 2004, a multicenter phase 

II trial was carried out, reporting an initial success rate ranging from 84-96% and complete 

tumor response of 85% of 114 protocol compliant patients [93]. Complete response was 

maintained in 85% of responders after one year and in 77% after two years. 

Parallel to the above-mentioned phase II study, another multicenter phase II study was 

carried out on PDT of advanced, incurable HNSCC [94]. Of the 128 patients included in the 

study, 38% of evaluable patients achieved an overall tumor response, and 16% achieved a 

complete tumor response. Subset analyses revealed two subgroups in which significantly 

better responses were seen: patients with tumors 10 mm or less in depth and patients 

with fully illuminated lesions. In patients fulfilling both categories, overall tumor response 

was 54%, complete tumor response was 30%, and 61% demonstrated significant clinical 

quality-of-life benefit. This study was a ground breaking development, opening the road 

to several other trials on recurrent, incurable head and neck cancer [95-97]. They reported 

much better results of 60-68% complete tumor response with selected group of patients 

with tumors thinner than 10 mm, which were completely illuminated. These results led 

to registration of mTHPC mediated PDT for treatment of advanced recurrent HNSCC by 

European Medicines Agency (EMA).

The challenge with recurrent head and neck tumors is that they often are thicker than 10 mm, 

which is beyond the penetration of the treatment light. There has been recently efforts to 

implant light sources to these tumors to expand the treatment arsenal of mTHPC mediated 

PDT of the head and neck [98-101]. This method is either named interstitial photodynamic 
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therapy or ultrasound-guided or MRI-guided photodynamic therapy. However, the 

distribution of light gets even more complex with multiple light sources within the target 

tissue. The experience of our group and efforts to develop the method is published and 

forms a part of this thesis (Chapters 7 and 8). 

OUTLINE OF THE THESIS

Chapter 1 is an introduction to PDT in general and PDT of head and neck region in specific.

Chapter 2 is a retrospective matched cohort comparing PDT to surgery of early stage oral 

cavity cancer.

Chapter 3 is an analysis of the clinical experience with surface PDT to identify and establish 

expected clinical success rates.

Chapter 4 is a review of optical spectroscopy techniques and an early phase introduction to 

fluorescence differential path-length spectroscopy (FDPS), for analyzing clinical PDT of the 

head and neck area.

Chapter 5 provides detailed information about the FDPS technique and its validation in 

healthy volunteers and patients undergoing PDT of the oral cavity. 

Chapter 6 describes the results of FDPS used to evaluate oxygen and PS related changes in 

27 consecutively treated (with PDT) oral cavity squamous cell carcinoma with special focus 

on trying to identify reasons of clinical failure. 

Chapter 7 critically analyzes clinical experience with interstitial PDT (iPDT) of the recurrent 

base of tongue squamous cell carcinoma with special focus on clinical results and safety. 

Chapter 8 is a description of a new iPDT treatment algorithm, consisting of the treatment 

simulation, implantation of light sources, verification, modification of the treatment plan if 

necessary and illumination. 

Chapter 9 is the general discussion bringing the results of all the chapters together and 

deliberating on the current status and future strategies on improving the clinical success 

rates of clinical PDT of the head and neck area.
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ABSTRACT

BACKGROUND

Photodynamic therapy (PDT) of early stage oral cavity tumors have been thoroughly 

reported. However statistical comparison of PDT to the surgical treatment is not available 

in published literature.

MATERIALS AND METHOD

We have identified and matched cohorts of patients with early stage oral cavity cancers 

undergoing surgery (n=43) and PDT (n=55) form a single institute experience. The groups 

are matched demographically and had the same pre-treatment screening and follow-up 

schedule. Both groups consisted only of tumors thinner than 5 mm to ensure comparability. 

The endpoints were local disease free survival, disease free survival, overall survival and 

response to initial treatment.

RESULTS

Local disease free survival at 5 years were 67% and 74%, for PDT and surgery groups, 

respectively (univariate HR=1.9 (p=0.26); multivariable HR = 2.7 (p=0.13)). Disease free 

survival at 5 years are 47% and 53%, for PDT and surgery groups, respectively (univariate 

HR=0.8 (p=0.52); multivariable HR = 0.75 ( p=0.45)). Overall survival was 83% and 75%, for 

PDT and surgery groups, respectively (univariate HR=0.5 (p=0.19); multivariable HR = 0.5 

(p=0.17)). In the PDT group 6 patients (11%) and in the surgery group 11 patients (26%) had 

to receive additional treatments afer the initial. All of the tested parameters did not have 

statistical significant difference. 

CONCLUSION

Although there is probably a selection bias due to the non-randomized design, this study 

shows that PDT of early stage oral cavity cancer is comparable in terms of disease control and 

survival to trans-oral resection and can be offered as an alternative to surgical treatment.



29

Chapter 2

1. INTRODUCTION

Photodynamic therapy (PDT) of early stage oral cavity malignancies have been reported 

by several authors with varying degrees of clinical effectiveness(1-5). Recent studies of 

PDT of carefully selected early stage oral cavity cancers report considerable success with 

local control of disease(6;7). However there is no published attempt to compare PDT to 

the golden standard treatment of oral cavity cancers, which is surgery with or without 

radiation therapy(5). Although possible, comparing results of surface PDT to published 

reports of surgery should be done very cautiously(5). PDT is used to treat a specific 

subgroup of oral cavity tumors. Only tumors of a certain thickness are treated with PDT due 

to limitations of light penetration in tissues(7). There is information in literature comparing 

surgical treatment of oral cavity tumors with different depths of invasion(8-10). However 

these articles concentrate more on the risk of regional lymph node metastasis rather than 

prognosis (8-12). Furthermore the definition of depth of invasion does not necessarily mean 

the thickness of the tumor, which is relevant in case of PDT. Therefore a direct comparison 

of published data poses a considerable problem.

The ideal manner to compare PDT to surgery is a prospective randomized study. The main 

problem with such a design is, to offer patients a trial where two very different techniques 

are going to be used, and there is no option to choose which treatment they want. In our 

institute, PDT is offered routinely to patients with thin oral cavity cancers as an alternative to 

surgery. By screening our database we were able to identify comparable cohorts of patients, 

who have had the same tumor work-up, including measurement of the thickness of the 

tumor, management of the neck and follow-up schedule. Comparison of these cohorts gives 

an idea about the success of PDT compared to surgery of early stage oral cavity tumors.

2. PATIENTS AND METHOD

In our institute patients with early stage oral cavity malignancies are evaluated by biopsy 

of the tumor; ultrasound (US) of the oral tumor; US of the neck, coupled with fine needle 

aspiration biopsies of suspicious nodes; and MRI of the neck. Patients with tumors without 

detectable neck node metastasis and tumor thickness of less than 5 mm, as measured 

by ultrasound are offered to decide between trans-oral resection or mTHPC (meta-

tetrahydroxyphenylchlorin) mediated PDT. The 5 mm tumor thickness is dictated by the 

penetration of the light used during mTHPC mediated PDT, which is estimated to be 10 

mm, allowing 5 mm of extra safety treatment margin. The neck nodes are monitored with 

ultrasound and FNA as necessary every 3 months for one year following the treatment of 

the primary tumor(13).
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We have employed strict selection criteria to identify comparable groups of patients treated 

between 2000 and 2008 (Table 1). Early stage squamous cell cancers of the oral cavity 

(Stage I and II) treated with surface PDT and trans-oral surgery were identified. Patients with 

neck node metastasis detected before the initial treatment, patients undergoing elective 

neck dissection, resection via a mandibular split or pull-through approach and free flap 

reconstruction were excluded. The pre-treatment imaging is reviewed to ensure that tumor 

thickness is less than 5 mm. The pathology specimens of the resected tumors were checked 

to confirm that tumor thickness were less than 5 mm.

The primary endpoint was local disease free survival. Secondary endpoints were disease 

free interval, response to initial treatment and overall survival. Response to initial treatment 

is evaluated based on the necessity to perform additional local treatment within the first 2 

months after the initial treatment. 

Table 1. Inclusion criteria

Squamous cell carcinoma of the oral cavity

T1/T2 primary tumor.

Tumor thickness less than 5 mm as determined by ultrasound or tumor not detectable on imaging.

N0 neck as determined by ultrasound and fine needle aspiration as indicated.

No elective neck dissection performed.

Surgery group: The tumor is removed by trans-oral surgery without mandibular split or pull-through approach.

Surgery group: No free microvascular flap reconstruction performed.

PDT group: Only surface illumination performed (No interstitial illumination). 

At least 2 years of follow-up

2.1. STATISTICAL METHOD

Response to initial treatment was compared using Fisher exact tests. Local recurrence free 

interval was taken as time until first local recurrence; disease free survival was taken as 

time until first local, regional or distant recurrence, or death; overall survival was taken as 

time until death. In all cases time was taken from final treatment. For local recurrence free 

interval, patients were censored at time of regional or distant recurrence. Survival curves are 

presented using the Kaplan-Meier method and compared using univariate and multivariable 

Cox proportional hazards models. The multivariable models included age, gender, stage 

(I vs. II), location (tongue vs. floor mouth vs. other) and resection (1st primary vs. 2nd/3rd 

primary) as covariates. The level of significance was set at 0.05 with no adjustments being 

made for multiple testing.
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3. RESULTS

Fifty-five patients treated with PDT and 43 patients treated with trans-oral resection were 

included in the analysis. The PDT and surgery groups were comparable to each other in 

terms of age, gender distribution, cancer stage and location (Table 2). Majority of the treated 

tumors were located in the tongue or the floor of mouth. The average tumor thicknesses 

were 4mm for both groups. Six patients, three from each group, were lost to follow-up after 

two years. These patients were excluded from disease specific survival analysis.

Local control was achieved in 49 out of 55 patients after one session of PDT (89%). In the 

surgery group after initial surgery local control was achieved in 32 of 43 patients (74%). 

The difference is not significant (p=0.07). Additional treatments to achieve local control 

included surgical excision in 5 patients and radiation therapy in 1 patient in the PDT group. 

Three of these excisions were done through a mandibular split approach and 2 by trans-oral 

approach. In the surgery group 8 patients were treated with additional trans-oral resection, 

1 patient with resection through mandibular-split approach and adjuvant radiotherapy and 

2 patients with radiation therapy alone (Table 3). These patients are included in the survival 

analysis to be able to detect the impact of initial treatment decision.
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Table 2. Demographics

PDT Surgery Total

N = 55 N = 43 N = 98

Age

Median 60 60 60

(Range) (38 - 92) (44 - 88) (38 - 92)

Sex

Female 22 ( 40%) 17 ( 40%) 39 ( 40%)

Male 33 ( 60%) 26 ( 60%) 59 ( 60%)

Location

Tong 20 ( 36%) 25 ( 58%) 45 ( 45%)

Floor Of Mouth 22 ( 40%) 12 ( 28%) 34 ( 35%)

Lip 1 ( 2%) 3 ( 7%) 4 ( 4%)

Cheek 5 ( 9%) 2 ( 5%) 7 ( 7%)

Retromolar trigon 3 ( 5%) 1 ( 2%) 4 ( 4%)

Alveolar process 2 ( 4%) 0 ( 0%) 2 ( 2%)

Hard palate 2 ( 4%) 0 ( 0%) 2 ( 2%)

Depth (mm)

Median 4 4 4

(Range) (2 - 5) (1 - 5) (1 - 5)

Stage

Stage 1 45 ( 82%) 29 ( 67%) 74 ( 76%)

Stage 2 10 ( 18%) 14 ( 33%) 24 ( 24%)

Primary vs second primary

Primary 47 ( 85%) 40 ( 93%) 87 ( 89%)

2nd Primary 6 ( 11%) 1 ( 2%) 7 ( 7%)

3rd Primary 2 ( 4%) 2 ( 5%) 4 ( 4%)

With the additional treatments included 5-year local disease free survivals were 67% (95% 

CI: 53 – 85%) in the PDT group and 70% (95% CI: 53 – 100) in the surgery group. There 

was no significant difference: univariate HR=1.9 (p=0.26); multivariable HR = 2.7 (p=0.13). 

(Table 4, Figure 1)

Five-year disease free survivals were 47% (95%CI: 34-64%) in the PDT group and 53% 

(95%CI: 36-80%) in the surgery group. There was no significant difference: univariate HR=0.8 

(p=0.52); multivariable HR = 0.75 (p=0.45). (Table 4, Figure 2)
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Table 3. Response to treatment

Response to initial treatment PDT Surgery

CR, Complete Response 49 ( 89%) 32 ( 74%) 81 ( 83%)

PR, Partial Response 6 ( 11%) 11 ( 26%) 17 ( 17%)

Additional treatment (for PR)

Trans-oral resection 2 ( 4%) 8 ( 19%)* 10 ( 10%)*

Mandibular split or pull-through approach 3 ( 6%) 1 ( 1%) 4 ( 4%)

Radiation therapy 1 ( 2%) 3 ( 7%)* 4 ( 4%)*

*1 patient received combination of surgery and post-operative radiation therapy

The overall 5-year survival was 83% (95% CI: 72 – 96%) in the PDT group and 75% (95% 

CI: 61-91%) in the surgery group. There was no significant difference: univariate HR=0.5 

(p=0.19); multivariable HR = 0.5 (p=0.17). (Table 4, Figure 3) 

Table 4. Survival analysis overview

PDT Surgery Total

N = 55 N = 43 N = 98

Local disase free survival (LDFI)*

LRFI at 5 yrs 67% 74% 70%

(95% CI) (53 - 85) (53 - 100) (58 - 85)

Disase free survival (DFS)*

DFS at 5 yrs 47% 53% 49%

(95% CI) (34 - 64) (36 - 80) (38 - 63)

Overall survival (OS)

Surv at 5 yrs 83% 75% 78%

(95% CI) (72 - 96) (61 - 91) (69 - 89)

* 6 patients were excluded from the LRFI and DFS analyses; three from each group. 
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Figure 1. Kaplan Meier curves for local recurrence free interval (LRFI)

Figure 2. Kaplan Meier curves for disease free survival
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Figure 3. Kaplan Meier curves for overall survival

4. DISCUSSION

The results of the current study demonstrate that PDT is comparable to trans-oral resection 

of early stage oral cavity malignancies in terms of survival and disease control. The non-

randomized design of the study introduces a selection bias inherent to this kind of analysis. 

The selection of the treatment was partly due to patient preferences and partly due to 

the judgment of the treating physician. While some patients preferred surgery because of 

reluctance to abide by light restriction measures, others preferred PDT because of its non-

invasive nature. 

Initial local control was achieved more often with PDT than surgery. This is probably due 

to larger treatment surface of PDT compared to surgical resections. Surgical resections 

can be repeated if the resection had insufficient margins or the tumor was not completely 

removed. Resection and re-resection due to insufficient margins can be considered as one 

treatment session. However this approach still has the disadvantage of patient going under 

general anesthesia twice whereas PDT could usually be applied under local anesthesia as an 

outpatient procedure. Being able to detect insufficient local treatment right after surgery 

and applying re-treatment can be seen as an advantage compared to the wait and watch 
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approach to determine local therapy response of PDT. However it should be kept in mind 

that resection with margins is not a guarantee of local control. Hicks et al(14) reviewed 

surgery as a single modality treatment of oral cancers. They had no patients with positive 

margins. Local recurrence was observed in 15% of patients with close margins (< 1 cm) 

and 9% of patients with adequate margins (> or = 1 cm). In our analysis we have seen no 

difference in terms of local control between PDT and surgery. 

In our study the computed 5-year disease free survival, which includes neck node recurrences, 

is around 50% for both study groups. This value is in accordance with the disease free survival 

values reported in the literature (42-72%)(9-11;15-18). This low value of disease control did 

not reflect to overall survival, which remained higher than the literature at around 80% for 

both groups. Our approach of routine ultrasonography is probably enabling us to detect 

lymph node metastasis at an earlier stage (13) facilitating disease control by neck dissection. 

Whether or not an elective neck dissection should be performed in case of such thin oral 

cavity tumors is controversial and as of this date no consensus could be reached among 

the clinicians treating this entity, necessitating a prospective randomized trial (17). Several 

articles propose that limited depth of invasion can dictate if elective neck dissection needs 

to be performed (8-10). The cut-off value of measured depth of invasion chosen in this 

analysis can be interpreted as low risk for neck node metastasis.

Although this study has limitations due to lack of randomization and selection bias, it shows 

that photodynamic therapy can achieve local control of early stage squamous cell cancer of 

oral cavity at comparable rates to trans-oral resection. Disease control rates including neck 

node metastasis are also comparable. PDT is, in principle, non-invasive and can be carried 

out in many instances under local analgesia with lidocain spray. The treatment consists 

of one session administered at the ambulatory treatment facility. The patients can leave 

the hospital after an hour of observation.The not-tissue removing approach and ease of 

application makes PDT more attractive than surgery to some patients. The disadvantage is 

2-3 weeks of general light sensitivity which limits patients’ social life.

PDT can be offered as an alternative to surgery to patients with early stage oral cavity 

cancers, after a careful work-up. Patients who have tumors thinner than 5 mm and no 

detectable lymph node metastasis are good candidates. Patients who are prone to develop 

multiple malignancies in the oral cavity such as patients with extensive leukoplakia/

erithroplakia are especially good candidates, because of the tissue sparing properties of 

PDT. The physician should extensively discuss the advantages and disadvantages, as well as 

additional treatments that might be necessary with the patient. The patients should receive 

light protection measures training by a dedicated nurse. This is essential to prevent any light 

toxicity at outpatient settings.
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ABSTRACT

BACKGROUND

Photodynamic therapy (PDT) of oral cavity and oropharynx neoplasms have not gained 

popularity. The main reason is that it is indications and success rates are not well established.

METHODS

The current paper analyzes our institutional experience of early stage oral cavity and 

oropharynx neoplasms (Tis-T2) to identify the success rates for each subgroup according to 

T stage, primary or non-primary treatment and subsites.

RESULTS

In total170 patients with 226 lesions is treated with PDT. From these lesions 95 are primary 

neoplasms, 131 were non-primaries (recurrences and multiple primaries). The overall 

response (OR) rate is 90.7% with a complete response (CR) rate of 70.8%. Subgoup analysis 

identified oral tongue, floor of mouth sites with more favorable outcome.

CONCLUSION

PDT has more favorable results with certain subsites and with previously untreated 

lesions. However PDT can find its place for treating lesions in previously treated areas with 

acceptable results.
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1. INTRODUCTION

Photodynamic therapy is a relatively new method for management of head and neck 

neoplasms. Surgery and radiotherapy are long accepted as the standard treatment for head 

and neck neoplasms with long successful track record [1,2]. This standard approach has 

an established success rate approaching 95% for early stage neoplasms [3,4] . The upper 

aerodigestive tract has important functions such as respiration, swallowing and phonation. 

Standard treatment of the neoplasms of head and neck region, although not frequent with 

superficial neoplasms, might compromise one or more of these functions. Especially with 

repeated treatments for recurrent and multiple primaries these problems become more 

evident [5-8]. New reconstructive techniques, less invasive surgical modalities like laser or 

robot assisted endoscopic surgery, more precise delivery of radiation with techniques such 

as intensity modified radiation treatment (IMRT) all aim to decrease the morbidity rate 

[9-12] . 

PDT is searching its role in the era of conservation therapies. The advantage of PDT is local 

treatment without long-term systemic effects. The photosensitizing drug is activated by 

the light delivered directly onto the neoplasm, sparing the surrounding normal mucosa. 

Protection of the surrounding tissue is further assured by shielding with wet sponges or 

special shielding waxes. 

An additional advantage of PDT is that it shows its effect via cytotoxicity rather than 

destructive effects. This means that when cancer cells are eliminated via apoptosis the 

extracellular matrix remains forming a scaffold for the surrounding mucosal tissue to 

advance over [13,14]. Scar formation is minimal and the native tissue that replaces the 

cancer cells maintains its normal functions limiting the functional loss significantly. Perhaps 

the most important aspect of PDT is its repeatability. PDT can be applied to the same area 

without accumulative destructive effects [15-17]. It also does not negatively effect further 

treatments such as radiation or chemotherapy [15] leaving further treatment options open.

In spite of these advantages PDT remains unknown to many head and neck oncologists 

[17-19]. To be able to establish PDT in the management cascade of head and neck oncology, 

we believe it is important to have a basic knowledge of what degree of success can be 

expected in various clinical scenarios. The current paper is aiming to analyze retrospectively a 

sub-group of patients with early stage oral cavity and oropharynx neoplasms to demonstrate 

what percentage of success to expect with PDT. This analysis includes neoplasms of different 

subsites of the oral cavity and oropharynx, primary neoplasms versus recurrences or multiple 

primary neoplasms in previously conventionally treated fields. 
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2. PATIENTS AND METHOD

The registry of patients treated with PDT was retrospectively screened to identify patients 

with early stage (Tis,T1,T2) oral cavity and oropharynx squamous cell cancers that did not 

have lymphatic or distant metastasis. The registry contained 294 patients treated between 

1996 and 2008. With the primary elimination 170 patients who meet the inclusion criteria 

are identified within the registry. 

All patients were subject to pre-treatment evaluation according to the guidelines of our 

institute. Standard minimum evaluation consisted of: biopsy to determine the histological 

diagnosis of squamous cell cancer or carcinoma in situ (Tis); X-ray of the thorax; ultrasound 

(US) of the neck and fine needle aspiration (FNA) to determine nodal metastasis situation. 

Tumor thickness is measured either by US or magnetic resonance imaging (MRI). All 

patients included in the analysis had tumors with less than 5 mm of deep tissue invasion 

and had initially N0 neck. According to the guidelines of our institute no prophylactic neck 

dissections are performed and the neck node status is followed by US and FNA if indicated, 

at 6-month intervals. Patients were informed of potential benefits and risks of the treatment 

and instructed about light avoidance measures and supplied with a light meter to measure 

ambient light.

mTHPC (temoporfin, Foscan®, Biolytec Pharma Ltd., Dublin, Ireland) at a dose of 0.15 mg/kg 

was injected to a deep vein with slow infusion. Patients were discharged home after the 

injection. Illumination took place 96 hours after the mTHPC injection. Light is delivered by 

a diode laser at 652 nm. Radiant exposure is 20 J/cm2 with a irradiance of 100 mW/cm2. 

Preferred method is to deliver light with one spot delivered via a microlens. If one spot 

illumination is not applicable due to the shape or location of the neoplasm multiple spots 

were used. The lesion plus 5 mm margin of normal appearing mucosa is illuminated. All 

patients received corticosteroids and pain management. Hospital stay depended on the 

functional limitations after PDT due to location and extent of the neoplasm, as well as 

edema due to PDT.

2.1. TUMOR RESPONSE

Tumor Response is analyzed according to the World Health Organization (WHO) criteria [21]:

Complete response (CR): the disappearance of all known disease 

Partial response (PR): 50% or more decrease in the dimensions of the tumor 

No response (NR): Less than 50% decrease or less than 25% increase in tumor dimensions.
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Progressive disease (PD): 25% or more increase in the size of one or more measurable 

lesions or the appearance of new lesions.

All responses have to be confirmed by two observations not less than 4 weeks apart. Overall 

response (OR) is the sum of complete and partial responders.

2.2. FOLLOW-UP

There is a follow-up schedule of 1,2,4,8,16,24,36,52 weeks after PDT, followed by routine 

controls every 4 months for a total of 5 years. 

3. RESULTS

3.1. PATIENTS

Of the 170 patients evaluated, 80 were female and 90 were male. The average age at 

treatment was 60.5 years. A total of 226 neoplasms was treated with PDT, 35 patients are 

treated for 2 or more neoplasms. The sites treated and the T stages can be found in Table 1. 

Of the evaluated neoplasms, 95 are primary neoplasms, 131 were non-primary neoplasms 

consisting of 65 recurrences, 46 second, 9 third and 3 fourth primary neoplasms and of 

8 residual neoplasms after initial treatment. Previous treatments within the non-primary 

neoplasm group (n= 131) include: radiotherapy 48.1%, chemoradiation 22.7%, surgery 

75.6% and previous PDT 30.6%.

Table 1. Overview sites and stages

Stage

Site Dys/CIS T1 T2 Total

Floor of mouth 25 30 10 65 28.8%

Oral Tongue 12 24 - 36 15.9%

Soft Palate 8 15 6 29 12.8%

Buccal Mucosa 5 15 6 26 11.5%

Oropharynx 7 13 6 26 11.5%

Alveolar Process 10 7 2 19 8.4%

Retromolar Trigon 3 5 1 9 4.0%

Hard Palate 3 5 - 8 3.5%

Nasal Cavity - 7 1 8 3.5% 

Total 69 – 30.5% 121 – 53.5% 32 – 14.2% 226

Dys/CIS: dysplasia/ carcinoma in situ
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3.2. TUMOR RESPONSE

The overall response (OR) rate for all neoplasms is 90.7% (95% CI, 86.2%-94.2%) with a CR 

rate of 70.8% (95% CI, 64.4%-76.6%). In Table 2 the responses are listed per site, per stage 

and primary or non-primary. The median local disease free interval for all of the CR-cases is 

102.0 months (95% CI, 89.6 months-114.3 months). Two year and 5-year local disease free 

survival rates are 74% and 61%, respectively. 

3.3. ANALYSIS PER T CLASSIFICATION

Tis lesions have an OR rate of 94.5% (95% CI, 86.6%-98.5%), with a CR rate of 79.5% (95% CI, 

68.4%-88.0%); T1 neoplasms have an OR rate of 90.9% (95% CI, 84.3%-95.4%) with a CR rate 

of 68.6% (95% CI, 59.5%-76.7%); and for the T2 neoplasms, the OR rate is 81.3% (95% CI, 

63.6%-92.8%) with a CR of 59.4% (95% CI, 40.7%-76.3%). The variations in tumor response 

between the stages are only statistically significant for Tis vs T2 stage tumors (P<0.05). The 

mean local disease free interval is 65.7 months (95% CI, 49.3 months-82.2 months) for the 

Tis group, 109.1 months (95% CI, 93.1 months-125.0 months) for T1 and 113.4 months (95% 

CI, 81.9 months-144.9 months) for T2 (figure 1). The mean survival time is 92.2 months 

(95% CI, 79.3 months-105.0 months) for dys/CIS, 98.4 months (95% CI, 84.6 months-112.2 

months) for T1 and 78.7 months (95% CI, 54.2 months-103.2 months) for T2 tumors. 

Figure 1. Local disease free interval per T stage of neoplasms
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3.4. SUB-SITE ANALYSIS

In Table 2 an overview of all treated sites is shown. The CR rate is highest for the oral tongue 

site (94.4% (95% CI, 81.3%-99.3%)), the floor of mouth (76.9% (95% CI, 64.8%-86.5%)) and 

the soft palate (75.9% (95% CI, 56.5%-89.7%)) and lowest for the nasal cavity (37.5% (95% 

CI, 0.9%-75.5%)), the alveolar process (42.1% (95% CI, 20.3%-66.5%)) and the buccal mucosa 

(57.7% (95% CI, 36.9%-76.7%)). Oral tongue has significantly better response rate than the 

rest of the group (p<0.05) and alveolar process has significantly lower response rate than 

the rest of the group (p<0.05). 

Figure 2. Local disease free interval, comparing primary neoplasms vs non-primary neoplasms

3.5. PRIMARY NEOPLASMS VS NON-PRIMARY NEOPLASMS: PRIMARY 

Primary neoplasms have an OR rate of 96.8% (95% CI, 91.1%-99.3%) with a CR rate of 77.9% 

(95% CI, 68.2%-85.8%). For the non-primary neoplasms the OR rate is 86.2% (95% CI, 79.2%-

91.7%) and the CR rate is 65.6% (95% CI, 56.9%-73.7%). 

Neoplasms located in an irradiated field (n=64) have a CR rate of 57.8% (95% CI, 44.8%-

70.1%); neoplasms located in an area that was treated before with surgery (n=99), have a 

CR rate of 62.6% (95% CI, 52.3%-72.2%). There is no statistical difference.

The mean local disease free interval for the primary neoplasms with a CR is 117.8 months 

(95% CI, 102.1 months-133.6 months). For the non-primary neoplasms with a CR the interval 
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is 84.9 months (95% CI, 67.2 months-102.7 months). One, 2 and 5-year survival of patients 

with primary neoplasms are 90%, 85%, and 74%, respectively. For non primary neoplasms 

disease free survival at 1, 2 and 5 years are 81%, 64% and 48%, respectively (figure 2). The 

difference in local disease free survival for primary neoplasms vs non-primary neoplasms is 

statistically significant (P<0.001).

The overall mean survival time for the primary neoplasms was 120.4 months (95% CI, 106.4 

months-134.4 months) and for the non-primary neoplasms, this was 82.1 months (95% CI, 

67.7 months-96.5 months) (figure 3). The difference in survival time for primary neoplasms 

vs non-primary neoplasms is statistically significant with P<0.05. 

Figure 3. Overall survival, comparing primary neoplasms vs non-primary neoplasms

REGIONAL RECURRENCE

A total of 42 patients (24.7%) had neck metastasis diagnosed by US and FNA and 

subsequently treated with neck dissection. Eighteen of these patients (10.5%) had a 

neck metastasis combined with a second primary neoplasm or local recurrence. The 

staging of the neck after neck dissection was N1 in 26 patients, N2b in 14 patients 

and N2c in 2 patients. There was no N3 or inoperable neck metastasis detected in 

this patient series. 
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Table 2. Overall and complete clinical responses to PDT per T stage and site

SITE Stage

Dysplasia T1 T2 All stages

OR CR OR CR OR CR OR CR

OR/n % CR/n % OR/n % CR/n % OR/n % CR/n % OR/n % CR/n %

Floor of mouth n = 65

Total 24/25 96.0 22/25 88.0 29/30 96.7 20/30 66.7 9/10 90.0 8/9 80.0 62/65 95.4 50/65 76.9

Primary 7/7 100 6/7 85.7 20/20 100 13/20 65.0 6/6 100 5/6 83.3 33/33 100 24/33 72.7

Non-primary 17/18 94.5 16/18 88.9 9/10 90.0 7/10 70.0 3/4 75.0 ¾ 75.0 29/32 90.6 26/32 81.3

Oral tongue n = 36

Total 12/12 100 10/12 83.3 24/24 100 24/24 100 – – – – 36/36 100 34/36 94.4

Primary 5/5 100 4/5 80.0 17/17 100 17/17 100 – – – – 22/22 100 21/22 95.5

Non-primary 7/7 100 6/7 85.7 7/7 100 7/7 100 – – – – 14/14 100 13/14 92.9

Soft palate n = 29

Total 8/8 100 8/8 100 14/15 93.3 10/15 66.7 4/6 66.7 4/6 66.7 26/29 89.7 22/29 75.9

Primary 2/2 100 2/2 100 7/7 100 4/7 57.1 2/3 66.7 2/3 66.7 11/12 91.7 8/12 66.7

Non-primary 6/6 100 6/6 100 7/8 87.5 6/8 75.0 2/3 66.7 2/3 66.7 15/17 88.2 14/17 82.4

Buccal mucosa n = 26

Total 4/5 80.0 3/5 60.0 13/15 86.7 10/15 66.7 6/6 100 2/6 33.3 23/26 88.5 15/26 57.7

Primary – – – – 7/8 87.5 5/8 62.5 3/3 /100 0/3 0 10/11 90.9 5/11 45.5

Non-primary 4/5 80 3/5 60.0 6/7 85.7 5/7 71.4 3/3 100 2/3 66.7 13/15 86.7 10/15 66.7

Oropharynx n = 26

Total 5/7 71.4 4/7 57.1 11/13 84.6 9/13 69.2 6/6 100 4/6 66.7 22/26 84.6 17/26 65.4

Primary 3/3 100 3/3 100 4/4 100 4/4 100 – – – – 7/7 100 7/7 100

Non-primary 2/4 50.0 1/4 25.0 7/9 77.8 5/9 55.6 6/6 100 4/6 66.7 1,519 78.9 10/19 52.6

Alveolar process n = 19

Total 10/10 100 6/10 60.0 4/7 57.1 2/7 28.6 0/2 0 – – 14/19 73.7 8/19 42.1

Primary 1/1 100 1/1 100 1/1 100 1/1 100 0/1 0 – – 2/3 66.7 2/3 66.7

Non-primary 9/9 100 5/9 55.6 3/6 50.0 1/6 16.7 0/1 0 – – 12/16 75.0 6/16 37.5

Retromolar trigon n = 9

Total 3/3 100 3/3 100 5/5 100 2/5 10.0 1/1 100 1/1 100 9/9 100 6/9 66.7

Primary 2/2 100 2/2 100 2/2 100 2/2 100 1/1 100 1/1 100 5/5 100 5/5 100

Non-primary 1/1 100 1/1 100 3/3 100 0/3 0 – – – – 4/4 100 1/4 25.0

Hard palate n = 8

Total 3/3 100 2/3 66.7 5/5 100 3/5 60.0 – – – – 8/8 100 5/8 62.5

Primary 1/1 100 1/1 100 1/1 100 1/1 100 – – – – 2/2 100 2/2 100

Non-primary 0/2 0 0/2 0 4/4 100 2/4 50.0 – – – – 6/6 100 3/6 50.0

Nasal cavity n = 8

Total – – – – 5/7 71.4 3/7 42.9 0/1 0 – – 5/8 62.5 3/8 37.5

Primary – – – – – – – – – – – – – – – –

Non-primary – – – – 5/7 71.4 3/7 42.9 0/1 0 – – 5/8 62.5 3/8 37.5

Subtotal

Primary 21/21 100 19/21 90.5 59/60 98.3 47/60 78.3 12/14 85.7 8/14 57.1 92/95 96.8 74/95 77.9

Non-primary 48/52 92.3 39/52 75.0 51/61 83.6 36/61 59.0 14/18 77.8 11/18 61.1 113/131 86.3 86/131 65.6

Total 69/73 94.5 58/73 79.5 110/121 90.9 83/121 68.6 26/32 81.3 19/32 59.4 205/226 90.7 160/226 70.8

OR	overall response,	CR	complete response,	OR/n	number of overall response/total number of patients treated in 
this subgroup,	CR/n	number of	complete responders/total number of patients treated in this subgroup
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4. DISCUSSION

Photodynamic therapy (PDT) has been used in head and neck oncology for some time with 

reported success [17-19,21-31]. However the small numbers of treated patients and the 

heterogeneity of treated groups make it difficult to determine the limitations of PDT. Should 

we be using PDT for all sorts of locations and sizes of neoplasms or select sub-sites and 

stages that would react more favourably? Studies with limited number of patients, although 

report success, cannot give a clear answer to the question of what to treat and maybe more 

importantly what not to treat. These are all preliminary studies that were done to establish 

treatment protocols for PDT and subsequently treat patients to reach larger series. Results 

of such larger series are recently becoming available to us. 

The longest experience is with photofrin mediated PDT with the largest series published 

by Biel with 276 patients [29]. This series include laryngeal and oral cavity neoplasms with 

T1-3 N0 cancers. The CR rates are impressive with 91% for laryngeal neoplasms and 94% for 

oral cavity tumors. However there is no sub-group analysis to show if certain subgroups of 

neoplasms react better.

It is possible to extend the limits of PDT with mTHPC, which is activated with 652nm light 

enabling deeper tissue penetration and providing treatment of deeper neoplasms [33]. A 

prospective multinational multi-institutional study with mTHPC-PDT was carried out with 

the participation of our institute30. The aimed group was patients with small neoplasms of 

the oral cavity with less than 25 mm of diameter and less than 5 mm depth of invasion. This 

group of well selected oral cavity tumors showed CR to mTHPC-PDT at a rate of 85%.

Several studies used 10 mm depth of invasion as a cut-off point for mTHPC-PDT. Only the 

international multi-centre study carried out by D’Cruz et al applied PDT to tumors deeper 

than 10 mm depth of invasion [31]. Treatment of deeper tumors (up to 50 mm) was justified 

by the aim of the study, which was to provide palliation to incurable head and neck cancers 

by conventional methods. This great range of thickness enabled the authors to compare 

tumors with less than 10 mm depth to tumors with more than 10 mm depth. Among 

completely illuminated lesions with less than 10 mm depth had a much better response 

than deeper tumors, with CR of 60% vs 26% and OR of 75% vs 40%. Although the study 

population was patients with recurrent rather than primary tumors this study justifies the 

selection of 10 mm depth of invasion as a cut-off point for mTHPC-PDT.

In our institution, we use 5 mm as the limit depth to apply surface illumination. We base this 

decision on the treatment efficacy of mTHPC-PDT to 10 mm and our desire to achieve at least 

5 mm of treated normal tissue margin. The tumors that are equal to or deeper than 5 mm are 
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treated with interstitial PDT with fibres inserted into the tissue to deliver light to the deeper 

parts of the tumor. These patients are beyond the scope of our analysis and therefore not 

reported in this manuscript. Our results for early oral cavity and oropharynx carcinoma yield 

similar results to those reported by other authors reporting PDT results[20-32]. When we 

performed subgroup analysis we have detected that certain groups of patients benefit from 

PDT better than others.

4.1. LOCATION OF THE NEOPLASM

Oral cavity and oropharynx are not homogenous structures that have constant tissue 

characteristics. The tissue composition of the alveolar process is clearly different than that 

of the tongue or soft palate. Furthermore some areas in the oral cavity and pharynx are flat 

while others have a complex geography. Multiple spots might have to be used to illuminate 

all the extensions of the neoplasm, theoretically making the chance of geographic miss 

greater. 

It is therefore important to designate the favourable sub-sites of the oral cavity and 

oropharynx. The only sub-site that reacts significantly better is oral tongue. The reason is 

probably the relative homogeneity of the tissue with absence of nearby bony structures, as 

well as the relative ease of delivering the light in a homogeneous manner on the flat surface. 

Floor of mouth and soft palate have a more complex anatomy than the oral tongue with 

proximal bony structures (i.e. mandible and hard palate) probably causing lower CR rates. 

Buccal mucosa has a relatively flat surface providing ease of illumination with a rather 

homogenous structure with no apparent reason for a poorer outcome than the oral tongue. 

Although a statistic comparison is not carried out, buccal mucosa is also observed to have 

more scar tissue causing mild trismus (5/23 patients). 

As can be expected the neoplasms of the alveolar process have less CR rate than the overall 

mean. Alveolar process has a more complex anatomy with underlying mandible and has 

three surfaces making homogenous illumination harder to achieve. However it can be 

argued that the OR rate of 73.7% helps reducing the size of the neoplasm and enable a 

smaller excision subsequently. 

The study by Hopper et al [30] is the only publication reporting success rates for subsites, 

with CR rates of 89% for floor of mouth, 83% for lip, 93% for anterior tongue and 83% for 

buccal mucosa. There are publications that report failures in certain sites but the numbers 

are very low to draw any conclusions 28. 
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The numbers of retromolar trigon, hard palate and nasal cavity neoplasms treated with PDT 

are not enough to do a statistical analysis (9,8 and 8 patients, respectively). However the CR 

rates of the retromolar triangle (66.7%) and hard palate (62.5%) are near the overall mean 

(70.8%). 

4.2. T STAGE

It can be an expected result because as the neoplasm area gets larger delivering light evenly 

gets harder and the risk for geographic miss gets greater. In our series we do not observe 

such a difference. Although T1 tumors have a better CR rate than T2 tumors this is not 

statistically different (table 2). Therefore we can say that the size of the tumor does not 

make a difference as long as all of the tumor can be fully illuminated and the depth of 

invasion is less than 5 mm.

In our series Tis show a higher CR rate than T1 and T2 tumors with 79.5%. Tis recur much 

earlier than T1 and T2 tumors (mean disease free interval of 65.7 months for dyplasia 

vs 109.1 months for T1 and 113.4 months for T2 tumors) (figure 1). It is well known that 

patients with Tis of the upper aerodigestive tract are prone to develop new leukoplakias 

a number of times [34]. it should be kept in mind that PDT can be repeated a number of 

times with minimal morbidity to treat leukoplakias as they recur. Copper et al reported up 

to 85% success with treating second primary tumors with PDT [32]. The success of repeated 

treatments as lesions recur becomes evident by the similar survival rates of patients with Tis 

and T1 neoplasms. The difference in disease free interval is made up for either by successful 

retreatments or the relatively less lethal nature of Tis.

4.3. RECURRENCES AND MULTIPLE PRIMARY NEOPLASMS 

Recurrences and multiple primary neoplasms pose a challenge to the head and neck 

oncologist. Most of these lesions occur in the previously irradiated or operated fields[36,37]. 

The study by D’Cruz et al focused on such patients who had refractory neoplasms of the head 

and neck area that were unsuccessfully treated or unsuitable for conventional treatments 

[31] . They report 38% OR and 16% CR . It should be noted that this study was a multi-centre, 

multinational study with vague inclusion criteria, resulting in treatment of neoplasms that 

may not be suitable for surface PDT. When the lesions that were not fully illuminated and 

deeper than 10 mm were excluded they report an OR rate of 54% with 30% CR rate. 

In our series a total of 131 patients with recurrent, second or multiple primary neoplasms 

were treated with PDT. Even though non-primary neoplasms respond less favourably 

to PDT than primary neoplasms (65.9% vs 77.9% CR , respectively, p<0.05), 65.9% CR is 
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a considerable success if we take into account that the treated area received radiation in 

48.1%, chemoradiation in 22.7% and previous surgery in 75.6% of the patients. Furthermore 

there is an 86.3% OR which means that an additional group of lesions decrease in size which 

makes subsequent surgical resection smaller. The difference with the study by D’Cruz et al 

can be accounted to the more conservative selection criteria by our group. 

4.4. MANAGEMENT OF NECK NODES

Elective treatment of N0 neck in case of early oral cavity cancers is a point of debate. 

Studies comparing elective neck dissection with wait and see policy show no difference in 

overall survival [38]. In experienced hands, US of the neck combined with FNA can reach 

a sensitivity of 73% and a specificity of 100% [39]. We adopted the wait and see policy for 

patients staged as N0 by US of the neck. Neck recurrences can be detected by regular US 

and FNA controls and the patients can receive subsequent neck dissections. This approach 

resulted in 24.7% patients receiving neck dissections. All of these patients had resectable 

neck nodes, which were adequately removed after neck dissections. The number is quiet 

high if you take into consideration that the tumors in question are thinner than 5 mm. This 

phenomenon can be explained with the association of the neck recurrence with second 

primary or recurrent tumors in almost half of the cases. It can be speculated that only 13% 

of the patients had neck recurrences that are associated with the tumor treated by PDT. 

Depending on the preference and policies of the center, elective neck dissection can be 

combined with PDT. The neck dissection has to be done either before PDT or 2–3 weeks 

after PDT. There is no evidence to prefer one timing to the other.

5. CONCLUSION

Our institutional experience supports the value of temoporfin-PDT in carefully selected 

patients. Especially neoplasms in areas that can receive a homogenous distribution of 

light react very favourably to mTHPC-PDT. Perhaps even more significant, difficult to treat 

lesions such as recurrent neoplasms and multiple primary neoplasms located in previously 

irradiated or operated fields have a very acceptable CR rate provided that they are carefully 

selected for eligibility.



54

Outcome analysis of PDT of oral cavity cancer

6. REFERENCES

 1. Oliver RJ, Clarkson JE, Conway DI, Glenny A, Macluskey M, Pa-vitt S, et al. Interventions for the 
treatment of oral and oro-pharyngeal cancers: surgical treatment. Cochrane Database Syst Rev 4 
[2007]:CD006205 

 2. Wildt J, Bjerrum P, Elbrond O. Squamous cell carcinoma of the oral cavity: a retrospective analysis of 
treatment and prognosis. Clin Otolaryngol Allied Sci 1989;14(2):107–113 

 3. Inagi K, Takahashi H, Okamoto M, Nakayama M, Makoshi T, Na-gai H. Treatment effects in patients 
with squamous cell carcinoma of the oral cavity. Acta Otolaryngol 2002; Suppl 547:25–29 

 4. Wolfensberger M, Zbaeren P, Dulguerov P, Muller W, Arnoux A, Schmid S. Surgical treatment of early 
oral carcinoma: results of a prospective controlled multicenter study. Head Neck 2001;23(7):525–530 

 5. Blair EA, Callender DL. Head and neck cancer. The problem. Clin Plast Surg 1994; 21(1):1–7 

 6. Mlynarek AM, Rieger JM, Harris JR, O’Connell DA, Al Qahtani KH, Ansari K, et al. Methods of 
functional outcomes assessment following treatment of oral and oropharyngeal cancer: review of 
the literature. J Otolaryngol Head Neck Surg 2008; 37(1):2–10 

 7. Patton DW, Ali A, Davies R, Fardy MJ. Oral rehabilitation and quality of life following the treatment of 
oral cancer. Dent Up-date 1994; 21(6):231–234 

 8. Rogers SN, Lowe D, Fisher SE, Brown JS, Vaughan ED. Health related quality of life and clinical 
function after primary surgery for oral cancer. Br J Oral Maxillofac Surg 2002;40(1):11–18 

 9. Lee NY, Le QT. New developments in radiation therapy for head and neck cancer: intensity-modulated 
radiation therapy and hypoxia targeting. Semin Oncol 2008; 35(3):236–250. 

 10. Genden EM, Rinaldo A, Suarez C, Wei WI, Bradley PJ, Ferlito A. Complications of free flap transfers 
for head and neck reconstruction following cancer resection. Oral Oncol 2004; 40(10):979–984 

 11. Langius A, Bjorvell H, Lind MG. Functional status and coping in patients with oral and pharyngeal 
cancer before and after surgery. Head Neck 1994; 16(6):559–568 

 12. Glanzmann C, Gratz KW. Radionecrosis of the mandibula: a retrospective analysis of the incidence 
and risk factors. Radiother Oncol 1995; 36(2):94–100 

 13. Yow CM, Chen JY, Mak NK, Cheung NH, Leung AW. Cellular uptake, subcellular localization and 
photodamaging effect of temoporfin (mTHPC) in nasopharyngeal carcinoma cells: comparison with 
hematoporphyrin derivative. Cancer Lett 2000; 157(2):123– 131 

 14. Henderson BW, Bellnier DA. Tissue localization of photo-sensitizers and the mechanism of 
photodynamic tissue destruction. Ciba Found Symp. 1989; 146:112–125 

 15. Dougherty TJ, Marcus SL. Photodynamic therapy. Eur J Cancer 1992; 28A(10):1734–1742 

 16. Hornung R, Walt H, Crompton NE, Keefe KA, Jentsch B, Pere-wusnyk G, et al. m-THPC-mediated 
photodynamic therapy (PDT) does not induce resistance to chemotherapy, radiotherapy or PDT on 
human breast cancer cells in vitro. Photochem Photobiol 1998; 68(4):569–574 

 17. Hopper C. Photodynamic therapy: a clinical reality in the treatment of cancer. Lancet Oncol 2000; 
1:212–219 

 18. Nyst HJ, Tan IB, Stewart FA, Balm AJ. Is photodynamic therapy a good alternative to surgery and 
radiotherapy in the treatment of head and neck cancer? Photodiagn Photodyn Ther 2009; 6(1):3–11 



55

Chapter 3

 19. Lou PJ, Jones L, Hopper C. Clinical outcomes of photodynamic therapy for head-and-neck cancer. 
Technol Cancer Res Treat 2003; 2(4):311–317 

 20. Miller AB, Hoogstraten B, Staquet M, Winkler A. Reporting results of cancer treatment. Cancer 1981; 
47(1):207–214 

 21. Dilkes M, DeJode M, Rowntree-Taylor A, McGilligan J, Kenyon G, McKelvie P. m-THPC photodynamic 
therapy for head and neck cancer. Lasers Med Sci 1996; 11(1):23–29 

 22. Kubler AC, Scheer M, Zoller JE. Photodynamic therapy of head and neck cancer. Onkologie 2001; 
24(3):230–237 

 23. Dilkes MG, Benjamin E, Ovaisi S, Banerjee AS. Treatment of primary mucosal head and neck 
squamous cell carcinoma using photodynamic therapy: results after 25 treated cases. J Laryngol 
Otol 2003; 117(9):713–717 

 24. Fan KF, Hopper C, Speight PM, Buonaccorsi GA, Bown SG. Photodynamic therapy using mTHPC for 
malignant disease in the oral cavity. Int J Cancer 1997;73(1):25–32 

 25. Lorenz KJ, Maier H. Photodynamic therapy with meta-tetrahydroxyphenylchlorin (Foscan®) in the 
management of squamous cell carcinoma of the head and neck: experience with 35 patients. Eur 
Arch Otorhinolaryngol 2009; ;266(12):1937-44.

 26. Wenig BL, Kurtzman DM, Grossweiner LI, Mafee MF, Harris DM, Lobraico RV, et al. Photodynamic 
therapy in the treat-ment of squamous cell carcinoma of the head and neck. Arch Oto-laryngol Head 
Neck Surg 1990;116(11):1267–1270 .

 27. Kulapaditharom B, Boonkitticharoen V. Photodynamic therapy in management of head and neck 
cancers and precancerous lesions. J Med Assoc Thai 2000; 83(3):249–258 

 28. Biel MA. Photodynamic therapy treatment of early oral and laryngeal cancers. Photochem Photobiol 
2007; 83(5):1063–1068 

 29. Hopper C, Kubler A, Lewis H, Tan IB, Putnam G. mTHPC-mediated photodynamic therapy for early 
oral squamous cell car-cinoma. Int J Cancer 2004; 111(1):138–146 

 30. D’Cruz AK, Robinson MH, Biel MA. mTHPC-mediated photodynamic therapy in patients with 
advanced, incurable head and neck cancer: a multicenter study of 128 patients. Head Neck 2004; 
26(3):232–240 

 31. Copper MP, Tan IB, Oppelaar H, Ruevekamp MC, Stewart FA. Meta-tetra(hydroxyhenyl)chlorin 
photodynamic therapy in early stage squamous cell carcinoma of the head and neck. Arch 
Otolaryngol Head Neck Surg 2003; 129(7):709–711 

 32. Berenbaum MC, Akande SL, Bonnett R, Kaur H, Ioannou S, White RD, et al. meso-Tetra(hydroxyphenyl)
porphyrins, a new class of potent tumour photosensitisers with favourable selec-tivity. Br J Cancer 
1986;54(5):717–725 

 33. Schizas AM, Williams AB, Meenan J. Endosonographic staging of lower intestinal malignancy. Best 
Pract Res Clin Gastroenterol 2009; 23(5):663–670 Review 

 34. Shintani S, Yoshihama Y, Ueyama Y, Terakado N, Kamei S, Fi-jimoto Y, et al. The usefulness of intraoral 
ultrasonography in the evaluation of oral cancer. Int J Oral Maxillofac Surg 2001; 30(2):139–143 

 35. Braakhuis BJ, Tabor MP, Kummer JA, Leemans CR, Brakenhoff RH. A genetic explanation of slaughter’s 
concept of field cancerization: evidence and clinical implications. Cancer Res 2003;63(8):1727–1730 



56

Outcome analysis of PDT of oral cavity cancer

 36. Ridge JA. Squamous cancer of the head and neck: surgical treatment of local and regional recurrence. 
Semin Oncol 1993; 20(5):419–429 

 37. Leon X, Quer M, Diez S, Orus C, Lopez-Pousa A, Burgues J. Second neoplasm in patients with head 
and neck cancer. Head Neck 1999; 21(3):204–210 

 38. Nieuwenhuis EJ, Castelijns JA, Pijpers R, van den Brekel MW, Brakenhoff RH, et al. Wait and see 
policy for the N0 neck in early stage oral and oropharyngeal squamous cell carcinoma using 
ultrasonography guided cytology: is there a role for identification of the sentinel node? Head Neck 
2002; 24(3):282–289 

 39. van den Brekel MW, Castelijns JA, Stel HV, et al. Occult metastatic neck disease: detection with US 
and US-guided Wne needle aspiration cytology. Radiology 1991; 180:457–461. 







Chapter 4

Optical Spectroscopy to Guide Photodynamic Therapy 

of Head and neck Tumors

IEEE Journal of Selected Topics in Quantum Electronics. July/August 2010;Vol 16 (4);854-62.

Dominic J. Robinson,

Baris Karakullukcu,

Bastiaan Kruijt,

Stephen C. Kanick,

Robert P. L. van Veen,

Arjen Amelink,

Henricus J. C. M. Sterenborg,

Max J. Witjes, and

I. Bing Tan.



ABSTRACT

In contrast to other interstitial applications of photodynamic therapy (PDT), optical guidance 

or monitoring in the Head and neck is at a very early stage of development. The present 

study reviews the use of optical approaches, in particular optical spectroscopy, that have 

been used or have the potential to guide the application of PDT. When considering the 

usefulness of these methods it is important to consider the volume over which these 

measurements are acquired, the influence of differences in and changes to the background 

optical properties, the implications for these effects on the measured parameters and the 

difficulty of incorporating these types of measurements in clinical practice in Head and neck 

PDT. To illustrate these considerations we present an application of a recently developed 

technique we term fluorescence differential path length spectroscopy for monitoring meta-

tetra(hydroxyphenyl)-chlorin (m-THPC) or Foscan-PDT of interstitial Head and neck cancer.
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1. INTRODUCTION

Photodynamic therapy (PDT) is now established as a treatment modality for a range of solid 

tumors [1-3]. It is based on the use of a photosensitizer that is administered systemically. 

Excitation of a photosensitizer with light of an appropriate wavelength results in the transfer 

of energy to molecular oxygen, which leads to the formation of reactive oxygen species. 

These species lead to the destruction of the target tissue, and surrounding normal tissue, by 

a range of mechanisms that include direct tumor cell kill, destruction of tumor vasculature 

and an immune response against tumor cells [4-7].

PDT has been applied widely in many clinical specialties. A survey of the literature on PDT 

yields relatively few publications dealing with Head and neck cancer compared to, for 

example, prostate, esophageal or lung cancer. The reason for this is likely to be related to 

the current lack of regulatory approval for PDT in the United States and the only recent 

approval of PDT for Head and neck cancer in Europe for a limited number of indications. 

Notwithstanding these regulatory issues, a number of research groups are investigating the 

application of PDT in Head and neck cancer with significant clinical success. A particularly 

good example of efforts to this end is the application of PDT using the photosensitizer meta-

tetra(hydroxyphenyl)chlorin (mTHPC), Temoporfin® or Foscan®. MTHPC is approved for 

palliative treatment of squamous cell carcinoma (SCC) of the head and neck in the European 

Union [2,8.9] and is used for curative intent in superficial tumors in the oral cavity.

Head and neck SCC has an incidence of 780,000 new cases a year [10]. The number of newly 

diagnosed head and neck cancer patients is unfortunately still increasing. Recent data from 

the Dutch cancer registry have shown a 10% increase from 2400 new cases/year in 2003 to 

approximately 2650 in 2005 [10, 11]. Approximately 40-50 % of patients die of recurrent 

or residual disease after conventional treatment. In addition, 20% of these patients show 

a second primary tumor of the head and neck region. Surgery and/or radiotherapy are the 

cornerstones of first line therapy [12]. However, in case of recurrent or residual disease, 

there are often very limited options. Surgery is often not feasible because of the inoperability 

of the tumor or ethically unacceptable collateral damage. Radiotherapy, possibly combined 

with chemotherapy, can only be given to a certain maximum dose, which usually is reached 

during the primary treatment. Re-irradiation can be an option in selected cases but is not 

routinely applied. Conventional treatment strategies have considerable limitations in these 

cases of recurrent disease.

PDT does not utilize hazardous ionizing radiation and in principal does not have a maximal 

cumulative dose. For this reason PDT remains a treatment option in the case of recurrence 

or residual disease after the initial treatment. It has successfully been applied in the primary 
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treatment of superficial squamous cell carcinoma and in palliative treatment of recurrent 

disease. The major advantage of PDT over conventional surgery or radiotherapy is that the 

wounds heal with less collateral damage [13, 14].

The therapeutic effect in PDT is mediated by the production of reactive oxygen species in 

tissue and depends on the presence of 3 components; light, photosensitizer and oxygen, 

each in sufficient quantities to ablate tissue in the treatment volume. If one is missing, 

there is no biological effect. Studies have shown that inter and intra-subject differences in 

parameters such as tissue optical properties and subsequent differences in delivered fluence 

(rate), uptake of photosensitizer and tissue response to PDT can lead to wide variations 

in the dose delivered during PDT [15-17]. Each of these parameters can be different for 

individual lesions, patients, and crucially, they are interdependent and change dynamically 

during, often as a result of therapy [16,18]. There is a growing body of evidence to suggest 

that the combined selectively offered by light and photosensitizer adds significantly to 

the complexity of PDT and that this can lead to the wide variations in the PDT dose that 

is delivered to the target tissue and the surrounding normal tissues. These dosimetric 

uncertainties can easily lead to under treatment of the tumor and/or to the over treatment 

of normal tissue. The present manuscript describes how ranges of optical approaches, in 

particular optical spectroscopy have been or could be applied to guide PDT in the treatment 

of Head and neck cancer.

Review: PDT is an optical therapy in which light, normally red light, is delivered to the 

treatment site. In Head and neck cancer the treatment site (or target volume) can range 

from a superficial lesion in the oral cavity, the mucosa of an internal lining of a cavity such 

as the nasopharynx or large solid tumor in, or example, the tongue base. It is important to 

recognize that the delivery of light to these markedly different volumes of tissue is a critical 

consideration, that is the subject of numerous ongoing studies [19-21]. For superficial 

lesions it is relatively straightforward to deliver light using surface illumination. However for 

intra-cavity illumination and the treatment of large tumors, where interstitial illumination is 

necessary, the delivery of light, only one of the components that is necessary for effective 

PDT, can be very challenging. While it is not necessary to use spectroscopy to monitor the 

distribution of light within tissue it is critical to many of the associated factors that influence 

PDT. Measuring, modeling and monitoring the distribution of treatment light in tissue has a 

very long history [22] and has led to a deep understanding of the importance of tissue optical 

properties. Optical spectroscopy can be used to measure tissue optical properties that have 

been used by many investigators to inform the choice of PDT treatment parameters such as 

the illumination wavelength, the separation of interstitial treatment fibers and the choice 

of optical treatment parameters such as fluence and fluence rate. These parameters are 
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dependent on the illumination wavelength, which is normally determined by the photo-

physical properties of the photosensitizer. The absorption and fluorescence characteristics 

of photosensitizers mean that they can be interrogated using optical spectroscopy. The 

concentration of photosensitizer is clearly an important parameter in the efficacy of PDT. 

Differences in the uptake of photosensitizer in tumor tissue, between lesions and/or 

patients and differences between the uptake in tumor and the surrounding normal tissue 

are concepts that are critical to effective PDT. Both the absorption and fluorescence 

properties of photosensitizer have been investigated for monitoring their concentrations. 

Photosensitizer spectroscopy in this sense can be limited to the ex-vivo measurement of 

the concentrations of drug in tissue samples or it can be extended to incorporate in-vivo 

measurements. Monitoring photosensitizer pharmacokinetics (both temporal and spatial) 

is one of the most fundamental areas of PDT investigation and examples of these types of 

studies are too numerous to mention. The use of absorption and fluorescence spectroscopy 

is described in greater detail below but it is important to carefully consider the path 

length of light in tissue if these types of measurements are to be quantitative. It is also 

useful to note that absorption techniques are affected by lower signal to noise ratios and 

measurement techniques encounter challenges associated with limited dynamic range when 

photosensitizers with low absorption coefficients are encountered at low concentrations. 

In contrast, the dynamic range for fluorescence measurements is much larger than for 

absorption measurements since the fluorescence is measured at a different wavelength 

than the excitation light. It is also important to note that absorption and fluorescence 

measurements should be interpreted with care. Fluorescence emission from fluorophores 

is influenced by their environment. There exists a complex relationship between the 

concentration of a chromophore and its absorption cross-section and fluorescence emission 

intensity. In-vivo fluorescence (and to a lesser degree absorption) can be altered by many 

factors that include changes in quantum yield induced by changes in the microenvironment 

[23], photobleaching [24], biological compartmentalization, and alteration in binding and 

aggregation [25,26].

In-vivo absorption and to a greater degree fluorescence spectroscopy are often used to 

monitor pharmacokinetics in pre-clinical models. These techniques are much less often 

used in the clinical environment. This is unfortunate since this is where they can potentially 

have the greatest impact. Measuring photosensitizer pharmacokinetics is not the only area 

in which photosensitizer spectroscopy can be utilized in guiding or monitoring PDT. Clearly 

PDT is a complex photo-chemical/biological process and is influenced by a wide range of 

parameters. Optical spectroscopy has been used to investigate the processes that occur 

during PDT. The process of progressive destruction of the photosensitizer during PDT, 

mediated by the generation of reactive oxygen species was recognized as an important 
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factor in PDT dosimetry over two decades ago. This process termed photosensitizer 

photobleaching has since been investigated in numerous pre-clinical studies for many 

photosensitizers. Photobleaching was originally thought to be advantageous since 

differential uptake of photosensitizer in tumor and normal combined with photobleaching 

to enhance selectivity [27]. Since these early studies, investigations utilizing photobleaching 

has led investigators to a greater understanding of the photochemistry that is underlying 

PDT and have been incorporated into dosimetric models for PDT [23,28]. Over this time 

period the understanding of the complexity of the role of tissue vasculature and the demand 

(and supply) of oxygen during PDT has increased dramatically. The important role of fluence 

rate on the photobiology that occurs during PDT and its relationship to PDT response is 

becoming increasingly clear [29]. In many circumstances the choice of clinical fluence rate is 

far above that that has been shown to be optimal in pre-clinical models. Again it is important 

to highlight two points. First, it is critical to understand the mechanisms underlying the 

processes surrounding fluorescence photobleaching and how they relate to tissue response. 

These can be different for different photosensitizers and different for different environments. 

Second, just as for pharmacokinetic measurements it is disappointing that very few clinical 

studies have incorporated these types of measurements.

Optical spectroscopy can also be used to study other important effects that are related 

to the PDT process that may be used to guide PDT in Head and Neck cancer. Reflectance 

spectroscopy can be used to interrogate the tissue before, during, and after PDT to monitor 

changes in the concentration of native absorbers. The predominate absorbers in the visible 

region of the spectrum in tissue are oxy- and deoxhemoglobin. These can and have been 

used to determine variations in physiological parameters such as blood saturation and 

blood content (volume). These types of techniques have been used in PDT by a number 

of investigators to monitor the vascular response to PDT [30-32]. Depending on the 

photosensitizer and its localization, the acute vascular response can be useful in predicting 

the overall response to PDT. These approaches are particularly important for predominately 

vascular-based photosensitizer such as Visudyne and Tookad. In this context it is important 

to consider blood flow in tissue undergoing PDT. Here other novel approaches such as laser 

speckle imaging [32] and diffuse correlation spectroscopy [33] have been utilized to monitor 

blood flow. It is also possible to consider the use of other spectroscopy techniques such 

as Raman spectroscopy [34] and spectroscopic optical coherence tomography [35] but 

considering the complexity of these techniques they are not yet ready for implementation 

for guiding or monitoring PDT. 

When considering the spectroscopic approaches described above and their utility for 

guiding PDT in the Head and Neck it is important to consider 1) the volume over which 
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these measurements are acquired 2) the influence of differences in and changes to the 

background optical properties and 3) the implications for these effects on the measured 

parameters and 4) the difficulty of incorporating these types of measurements in clinical 

practice in Head and Neck PDT.

To illustrate these considerations we present an application of a recently developed 

technique we term fluorescence differential path length spectroscopy (FDPS) for monitoring 

MTHPC-PDT in Head and Neck cancer.

2. MATERIALS AND METHODS

2.1. OPTICAL SPECTROSCOPY

The non-invasive quantitative optical measurement of chromophore concentrations in tissue 

requires knowledge of the optical path length in the tissue. For most fiber-optic measurement 

geometries the optical path length depends on the scattering coefficient ms and on the 

absorption coefficient ma. Since both ms and ma vary significantly in tissue, quantitative 

measurements prove to be difficult in tissue unless specific fiber-optic measurement 

geometries are chosen. For example, the optical pharmacokinetic spectroscopy (OPS) device 

developed by Mourant et al [36] uses elastic scattering spectra of tissue to calculate the 

concentration of chromophores in tissue. This device utilizes a fiber-optic probe that contains 

a single source and a single detector fiber that are separated by 2 mm. This separation was 

chosen to minimize the dependence of the path length of the collected photons on scattering 

properties of tissue. For scattering parameters that are typical of tissue, the path length 

varies by less than 20% for a given background absorption. A drawback of this method is that 

the path length is sensitive to the (background) absorption coefficient of tissue. This means 

that the amount of measured absorption due to the target chromophore strongly depends 

on the local blood content and blood saturation. As a consequence a measurement must be 

made prior to injection of the target chromophore and only changes in concentration can 

be measured assuming that the background absorption does not change in time. This makes 

OPS measurements difficult when a background reflectance spectrum cannot be acquired, 

and even more difficult to interpret when there are changes in the background absorption 

of tissue. Changes in background absorption can occur for a variety of reasons, for example 

pressure between the measurement probe and the surface of the tissue can influence the 

blood content. Open surgical procedures can significantly influence both blood volume and 

saturation. Furthermore, changes in background absorption are a particular problem during 

photodynamic therapy (PDT) since blood volume and saturation can change as a result of 

the therapy itself. Another technique that features a known path length is differential path 
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length spectroscopy (DPS) [37]. The path length of photons contributing to the differential 

reflectance signal varies only slightly over a very broad range of both scattering and 

absorption coefficients. This facilitates quantitative concentration measurements even for 

strong variations in either absorption or scattering. For this reason, we have now developed 

a technique based on the principles of DPS (subtraction of the diffuse photons to obtain a 

well-defined measurement volume) but with the enhanced dynamic range of fluorescence 

measurements: fluorescence-DPS (FDPS) [38].

2.2. PATIENTS AND PROCEDURE

Patients undergoing PDT for the palliative treatment of Squamous Cell Carcinoma of the 

Head and Neck gave written informed consent to participate in the study and the local 

hospital ethics committee approved the study. Ninety-six hours before illumination patients 

were administered with 0.15 mg/kg intravenous Foscan (Biolitec Pharma, Ireland). On the 

day of the illumination hollow needles are inserted percutaneously through the palpable 

tumor mass. Tumor volumes can range from 40 cm3 up to 150 cm3. Catheters are positioned 

in rows with an inter catheter distance of less then <15mm to aim for full coverage of the 

excitation light throughout the tumor volume. After the inner sections of the needles 

are removed, the catheters are guided to the needle tip, the needles are withdrawn and 

the transparent catheters are in position. After all of the catheters are in place, they are 

filled with dummy after-loader. Each after-loader consists of a thin flexible wire with lead 

beads with an inter distance spacing of 10 mm that allows for the unique identification of 

each catheter under X-ray imaging. In order to confirm proper catheter identification and 

localization two orthogonal images are acquired. Based upon this information, the length 

and insertion depth of each cylindrical diffuser is estimated. During therapy each linear 

diffuser sequentially delivers a fixed incident radiant exposure of 30 J cm-1 at a irradiance 

of 100 mW cm-1.

2.3. FLUORESCENCE DIFFERENTIAL PATH LENGTH SPECTROSCOPY

A single FDPS needle probe was designed for this application. A stainless steel needle 

contained two 400 micron fibers placed at a core-to-core distance of 440 micron and 

polished under an angle of 35 degrees to minimize specular reflection at the probe-tissue 

interface. Excitation light from a 650 nm diode laser (Diomed, Cambridge, United Kingdom), 

for fluorescence measurements delivered light to the FDPS probe. Note this laser was 

used in addition to that used for the PDT illumination. Shutters (Ocean Optics, Duiven, 

the Netherlands) in the individual light paths allowed control of the excitation light. The 

excitation light is then coupled into a 100 micron bifurcated fiber, the other leg is coupled 
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into a white light source for DPS measurements. The distal end of the 100 micron bifurcated 

fiber is coupled into a 200 micron fiber of which the other leg is coupled into the first channel 

of a 650 nm notch filtered two-channel spectrograph. The distal end of the 200 micron 

bifurcated fiber is coupled into the light delivery and collection (dc) fiber of the FDPS needle. 

The collection (c) fiber is coupled directly into the second channel of the 650 nm notch 

filtered two-channel spectrograph. A schematic diagram of the setup and the transmission 

of the notch filter are shown in Figure 1. Immediately before the start of the treatment 

procedure the FDPS needle was inserted into the tumor at a position approximately 2 cm 

from the surface of the skin in the chin side of the patient approximately at the center of the 

tumor volume. Before the onset of the therapeutic illumination, sequences of reflectance 

spectra were acquired to ensure that the FDPS needle tip was in contact with the tissue. 

During illumination FDPS spectra were acquired with an integration time of between 2 and 

5 second at an interval between 2-10 seconds.

Figure 1. Schematic overview of the FDPS setup illustrating how notch filters are used to block the 
treatment radiation so that reflectance and fluorescence spectra can be acquired without interrupting 
the therapeutic illumination.

2.4. DATA ANALYSIS

Fluorescence spectra were analyzed as a linear combination of basis spectra using a 

singular value decomposition (SVD) algorithm as others and we described previously 

[39,40]. The fluorescence was described by a combination of auto-fluorescence and mTHPC 

fluorescence and a third component since the differential fluorescence spectra contain a 

small contribution from the therapeutic laser. Based on the residual laser signal before and 

beyond the blocking region of the 650 nm notch filter, a Gaussian was fitted to describe the 

laser signal, peak at 648 nm width 12.3 nm. For the MTHPC component the first and last 
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spectra during illumination were subtracted under the assumption that any possible mTHPC 

photoproducts have a negligible contribution to the measured fluorescence and that the 

auto-fluorescence signal is constant. Subsequently the mTHPC and laser components 

were subtracted from the measured fluorescence signal to yield a component for the 

auto-fluorescence. The differential reflectance signal was fitted using the same model as 

described previously [40] to obtain values on saturation and blood volume.

3. RESULTS

Figure 2 shows a pre-operative sagittal T1-weighted MR image of a recurrent Squamous 

Cell Carcinoma at the base of tongue typical of the size treated with PDT. The treatment 

volume was then imaged using a plane X-ray (C-bow) as shown in figure 3. Figure 4 shows 

the placement of a single therapeutic light source with an FDPS needle placed immediately 

adjacent to this light source approximately at the center of the illumination catheter near 

the center of the tumor. Figure 5 shows the normalized basis spectra of mTHPC and the 

combination of tissue autofluorescence and a small component of scattered laser light 

above 675 nm that were used to fit the FDPS spectrum acquired during illumination. Before 

the therapeutic illumination the blood saturation was 4 ± 1 % and the blood volume was 3 ± 

0.2% illustrating the low saturation that is typical of Head and Neck tumors. Figure 6 shows 

two DPS spectra acquired at the start of and at the end of a single therapeutic illumination. 

During the course of the illumination there was a small decrease in the blood saturation 

within the tumor (to 2 ± 3%) and a significant increase in the blood volume from 3 to 10%. 

Figure 7 shows the fitted FDPS component attributed to mTHPC. During the course of the 

illumination there is a reduction in mTHPC fluorescence of approximately 50%. Based on a 

first estimate of the tissue optical properties within the treatment volume (ms’ = 5 cm-1 and 

ma = 0.2 cm-1) we estimate the fluence rate at the tip of the FDPS probe to be between 30 

and 50 mW cm-2.
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Figure 2. An example of a sagittal T1-weighted MR image of recurrent SCC base of tongue.

Figure 3. Intra operative X-ray: PDT/brachytherapy catheters after loaded with wires containing lead 
implants (interspacing 10mm). Opaque buttons demarcate the surface of the tongue and the skin of 
the chin.
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Figure 4. Photodynamic therapy illumination procedure: Sequential illumination using 7 interstitially 
implanted catheters containing cylindrical diffusing fibres: Illumination time 300 seconds per source, 
output power 100 mW cm-1 diffuser.

Figure 5. Basis spectra for FDPS (mTHPC) and tissue autofluorescence.
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Figure 6. Two representative Levenberg-Marquardt fit of the DPS signal acquired during PDT indicating 
blood saturation StO2 and blood volume (r). Note the discontinuities in the spectrum at 652 nm and 
450 nm are due to the notch filter. Error bars represent the standard deviation within a bin width of 
10 data points.

Figure 7. Absolute fitted FDPS intensity acquired during the illumination of a single therapeutic source 
located adjacent (5 mm distance) from the FDPS needle where error bars represent the fit inaccuracy 
on individual spectral fits.
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4. DISCUSSION

The present study illustrates the implementation of a method for quantitative reflectance 

and quantitative fluorescence spectroscopy measurements in PDT of Head and Neck 

cancer. In contrast to other interstitial applications of PDT, optical monitoring in the Head 

and Neck is at a very early stage of development. Groups working in organs such as the 

prostate [19,20,41], the brain [42,43] and in the GI tract [44,45] have made much more 

progress towards in-vivo guidance and monitoring using optical spectroscopy. This is clearly 

a consequence of the different stages of implementation of PDT in these organs but is also 

influenced by the limited use of optical monitoring in clinical PDT as a whole. Except for a 

small number of notable exceptions the use of these types of pharmacokinetic and optical 

dosimetric measurements has not been widely adopted. This is particularly true in interstitial 

PDT where dosimetric considerations are often restricted to that of light. It is important 

to note that optical guidance using spectroscopy during interstitial PDT is challenging. The 

time that can be associated with these types of measurements is a significant barrier to 

their adoption. For example the acquisition of reflectance spectra during PDT is normally 

limited by the therapeutic illumination. [31,46]. This means that either the acquisition of 

reflectance spectra is limited to directly pre- and post- PDT or the illumination is interrupted 

for the acquisition of reflectance spectra. In the latter case this also means an alteration 

of the intended light treatment parameters. In the spectroscopic technique that we have 

implemented here we overcame this problem by placing a notch filter centered at the 

treatment wavelength. This allows acquisition of differential reflectance measurements 

during PDT without interruptions to the illumination. This relatively simple step that 

facilitates the incorporation of these measurements into the clinical environment should 

not be underestimated since interrupting PDT can have significant effects on the supply of 

oxygen to tissue [47]. We have also used an approach to the acquisition of fluorescence 

spectra that is similar to that used by other investigators for other photosensitizers in other 

treatment geometries [40,48]. Utilizing fluorescence excitation at the treatment wavelength 

means that these measurements can be acquired without interrupting PDT. This can 

however be challenging for photosensitizers that do not have strong fluorescence emission 

beyond the therapeutic illumination wavelength.

The data we present show the feasibility of the approach to fiber optic spectroscopy in 

Head and Neck cancer. It is possible to recover fluorescence from mTHPC 96 hours after the 

administration and to monitor the local reduction of mTHPC fluorescence during PDT. The 

parameters that are recovered using DPS include blood saturation and blood volume. Our 

measurements are consistent with data in the literature and confirm the low oxygenation 

status of head and neck tumors [49]. Our data also show that PDT induces changes in local 
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blood volume that may be consistent with vascular response to PDT. Taken as a whole these 

data represent clear challenges to our understanding of the photochemistry underlying 

mTHPC PDT and it relationship to local PDT response. It is known that the mechanism(s) 

underlying the deposition of dose during PDT with mTHPC are complex [50-54] but it is clear 

that in-vivo local oxygen saturations that are encountered are very low.

Given these encouraging preliminary data it is important to stress that these measurements 

are acquired very locally and single optical probe measurements cannot be considered 

to be representative of larger volumes of tumor tissue. This has led many investigators 

to use diffuse optical techniques such as diffuse reflectance spectroscopy with either 

visible/white light [31-33, 55]. Clearly while these approaches could have an important role 

in the spectroscopic guidance of PDT in Head and Neck cancer they do suffer from some 

disadvantages.

A potential source of error in diffuse reflectance spectroscopy is that the path length and 

hence the interrogated volume are strongly wavelength dependent. Tissue optical properties 

can vary during PDT making the wavelength dependent path length also variable in time. 

In contrast DPS is used in this study to determine saturation and blood volume where the 

path length is known and insensitive to changes in optical properties. This could make these 

types of measurements more advantageous for monitoring PDT locally.

Another important issue is that the interrogated volume in diffuse reflectance spectroscopy 

is larger than in DPS where it is approximately the fiber diameter used. In large tissue 

volume measurements there exist wide range variations in fluence rate, dose deposition 

and possibly variations in photosensitizer concentration over the interrogated volume 

during illumination. All these variations are averaged out over the interrogated tissue 

volume together with potential important local PDT-induced effects. DPS measures over 

smaller volumes over which obviously the variations in fluence rate, deposited dose and 

photosensitizer concentration are smaller.

One advantage of our approach to optical monitoring using FDPS is that the blood 

saturation, blood volume and fluorescence are measured using the same geometry and are 

therefore acquired from similar volumes of tissue. Monitoring fluorescence in optically thick 

or interstitial geometries is complicated by the fact that fluorescence is normally collected 

from volumes of tissue that are illuminated with a wide range of fluence rates. This can 

confound the interpretation of signals such as fluorescence photobleaching, which may or 

may not be fluence rate dependent depending on the photosensitizer.
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Again it is clear that these types of fluorescence measurements are unlikely to be 

representative of large volumes of tumor tissue and there is a clear requirement for multiple 

measurements as has been suggested previously by other authors [56]. It is probable that 

it will be most advantageous to consider localizing the regions over which spectroscopic 

guidance and optical monitoring are performed to a reasonable number of volumes within 

the target tissue. In this way volumes of tissue could be chosen to monitor the extremes of 

photosensitizer concentration and tissue oxygenation within the target tumor volume and 

in vulnerable normal tissue.

An obvious parameter that is missing from our approach but that has been extensively 

incorporated using diffuse optical techniques is a local measurement of blood flow [57]. 

Without such data it can be difficult to correctly interpret dynamic changes in blood volume 

and saturation and their relationship to PDT induced effects. It is however likely that 

measurement of blood flow would need to be made over a larger volume to incorporate a 

measure of the regional blood flow.

Given the feasibility of the type of optical monitoring that we propose it is important to 

consider the potential for these types of measurements and how they might be incorporated 

into the wider use of on-line dosimetry models or be applied to the modification of the PDT 

treatment parameters. Quantitative measurements of pre-treatment mTHPC fluorescence 

intensities could offer the possibility of measuring spatial variations in photosensitizer 

concentration within individual tumors or between tumors in different patients. In a similar 

way quantitative measurements of blood saturation and blood volume fraction could be 

incorporated into the clinical decision making process. Quantitative measurements of 

photosensitizer photobleaching in combination with the local measurements of tissue 

physiology may give more detailed insights into the choice of clinical treatment parameters 

such as irradiance (which has direct effect on fluence rate) and drug light interval.

In conclusion, while it is clear that optical guidance of PDT in Head and Neck Cancer is 

at a very early stage of development it seems critical that we learn from the experience 

of other investigators working in other organs and to choose the appropriate methods for 

optical monitoring that allow for representative quantitative measurements that can be 

incorporated into clinical treatment regimens.
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ABSTRACT

The objective quantitative monitoring of light, oxygen, and photosensitizer is challenging 

in clinical photodynamic therapy settings. We have previously developed fluorescence 

differential path-length spectroscopy (FDPS), a technique that utilizes reflectance 

spectroscopy to monitor microvascular oxygen saturation, blood volume fraction, and vessel 

diameter, and fluorescence spectroscopy to monitor photosensitizer concentration. In this 

paper the clinical feasibility of the technique is tested on eight healthy volunteers and on 

three patients undergoing PDT of oral cavity cancers. Model-based analysis of the measured 

spectra provide quantitative tissue parameters that are corrected for background tissue 

absorption, autofluorescence, and the transmission of the optical system; this method 

allows comparison of intra- and inter-subject parameters. The FDPS correctly estimated 

the absence of mTHPC in volunteers and detected photobleaching in the areas receiving 

treatment light in patients undergoing PDT treatment. This study demonstrates the feasibility 

of monitoring clinical photodynamic therapy treatments using optical spectroscopy. 
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1. INTRODUCTION

Photodynamic therapy (PDT) has been gaining acceptance in several branches of medicine, 

ranging from dermatology to neurosurgery[1-7]. PDT is a targeted treatment modality 

that involves the administration of (non-thermal) light and a light sensitive drug, termed a 

photosensitizer, to yield localized tissue destruction with minimal systemic toxicity. When 

the photosensitizer is activated, light energy is transferred to molecular oxygen, which leads 

to the formation of reactive oxygen species (ROS). ROS combine with biomolecules, oxidizing 

them, leading to the destruction of the illuminated tissue by a range of mechanisms that 

include; direct tumor cell kill, destruction of tumor vasculature and an immune response 

against tumor cells[8-10].

A number of centers, including our own, are utilizing PDT to treat cancers of the head and 

neck1-4. Careful selection of the patients with regard to complete light access and depth of 

tumor has yielded encouraging results. The published data report 69-95% complete clinical 

response to PDT of early oral cavity cancers[1-4]. However regardless of the careful selection 

criteria and standard treatment technique, a small but significant number of tumors do not 

respond to PDT. Methods that enable a deeper understanding of the PDT process and bring 

this understanding down to individual treatment sessions could be of substantial use for the 

clinician.

There are numerous factors that can influence the response of tissues to PDT. The local 

efficacy is mediated by the production of ROS and depends on the presence of three 

components; light, photosensitizer and oxygen[8]. Each must be present in sufficient 

quantities within the treatment volume[8,11]. Earlier studies have shown inter- and intra-

subject variations in parameters such as photosensitizer pharmacokinetics, tissue optical 

properties and subsequent differences in delivered fluence (rate), and the ability of the 

local vasculature to provide sufficient oxygen during therapy[12-15]. Each of these variables 

can be different for individual lesions, patients, and crucially, can be interdependent and 

change dynamically during, and often as a result of therapy[15-18]. These factors can lead to 

variations in the PDT dose that is delivered to the target tissue and the surrounding normal 

tissues and may be the source of treatment failures. 

Optical spectroscopy is a promising tool to monitor PDT related variables[13-21]. 

Reflectance spectroscopy utilizes the dominant absorption bands of hemoglobin in oral 

mucosal tissue to measure parameters that characterize local vascular physiology, such 

as microvascular oxygen saturation, and blood volume fraction[13,14,21]. Fluorescence 

spectroscopy fluorescence attributed to optically active photosensitizing compounds, and 

can be used to monitor the local photosensitizer concentration and photobleaching during 
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therapy[16-18]. The combination of monitoring reflectance and fluorescence within the 

same interrogation volume may also provide additional information on the relationship 

between photobleaching and local supply of oxygen during PDT. When interpreting these 

types of signals it is important that the measured parameters are representative of the same 

volume of tissue, are reproducible, and are comparable.

Our group has developed differential path-length spectroscopy (DPS)[19,20] and florescence 

differential path-length spectroscopy (FDPS) to provide localized descriptions of tissue 

vascular physiology and photosensitizer concentrations during clinical PDT. FDPS makes use 

of two optical fibers one for delivery of light (white light in case of DPS and 652nm excitation 

light in case of FDPS), and both for collecting light reflected (or emitted) from the tissue. The 

difference of the two collected signals limits the contribution of long path-length photons 

to the signal, enabling sampling the small volume of tissue immediately adjacent to the 

fibers. FPDS has the advantage over other quantitative fluorescence measurements with its 

capability to deal with large variations in background absorption using a simple correction 

algorithm. This makes FDPS especially valuable for in vivo photosensitizer fluorescence 

spectroscopy during PDT, when the background absorption can change significantly. Another 

advantage of FDPS is that the collection volume can be adjusted to match the relevant 

dimensions of the application. For absolute fluorescence measurements of photosensitizers 

it is essential to selectively interrogate the relevant tissue volumes and to avoid averaging 

drug concentrations over a volume that is either deeper or shallower than the intended 

sampling location. It is important to note that while FDPS remains dependant on the 

scattering coefficient of tissue this is expected to have a relatively small influence on the 

signals collected particularly in tissues of the same type[20].

The aim of the current study was to incorporate this technique in the clinical setting. This 

manuscript details the development of a FDPS system, to be utilized in patients undergoing 

meta-tetrahydroxyphenylchlorin (mTHPC) mediated- PDT for oral cavity carcinomas, without 

interrupting the clinical protocol. Processing of the data obtained, to yield quantitative data 

that can be compared both intra-subject (measurements performed in the same patient), 

and inter-subject (measurements from different patients) is explained in detail. The reliability 

and reproducibility of these measurements and future clinical applications are discussed.

2. MATERIALS AND METHODS

2.1. STUDY POPULATION AND CLINICAL METHODS

This clinical pilot study is carried on 8 healthy volunteers and 3 patients with early stage 

cancers of the oral cavity without regional metastasis (T1N0 by AJCC staging), who are 
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undergoing PDT. All patients had histologically proven squamous cell carcinoma. The depth 

of the tumors have been measured and confirmed to be less than 5 mm by ultrasonography 

(US). Informed consent has been obtained from patients in accordance with institutional 

guidelines as approved by the institutional review board of Netherlands Cancer Institute. 

mTHPC was injected to a proximal vein at a dose of 0.15 mg/kg as outpatient procedure. 

After an interval of 4 days the patients received PDT in an operation room setting, under 

general anaesthesia. FDPS measurements were first performed immediately before 

therapeutic illumination. Measurements were taken from at least three locations on the 

center of the tumor, three locations on the adjacent normal appearing mucosa that received 

treatment light as oncologic safety margin and three locations in the oral cavity, distant 

from the tumor, located under shielding (therefore not receiving treatment light). The 

oral cavity mucosa that was not intended for PDT is shielded from the treatment light by 

green operation drapes or black shielding wax. Tumors were treated with light from diode 

laser 652nm (Biolitec, Germany) with an oncologic margin of at least 5 mm around the 

macroscopic tumor using at a irradiance of 100 mWcm-2 to a radiant exposure of 20 Jcm2. 

Immediately after the therapeutic illumination FDPS measurements are repeated at the 

same sites as before the illumination.

FDPS measurements from the volunteers are used to determine the basis spectra for tissue 

auto fluorescence; FDPS measurements from the patients are used to visualize the effects 

of PDT.

2.2. FDPS SETUP

The device setup for optical measurements utilized in this study is an adaptation of the FDPS 

device described previously[19,20]. Figure 1 shows a schematic of the device setup. The 

FDPS probe (Configured Bifurcated Fiber ZFQ-13177, Ocean Optics, Duiven, NL) contains 

two 800 µm diameter optical fibers; one fiber is used for delivery and collection of light 

(dc) and the adjacent fiber is used for light collection only (c). The distal end of the probe 

was polished under an angle of 15 degrees to minimize specular reflections at the probe-

tissue interface during measurements. The 800 µm dc fiber is coupled to a 4 x 150 µm 

quadrifurcated fiber. The first arm of this quadrifurcated fiber is connected to a tungsten 

halogen lamp (HL-2000, Ocean Optics, Duiven, NL). The second arm is led to a 652 nm 0.5 

W channel of a medical diode laser unit (Cerelas 4 x 1 mW 532 ± 1 nm + 652 ± 3 nm 0.5 

W CW, Biolitec AG, Jena, DE) routinely used for clinical PDT with m-THPC set to deliver 2 

mW at the probe distal end. The third arm is connected to a 532 nm 1 mW channel of the 

laser unit. The fourth arm is led to a spectrometer (S2000, Ocean Optics, Duiven, NL). The 

bandwidth of the 652 nm laser was narrowed with a custom built filter unit combining a 
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660 nm long-wave-pass interference filter (3RD660LP, Omega Optical, Brattleboro, USA) and 

a 660 nm short-wave-pass interference filter (3RD660SP, Omega Optical, Brattleboro, USA). 

The filter unit collimates light coupled in and directs the beam through two optical filter 

mounts that can be angled with respect to the beam. This allows for changing the angle 

of incidence of the collimated beam on the mounted interference filters which effectively 

shifts the filter spectral transmission characteristics to the blue. The 800 µm c fiber is 

leading to a second spectrometer (S2000, Ocean Optics, Duiven, NL). A second filter unit 

containing a 658 nm notch filter (NF03-658E-25 StopLine, Semrock, Rochester, USA) is used 

to filter the 652 nm light from the fibers leading to the spectrometers. With the filters are 

carefully tuned almost all excitation light is filtered out allowing the system to record both 

the relatively weak fluorescence as well as the important spectral features needed for DPS. 

Reflectance and fluorescence measurements were made consecutively by using shutters 

for each light source allowing selective usage of the light sources for each measurement. A 

custom made LabView (v7.1, National Instruments, Woerden, NL) program was designed to 

control shutters and spectrometers via a notebook computer. Throughout this manuscript, 

the difference between the white-light reflectance measured by the dc- and c-fibers is 

termed the differential reflectance (DR). Similarly, the difference between the fluorescence 

collected by the dc- and c-fibers is termed differential fluorescence (DF). We note that I, J, 

and F are wavelength dependent parameters in subsequent sections.

Figure 1. Skematic of the FDPS device setup. See text for details. 
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2.3. FDPS CALIBRATION

Calibration of the DR and DF signals is described in detail previously [19,20], and is outlined 

briefly here. Calibration of DRa signals involves measurement of white-light spectra from 

black and white Spectralon standards (Labsphere SRS-99 and SRS-02) in air, and a separate 

measurement in a water-filled dark container. This is given as, 

 (1)

Here IR and J R represent the white-light intensity collected by the dc-fiber and c-fiber, 

respectively. The  difference corrects the intensity collected by the dc-

fiber for imperfections on the probe face that introduce to internal reflections[22]. Fiber 

transmission characteristics and variations in lamp output are accounted for by dividing 

the IR	and J R signals by their differences between the measurements on white and black 

Spectralon, given as  and . The calibration constant c depends 

on the distance between the probe tips and the Spectralon.

Calibration of the DF signal requires application of the system transmission efficiency 

profile to transform the fluorescence intensities returned by the spectrophotometer into 

fluorescence quantities independent of fiber transport properties and spectrophotometer 

sensitivities. This calculation is given as: 

 (2)

 (3)

Here  and  represent the total fluorescence intensity returned by the 

spectrophotometer from measurements from the dc-fiber and c-fiber, respectively. These 

quantities are described as the product of the number of photons entering the fibers  

(  and ) and the transmission function describing the efficiency of photons 

travelling from the tip of the fiber to the spectrophotometer (Tdc and Tc); this calculation is 

appropriate for the dc- and c-fibers, respectively. With the beam shaping and notch filter 

sets optimised to reject scattered laser light most efficiently, the wavelength dependence 

of the transmission functions Tdc and Tc	were measured using a calibrated white light source 

(Ocean Optics HL-2000-CAL, FL, USA) for which the output of the lamp is well-known; 

characterization of this curve has been described in detail previously[23]. Variations in 

the absolute value of the Tdc efficiency function between different measurement sessions 

were corrected using the ratio of reflectance intensity measured with the dc-fiber using 
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a laser source at 532 nm (coupled into the laser source arm of the FDPS setup) on a 

highly scattering solid phantom to the power of that laser output at the end of the dc-

fiber. Independent assessment of variations in the absolute value of the Tc efficiency was 

determined using reflectance measurements on white and black spectralon to yield a factor 

 evaluated at 532 nm. Day-to-day variations in excitation 

laser output from the distal end of the dc-fiber are measured measuring output power of 

the laser exiting the distal end of the dc-fiber by a power meter connected to an integrating 

sphere, given as Pcal. The resulting calibrated DF signal can be expressed in units of photon 

counts/ms/mW, and is calculated as:

 (4)

2.4. FDPS DATA ANALYSIS

The DR signal resulting from Equation (1) was fitted according to the following empirical 

model:

 (5)

The term in brackets represents a background scattering model composed of Mie and 

Rayleigh components. The fractional contributions of Mie and Rayleigh components are 

estimated by fitting the parameter f (which occupied values in the range 0-1), and the 

respective wavelength dependencies of the components are given as  and , where b 

is a fitted parameter. The fitted parameter a corrects for changes in the absolute amplitude 

of the measured DR signal; the value of a is dependent on the distance between probe 

and Spectralon during calibration measurements and does not inform estimates of tissue 

scattering properties. The effect of absorption on the DR signal is modelled by applying a 

Beer-Lambert law to the background scattering model. The absorption coefficient within the 

oral cavity is given as,

 (6)

where ρ is the blood volume fraction (BVF); StO2 is the microvascular oxygen saturation, 

 and  are the specific absorption coefficients of fully oxygenated and deoxygenated 

blood23, respectively, and Ccorr is a correction factor that depends on vessel diameter (dv) and 

accounts for the inhomogeneous distribution of blood in tissue[24], and is given as;
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 (7)

where μa,bl is contribution of the absorption of blood to 

   

m aas in Equation (6). Bil is the 

concentration of bilirubin and the contribution of bilirubin to the tissue absorption is 

calculated by using the specific absorption coefficient  [25]. The DPS photon path length 

given as <L>, experienced in tissues of the oral cavity is insensitive to effects of the scattering 

coefficient (as it is expected to fall within the range of 5-50 mm-1 for wavelengths in the 

300-900nm range), but <L> can be affected by the absorption coefficient (especially for 

the probe diameter utilized in this study). We accounted for the dependence of <L> on 

μa by using an empirical expression described previously by Kaspers et al[26]. The fitting 

procedure was conducted using a Matlab code to perform a Levenberg-Marquardt least 

squares fitting routine using the lsqnonlin function within the Matlab optimization toolbox, 

this procedure utilizes the standard deviations of the binned data points as weight factors. 

The fitting procedure estimated mean values and confidence intervals for a1 ,b, ρ	,	StO2, dv,	

Bil, using a method described previously[27].

The DF signal resulting from Equation (4) was corrected for absorption effects by multiplying 

DF by the ratio of the DR at the excitation wavelength without and with absorption present, 

as follows:

 (8)

Where DRx and DRx(μa,	x) are the differential reflectance signals at the excitation wavelength 

measured with and without background absorber present, respectively. DRx(μa,x) was 

calculated from the model fit resulting from Equation (5), while DRx was estimated by 

the background scattering model (the term appearing within brackets) within the same 

Equation. It should be noted that the DF signal resulting from Equation (8) is not corrected 

for effects of scattering on the collected signal. The absorption corrected DF signal was 

analyzed as a linear combination of basis spectra representing tissue autofluorescence, 

m-THPC fluorescence, and background fluorescence that is attributable to fluorescence of 

the optical components within the FDPS system. We note that the magnitude of this system 

background fluorescence is dependant on the scattering coefficient of the tissue within the 

interrogation volume and cannot be simply measured and subtracted. The model estimate 

of DF is given as, 
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 (9)

where,  (10)

Here, ( , ) represent the basis spectra and (bsystem, bmTHPC) represent the 

contribution of fluorescence attributable to the components within the FDPS system 

(e.g. the filter set) and m-THPC, respectively. The lineshape of  was identified by DF 

measurements on white Spectralon, which does not fluoresce. The lineshape of  was 

calculated from DF spectra acquired in vivo corrected for fluorescence attributable to the 

endogenous tissue or system components, and was determined from the average lineshape 

extracted from clinical DF measurements on multiple patients obtained before and after 

treatment illumination. This paper assumes a linear proportionality between  and 

mTHPC concentration. The contribution of tissue autofluorescence to DF is given by , 

and can be characterized by a third-order polynomial; this functionality was identified from 

DF measurements in the oral cavity with no m-THPC present and was corrected to account 

for the fluorescence from system components. The fitting procedure was again conducted 

using a Matlab code to perform a Levenberg-Marquardt least squares fitting routine 

that uses the standard deviations of the binned data points as weight factors; the fitting 

procedure estimated mean values and confidence intervals for bmTHPC, bsystem, c1, c2, c3.

High quality fitting was achieved in over 95% of measurements, also in the case of 

relatively low blood volumes. Spectra that did not fit were excluded based on the presence 

of observable features in the residual between the model fit and the data[27]. The poor 

quality of some individual measurements was due to patient and/or probe movement and 

incomplete contact between the probe and the oral mucosa.

3. RESULTS

3.1. FDPS SYSTEM TRANSMISSION

Figure 2a shows a representative I F spectrum of the dc-fiber measured in vivo superficially 

on the center of an oral cavity cancer, 4 days after mTHPC injection, immediately before 

illumination. The markers on the figure represent mean of 7 binned data points (each 

bin spans ~2 nm), with the standard deviation calculated from data points within each 

bin are representative of noise within the spectrum. This spectrum represents the 

wavelength-dependent fluorescence returned by the spectrograph following excitation 

of tissue with 652 nm light, with the signal expressed per integration time and excitation 
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light power. Figure 2b shows the Tdc of the dc-fiber, which describes the wavelength-

dependent efficiency of photons entering the fiber tip that are eventually returned by the 

spectrograph; this curve characterizes wavelength-dependent fiber transmission effects 

and spectrophotometer sensitivities. Inspection of these data clearly show the effect of the 

notch filter on the measured fluorescence, with zero photons entering the fiber transmitted 

to the spectrophotometer at the excitation wavelength which is in the notched wavelength 

region centred on 652 nm. Using Equation (2) it is possible to calculate Fdc, which represents 

fluorescence independent of system transmission effects; this is shown in Figure 2c. 

Figure 2. a) A representative fluorescence spectrum [IF] of the dc-fiber measured at the center of an 
oral cavity cancer, 4 days after mTHPC injection, immediately before illumination. The markers on the 
figure represent mean of 7 binned data points (each bin spans ~2 nm), with the standard deviation 
calculated from data points within each bin are representative of noise within the spectrum. b) Figure 
2b shows the transmission function [TF] of the dc-fiber, which describe the wavelength-dependent 
efficiency of photons entering the fiber tip that are eventually returned by the spectrograph. The 
effect of the notch filter is visible around 652nm. c) Calculated fluorescence [Fdc] independent of 
system transmission effects 

3.2. BASIS SPECTRA

Inspection of the representative Fdc spectrum shows that a narrow region of interest 

can be used to characterize m-THPC fluorescence, located to the right of the notch filter. 

Analysis of fluorescence in this region required specification of basis spectra for both system 

fluorescence and mTHPC.

The FDPS setup utilized in this study contains a custom designed notch-filter set to prevent 

excitation light from entering the spectrophotometer. Figure 3a shows a characteristic 

wavelength-dependent fluorescence signal attributable to system components; these 

data represent the basis spectrum . This signal was observed as a component in all 

measurements of tissue, and its respective contribution to the collected signal was estimated 

from the application of Equation 9.
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Fluorescence attributable to mTHPC requires accurate specification of the wavelength-

dependent fluorescence spectrum emitted in the clinically relevant in vivo environment. 

This study characterized the mTHPC basis spectra, , by analyzing the difference in 

DF spectra at a single location measured before and after treatment illumination after 

correction for both system and auto-fluorescence. The introduction of illumination light was 

attributable to mTHPC photobleaching. This normalized differential signal is shown in Figure 

3b. The quality of the  obtained in this manner was confirmed by inspecting residuals 

between measured and model-fits of DF for features.

3.3. MEASUREMENT OF TISSUE AUTOFLUORESCENCE

Autofluorescence contributes to the DF. FDPS on oral mucosa of healthy volunteers, who 

did not receive mTHPC, demonstrates this phenomenon efficiently. Figure 4a and 4b show 

paired FDPS measurements of DR and DF on the floor of mouth of such a volunteer. The DR 

spectrum shows a good model fit, with the residual showing no features. The DF spectrum 

shows the composition of the measured signal using ,  and . The model fit 

shows no residual features. The model fit detects no fluorescence attributable to mTHPC, 

which is consistent with the fluorophore content of the tissue; the fluorescence detected is 

solely attributed to system fluorescence and autofluorescence by the fit.

Figure 3. a) Wavelength-dependent fluorescence signal attributable to system components. These 
data represent the basis spectrum [ ]. b) The corrected differential fluorescence (DF) of mTHPC
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Figure 4. 4a and 4b show representative paired DR and DF on the floor of a volunteer, demonstrating 
autofluorescence. The DR spectrum shows good model fit, with residual showing no features. The DF 
spectrum (4b) shows the composition of the measured signal. The model fit detects no fluorescence 
attributable to mTHPC.

3.4. FDPS DURING MTHPC-PDT IN THE ORAL CAVITY

Figure 5 shows representative FDPS measurements on a patient undergoing m-THPC 

mediated PDT. Measurements show representative DF and DR measurements performed at 

the center of the tumor. Figures 5a and 5b show DR and DF measured before illumination, 

figures 5c and 5d show the corresponding measurements after illumination. The DF 

spectrum in Figure 5b shows fluorescence attributable to m-THPC; the corresponding 

post-treatment DF spectrum (Figure 5d) measured following therapeutic illumination 

shows a substantial decrease in m-THPC fluorescence as a result of photobleaching during 

therapy. Tables 1 and 2 show data acquired from FDPS measurements made immediately 

before and after PDT in 3 patients. Measurements of vascular physiology (microvascular 

saturation, BVF, and vessel diameter) and mTHPC fluorescence are reported as the average 

of 3 repeated measurements from each inspection site (tumor center, margin, and normal 

oral mucosa). The standard deviation shown is indicative of the relative spatial variation 

within a single site. While it is not the purpose of the present study to asses the statistical 

significance of differences between sites and patients, the micro-vascular saturation varied 

from 71 to 99% but did not show any clear trends between sites or patients. The blood 

volume fraction varied from 0.4 to 4.6% where there was a trend for a lower average blood 

volume measured in tumor center compared to tumor margin and normal mucosa. It is 

noteworthy that estimates of physiological parameters from sites with low blood volumes 

showed larger confidence intervals than sites with high blood volumes. Table 2 shows the 

corresponding average mTHPC fluorescence measured at each site in each patient before 

and after PDT. In the 3 patients investigated in the present study the average standard 
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deviation among measurements made at individual sites was approximately 17% of the 

mTHPC fluorescence before therapy. Although not significant, the tumor center has 

higher average mTHPC fluorescence than margin and normal mucosa. As expected, there 

is significant photobleaching after therapy at sites that were illuminated. The percentage 

decreases in mTHPC fluorescence at the tumor center were 91%, 80%, and 75%, for patients 

1, 2 and 3 respectively. The illuminated margins also showed photobleaching (56%, 48%, and 

68%,) while the shielded normal mucosa did not show any significant decrease in mTHPC 

fluorescence.

Figure 5. 5a and 5b, show representative DR and DF measured at the center of an oral cavity 
cancer 4 days after mTHPC injection, before therapeutic illumination; figures 5c and 5d, show the 
measurements at the same site after illumination. The fluorescence attributable to m-THPC shows a 
substantial decrease from figure 5b to figure 5d, demonstrating photobleaching.

4. DISCUSSION 

Objective quantitative data about changes in vascular physiology and photosensitizer 

concentration during the PDT process would be helpful to define the changes occurring 

within the treated tissue volume. FDPS gives insight into two of the three components of 
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PDT: oxygen and photosensitizer. Previous experimental settings have confirmed the validity 

of the method[13,19,20,28].

FDPS is a method that corrects for the significant absorption variations due to changing 

blood composition during PDT. DR is scattering independent due to the small path-length 

of the photons that travel through the tissue at the wavelength range measured. However, 

FDPS is not scattering independent. Earlier studies have shown that the relative narrow 

wavelength range of the examined spectra limits the effects of scattering[20]. The low 

standard deviation of fluorescence measured (Table 2), demonstrates that the scattering 

dependency should not cause substantial variations in measurements of biological tissue, 

especially when considering measurements of the same tissue-type.

Determining the basis spectra from the oral mucosa of healthy volunteers enabled us to 

effectively account for the tissue autofluorescence. As can be seen on Figure 4b the model 

correctly detects the absence of mTHPC in the oral mucosa of a healthy volunteer. The intra-

subject comparability enables us to compare photosensitizer concentration, and oxygen 

related physiologic parameters in different tissues, such as the tumor, normal mucosa. The 

quantitative nature of the measurements allows us to compare the changes in vascular 

physiology and photosensitizer concentration at different time points during PDT, giving us 

reliable information about the ongoing processes that are occurring.

All individual measurements showed photobleaching in every site examined in the 

treatment field. The percentage average photobleaching in illuminated tumor sites were 

90%, 80%, and 75%, for patients 1, 2, and 3, respectively. The illuminated margins also 

showed photobleaching as expected (56%, 48%, 68%, for patients1, 2, and 3 respectively). 

The photobleaching seems of somewhat less than at the center of the tumor. There could be 

a number of reasons for this variation, from light distribution to differences in physiology of 

tumor and normal mucosa. The interpretation of this difference (if it really exists), requires 

more data collection.

The sites that did not receive treatment light and are protected by shielding did not show 

any photobleaching with minimal variations probably due to inspector related variation of 

the measured site. These initial results are able to demonstrate the photodynamic therapy 

effect on the photosensitizer in every measurement that is taken.

Table 1 summarizes the oxygen and circulation related parameters measured in this pilot 

study. There is considerable variation in the physiological parameters measured. The 

variation is representative of the actual situation. This variation can be explained by the 

small sampling volume and variations in the histopathological composition of the tumor 
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and the oral mucosa. For example the thick keratin layer of an oral cancer, or total absence 

of it in case of an ulcer, would have considerable variations in blood content. If a large 

blood vessel is located within the sampling volume, the BVF would be higher, as well as the 

vessel diameter. Taking several measurements and accepting the average as representative, 

could overcome this potential hindrance. At first glance there is not a substantial change 

in physiological parameters measured before and after PDT. There was a trend for a higher 

average blood volume measured in tumor center compared to the tumor margin and in 

normal tissue. However the data set is too small to derive any conclusions. If there are any 

changes due to PDT, these can be detected once sufficient data from future PDT sessions 

are accumulated.

DR and DF should always be evaluated as paired data. For example DR spectra can detect the 

presence of a hematoma under the mucosa, through high BVF and vessel diameter values, 

which has two clinical implications. Firstly the measured fluorescence could be of the blood 

rather than the treated tumor, which has no clinical relevance. Secondly the haemoglobin 

in the hematoma, if present before PDT can act as a filter absorbing the therapeutic laser 

light and preventing activation of the photosensitizer. Combining DR and DF fits can give us 

a better understanding of the inspected site.

The FDPS setup described in this manuscript was easily applicable both in operating theatre 

and as a bedside procedure. Individual measurements each took 5-10 seconds each to 

perform and therefore did not add significantly to the anesthesia time. The procedure did 

not cause any discomfort to the patient. The hand-held probe with the dc and c fibers was 

easy to manipulate by the clinician treating the patient. The minimal burden of employing 

FDPS in clinical setting, gives us an opportunity to routinely employ this technique to gather 

information about PDT procedures.

The FDPS technique can also be applied to bulkier tumors receiving interstitial PDT, via 

implantable probes. This would enable us to monitor the whole PDT process by taking 

measurements at several time points during the PDT rather than two measurements of 

before and after PDT. This would be of particular interest to profile the dynamic PDT process 

in vivo. 

As the data set builds up we will have more objective insight to the processes occurring 

during PDT in	vivo. Obtaining information over a broad clinical data set has the potential 

to not only define observations associated with the standard (successful) administration 

of PDT treatment, but also identify and detect aberrations from the standard process. This 

approach can give us ideas about the reasons of treatment failures; whether it would be 

treatment site or treatment technique related. 
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5. CONCLUSIONS

The results presented in this paper indicate that FDPS can safely be utilized in the clinical 

setting to obtain quantitative and reproducible parameters that describe tissue microvascular 

saturation, blood volume fraction, average vessel diameter and photosensitizer 

fluorescence. The FDPS correctly estimated the absence of mTHPC in volunteers and 

detected photobleaching in the areas receiving treatment light in patients undergoing PDT 

treatment. These data show the feasibility and potential clinical utility of using FDPS to 

monitor clinical PDT treatments.
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ABSTRACT

BACKGROUND

Fluorescence differential pathlength spectroscopy (FDPS) is a validated instrument to provide 

quantitative information about oxygen physiology and photosensitizer content of oral 

cavity tumors undergoing mTHPC mediated photodynamic therapy (PDT). FDPS by utilizing 

differential spectra of two adjacently placed optical fibers, interrogates a small volume 

of tissue; minimizing background scattering. The collected reflectance spectra is used to 

correct the fluorescence spectra for tissue absorption. The model fit provides quantitative 

values for oxygen saturation, blood volume fraction (BVF), blood vessel diameter, and 

photosensitizer fluorescence. 

PATIENTS AND METHOD

Twenty-seven oral cavity cancers or dysplasias were evaluated with FDPS, before and after 

PDT.

RESULTS

The mean tumor center (TC) to normal mucosa (NM) ratio of fluorescence was 1.50 

± 0.66. Expected photobleaching was observed in 24/27 lesions treated. The mean 

photobleaching was 81% ± 17%. FDPS spectra coupled with clinical results have identified 

3 types of correctable errors in PDT technique. Two patients had very low concentrations 

of photosensitizer in TC, indicating injection error or erroneous distribution of mTHPC. 

One tumor showed no photobleaching and high BVF, suggesting that the present blood 

have prevented the treatment light from reaching the target tissue. All 3 of the lesions had 

no clinical response to PDT. Four patients had less than 50% photobleaching at the tumor 

margins (TM), suggesting a possible geographic miss of safety margins. One of these patients 

had a recurrence within 2 months even though there was initial good response.

CONCLUSION

Integration of FDPS to clinical PDT of head and neck area yields relevant and feasible 

information, and can help identify treatment errors that can be compensated.
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1. INTRODUCTION

Photodynamic therapy (PDT) is a targeted treatment modality that involves the 

administration of (non-thermal) light and a light sensitive drug, termed a photosensitizer, to 

yield localized tissue destruction with minimal systemic toxicity. When the photosensitizer 

is activated, light energy is transferred to molecular oxygen, which leads to the formation 

of reactive oxygen species (ROS). ROS combine with biomolecules, oxidizing them, leading 

to the destruction of the illuminated tissue through a range of mechanisms that include 

apoptosis, necrosis, destruction of tumor vasculature and an immune response against 

tumor cells [1-3].

Several articles have been published outlining the clinical results of meta-

tetrahydroxyphenylchlorin (mTHPC) mediated PDT of the head and neck tumors [4-12]. 

While many report early experiences, a number of these publications report clinical 

complete responses around 69-95% of carefully selected patients with early stage oral cavity 

cancer [5-12]. However regardless of the careful selection criteria and standard treatment 

technique, a small but significant number of tumors do not respond to PDT. There are 

numerous factors that can cause these failures. Treatment related factors, in other words 

sub-optimal PDT could play a role that can be improved with better techniques. In this 

manuscript we have aimed to attempt to unravel some of these treatment related factors.

The local therapeutic effect of PDT is driven by the production of reactive oxygen species 

(ROS) and depends on the presence of three components: light, photosensitizer and oxygen 

[1,13,14]. Earlier studies have shown inter- and intra-subject variations in parameters such 

as photosensitizer pharmacokinetics, tissue optical properties and subsequent differences 

in delivered fluence (rate), and the ability of the local vasculature to provide sufficient 

oxygen during therapy [15-18]. Each of these variables can be different for individual 

lesions, patients, and can be interdependent and change dynamically during, and as a result 

of therapy [19-20]. These factors can lead to variations in the PDT dose that is delivered to 

the target tissue and the surrounding normal tissues and may be the source of treatment 

failures. 

Better understanding of these variations can help us analyze treatment failures on individual 

treatment basis. Optical spectroscopy is a non-invasive method of monitoring these 

variables [13-21]. Optical spectroscopy is a promising tool to monitor PDT related variables 

[16-25]. Reflectance spectroscopy utilizes the dominant absorption bands of hemoglobin in 

oral mucosal tissue to measure parameters that characterize local vascular physiology, such 

as microvascular oxygen saturation, and blood volume fraction [13,14,21]. Fluorescence 

spectroscopy fluorescence attributed to optically active photosensitizing compounds, and 
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can be used to monitor the local photosensitizer concentration and photobleaching during 

therapy [16-18]. The combination of monitoring reflectance and fluorescence within the 

same interrogation volume may also provide additional information on the relationship 

between photobleaching and local supply of oxygen during PDT. When interpreting these 

types of signals it is important that the measured parameters are representative of the same 

volume of tissue, are reproducible, and are comparable.

Our group has developed differential path-length spectroscopy (DPS) [22,23] and florescence 

differential path-length spectroscopy (FDPS) [25] for this purpose. Reflectance spectroscopy 

(DPS) utilizes the dominant absorption bands of hemoglobin in oral mucosal tissue to 

measure parameters that characterize local vascular physiology, such as microvascular 

oxygen saturation, and blood volume fraction (BVF) [16,17,24]. Fluorescence spectroscopy 

(FDPS) can measure fluorescence attributed to the photosensitizer [23,25]. FDPS makes use 

of two optical fibers one for delivery of light (white light in case of DPS and 652nm excitation 

light in case of FDPS), and both for collecting light reflected (or emitted) from the tissue. The 

difference of the two collected signals limits the contribution of long path-length photons 

to the signal, enabling sampling the small volume of tissue immediately in contact with 

the fibers. Therefore FPDS can deal with large variations in background absorption using a 

simple correction algorithm. This makes FDPS especially valuable for in vivo photosensitizer 

fluorescence spectroscopy during PDT, when the background absorption can change 

significantly. Another advantage of FDPS is that the collection volume can be adjusted to 

match the relevant dimensions of the application. For absolute fluorescence measurements 

of photosensitizers, it is essential to selectively interrogate the relevant tissue volumes and 

to avoid averaging drug concentrations over a volume that is either deeper or shallower than 

the intended sampling location. It is important to note that while FDPS remains dependant 

on the scattering coefficient of tissue, this is expected to have a relatively small influence on 

the signals collected particularly in tissues of the same type [23,25].

We have applied FDPS to the clinical setting and to healthy volunteers and reported the 

initial feasibility data in our previous publication [25]. The results presented in this earlier 

publication indicated that FDPS could safely be utilized in the clinical setting. The FDPS 

correctly estimated the absence of mTHPC in volunteers and detected photobleaching in 

the areas receiving treatment light in patients undergoing PDT treatment. Based on these 

initial results we have utilized FDPS to analyze optical characteristics of oral cavity tumors 

being routinely treated with PDT in our institute. The clinical treatment protocol was kept 

standard to allow evaluation of treatment failures. This manuscript reports the reflectance 

and fluorescence spectroscopic analysis of these patients and attempt to explain treatment 

failures based on spectroscopic measurements.
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2. METHOD

2.1. PATIENT POPULATION AND CLINICAL METHOD

The patients undergoing PDT for the treatment of oral cavity cancers were included in the 

project. Both superficial and deep-seated tumorswere included. These deep-seated tumors, 

that were treated using interstitial PDT, were analyzed separately and will be presented 

in a separate report. All of the patients reported in this manuscript had squamous cell 

carcinoma (SCC) or carcinoma in situ (CIS) of the oral mucosa, without regional or distant 

metastasis and not deeper than 5mm as measured by ultrasound (T1N0M0 or TisN0M0 by 

AJCC staging system). Primary tumors, second primary tumors and recurrences of earlier 

treated tumors were included. The photosensitizer Foscan® (m-tetrahydroxyphenylchlorin, 

m-THPC) was injected to a proximal vein in the arm at a dose of 0.15 mg/kg. The surface 

illumination procedure took place four days after the photosensitizer injection. Depending 

on the location of the tumor the procedure was either performed under general anesthesia 

or local anesthesia. FDPS measurements were taken from at least three locations on the 

center of the tumor (TC), three locations on the adjacent normal appearing mucosa that 

received treatment light as oncologic safety margin (TM) and three locations in the oral 

cavity, distant from the tumor, located under shielding (therefore not receiving treatment 

light) (normal mucosa: NM), immediately before and immediately after the PDT procedure. 

Therapy was performed with light from diode laser 652nm (Biolitec, Germany), using a 

microlens diffuser, with an oncologic margin of at least 5 mm around the visible tumor, using 

a irradiance of 100 mWcm-2 to a radiant exposure of 20 Jcm-2.

2.2. FLUORESCENCE DIFFERENTIAL PATH-LENGTH SPECTROSCOPY

The clinical application of fluorescence differential pathlength spectroscopy (FDPS) 

performed in the present study has been described in detail previously [25]. The outline of 

the method is described briefly for the readers in this manuscript. For a full description of 

the technical aspects of the measurement, the filter sets used, the quantification of system 

artifacts and the incorporation of spectroscopy in to the clinical workflow please refer to 

our previous publication [25]. Figure 1 is a schematic representation of the device setup. 

The system uses two 800 µm diameter optical fibers located adjacent to each other and 

encased in a rigid probe (the probe); one fiber is used for delivery and collection of light 

(dc) and the adjacent fiber is used for light collection only (c). The dc fiber is connected to 

a white light source, a diode laser delivering 652nm light and the spectrometer, while the 

c fiber is connected to the spectrometer. Broad band white light and 652nm light from a 

diode laser are sequentially delivered to the tissue and enable the collection of a white 
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light reflectance spectrum and the excitation and collection of mTHPC fluorescence. Before 

light is led to the spectrometer, both fibers pass through a notch filter; this filters the light 

from the laser source, thus preventing saturation of the fluorescence spectroscopy system. 

This results in a small wavelength band over which reflectance spectra are associated with 

significant levels of noise. Each sequence of measurements is combined with an appropriate 

calibration procedure such that differential reflectance (DR) and differential fluorescence 

(DF) spectra are recorded from the tissue of interest.

Figure 1. Setup of the FDPS system. The dc (delivery/collection) fiber in the probe excites the tissue 
with white light and laser light sequentially while both the dc and c (collection) fibers collect and 
transfer light to the spectrometer. 

2.3. DATA ANALYSIS

The DR is fitted to an empirical model that incorporates the presence of a background 

scattering model that is appropriate for tissue, and quantifies the influence of absorption 

on the collected differential reflectance. The wavelength dependent absorption coefficient 

of tissue of the oral cavity is described by components that are related to various absorbers 

such as oxy-and deoxyhemoglobin and bilirubin. By accounting for the non-homogeneous 

distribution of blood in tissue, these components are appropriately combined to yield 

various physiological parameters: the blood volume fraction (BVF); the microvascular oxygen 

saturation; the average microvasculature blood vessel diameter and the concentration 
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of bilirubin. A least squares fitting procedure is performed that provides estimated mean 

values and confidence intervals for each of these parameters.

The calibrated DF (expressed in units of photon counts/ms/mw) is corrected for the effects 

of absorption by multiplying the DF by the ratio of the DR at the excitation wavelength 

(652 nm) with and without absorbers present. The value of DR in the presence of absorption 

is calculated from the fit of data to the empirical model described above while the DR in the 

absence of absorption is estimated from the background scattering model. This corrected DF is 

then analysed as a linear combination of basis spectra representing tissue autofluorescence, 

mTHPC fluorescence, and a small signal that is attributable to fluorescence from the optical 

components of the system. Basis spectra for each of these components were determined 

from the average of 5 DF measurements in the oral cavity with and without the presence 

of mTHPC.

High quality fittings of mTHPC fluorescence and physiological parameters were achieved in 

the majority of measurements even in the case of relatively low blood volumes. Figure 2 

shows a representative example of DR and DF spectra and their components. Spectra that 

did not fit the model are excluded based on the presence of observable features in the 

residual between the model fit and the data as shown in figure 2.

Figure 2. The DPS (left) and FDPS (right) spectra from a center of the tumor before PDT. The absorption 
of light by the tissue as seen by the difference between the scattering model and the measured 
reflectance (DR) is used to calculate oxygen saturation, blood volume fraction and vessel diameter 
and to correct the measured fluorescence for absorption. The noise at around 652nm is due to the 
notch filter. The components of the measured fluorescence (DF) are autofluorescence of the tissue 
(autoFL), fluorescence of the FDPS system used (system FL) and fluorescence attributable to mTHPC 
(mTHPC). The effect of the filter is not visible on the FDPS spectrum, because the spectrum is a plot 
of around 675nm and longer wavelengths. The “residual” plot underneath the spectra represents the 
residual between the model fit and the collected data. Residuals between 0.2 and -0.2 are assumed 
as acceptable.
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The differential fluorescence attributable to the photosensitizer (mTHPC) (this value 

is expressed as “fluorescence” in the rest of the text), was acquired in 3 sequential 

measurements by placing, removing and replacing the FDPS probe from 3 different sites 

of the tumor center (TC), margins of the tumor located in the illumination field as safety 

margin (tumor margin (TM)), and normal non-illuminated mucosa (normal mucosa (NM)). 

Measurements at each site are averaged to yield one value and a standard deviation. The 

photobleaching of mTHPC was quantified by the percentage decrease in mTHPC fluorescence 

calculated using the average values immediately before and after illumination for each 

site separately. If the BVF in any single DR measurement was high (<50%) fluorescence 

measurements were repeated after removing excess blood from the measurement area 

and the probe tip. The reflectance measurements were considered feasible for analysis 

if the blood volume fraction was between 0.3 and 50%. The interpretation of individual 

combinations of sequential co-localized reflectance and fluorescence spectroscopy are 

discussed further in the results section.

Patients were followed at least 1 year to detect any partial response or recurrence of the 

tumor at the treated site. The treatment failures (if any detected) were coupled to the 

measured spectra in an effort to explain the reason(s) of the failure.

3. RESULTS

Twenty-four patients with 27 oral cavity lesions were included in the study. Seventy eight 

percent of the spectra obtained were suitable for analysis using the criteria described in the 

methods.

3.1. VARIABILITY IN MTHPC FLUORESCENCE AND TUMOR SELECTIVITY

The fluorescence measured at the TC before PDT ranged from 3.02 to 0.09 photon 

counts/ms/mw with a mean of 1.33 ± 0.77. The mean fluorescence measured at TM was 

similar to mean fluorescence at TC before PDT (1.27 ± 0.49 vs 1.33 ± 0.77, respectively), 

whereas the mean fluorescence measured at NM (0.95 ± 0.47) was slightly lower. It is 

evident from high standard deviations that there is considerable variation inter-subject. 

When average fluorescence of TC, TM and NM are plotted per patient/lesion (figure 3), 

the mean TC/NM ratio of fluorescence was 1.50 ± 0.66. It can be seen from Figure 3 that, 

although true for the majority, not in all cases the TC contain more photosensitizer than NM. 

There is no observable difference between TC and TM with a TC/TM ratio of 1.18 ± 0.53. 

Two lesions (no. 12 and 13) showed very low fluorescence in all measured locations before 

PDT (Figure 3).
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Figure 3. Fluorescence attributable to mTHPC at tumor center, margin and normal mucosa before 
PDT in all measured lesions. TC had average 1.50 times more fluorescence than NM but with a high 
standard deviation (0.66). It can be seen that in some cases NM has more fluorescence than TC.

3.2. PHOTOBLEACHING OF MTHPC

The hypothesized reaction is a decrease in fluorescence as a result of PDT (figure 4), referred 

to as photobleaching. The fluorescence after PDT at the TC ranged from 0.74 to 0.02. Taking 

into account the large range of fluorescence observed, we have decided to compare the 

fluorescence decrease (photobleaching) as a unit of percentage decrease calculated for each 

individual case. The mean photobleaching was 81% ± 17% with a range of 99% to 7% at TC 

(figure 5). Twenty four lesions have shown the hypothesized pattern of photobleaching with 

decrease in fluorescence due to PDT. In addition to two lesions with very low fluorescence, 

one lesion has shown almost no photobleaching, with only 7% decrease in fluorescence due 

to PDT. The mean photobleaching of the 24 lesions with the hypothesized reaction is 85% ± 

10% with a range of 99% to 66%.
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Figure 4. FDPS (above) and DPS (below) spectra measured before and after PDT, demonstrating 
the anticipated photobleaching. The blue line in the fluorescence spectra (above) represents the 
fluorescence attributable to mTHPC. It can be observed that the fluorescence peak between 700 and 
740 nm wavelength decreases due to breakdown of mTHPC during PDT.

There was somewhat less photobleaching at TM after PDT. The mean photobleaching was 

61% ± 25% with a range of 91% to -6%. The photobleaching of -6% is seen along the margins 

of the tumor that showed negligible photobleaching at the tumor center mentioned in the 

paragraph above (lesion 8). There are 4 additional photobleaching below 50% at TM (lesions 

1,2,15 and 24) (Figure 5).

There was no photobleaching effect seen at NM which were not illuminated. The average 

difference before and after PDT was -5% ± 23 at NM (Figure 5). 
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Figure 5. Average fluorescence in the measured 27 lesions. Blue bars indicate fluorescence before 
PDT and red bars after PDT. Lesions number 12 and 13 show very low fluorescence indicating low 
concentrations of mTHPC . Lesion number 8 shows no photobleaching (difference before and after 
PDT) . Lesions 1,2,8,15 and 24 show less than 50% photobleaching at tumor margins suggesting a 
geographic miss (top right graph). There is no evident photobleaching in normal mucosa that did 
not receive PDT (bottom left graph). Missing or not evaluable data are left blank on the graphs. The 
numbers in all three graphs correspond to the same lesion/patient. 

3.3. DIFFERENTIAL PATH-LENGTH SPECTROSCOPY

The weighted mean oxygen saturation was slightly lower at TC than NM, and the vessel 

diameter was slightly greater in TC than NM (Table 1). However these values are not 

significant due to the large standard deviations. There was no detectable difference in 

oxygen saturation, BVF and vessel diameter before and after PDT in any of the measurement 

sites. 

Table 1. Weighted mean (and standard deviation) blood volume fraction, oxygen saturation and blood vessel 
diameter of TC and TM before PDT. 

Blood volume fraction Saturation Vessel diameter

TC 0.0161 (0.0130) 0.872 (0.211) 0.0171 (0.0069)

NM 0.0157 (0.0061) 0.966 (0.229) 0.0149 (0.0061)
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3.4. CORRELATION WITH CLINICAL RESULTS

Out of 27 treated tumors 8 had incomplete response or early recurrence (lesions 

1,8,12,13,22,23,25,27). When the spectroscopy data was analyzed three types of possible 

reasons of failure were identified for 4 of the lesions treated (lesions 1,8,12,13). 

Insufficient photosensitizer content in the tumor: Significantly low fluorescence was 

measured in two treated lesions. Lesion number 12 had fluorescence of 0.29 and lesion 

number 13 had fluorescence of 0.09 compared to mean fluorescence of 1.33 before PDT 

at TC. Such low values suggest absence of the photosensitizer in the treated lesions. Both 

tumors (in two patients) had no response to PDT (figure 5). In Figure 6, examples of DPS 

and FDPS spectra of lesion 12, before and after PDT can be seen. There was no detectable 

difference in the fluorescence peaks before and after PDT.

Figure 6. FDPS (above) and DPS (below) spectra of lesion 12 before and after PDT. The blue lines in 
FDPS spectra are almost flat, indicating very small concentrations of mTHPC in the TC, both before and 
after PDT.

Insufficient photobleaching: Lesion number 8 showed no change in fluorescence before and 

after PDT (0.64 vs 0.60) at TC (Figure 5). This patient had bleeding and hematoma formation 



113

Chapter 6

during PDT which was also detectable with some reflectance spectra of 100% BVF. Figure 

7 shows DPS and FDPS spectra before and after PDT. It can be seen that the fluorescence 

peaks does not change as a result of PDT. The absorption bands of hemoglobin are deep 

indicating considerable blood content in the interrogated tissue. Hemoglobin can absorb 

treatment light, acting as a filter, preventing light to reach the tumor. (Figure 7)

Figure 7. FDPS (above) and DPS (below) spectra of lesion 8, before and after PDT, demonstrating 
insufficient (absent) photobleaching. As evident in the FDPS spectra (above), there is no decrease 
in fluorescence attributable to mTHPC (blue lines), after PDT. This can be explained by the filtering 
effect of excessive blood in the treated tissue. The presence of excessive blood can be observed in 
the reflectance spectrum post PDT (below). The absorbance peaks of hemoglobin between 500 and 
650nm post PDT are much deeper compared to pre PDT . 

Geographical miss/ insufficient treatment to margins: Lesion number 1,2,8,15, and 24 

showed less than 50% decrease in fluorescence in the treatment margins (TM) with PDT. 

Of these lesions number 8 had also insufficient photobleaching at the center of the lesion 

(Figure 5). The others had good photobleaching at TC. Lesion number 1 had good response 

to PDT but local recurrence within 2 months after treatment. The other lesions had complete 

sustainable response to PDT. 
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4. DISCUSSION

FDPS supplied reliable data in a very short time and without compromising the clinical 

procedure. The FDPS method data were feasible for analysis 78 % of the time. The non-feasible 

data was either due to insufficient contact with the tissue and therefore contamination by 

ambient light. This kind of aberrant data are easily recognizable by the residual function 

in the model. If the data did not fit the model it is not representative of the tissue. The 

measurements with very low BVF (below 0.03%) were excluded from reflectance analysis, 

because they would not reflect blood circulation related parameters, namely the oxygen 

saturation, BVF and vessel diameter. However these measurements were representative 

of the fluorescence of the tissue of interest and were used for fluorescence analysis. The 

measurements with excess BVF (above 50%) were not considered representative of the 

tissue but of blood itself. These cut-off points are arbitrary and it can be argued that other 

cut-off values could be used. By using these cut-off points we were able to get consistent 

and comparable results

The fluorescence measured that is attributable to mTHPC had a large range from patient 

to patient. However the measured values were comparable and consistent among the 

measurements performed in the same patient/ lesion. Therefore the large range is due to 

variations in photosensitizer concentration rather than variations in the technique used. 

Measurement of consistent values of fluorescence at normal mucosa before and after PDT 

confirmed this observation. Observing such a variation among patients but consistency 

within the same patient, led to the decision to use percent decrease in fluorescence as 

the parameter to measure photobleaching (figure 5). Even though the administered dose 

of mTHPC, technique and drug-light interval is consistent for the whole patient group, 

there were varitions in mTHPC concentration. There could be important variations in drug 

metabolism and pharmacokinetics from patient to patient. The clinical response was very 

similar unless very low fluorescence was detected as in lesions 12 and 13, or if there was no 

photobleaching in lesion 8. As long as the data fits the model, these should be considered 

as feasible data and real variations [25]. Kiesslich et al reported such a variation in mTHPC 

uptake in a series of colangiocarcinoma cell-lines [26]. The variation in the present study 

could also be due to differences in cell biology of the studied lesions, with some tumor 

cells containing more mTHPC than others. Mitra et al showed heterogenous distribution of 

mTHPC in murine cancer models [27]. The heterogenous distribution can also account for 

the variations. However we were able to detect consistent fluorescence values within the 

same lesion indicating that the heterogenous distribution was not evident in our data set.
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Although for majority of the cases the TC contained 1.5 times more photosensitizer than 

NM, there is variability. In some cases NM contained more photosensitizer than TC. From this 

data set it is not evident that malignant tissue always contain more photosensitizer (mTHPC) 

than normal mucosa, which is a desirable situation to destroy tumor while protecting 

normal tissue. Earlier animal studies have shown higher tumor/muscle and tumor/skin 

concentration ratios of mTHPC [28]. This tumor selectivity is not evident when tumor is 

compared to mucosa. Blant et al reported as well that there is no difference between early 

stage SCC and mucosa [29]. They were able to detect slightly higher mTHPC concentration in 

advanced stage SCC. It should also be kept in mind that animal models do not correlate well 

with the distribution in humans [30,31]. The lack of selectivity is not really necessary since 

the treatment tecninque itself is selective through illuminating only the target tissue and 

protecting the normal tissue by shielding. The shielding techniques seem to be sufficient 

since there was no photobleaching detected at NM sites, which were located under the 

shields.

The same variation was observed in reflectance spectroscopy. Especially the BVF and vessel 

diameter showed considerable variation. This variation is not a surprise. If the interrogated 

tissue contains a larger or denser capillary network the vessel diameter and therefore the 

BVF would be higher than a tissue that does not contain large or many capillaries. The 

thickness of the avascular keratin layer can also be a reson of the variations [32]. It might 

be possible to detect differences if more DPS measurements of the tissues of interest were 

taken and averaged. TC had lower oxygen saturation than NM but not significant enough 

to draw conclusions. The data is consistent with earlier articles about DPS measurements 

of oral cavity malignancies and leukoplakia [32,33], however with more variability in the 

present data. There was no specific trend of increase or decrease observed in any of the 

blood related parameters before and after PDT. It should be kept in mind that the data 

presented in this manuscript is collected from superficial tumors with excellent blood supply 

as opposed to tumors with larger volumes with aberrant neo-vascularization and necrotic 

centers. Probably the blood supply is immediately replenished making the vascular effects 

of PDT undetectable.

By using FDPS it was possible to detect some technical problems with PDT that might lead to 

clinical failure. In two patients the fluorescence measured at the tumor center, margin and 

normal mucosa was very low compared to the other measured lesions. These measurements 

could have been the lower range of the variation observed in fluorescence. However both of 

the lesions showed none of the usual responses to PDT, such as edema, pain, or sloughing 

of the mucosa. The tumors were not affected by the treatment. Coupled with the clinical 

response it can be concluded that there was insufficient photosensitizer concentration in 
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the tissues to achieve a PDT effect. It is rather speculative trying to explain the reasons for 

this strange phenomenon. Even though both of the patients had photosensitizer injections 

exactly according to the protocol, in some way the photosensitizer failed to reach the target 

tissue. Both of the patients had second degree burns around the injection site and along the 

vein injected in the direction of the shoulder. This suggests that there might have been either 

a leak from the vessel walls, or mTHPC was injected in the soft tissue rather than the vein. 

It is not possible to comment on the photosensitizer concentration threshold where no PDT 

response is to be expected, just from two observations. However it is reasonable to expect 

treatment failures when low fluorescence values are observed. Unfortunately when low 

fluorescence is observed on the day of the illumination it is not possible to compensate for 

lack of photosensitizer on the spot. The illumination should be carried out, but the clinical 

team should be planning for possible additional treatments such as surgery, radiotherapy or 

repeat PDT in short term when applicable. If PDT is to be repeated the photosensitizer should 

not be injected at the previous injection site. Since there is probably residual extravasated 

photosensitizer at this site any additional injection would only increase the risk of serious 

burns.

The second type of error detected by this study is insufficient photobleaching. In one lesion 

almost no difference in fluorescence was observed before and after PDT. There was diffuse 

bleeding from the lesion on the day of the illumination. Pressure with gauze was applied 

to stop the bleeding. When the bleeding was at manageable levels the illumination took 

place with frequent cleaning of the treatment surface with vacuum suction. However this 

was not sufficient. The DPS detected large blood volume fraction, in some cases 100% 

even though there was no visible blood pooling. There was probably a thin film of blood 

either on the surface or immediately under the mucosa which was detected by DPS. 

The lack of photobleaching suggests that even such an invisible layer of blood is capable 

of blocking the treatment light. It is possible that the measured fluorescence is from the 

blood present at the interrogated volume rather than the tumor itself. In order to examine 

this possibility only measurements with BVF of less than 50% were taken into account. 

The mean BVF was 25% in the evaluated samples. In these samples there were still the 

same amount of fluorescence as before PDT. This conclusion was also confirmed by lack of 

clinical response to PDT. This problem can be easily corrected on site. If no photobleaching 

is detected the illumination can be repeated until the photobleaching becomes evident. It is 

recommendable that the repeat illumination is delayed until the bleeding completely stops. 

Overtreatment should not be feared, because treatment effect is not observed until there is 

photobleaching. Repeat illumination was not carried out in this patient for two reasons: First 

of all it was not known what the clinical implications of this lack of photobleaching could be. 



117

Chapter 6

Secondly repeat illumination would be a breach of protocol preventing us to observe the 

consequences of such a phenomenon.

Third type of error that can be detected with FDPS is geographic miss at the safety margins. 

What is meant by geographic miss, is insufficient photobleaching at the safety margins, 

potentially leaving untreated extensions of the tumor that are invisible to the naked eye. 

The common practice with conventional methods, such as surgery and radiation therapy, is 

to treat at least 5-10mm of safety margins around the visible lesion to prevent missing these 

extensions. If the tumor recurs is dependent on the presence or absence of malignant cells 

in the missed tissue. In the data set presented in this manuscript, only one out of four lesions 

with less photobleaching of the margins had a recurrence within 2 months, indicating that 

an extension of the tumor was missed. The others probably did not have tumor extensions 

in the treatment margins, or even though the photobleaching was somewhat less than the 

average, it was sufficient for treating the tumor extensions. As experience with conventional 

methods indicates, insufficient treatment to the safety margins theoretically increases the 

risk of recurrence. With FDPS, it is possible to investigate the margins for photobleaching 

and administer repeat illuminations as insufficient photobleaching is detected.

It was not possible to explain all PDT failures in this cohort with FDPS. A group of lesions 

showed incomplete response or recurrence even though substantial photobleaching was 

observed both at the tumor center and the safety margins. This was to be expected; as 

experiences with conventional methods indicate, sufficient and correct treatment does not 

always guarantee clinical success. FDPS, however when incorporated into clinical practice 

can help us compensate for preventable errors described in previous paragraphs. The 

frequency of these preventable errors are not known, but their presence in such a small 

cohort of patients suggest that these occur not very infrequently.

5. CONCLUSION

Reflectance (DPS) and fluorescence (FDPS) spectroscopy provide insight into the 

working mechanism of PDT, by providing data about oxygen related paramaters and the 

photosensitizer. By incorporating FDPS into clinic it might be possible to detect technical 

problems, such as insufficient photosensitizer concentration or lack of photobleaching in 

the target tissues. Furthermore FDPS can be used to investigate the treatment surface/

volume for sub-optimally treated areas. By developing protocols to compensate for these 

preventable errors the clinical success of PDT can be improved.
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ABSTRACT

BACKGROUND

Interstitial Photodynamic therapy (iPDT) can be an option in the management of locally 

recurrent base of tongue cancer after (chemo)radiation treatment. The current study aims 

to develop a technique to implant light sources into the tumor tissue.

METHODS

Twenty patients with previously radiated locally recurrent base of tongue cancers, who 

were not candidates for salvage surgery or re-radiation or who refused these therapies were 

included. The treatment planning was done on MRI. The light sources were implanted using 

modified brachytherapy techniques.

RESULTS

iPDT could be conducted in all patients without short term complications. At 6 months 9 

patients had complete response with 4 patients still free of disease (46-80 months). Long 

term complications included pharyngocutaneous fistula in 6, serious bleeding in 1, and 

cutaneous metastasis in 2 patients.

CONCLUSION

The initial results are encouraging. There is room for improvement to control the destructive 

potential of iPDT through planning and monitoring tools.
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1. INTRODUCTION

Squamous cell carcinoma (SCC) of the tongue is the most common malignancy of the head 

and neck region [1]. Base of tongue malignancies comprise 4-5% of all head and neck cancers 

[2]. Overall, disease-specific survival of SCC of the base of tongue is about 40% at 5 years, 

and 29% at 10 years [2]. Higher stage is associated with decreased survival [2] . 

There has been no significant improvement in survival for several decades for the advanced 

stages of head and neck carcinomas [3,4]. Around 50% of patients with locally advanced 

SCC develop loco-regional or distant recurrence, usually detected within the first 2 years of 

treatment4. Recurrent and second primary tongue tumours frequently arise in previously 

irradiated fields [5,6].

Literature reporting outcomes for patients with persistent, recurrent, and second primary 

carcinoma of the base of tongue is sparse. Published series often combine base of tongue 

carcinoma with other oropharyngeal or head and neck tumours. 

For the patients with potentially resectable loco-regional recurrence, salvage surgery is the 

treatment of choice. However, for many patients surgical salvage is very difficult or carries 

a high risk of complications due to fibrosis generated from previous treatment or tumour 

invasion into vital structures [7]. Barry et al. demonstrated crude local control rates of 57% 

for total glossectomy as a salvage strategy in 60 patients with persistent/ recurrent base of 

tongue carcinoma [8]. Complications after salvage surgery are common. Prior irradiation 

impairs wound healing and predisposes to flap failure, infection, and fistulae. Many patients 

refuse the morbidity associated with this type of surgery.

The use of re-irradiation as a salvage strategy in this subset of patients is complicated by 

the need for high curative doses of radiation (60-70 Gy) to be delivered to small treatment 

volumes while avoiding serious morbidity [5,6]. Conventional external beam irradiation is 

possible but is characterised by poor outcomes and severe side effects [5,9]. Brachytherapy 

and intensity-modulated radiation therapy (IMRT) attenuates some of the side effects seen 

with external beam radiation [5,6,10-12]. For recurrent and second primary base of tongue 

carcinoma salvaged with brachytherapy, crude local control rates vary between 41% and 

64%, and 3-year survival rate is 5-19% [5,6,10,11]. Re-irradiation with IMRT of head and 

neck tumors report a better 5- year survival of 29 % [12]. 

There is a substantial group of patients who cannot receive either salvage surgery (not 

resectable tumour or co-morbidities preventing a comprehensive surgery) or re-radiation 

(too short time interval after primary radiation, already existing radiotoxicity). Salvage 

chemotherapy has been shown to have only a limited curative role in recurrent head and 
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neck cancer [13]. The toxicity of chemotherapy can limit its value as a palliative therapeutic 

option, particularly in patients where performance status is compromised after previous 

treatment. 

This creates a serious need for new treatment alternatives. Photodynamic therapy (PDT) is 

a method that involves injection of a systemic photosensitizing drug which can be activated 

at the tumour site to produce reactive oxygen species, starting a cascade of oxidization of 

biomolecules and eventually causing tumour destruction. PDT has already been shown to be 

an effective modality for treatment of superficial lesions in previously irradiated sites [14-17]. 

Based on the data, recently, meta-tetrahydroxyphenylchlorin (mTHPC, temoporfin; Foscan®, 

Biolitec Pharma, Edinburgh, Scotland)-mediated PDT has been approved by European 

Medicine Agency (EMEA) as a treatment method of recurrent head and neck tumours .One 

of the main limitations of PDT for larger tumours is the penetration of light in tissues. Clinical 

benefit is only achieved in tumours that can be completely illuminated [17]. mTHPC has an 

activation wavelength of 652 nm which penetrates around 10 mm in tissues (depending 

on the optical properties of the tissues). Interstitial Photodynamic Therapy (iPDT), which 

is a method of implanting the light source in the tumour, can potentially overcome this 

restraint. Multiple fibres can be inserted directly into the tumour under image guidance 

and large volumes of tumour can be destroyed in sites that are inaccessible to surgery or 

where re-irradiation and surgery would cause damage to vital adjacent structures. There are 

studies showing promising results with ultrasound guided interstitial photodynamic therapy 

of head and neck tumours [18-20]. We have elected to carry out a Phase I/II study of iPDT, 

which incorporates brachytherapy techniques. The main aim of the study is to evaluate 

the safety and feasibility of iPDT for treatment of non-metastatic recurrent base of tongue 

carcinomas. The setup of the study was dynamic with the treatment method evolving with 

experience and new technical developments.

2. MATERIALS AND METHODS

2.1. PATIENTS

The study is conducted in three centers between 1993 and 2010: Netherlands Cancer 

Institute/ Antoni van Leeuwenhoek Hospital, University Medical Center Groningen, Erasmus 

University Medical Center. The target population was patients with non-metastatic recurrent 

squamous cell carcinomas of the base of tongue after (chemo)radiotherapy. All patients 

were evaluated by the multidisciplinary tumour board and considered for eligibility for 

salvage surgery and/or re-irradiation treatment. The patients ineligible for salvage surgery 

and/or re-irradiation, were offered to take part in the study. Additionally patients who 
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declined total glossectomy as a salvage procedure were also offered iPDT as an alternative 

to palliative care. The experimental nature of the iPDT was thoroughly explained to the 

patients and informed consent was obtained. The study was reviewed and approved by 

institutional protocol review board.

2.2. WORK –UP AND PLANNING

The diagnosis of recurrent base of tongue squamous cell carcinoma was established by 

tissue biopsy obtained under general anaesthesia. In addition to obtaining tissue samples 

examination under general anaesthesia gave us the chance of evaluating the dimensions 

of the tumour and technical feasibility of placing catheters to perform iPDT. All patients 

received magnetic resonance imaging (MRI) to assess the extent of tumour and estimate 

the number and length of light sources needed to ensure full light coverage (Figure 1).

Figure 1. MRI images are helpful to delineate the gross tumor volume (GTV) and plan the number 
and location of light sources necessary to treat. a) The GTV is delineated. b) The number, location and 
length of light sources are planned marked on the images. c) The simulation of the planning is done 
with placing 8 mm radius light cylinders around the planned light sources to ensure theoretical full 
coverage of the GTV. With this approach the light sources are approximately at 15 mm distance to 
each other.
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For the 5 most recent iPDT procedures we have used a customized version of a brachytherapy 

planning program (Oncentra, Nucletron, Netherlands) to delineate the gross tumor volume 

(GTV) and plan and simulate the illumination. This technique is still in development and will 

be described in detail in future publications. A safety margin of 5 mm beyond the GTV was 

taken into account when planning the treatment. The light sources are planned maximum 

15 mm distant to each other to ensure full coverage of the tumour. Earlier planning was 

done on the MRI images as estimations without simulations.

The patients were informed about light avoidance measures by a specialized nurse and 

provided with written material, protective clothing and a lux-meter to measure ambient light.

Regional disease was evaluated with ultrasound of the neck and fine needle aspiration 

biopsy as indicated. If nodal disease was detected, patients were managed by selective 

neck dissection before the iPDT procedure. Patients with distant metastasis or inoperable 

regional disease were not treated with iPDT.

2.3. IPDT PROCEDURE

mTHPC (4mg/ml, 5 ml flacon) was administered to a proximal arm vein with slow injection, at 

a dose of 0.15 mg /kg. The injection procedure is in compliance with the recommendations 

of the producer. mTHPC cannot be administered as an infusion and has to be administered 

slowly over a minimum time frame of 6 minutes. The injection procedure is performed in an 

outpatient setting. Light avoidance measures are employed immediately after the injection. 

The patients were discharged home after the injection. Four days later the patients were 

admitted for the iPDT. All procedures were carried out under general anaesthesia. Due 

to expected oedema after iPDT post-operatively, the airway patency was managed with 

elective tracheotomy. Before percutaneous insertion of the light sources, the skin was 

disinfected with alcohol. Hollow brachytherapy needles (ProGuide needle 6F, sharp, 200 mm, 

Nucletron, Netherlands) were inserted via the submental skin, through the base of tongue 

into the oropharynx. Guidewires were introduced through the needle and retrieved from 

the oral cavity (Figure 2a). Transparent flexible brachytherapy catheters (Flexible Implant 

Tube, 6F, Single leader, 50cm, Nucletron, Netherlands) were attached to the guidewires and 

pulled through the needles from the oropharynx to the skin. The insertion needles were 

removed. The catheters were secured in place by color-coded rubber beads (Figure 2b). The 

correct placement and length of the catheters were checked by introducing optically coded 

radiodense dummy afterloaders in the catheters and imaging with 2D C-bow X-Ray (Figure 

2c). These images were used to verify the inter spacing of the implants and to determine 

the length of each individual light source (figure 2d). The light source diffusers are available 

at different light diffusing lengths: 1,2,3,4,5, and 6 cm. The length of the diffusing portion 
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can further be adjusted by applying a black tube over the diffuser. Additional catheters 

were introduced as necessary. The noninvolved mucosal surfaces of the pharynx and oral 

cavity were shielded from treatment light by placing pliable black wax over these surfaces. 

The skin side was not shielded. Each catheter was then filled with a corresponding linear 

diffuser (Ceram Optec, Bonn, Germany), after which light was delivered at 100mW cm-1 for 

300 seconds (30 Jcm-1) (Figure 3). The linear diffusers were connected to a single port or 

four-port 652 nm 2W diode laser (Ceralas PDT, Biolitec, Germany) that was used as the light 

source. After sequentially illuminating all locations, the catheters were removed. To ensure 

post-operative feeding nasogastric feeding tubes were introduced.

2.4. POST-OPERATIVE CARE

Postoperatively the patients were kept hospitalized until post-operative pain was under 

control. Most of the patients were discharged with tracheotomy and nasogastric tube in 

place. Arrangements were done to provide home-healthcare for tracheotomy and tube 

feeding management. If the home conditions were not favourable the patients were 

discharged to nursing homes.

Figure 2. The treatment catheters are placed under general anesthesia. a) Hollow brachytherapy 
needles (ProGuide needle 6F, sharp, 200 mm, Nucletron, Netherlands) are inserted via the submental 
skin, through the base of tongue into the oropharynx. Guidewires are introduced through the needle 
and retrieved from the oral cavity. Transparent flexible brachytherapy catheters (Flexible Implant 
Tube, 6F, Single leader, 50cm, Nucletron, Netherlands) are attached to the guidewires and pulled 
through the needles from the oropharynx to the skin. b) The catheters are secured in place by color-
coded rubber beads. c) The correct placement and length of the catheters are checked by introducing 
optically coded radiodense dummy afterloaders in the catheters and imaging with 2D C-bow X-Ray. d) 
X-Ray images are used to verify the inter spacing of the implants and to determine the length of each 
individual light source. Each marking on the dummy afterloader corresponds to one centimeter. The 
light source diffusers are available at different light diffusing lengths: 1,2,3,4,5, and 6 cm. The length of 
the diffusing portion can further be adjusted by applying a black tube over the diffuser.
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Figure 3. Linear light diffusers (Ceram Optec, Bonn, Germany) of pre-planned lengths are loaded in 
the catheters and sequentially turned on to deliver 652 nm light, 100mW cm-1 for 300 seconds (30 
Jcm-1). The mucosal surface of the pharynx and oral cavity is protected from treatment light by black 
shielding wax.

2.5. ASSESSMENT AND FOLLOW UP

The patients were followed every two weeks for the first 2 months and thereafter every 

month until the time of death. An MRI was obtained after 3 months and 6 months and 

compared to the pre-treatment MRI. RECIST 1.1 (Response Evaluation Criteria in Solid 

Tumors) criteria were used to evaluate tumor response. Complications, management of 

complications, tube feeding and time to closure of tracheotomy were noted. Progression 

free interval and overall survival were evaluated with Kaplan-Meier method.

3. RESULTS

3.1. PATIENT CHARACTERISTICS

Between 2003 and 2010 a total of 20 patients with recurrent SCC of the tongue were treated 

with salvage iPDT. Thirteen patients were men, and 7 were women, and their median age 

was 64 years (range 55-93). Fourteen patients were considered inoperable; six patients 

refused salvage total glossectomy. All the patients had received prior radiotherapy, either 

alone or adjuvant to surgery or combined with concomitant chemotherapy. Prior therapies 

to the head and neck region are summarized in Table 1. The tumors were not tested for HPV 

positivity. No patients were lost to follow-up.
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3.2. TUMOUR RESPONSE

At the three month response evaluation point, judging clinical response proved to be 

difficult. The way the tumour responded to iPDT was with necrosis. When measured with 

RECIST criteria there was progression. At 6 months after the treatment it was observed that 

the necrotic portions of the tumour had disappeared in 14 patients, creating tissue defects 

(figure 4) (in 6 patients through and through defects from the oropharynx to the submental 

area). Therefore the 3-month tumour evaluation was abandoned after the initial 5 patients 

and the 6-month evaluation was recorded as tumour response. 

Figure 4. The volume treated with iPDT becomes necrotic 4-16 weeks after the procedure. In this case 
the necrotic tissue at the base of tongue is visible at 12 weeks after the iPDT. The necrotic tissue can be 
removed with a resulting tissue defect. The patient illustrated here, refused surgical options and opted 
for iPDT. There was a complete response that is sustained for 46 months and he is still free of disease.
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Table 1. Characteristics of patients and summary of previous treatments to the head and neck area.

Patient 
No.

Age Gender

Maximum 
tumor 
radius 
(cm)

Previous treatments to the head and neck region 
time 
before 
PDT

indication procedure

1 75 male 2.0 1 year
bilateral T1N0 oropharynx 
cancer

RT

2 55 female

Excision 
margins 
not clear 
of cancer

3 years
Neck metastasis from unknown 
primary

MRND and RT

1 year T1N0 larynx cancer RT
1 month T4N2a larynx cancer TL and MRND

3 63 male 1.0 3 years T1N0 larynx cancer RT
4 88 female 3.5 5 months T2N0 tongue cancer RT

5 67 female

Excision 
margin 
not clear 
of cancer

2 years
T1 N0 tonsil cancer right, T2 N0 
tonsil cancer left

RT

1 month T2N2c hypopharynx cancer TL and bilateral MRND

6 52 male 1.5 1 year T1 N0 supraglottic larynx cancer RT

7 62 male 1.2 4 years
T2 tonsil and T1 N2c epiglottis 
cancer

CRT

8 58 male 4.3 1 year T2N0 tongue cancer RT

9 62 female 1.6
2 years T2N0 oropharynx cancer RT

1 year T2 N1 oropharynx cancer
commando procedure and 
MRND

10 60 male 2.5 1 year T4 N2b tongue cancer CRT

11 71 male 1.3

4 years T1N0 tongue tumor transoral excision;

3 years T4N0 oral cancer
Commando procedure, 
MRND, reconstruction with 
crista iliaca free flap and RT

2 years osteoradionecrosis sequestrectomy and PMMF

12 65 female 2.9

8 years
T1 N2b supraglottic larynx 
cancer

MRND and RT

6 years T4N1 larynx cancer TL, MRND, PMMF
2 years T1 N0 soft palate cancer Surface PDT
1 year T1N0 tongue cancer transoral resection

13 64 female 4.5
8 years T4N2c tongue cancer CRT
3 years dysfunctional larynx TL and PMMF

14 59 male 2.1
1 year T2N1 tongue cancer CRT
1 year persistent neck node MRND

15 57 male 6.0 1 year T3N2c tongue cancer CRT

16 71 male 3.0
15 years T2N0 Esophagus cancer excision with gastric pull-up
13 years T4N0 larynx cancer TL, bilateral SND and RT

17 58 male 3.0 1 year T4N0 tongue cancer RT

18 63 male 3.5
2 years T4N2c tongue cancer CRT
1 year recurrent tongue cancer palliative chemotherapy

19 66 female 4.9
2 years T3N2b tongue cancer CRT
1 year recurrent tongue cancer palliative chemotherapy

20 61 male 4.2 1 year T4N0 tongue cancer CRT

Abbreviations: PDT, photodynamic therapy; RT, radiotherapy; MRND, modified radical neck dissection; TL, total 
laryngectomy; CRT, concomitant chemoradiation; PMMF, pectoralis major myocuta- neous flap; SND, selective neck 
dissection.
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3.2.1. Tumour response according to RECIST 1.1 criteria at 6 months post-iPDT

Two patients are not evaluable. One patient was lost due to pneumonia and the other 

due to stroke before completion of 6 months. Nine tumours had complete response with 

complete disappearance of the treated tumour (Figure 5). Four of these patients are still 

free of disease after a follow-up range of 46-80 months. The other five developed new 

lesions in the head and neck area. One patient developed tonsil carcinoma on the left side, 

8 months after complete response of T4 N0 base of tongue tumour. This was treated with 

iPDT with complete response. Three months later right tonsil cancer was detected and 

treated with iPDT. These could be considered marginal misses of iPDT or less likely new 

primary tumours. The patient died 14 months after initial iPDT due to lung metastasis. Four 

patients had recurrences at the treatment borders (8-15 months after iPDT). One of these 

patients was salvaged with total laryngectomy and total glossectomy. This patient has died 

because of metastatic disease 24 months after iPDT. The remaining patients received best 

palliative care.

Nine tumours had partial response with reduction of tumour diameters. It was noted that 

the non-responding parts were at the borders of the tumour treated. Four of the patients 

received weekly methotrexate as palliative chemotherapy. The others received best 

palliative care.

Figure 5. Six-month control MRI images shows complete disappearance of tumor tissue located close 
to midline of the base of tongue, leaving a tissue defect behind. The illustrated patient refused surgical 
options and opted for iPDT. There was a complete response that is sustained for 46 months and he is 
still free of disease.



134

Interstitial PDT of recurrent tongue cancer

3.3. TIME TO PROGRESSION

The presence of extensive necrosis gave the radiologic impression of progression at 3 month 

post-treatment. However this apparent progression reversed to regression at 6 month post-

treatment with 9 patients showing complete response. From these 9 patients 4 had durable 

tumour response. Five patients had recurrences with a range of 8-15 months, and median 

9 months.

3.4. OVERALL SURVIVAL

The overall survival was analysed with Kaplan-Meier method. The mean overall survival was 

25.5 months (95%CI: 13-37 months) and the median overall survival was 12 months (95%CI: 

6-17 months). Four patients had long term sustained complete response and are still alive 

after 42-80 months (Figure 6).

Figure 6. Overall survival of the study group showing sustainable complete response in four patients. 
The mean survival period is 25.5 months (95%CI: 13-37 months) and the median survival period is 15 
months (95%CI: 9-21 months).
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3.5. COMPLICATIONS AND SAFETY

The median admission time after the iPDT treatment was 11 days (range 7 – 16 days). All 

patients experienced oedema of the tongue and lower half of the face justifying the need 

for tracheotomy. The catheter insertion sites healed spontaneously. Post-PDT pain was 

managed by transdermal and enteral opioids. The duration of the admission was limited by 

pain management. There were no short term complications or fatality. One patient was lost 

due to pneumonia 2 months after the procedure.

Six of the patients developed necrosis of the tumour and of the submental skin creating 

through and through defects. Three of these patients had complete response after iPDT. 

Therefore the defects were surgically closed with a pectoralis major myocutaneaous flap 

(PMMF). One of these patients is still alive, while two were lost due to distant metastasis. 

The pharyngocutaneous fistulas of the remaining three patients, with partial responses to 

iPDT, were managed by wound care and tube feeding.

Two patients developed cutanous metastasis at catheter introduction sites (2-4 months 

after iPDT). Both of the patients received weekly methotrexate as palliative chemotherapy.

One patient had major bleeding 8 weeks after the iPDT, requiring hospitalization. The 

patient had intra-arterial embolization of the bleeding artery. Seven patients had reported 

episodes of minor bleeding accompanied with detachment of necrotic tissues from the 

treated area, requiring no interventions. Table 2 summarizes the complications observed 

linked to individual patients.
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Table 2. Response to iPDT, functional results and complications.

Patient* Age Gender
Maximum 
tumor 
radius (cm)

Tumor 
response†

Overall 
survival 
(months)

Time to closure 
of tracheotomy

Duration of 
tube feeding

Complications 
related to 
therapy

1 75 male 2 CR 80
4 months  
(1 month after 
PMMF)

gastrostomy 
in situ

PCF (PMMF 
reconstruction)

2 55 female

Excision 
margins 
not clear of 
cancer

CR 24
tracheostoma 
before PDT

2 months None

3 63 male 1 CR 24 7 days 1 month None

4 88 female 3.5 NE 2 Not closed
gastrostomy 
in situ

None

5 67 female

Excision 
margins 
not clear of 
cancer

CR 11
tracheostoma 
before PDT

2 weeks None

6 52 male 1.5 CR 66 10 days 10 months None

7 62 male 1.2 CR 46 3 months 3 months None

8 58 male 4.3 CR 42 7 days 12 months PCF

9 62 female 1.6 NE 4 Not closed no None

10 60 male 2.5 CR 16 6 months
gastrostomy 
in situ

PCF (PMMF 
reconstruction)

11 71 male 1.3 PR 17 7 days
gastrostomy 
in situ

PCF

12 65 female 2.9 PD 15
tracheostoma 
before PDT

gastrostomy 
in situ

cutaneous 
metastasis

13 64 female 4.5 PR 12
tracheostoma 
before PDT

gastrostomy 
in situ

none

14 59 male 2.1 PR 11 Not closed
gastrostomy 
in situ

cutaneous 
metastasis

15 57 male 6 CR 15 Not closed
gastrostomy 
in situ

PCF (PMMF 
reconstruction)

16 71 male 3 PR 10
tracheostoma 
before PDT

gastrostomy 
in situ

PCF

17 58 male 3 PR 6 Not closed
gastrostomy 
in situ

none

18 63 male 3.5 PR 7 1 month
gastrostomy 
in situ

no

19 66 female 4.9 PR 9 Not closed
gastrostomy 
in situ

bleeding

20 61 male 4.2 PR 9 2 months
gastrostomy 
in situ

PCF

Abbreviations: CR, complete response; PMMF, pectoralis major myocutaneous flap; PCF, pharyngocutaneous 
fistula; PDT, photodynamic therapy; NE, not evaluable; PR, partial response; PD, progressive disease; RECIST, 
Response Evaluation Criteria in Solid Tumors.

* Patient numbers correspond to the patient numbers in Table 1.

† Based on comparison of pre-PDT and 6-month post-PDT MRI images according to RECIST1.1 criteria
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3.6. AIRWAY MANAGEMENT 

Five patients had total laryngectomy with permanent tracheostoma before iPDT. The 

remaining patients received tracheotomy right before the iPDT procedure. Eight patients 

could not be decannulated and remained tracheotomised until the time of death. Four 

patients could be decannulated in the early post-operative period of 7 -10 days. Three 

patients were decannulated at later period (4-10 months) (Table 2).

3.7. TUBE FEEDING

Six patients were already gastrostomy tube feeding dependent before iPDT. The remaining 

patients were initially fed through a nasogastric tube after iPDT. Four patients successfully 

restarted sufficient oral intake in the early post-operative period of 2-12 weeks. In addition 

to the six patients who had pre-PDT gastrostomy catheters, 10 patients also had gastrostomy 

catheters placed.  Two additional patients started sufficient oral intake at 10 and 12 months 

after iPDT. Fourteen patients remained tube feeding dependent until the time of death. 

Three of the patients who had long term survival has sufficient oral intake. One patient who 

is still free of disease after 46 months is tube-feeding dependent (table 2). 

4. DISCUSSION

Patients with metastatic or recurrent head and neck carcinomas, have a median survival of 

about 4 months if untreated [21]. There are no reliable data about survival of patients with 

recurrent non-metastatic SCC of the tongue base. Therefore it is not feasible to comment 

about any survival benefit achieved by iPDT of these tumours. The technique described 

in this manuscript can be applied to a limited number of patients. Patients with distant 

metastasis or neck node recurrences that invade into vital structures cannot benefit from 

this technique. The rarity of the indication to perform iPDT suggests that a few centers 

should specialize and perfect their techniques to perform this procedure.  

The described treatment technique is based on established brachytherapy methods of 

the base of tongue [5]. The planning and application was modified to accommodate full 

light coverage of the tumour. The placement of the catheters with relation to each other 

was dictated by the penetration of the treatment light in the tissues. iPDT of the head and 

neck with ultrasound guided placement of spinal catheters was described by another group 

[18-20]. The overall survival and response rates observed in our patient group are similar to 

earlier published articles describing ultrasound guided interstitial photodynamic therapy of 

head and neck tumors [18-20]. 
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Immediate tissue oedema after iPDT was expected and therefore patency of the airway was 

guaranteed by a placement of a tracheotomy cannula except for those who already had a 

tracheostoma before the procedure. For the same reasons the patients were provided with 

tube feeding. The tissue oedema subsided after 7-10 days. At this point decannulation was 

attempted and was successful in four patients. The rest of the patients could not tolerate 

decannulation due to extensive tissue necrosis in the upper airway. Decannulation seems to 

be dependent on the extent of the necrosis and clinical response. Patients who recovered 

from the necrotic debris could be decannulated at a later time. Patients who had residual 

disease endangering the airway were not decannulated.

The therapy proved to be efficacious with all tumours responding with necrosis of different 

degrees. The tumour necrosis became evident once the oedema subsided after 2 weeks. 

The tumor response to iPDT seems to be a slow acting process. This was evident by the 

presence of persistent mass at the 3 month MRI imaging, which could not be distinguished 

if it still contained viable tumor tissue. The therapy does not seem tumor specific as the 

margin of tissue illuminated around the tumor also becomes necrotic. In some cases the 

necrotic margin included submental skin. The skin necrosis was independent of direct tumor 

extension. The skin could not be protected from treatment light due to the proximity of the 

tumor. Previous radiation received might make the skin more susceptible to break-down. At 

the 6 month evaluation MRI images, the necrotic tissue had disappeared leaving significant 

tissue defects behind. In some cases the tissue defect included the skin creating through and 

through defects or in other words pharyngocutaneous fistulas (PCF). Management of the 

tissue defects is dependent on the clinical response. The decision to reconstruct was taken 

after the 6 month evaluation. If complete tumor response was achieved reconstruction was 

considered. This approach is justified by the long term disease free survival of four patients 

in the study. 

The high incidence of PCF is a point of concern when palliation is aimed. If long-term disease 

control can be achieved, it can be argued that the risk of PCF can be tolerated. However if 

long-term disease control is not achieved presence of PCF can diminish the quality of the 

already limited remaining lifetime of these patients. In the light of the initial experience 

presented in this manuscript, for future treatments, we have elected to try to prevent the 

forming of PCF by limiting the light dosis received by the skin and subcutaneous tissues 

by careful pre-operative planning and simulation. This decision carries the risk of not 

eliminating the tumor cells located close to the skin.

There were no patients with major bleeding immediately after the procedure. This implies 

that in short term after iPDT, major blood vessels such as lingual artery -although included 

in the treatment field- are either immune to the destructive effects or are contained by 
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the tissue edema and necrosis around them. The recurrences or non-responsive parts of 

the tumors treated were mainly at the margins of the tumor, suggesting a “geographical 

miss”, or in other terms an area not receiving enough light dose. The way to overcome 

this problem is to treat larger volumes of tissue with bigger safety margins. However this 

approach is limited by the destructiveness of the treatment resulting in tissue defects. 

Accurate light dosimetry has not yet been performed for IPDT in head and neck region and 

in many cases the treatment was probably inadequate for one or more of the following 

reasons: 1) No dosimetric planning was done prior to treatment. The catheters for placement 

of the sources were inserted on the basis of palpation and approximate information on the 

location of the tumor. 2) Tumor boundaries and risk structures were not–visible on X-ray 

imaging. 3) There was no strategy regarding coverage of the light distribution over the entire 

tumor volume and no information on fluences actually delivered. 

The initial relative safety and apparent efficacy of iPDT of tongue base is encouraging to 

further develop the method to be less destructive to the tissues that are desired to be 

protected and more efficiently treating the whole tumor volume. In a recently initiated 

study we are developing a 3-step approach: 1) Pre-treatment planning, based on MRI in 

which the tumour and risk volume (normal tissue structures) are identified. A planning 

algorithm will then estimate the optimal positions, amount and lengths of the linear light 

sources. 2) Verification imaging of the source locations after placement. 3) Modification of 

the pre-treatment planning based on the actual source locations. In the modification step 

we aim to investigate methods to measure the actual light transport within the tumour and 

risk volumes. These measurements will facilitate a patient tailored inverse planning strategy 

aiming for improved accuracy.

5. CONCLUSION

Interstitial photodynamic therapy (iPDT), which utilizes a completely different mechanism 

of action than the conventional methods, can be a curative alternative to palliative care 

to patients with non-metastatic recurrent base of tongue tumors who cannot be treated 

with surgery or radiation therapy. The current study demonstrates that long-term disease 

control is achievable with iPDT. With refinements in planning and monitoring the treatment 

technique iPDT may be the treatment of choice after conventional curative techniques are 

exhausted. 
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ABSTRACT

BACKGROUND AND OBJECTIVE

Interstitial photodynamic therapy is a potentially important tool in the management of 

voluminous or deep-seated recurrent head and neck cancers.

STUDY DESIGN/METHOD

The described treatment algorithm in this manuscript consists of the treatment simulation, 

implantation of light sources, verification, modification of the treatment plan if necessary 

and illumination. The tumor is delineated on imaging sections (CT, MRI, and/or PET/CT) and 

the treatment is simulated by virtually introducing light sources to the tumor volume on 

specially modified brachytherapy software. This enables us to determine if the treatment is 

technically feasible, and information about approximate number and location of light sources 

necessary. Following implantation of catheters in which the light sources will be introduced, 

CT or MR scan is performed to verify the actual location of the implanted catheters. The 

verification-CT is imported to the software and co-registered with pre-treatment images 

to observe the deviations from the simulation. The simulation is run again with the actual 

position of the light sources to determine if any additional light sources are necessary 

and adaptation of the source length in order to cover the tumor volume (modification). 

Thereafter the tumor is illuminated.

RESULTS

This method has the potential to help with identifying iPDT feasible patients by simulating 

before the actual treatment. The suboptimal placement of light sources can be identified 

and corrected. By saving the simulations all of the treatment procedure is well documented, 

which is essential for evaluation of such new techniques.

CONCLUSION

The proposed technique can help standardize and document iPDT.
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1. INTRODUCTION

Meta-tetrahydroxyphenylchlorin (mTHPC) mediated PDT has been shown to be effective in 

the treatment of recurrent head and neck tumors [1,2] and is approved by the European 

Medicine Agency (EMA) for this indication. Clinical benefit is only achieved in tumours that 

can be completely illuminated [1]. One of the main limitations of PDT for larger tumours is 

the penetration of light in tissues. mTHPC has an activation wavelength of 652 nm which 

penetrates effectively in tissue, resulting in a treatment depth of 8-10 mm in most tissues 

(depending on the optical properties of the tissues) [3]. Interstitial Photodynamic Therapy 

(iPDT), which is a method whereby the light source is percutaneously implanted in the 

tumour, can potentially overcome this restraint. Multiple fibres can be inserted directly into 

the tumour and large volumes of tumour can be destroyed in sites that are inaccessible to 

surgery or where re-irradiation and surgery would cause damage to vital adjacent structures. 

This approach is being developed in a number of centres on various tumor sites, especially 

prostate, skin and head and neck tumors [4-11]. There are studies showing promising 

results with ultrasound guided interstitial photodynamic therapy of head and neck tumours 

[8-10]. We have recently published our experience with iPDT based on a simple planning 

approach [11]. 

Our initial iPDT protocol comprised of the manual insertion of hollow transparent brachy-

therapy catheters through the tumour mass with 10-15 mm distance to each other. The 

insertion sites of the catheters were determined/established by the physician performing 

the procedure. Catheter placement was checked by palpation and visual inspection. 

Recently a non-isocentric C-arm was used to obtain 2D X-ray images, which provided some, 

however inaccurate information about the length of the catheters and position. This initial 

inaccurate approach showed promising results. We are convinced that accurately planning 

and executing the procedure can optimize results, thereby providing better light coverage 

of the tumor volume and avoiding risk structures. The aim was therefore to develop a 

methodology for pre-treatment simulation, on-site verification and simulation modification 

for iPDT.

We have developed a pre-treatment planning algorithm that enables standard light 

delivery to a predefined gross tumour volume (GTV) while avoiding risk structures. A simple 

simulation algorithm was developed to determine optimal treatment scheme to yield the 

best coverage of the tumour volume while at the same time minimum coverage of the risk 

volume. 

The resulting treatment simulation consists of the optimum source positions, the required 

number and lengths of the sources. A brachy-therapy imaging based simulation technique is 
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therefore adapted for iPDT purposes, which allows for pre-treatment simulation, verification 

of the implanted sources and possible modification of the simulated plan. 

By employing these steps iPDT can be better standardized and documented. The current 

manuscript details the methods used to achieve this goal. For practical purposes we describe 

the technique used for a recurrent squamous cell carcinoma of the base of tongue. 

2. METHOD

The described method involves several steps represented in the flow chart in Figure 1. The 

first step is the selection of a suitable patient. Patient selection was described in detail in our 

previous publication (11). 

Figure 1. Flowchart of the algorithm of imaging based iPDT procedure
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All the figures used in this manuscript are from the same patient for demonstration purposes. 

The patient is a 55 year old Caucasian male with inoperable recurrent base of tongue 

squamous cell cancer. The patient was first diagnosed with a T4N2M0 oropharynx squamous 

cell cancer in 2003. The treatment consisted of concurrent chemoradiation (60 Grey, 3 cures 

of cisplatin). There was complete response. In 2010 the patient had osteoradionecrosis 

of the mandible. He received conservative management with regular debridement and 

hyperbaric oxygen therapy without success. In 2010 a segment of the mandible was 

removed and reconstructed with a free composite fibula flap. The flap reconstruction failed 

after 5 weeks and replaced by a pectoralis major myocutaneous flap. In September 2011 

patient presented with a large base of tongue tumor. A pan-endoscopy was performed with 

biopsies, which showed squamous cell cancer. The tumor was evaluated with MRI, and 

PET-CT. The tumor consisted of a 7 cm mass located at the entire base of tongue without 

regional or distant metastasis. The patient consented to iPDT as an experimental procedure.

Once the patient is considered to be a candidate the treatment simulation takes place, 

followed by photosensitizer injection, implantation of catheters, verification, modification 

of the treatment plan if necessary and illumination.

2.1. IMAGE BASED IPDT TREATMENT PLANNING AND SIMULATION

Two weeks prior to iPDT the tumour and risk structures are assessed from MRI, CT 

and/or PET-CT. The image sets are imported in the simulation planning software (Oncentra 

Masterplan 4.1, Nucletron, Veenendaal, The Netherlands), and the tumour border 

including a 5mm margin (gross tumor volume (GTV)) is marked on the axial and sagittal 

planes slices of 1mm intervals. Critical structures such as major blood vessels and nerves 

are marked during this procedure to evaluate the light dose these structures will receive. 

Depending on the location and accessibility of the tumor the light sources can be inserted in 

various orientations such as anterior-posterior, trans-oral, caudo-cranial or lateral. For the 

demonstrated case, the simulated positions of the linear sources were in a caudo-cranial 

direction with planned vertical insertions via the sub mental skin to the base of tongue in 

a straight and parallel geometry. The virtual placement of the light sources enables us to 

evaluate if the implantation is technically feasible. The linear light sources can be simulated 

by an array of adjacent isotropic point sources at a 1mm interval. The decrease of the fluence 

rate of light (λ=652nm) with depth implemented in the software for the simulations was 

determined in-vivo. From our clinical iPDT experience we have empirically determined that 

iPDT using the photosensitizer mTHPC at standard dosimetric parameters (Pout = 100mWcm-

1, 30Jcm-1) induces a radius of necrosis around a linear source ranging from 8 up to 10mm. 

This observation is confirmed by the literature [3]. At given source positions it is possible 
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to estimate the distribution of tissue necrosis using this radius. The presented approach 

assumes a standard radius of iPDT-induced necrosis around a single linear source, and does 

not take into account the influence of adjacent sources nor patient specific parameters such 

as light scattering and absorption. 

The iso-dose i.e. expected induced necrosis line for a single source is placed at a radial 

distance of <8mm from the longitudinal centre of the source. The cumulative iso-dose line 

as a result of multiple sources is then calculated in 3D for all catheters. The pre-treatment 

simulation allows for the determination of the minimal amount of sources required, 

approximate insertion location and angle, and the length of the linear sources. Seventeen 

catheters were virtually planned to be implanted in the demonstrated case (Figure 2). 

Figure 3 (left) is a 3D reconstruction of the simulation.

Figure 2. On the left a sagittal view of a MR image of a Bilateral T4 N0 M0 Squamous Cell Carcinoma 
at the Base of Tongue including the simulated treatment planning of the linear source/catheter 
implant within the GTV. The straight lines are the linear light sources/catheters. The solid line the 
corresponding expected necrosis line and the dotted line represents the GTV (~5mm margin). On the 
right the corresponding axial view. Below the MR images are the dots that represent the active length 
(mm) and longitudinal shift of the linear sources. 
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Figure 3. A 3D MR reconstruction of the simulated treatment plan on the left. On the right, the 3D 
reconstruction of the MR merged with the CT image made after implanting the catheters. The tumor 
volume determined prior to iPDT is projected on the CT images.

The treatment simulation is transferred to the clinicians who will implant the catheters. Due 

to the fact that this is a manual procedure without any real time 3D imaging feedback, it is 

expected that the resulting locations of the implanted catheters will deviate from the ideally 

planned location. In addition, the sources are not expected to be perfectly straight and 

parallel to each other and may bend due to differences in tissue density and deformation.

2.2. PHOTOSENSITIZER INJECTION

Four days before the illumination mTHPC (Foscan®) is administered intravenously at a dose 

of 0.15mg/kg with a slow injection rate of over 6 minutes. After injection, the patient is 

immediately light sensitive.

2.3. IMPLANTATION

Before percutaneous insertion of the light sources, the skin is disinfected with alcohol. Hollow 

brachytherapy needles (ProGuide needle 6F, sharp, 200 mm, Nucletron, Netherlands) are 

inserted via the submental skin, all the way through to the surface of the base of tongue. 

A guide-wire is introduced through the needle from the skin side and retrieved from the 

oral cavity. Transparent flexible brachytherapy catheters (Flexible Implant Tube, 6F, Single 

leader, 50cm, Nucletron, Netherlands) are attached to the guide-wire and pulled through 

the hollow needles from the oropharynx to the skin. The insertion needles are removed 

leaving the sealed translucent catheter in position. For identification and fixation purposes, 

each catheter is provided with a single or double color-coded radio opaque button on the 
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skin side (figure 4). A total of 17 catheters were implanted in the demonstrated case .The 

total insertion time was approximately 150 minutes. 

Figure 4. a) A brachy loop-catheter modified for iPDT. 1) The white radio-opaque button connected 
to the distal end of the catheter (Located at the base of tongue). 2) The linear source, 3) the light 
shielding metal tube with distance markings, 4) the colored buttons placed after implant at the 
proximal (submental) side. This approach enables for a variable source length and location. b) 
Implanted catheters can be seen from the submental side.

2.4. VERIFICATION AND MODIFICATION

Following insertion a CT scan is obtained to verify the positions of the catheters placed. This 

could be done either intra-operatively if a CT scan is available in the operating rooms or the 

patient can be weaned from general anesthesia and brought to the CT-suite. The implanted 

catheters can be easily identified by their air containing hollow lumens. The CT/MR scans are 

imported to the simulation software. The software can either identify and reconstructed the 

catheters automatically or manually. In the demonstrated case the catheters were drawn in 
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manually into the CT data set. The next step is to verify the location of the catheters within 

the region of interest and compare with the original simulation. The tumor boundaries 

cannot always be indentified on a CT scan. We therefore perform image fusion of the post-

implant CT image set with the MRI and/or PET/CT data that were gathered before. Image 

fusion is established by assigning landmarks coordinates to anatomical structures that are 

recognizable in both image sets i.e. spinal cord, hyoid, soft palate, etc. The diffusing length 

of each linear diffuser and longitudinal positions is modified to the actual position and the 

dose plan recalculated based on the fused CT/MR image data set (Figure 5). 

Figure 5. On the left a sagittal view of a CT verification image of the treatment planning after the actual 
catheter implant within the GTV. The curved lines are the actual implanted linear light sources. The 
solid line the corresponding necrosis iso-dose line and the dotted line represents the tumor volume. 
The tumor volume is merged from the MR image taken prior to implant. On the right the corresponding 
axial view can be seen. Below the images are the dots that represent the modified active length (mm) 
and longitudinal shift of the linear sources. 

For this particular case there was no need for major modification (e.g. additional source 

implant in case of insufficient coverage or removal in case of possible risk structure damage) 

of the treatment simulation thus the entire GTV was fully covered with a sufficient fluence. 

However some minor adjustments were made regarding the lengths of the linear light 

sources. 
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2.5. ILLUMINATION

If the verification-CT was not performed under general anesthesia the patient is brought 

under general anesthesia for a second time for the illumination procedure. After confirmation 

simulation, linear diffusers (Cylindrical diffuser CD 405-50C, Ceram Optec, Bonn, Germany) 

are connected to a four-channel 652nm wavelength diode laser (Ceralas PDT, Biolitec, Bonn, 

Germany), as the light source. The 50mm diffusing linear sources are calibrated with respect 

to their total output in the integrated calibration unit. 

Mucosal surfaces and skin not intended to receive light are shielded from scattered light 

with wet green cloth. Before the linear light sources are inserted into the catheters they are 

provided with thin metal shielding tubes. Shifting the shielding over the emitting part of the 

source enables for any desired diffuser length according to the modified plan (Figure 4). A 

major advantage of this approach is that the diffusers only have to be calibrated once. Each 

catheter along with the shielding tube was then filled with the corresponding sources, after 

which light was delivered at 100mW cm-1 for 300 seconds (30 Jcm-1). Since the vascular 

supply of the tongue is provided via the lingual arteries entering the tongue from posterior, 

the Illumination was performed from anterior to posterior not to potentially compromise 

the blood circulation due to vascular shutdown. In another tumor location this sequence can 

be different. The entire illumination procedure consisted of 4 sequential sessions i.e. 3 times 

simultaneous 5 linear sources and one time 2 sources (17 in total). After the illumination the 

catheters are removed at the OR. The patient is then transferred to the ward. 

3. DISCUSSION

The photodynamic therapy procedure is a complex interaction of three variables: light, 

oxygen and photosensitizer. There are several factors that have influence on these variables 

such as microvascular saturation, blood circulation, optical properties of the tumor, and 

the distribution of the photosensitizer [12]. What actually takes place in the tissues during 

PDT is very difficult to reveal, and therefore ensuring adequate and uniform treatment is a 

challenge. 

A reasonable start in attempting the task of optimization is to standardize the way light is 

delivered to the tumor. From earlier experience we have postulated that 652 nm wavelength 

light diffuses around 8-10 mm in the tissues. Therefore we perform our simulation with light 

sources placed at a maximal inter source distance of 14 mm. The software assumes an mTHPC 

iPDT induced 8mm necrosis radius around a single linear diffuser. The current approach does 

not account for, nor assesses information on any patient specific optical parameters such as 

inter-patient variations in light transport or variations in optical properties i.e. scattering and 
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absorption during PDT. PDT causes vascular shutdown leading to changes in the quantity of 

haemoglobin, which has very similar absorption wavelength as the treatment light. Due to 

the inhomogeneous distribution and dynamic nature of tissue optical parameters, optimal 

light delivery schemes and planning remains a major challenge. Therefore the simulated light 

distribution does not necessarily represent the actual light distribution. We are currently 

investigating the role of these parameters on the light distribution during PDT by means of 

in-vivo fluence rate measurements within the region of interest.

The imaging method of choice to use in simulation is MRI. With MRI the extent and borders 

of the tumor can usually be identified. CT can be used as well, but in our experience 

especially in the oral cavity/pharynx region MRI provides better soft tissue detail. We should 

not forget that many of these patients have received conventional treatments to the area of 

interest before. Especially patients who have received surgical intervention may have metal 

plates and screws and sometimes underwent reconstruction with free tissue transfers from 

different parts of the body. Therefore the anatomy of the area is complicated leading to 

insufficient analysis of the tumor extensions. In such cases PET-CT is very helpful identifying 

the metabolically active tumor. Marking the GTV on the MRI images, while consulting the 

PET-CT images, seems to be the most accurate method to identify the extent of the tumor.

The simulation provides information about minimal number of sources necessary and the 

location of possible risk structures and the accessibility of the region the target volume; 

e.g. the mandible may block a particular needle trajectory. The insertion technique and 

trajectory angles of the catheters can be determined before the actual procedure, which 

saves considerable operation room time and makes planning easier as the operation time 

and amount of acquired sources can be approximated in advance. The simulation is essential 

in the decision-making process e.g. the simulation can predict when it is technically not 

possible to cover the whole treatment volume. In such case the patient should not be 

treated with iPDT. 

Once the patient is under general anaesthesia the soft tissues deform because of the lack 

of muscle tone. So the actual treatment volume does not exactly match the simulated 

treatment volume. As the catheters are being implanted the tissues deform further by the 

traction forces. Therefore the pre-treatment simulation cannot be executed in a manner 

that is completely identical and thus treatment, based on simulation only, is not reliable. 

Consequently the location of the implanted catheters should be verified with imaging. The 

verification CT/MR scan allows assessing the actual locations of the catheters. Therefore the 

simulation performed with the actual catheters is more relevant than the pre-treatment 

simulation. The former allows us to identify any potentially dark areas. These dark areas 

can be covered by placing additional catheters. Placement of the catheters too near to 
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each other does not seem to cause more damage than standard illumination. However too 

many catheters within close range off each other may alter the vasculature and thus the 

oxygenation, aiming at a inter catheter distance of ~14 mm is preferable. The simulation also 

helps the physician to protect the overlying skin which might potentially decrease the risk of 

oro-cutaneous fistulas reported in our earlier publications [11].

The main advantage of the treatment algorithm, described in this manuscript, is 

documentation of the location of the implanted light sources. Our previous clinical 

applications and US-guided applications lack this aspect of accurate documentation [4,8-11]. 

This documentation coupled with clinical results can help us to analyse failures critically. 

The failures can be due to geographical miss, insufficient light dose or characteristics of the 

tumor or the treated location. As experience with the technique described in this manuscript 

accumulates, patterns of failure can be identified, potentially leading to refinement of the 

planning and simulation procedure. Standardizing the light delivery method enables uniform 

treatment cohorts making clinical analysis and comparisons to other treatment methods 

more feasible and valid. In such a cohort where the variations in treatment method do not 

play a role, the clinical success of the treatment could be more accurately evaluated.

4. CONCLUSION

The treatment algorithm described in this manuscript has the potential to standardize and 

document the interstitial PDT technique. The simulation helps to identify the tumors suitable 

for iPDT before actually treating the patient. Verification and modification procedures can 

identify the suboptimal placement of light sources and enable the physician to correct. By 

archiving the simulations all of the treatment, the procedure is well documented, which is 

essential for evaluation of such new techniques.
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This thesis is a combination of critical analysis of clinical mTHPC mediated photodynamic 

therapy (PDT) of head and neck tumors and developing techniques that can help us 

understand PDT and improve clinical results. 

Chapters 2 to 3 are retrospective analysis of the clinical experience with superficial PDT of 

the head and neck area. In the literature considerable data concerning the PDT of the head 

and neck tumors [1-21] exist, however there has never been an effort to compare PDT to 

more established conventional methods such as surgery or radiation therapy. The optimal 

way to compare two treatments is a controlled, blinded, randomized prospective trial. 

Unfortunately due to the logistic and ethics problems, such a trial was never performed. 

Chapter 2 is an effort to mimic a randomized trial retrospectively. PDT of primary oral cavity 

tumors is limited to thin tumors (<5mm) without regional or distant metastasis. Patients, 

who were treated with surgery (without neck dissection) for tumors that fit the strict 

eligibility criteria of PDT, were identified and matched with the patients who underwent 

PDT at the same center. The non-randomized design of the study and its retrospective 

design introduce a selection bias inherent to this kind of analysis. To minimize the bias every 

compared clinical parameter was statistically identical for the two evaluated methods. Thus 

this analysis provides important evidence that clinically PDT of early stage oral cavity and 

oropharynx cancers is not inferior to surgery. However, in order to replace an established 

method, the new technique (PDT in this case) should have advantages, e.g. being more 

patient-friendly, better function preserving or, even better, superior in clinical outcome. 

There is room to improve clinical outcomes of PDT of HNSCC.

The published articles (including Chapter 2 of this thesis) pool all oral cavity cancers 

together [4,6,9-21]. However tumors of different sub-sites have different clinical courses 

and prognosis. A cancer of the tongue acts very differently than a cancer of the alveolar 

process. Also, primary tumors have better prognosis than recurrences or second primaries. 

Therefore we have performed an in depth analysis of all patients who underwent PDT of the 

oral cavity and oropharynx to be able to identify clinical scenarios in which PDT needs to be 

improved. The result was a table stratified for location, T-stage, and primary versus secondary 

tumors (Table 2, Chapter 3). The histologically thinner dysplasia had better response rate 

than T1 and T2 tumors, but had higher chance of recurrence. The high recurrence rate is 

not very surprising, since dysplastic leukoplakia is a disease of the mucosa rather than a 

local problem. Even though easier to treat, by definition dysplasia recurs in the remaining 

mucosa of the oral cavity. Primary tumors reacted better to PDT than secondary tumors 

or recurrences. It is known that secondary tumors and recurrences are biologically more 

resistant to conventional treatments leading to inferior treatment results. Furthermore, 

prior treatments to the area may have caused unfavorable conditions for PDT. PDT is actually 
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needed to treat secondary tumors; since the oral cavity is already treated in these patients, 

further conventional treatments are usually undesirable. Therefore results of PDT need to 

be improved in the treatment of secondary tumors. Tumors of the alveolar process and 

retromolar trigon did not react to PDT as well as tumors of the tongue and floor of mouth. 

The possible reason is the complexity of the geometry in the former locations with areas of 

possible sub-optimal treatment. 

Identification of these areas of sub-optimal treatment is important to improve the results. 

Spectroscopic analysis of the PDT process can help to detect the sub-optimally treated 

areas. Since the whole process of PDT is light related, it is only logical that monitoring 

light related parameters could provide better understanding of the individual treatments. 

Differences in parameters such as tissue optical properties (scattering and absorption) and 

subsequent differences in delivered fluence (rate), uptake of photosensitizer and tissue 

response to PDT can lead to wide variations in the dose delivered during PDT [22-24]. 

Each of these parameters can be different for individual lesions, patients, and they are 

interdependent and change dynamically during PDT. These dosimetric uncertainties can 

easily lead to under treatment of the tumor. Chapter 4 looks into possibilities with optical 

spectroscopy to evaluate the variables of PDT. By their nature, photosensitizers emit light 

at certain wavelengths (fluorescence). The amount of fluorescence, if correctly quantified, 

is representative of the concentrations of the photosensitizer in the tissues. Furthermore, 

during PDT, the photosensitizer is broken down with the fluorescence reflecting the decrease 

in photosensitizer content (photobleaching). In order to correctly quantify photobleaching, 

spectroscopy techniques should reveal data representative of the tissue of interest and 

able to account for large variations in background absorption and scattering. Fluorescence 

differential pathlength spectroscopy (FDPS), investigated in this thesis, is a method that has 

these qualities.

The technical specifications of FDPS, and acquisition of the spectra are described in detail in 

Chapter 5 of this thesis. The data obtained from the FDPS is fitted to an empirical model that 

incorporates the presence of a background scattering model that is appropriate for tissue, 

and quantifies the absorption related to various absorbers such as oxy-and deoxyhemoglobin 

and bilirubin. The model provides quantitative values of the blood volume fraction (BVF), 

the microvascular oxygen saturation, and the average blood vessel diameter, which can be 

used to correct the fluorescense for the effects of absorption. This corrected fluorescence 

is a combination of tissue autofluorescence, mTHPC fluorescence, and a small signal that 

is attributable to fluorescence from the optical components of the system. Therefore, this 

method can provide quantitative values with standard deviation for BVF, oxygen saturation, 

blood vessel diameter, and mTHPC fluorescence. The quality of the data fit can be evaluated 
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by the residuals. The basis spectra of the oral cavity were obtained by applying the method 

to healthy volunteers. The FDPS analysis of three patients undergoing PDT for oral cavity 

tumors provided consistent high quality fits and correctly demonstrated photobleaching. 

After the proof of principle, FDPS was used to monitor patients undergoing PDT of head 

and neck tumors (Chapter 6). The majority of FDPS acquisitions during the 27 superficial 

PDT sessions had high quality fits (72%). The fluorescence detected showed inter-subject 

variation but intra-subject consistency. The intra subject consistency indicates that the 

inter-subject variability is indicative of variations in pharmacokinetics of mTHPC with 

different concentrations of mTHPC in different tumors rather than due to variability of the 

measurement technique. The mean tumor to normal tissue ratio of mTHPC fluorescence 

was 1.5, with a high standard deviation of 0.66. In some cases the normal mucosa showed 

more fluorescence than tumor tissue. . Consequently, the tumor selectivity of mTHPC is 

low, and the selective effect of PDT can be attributed to the careful application of light and 

protection of normal tissue by shielding, rather than selective uptake of the photosensitizer 

by the tumor. The absence of photobleaching at areas under the shielding (normal mucosa) 

demonstrates the effectiveness of the used shielding. In the majority of PDT sessions, 

the expected photobleaching was observed. In this study, three types of possible reasons 

of treatment failure were identified: low photosensitizer content in tumor, insufficient 

photobleaching of the tumor and geographic miss/insufficient treatment to the margins. In 

two patients very low fluorescence in the tumor tissue was observed, while both tumors did 

not react to PDT. This failure was probably due to extravasation of mTHPC at the injection 

site. One tumor did not show detectable photobleaching, indicated by almost constant 

fluorescence intensity before and after PDT. We attribute this finding to the measured high 

BVF in the tumor. The hemoglobin in the tumor tissue probably acted as a filter absorbing 

the excitation light. This tumor has shown no response to PDT, indicating that the absence of 

photobleaching was probably real. The third type of error was insufficient photobleaching 

at the treated oncologic margins. While this observation does not necessarily mean that the 

tumor is going to recur, in one patient there was recurrence within 2 months. All of these 

errors would have not been possible to detect without FDPS. Furthermore, all three types 

of error are correctable. Tumors with insufficient photosensitizer content should receive 

adjuvant treatments either in the form of surgery, repeat PDT or radiation therapy. The 

tumor with insufficient photobleaching should be illuminated again until photobleaching 

takes place. Areas undertreated should get additional treatment. Therefore incorporating 

FDPS to clinic will provide an improvement in clinical results by detecting the types of error 

mentioned above and giving the clinician chance to compensate for them.
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For deep-seated recurrent tumors of the head and neck, illumination from the surface is 

not sufficient [14]. Interstitial PDT might be the solution to treat voluminous tumors. This 

technique has been applied to deep-seated head and neck tumors in a number of centers 

[18-21]. We have been applying this technique for several indications and tumors of various 

histopathologies. Chapter 7 critically analyzes our experience with iPDT of a subgroup of 

these patients: those with recurrent base of tongue squamous cell carcinoma. The study 

had a Phase I/II design and evaluated the feasibility, safety and clinical success. The iPDT 

technique was feasible without short-term complications. Almost all patients demonstrated 

response to PDT. In 4 patients long term remissions were achieved, extending over years. 

These results are very encouraging considering that these tumors have been extensively 

treated before and no curative options could be offered to the patients anymore. Among 

the long-term complications, pharyngocutaneous fistulae seen in 6 patients were probably 

related to inadvertent treatment of normal tissues such as muscle and skin. 

The initial technique used for iPDT does not allow precise planning to treat the tumor 

homogenously while avoiding damage to normal tissues. Therefore we have developed a 

new treatment protocol to provide us with better control over iPDT.

Chapter 8 describes a treatment protocol, which consists of the treatment simulation, 

implantation of light sources, verification, modification of the treatment plan if necessary 

and illumination. This method aims to standardize the delivered light dose to the tissue by 

introducing simulations based on the assumption of a circumferential PDT effect of 8mm radius 

around the light source. For these simulations a brachytherapy software was customized for 

the assumed light distribution. The word assumed is used because the distribution of light 

in tissues is dependent on many factors such as the tissue optical properties and the output 

of the diffuser. Therefore a uniform distribution cannot be achieved. However based on the 

penetration of 652nm light and previous experiments, 8mm radius of effect was elected. 

The simulation based on virtual light sources placed on MR images gives insight in whether 

the whole volume of the tumor can be illuminated, the needed approximate number of light 

sources and the angle of insertion. Based on the simulation, the clinician has an operation 

plan on the day of light source implantation. In practice, the light sources cannot be exactly 

placed as planned in the simulation. Therefore the actual places of the light sources are 

verified with CT imaging. The simulation is run again to visualize the distribution of light 

(based on the assumed 8mm radius). Next, the treatment is modified by inserting additional 

light sources to places of possible under-illumination and the length of the light diffusers are 

adjusted to protect normal tissue as much as possible. This method is an important step to 

optimize the delivered treatment and document the technique used. By incorporating FDPS 

to the iPDT algorithm, photobleaching an be detected in order to help identify undertreated 
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areas. Although this last step is a challenge, as FDPS probe placed in the tumor should not 

be interfering with the treatment, we have already explored the possibilities of evaluation 

of iPDT with the help of FDPS.

FUTURE PERSPECTIVES

PDT of the head and neck should be evaluated in two categories: superficial PDT and iPDT. 

Treatment of primary early stage cancer with PDT - even though the equivalency to surgery 

can be demonstrated- remains controversial until an advantage of the new technique over 

the established technique has been demonstrated. By incorporating ways to monitor PDT, 

like FDPS, clinical success can be improved, potentially making it favorable to surgery. 

Further trials should also concentrate on function sparing effects of PDT.

Superficial PDT of secondary or recurrent tumors is more commonly accepted as a viable 

option. Improving the clinical success by incorporating FDPS measurements can increase 

the acceptance of PDT for this indication. Interstitial PDT can offer a curative option to 

patients with no other options. The technique is very young and immensely complicated 

to understand, because many variables that can affect the success of iPDT exist. Due to the 

change of the parameters during PDT, the process becomes even more complicated. The 

protocol described in this thesis is an important step forward in order to optimize iPDT. 

However, many more steps have to be taken, such as light dosimetry and screening of tissue 

oxygenization and photobleaching during iPDT in order to deliver a predictable treatment 

to the whole tumor volume. The evolution of dosimetry and quality control of PDT and iPDT 

should follow the footsteps of the development of ionizing radiation therapy in the last 

century. Especially the development of brachytherapy serves as a template for developing 

better iPDT techniques.

Recurrences in difficult to treat areas create an opportunity to use PDT. For example 

recurrent tumors located in the paranasal sinuses bordering on the anterior skull base or 

growing intracranially cannot receive curative treatment. Currently we are evaluating if a 

combination of limited surgery and adjuvant PDT is feasible.
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Summary

The main objective of this thesis is analysis of mTHPC mediated photodynamic therapy 

(PDT) of head and neck tumors and finding ways to improve the clinical results. The thesis is 

a combination of analysis of the clinical experience, developing new techniques to identify 

reasons of failure and application of these techniques to the clinic.

Chapter 2 is a retrospective matched cohort analysis comparing PDT and surgery of early 

stage oral cavity cancer. Statistically (demographically and oncologically) identical cohorts 

of patients undergoing trans-oral surgery without neck dissection (n=43) and PDT (n=55) 

were identified from a single institute database. The groups had the same pre-treatment 

screening and post-treatment follow-up schedule. Both groups consisted only of tumors 

thinner than 5 mm (a selection criterion of PDT due to limitations in penetration of light 

in tumor) to ensure comparability. The endpoints were local disease free survival, disease 

free survival, overall survival and response to initial treatment. There was no difference in 

any of the tested parameters. Although there is probably a selection bias due to the non-

randomized design, the conclusion is that PDT of early oral cavity cancer is comparable to 

trans-oral surgery without neck dissection and can be offered as an alternative to surgical 

treatment.

PDT can be used for several different indications in the head and neck area. It can be used 

as primary treatment of small and thin oral cavity tumors as well as of recurrent tumors or 

second primary tumors in earlier treated areas. Dysplastic areas of the oral cavity can also 

be treated with PDT. This creates a complex and heterogenous patient group. Chapter 3 

analyzes our institutional experience of early stage oral cavity and oropharynx neoplasms 

(Tis-T2) to identify the success rates for each subgroup according to T stage, primary/non-

primary treatment and subsites. In total 170 patients with 226 lesions are (95 primary 

neoplasms, 131 recurrences and second primary neoplasms) analysed. Table 2 summarizes 

all the possible clinical scenarios. PDT seems to work best for primary tongue and floor of 

mouth tumors and less for secondary tumors and complex locations such as retromolar 

trigon and alveolar process.

Chapter 4 discusses potential use of different optical spectroscopy techniques to monitor 

clinical PDT. PDT is dependent on three factors: oxygen, photosensitizer and light. Optical 

techniques including reflectance and fluorescence spectroscopy can provide us insight into 

these parameters. When considering the usefulness of these optical methods it is important 

to consider the volume over which these measurements are acquired, the influence of 

differences in and changes to the background optical properties, and the implications for 

these effects on the measured parameters. To illustrate these considerations an application 

of fluorescence differential path length spectroscopy (FDPS) during interstitial PDT (iPDT) of 

a tongue cancer is outlined in this chapter.
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Chapter 5 provides detailed information about the FDPS, a technique that utilizes reflectance 

spectroscopy to monitor microvascular oxygen saturation, blood volume fraction, and 

vessel diameter, and fluorescence spectroscopy to monitor photosensitizer concentration. 

The objective quantitative monitoring of light, oxygen, and photosensitizer is challenging 

in clinical photodynamic therapy settings. In this chapter the clinical feasibility of the 

technique is tested on eight healthy volunteers and on three patients undergoing PDT of oral 

cavity cancers. Model-based analysis of the measured spectra provide quantitative tissue 

parameters that are corrected for background tissue absorption, autofluorescence, and 

the transmission of the optical system; this method allows comparison of intra- and inter-

subject parameters. The FDPS correctly estimated the absence of mTHPC in volunteers and 

detected photobleaching in the areas receiving PDT. This study demonstrates the feasibility 

of monitoring clinical PDT using optical spectroscopy. 

Chapter 6 is clinical FDPS of 27 consecutively treated oral cavity squamous cell carcinoma 

with PDT. The expected photobleaching was observed in 24/27 lesions treated. The mean 

photobleaching was 81% with a standard deviation of 17%. FDPS spectra coupled with 

clinical results have identified 3 types of correctable errors in PDT technique. Two tumors 

had very low concentrations of photosensitizer, indicating an injection error or erroneous 

distribution of mTHPC. One tumor showed no photobleaching and high blood volume 

fraction, suggesting that the present blood have prevented the treatment light from reaching 

the target tissue. All 3 of the lesions had no clinical response to PDT. Four patients had 

less than 50% photobleaching at the tumor margins, suggesting a possible geographic miss 

of safety margins. One of these patients had a recurrence within 2 months, even though 

there was initial good response. Integration of FDPS to clinical PDT of head and neck area 

yields relevant and feasible information, and can help identify treatment errors that can be 

compensated.

Chapter 7 describes our experience with interstitial photodynamic therapy (iPDT) of locally 

recurrent base of tongue cancer after (chemo)radiation treatment. Twenty patients with 

previously radiated locally recurrent base of tongue cancers, who were not candidates 

for salvage surgery or re-radiation or who refused these therapies were treated with 

iPDT. The treatment planning was done on MRI images. The light sources were implanted 

using a modified brachytherapy technique. At 6 months 9 patients had complete response 

with 4 patients still free of disease (46-80 months). Long term complications included 

pharyngocutaneous fistula in 6, serious bleeding in 1, and cutaneous metastasis in 2 patients. 

The initial results are encouraging. However there is room for improvement to control the 

destructive potential of iPDT through planning and monitoring tools.
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Chapter 8 describes the treatment algorithm to refine iPDT. This algorithm consists of 

the treatment simulation, implantation of light sources, verification, modification of the 

treatment plan if necessary and illumination. The tumor is delineated on imaging sections 

(CT, MRI, and/or PET/CT) and the treatment is simulated by virtually introducing light 

sources to the tumor volume on specially modified brachytherapy software. This enables 

us to determine if the treatment is technically feasible, and information about approximate 

number and location of light sources necessary. Following implantation of catheters in 

which the light sources will be introduced, CT or MR scan is performed to verify the actual 

location of the implanted catheters. The verification-CT is imported to the software and 

co-registered with pre-treatment images to observe the deviations from the simulation. 

The simulation is run again with the actual position of the light sources to determine if 

any additional light sources are necessary and adaptation of the source length in order to 

cover the tumor volume (modification). Thereafter the tumor is illuminated. The proposed 

technique can help standardize and document iPDT.
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De doelstelling van dit proefschrift is de analyse van mTHPC gemedieerde photodynamische 

therapie (PDT) voor hoofd-halstumoren. Middels innovatieve technieken en klinisch 

onderzoek wordt naar verbetering van de behandelresultaten gezocht. Dit proefschrift 

beschrijft de resultaten van klinisch vergelijkend onderzoek en de ontwikkeling van nieuwe 

technieken om tekortkomingen in de behandeling bij bepaalde patiënten te identificeren. 

Ook wordt aandacht besteed aan de ontwikkeling van een nieuwe belichtingstechniek 

waarbij het licht in het weefsel wordt gebracht, de zogenaamde interstitiële PDT.

Hoofdstuk 1 

Beschrijft de inleiding tot de photodynamische therapie en in het bijzonder de 

toepassingsmogelijkheden bij hoofd hals tumoren.

Hoofdstuk 2 is een retrospectieve studie waarbij middels een gepaard cohort PDT en 

chirurgie van beperkte oppervlakkige  mondholte tumoren wordt vergeleken. Uit het archief 

van het Antoni van Leeuwenhoek ziekenhuis werd een groep patiënten geïdentificeerd die 

statistisch (demografisch en oncologisch) identiek waren en trans-orale chirurgie zonder nek 

dissectie  (n = 43) of PDT (n = 55) hadden ondergaan. Beide groepen hebben dezelfde voor- en 

nabehandeling gehad. Alleen tumoren dunner dan 5 mm werden geïncludeerd (een selectie 

criterium voor PDT als gevolg van de beperkte lichtpenetratie in de tumor).  De eindpunten 

waren lokale ziektevrije overleving, algehele ziektevrije overleving, algehele overleving en 

de respons op de initiële behandeling. Er was geen verschil tussen de geteste parameters. 

Hoewel er waarschijnlijk een selectiebias was door het niet-prospectieve ontwerp van 

de studie, is de conclusie dat PDT van beperkte oppervlakkige mondholtecarcinomen 

vergelijkbaar is met trans-orale chirurgie zonder halsklierdissectie en dat deze behandeling 

kan worden aangeboden als een goed alternatief voor chirurgie.

PDT kan worden toegepast voor verschillende indicaties in het hoofd-halsgebied. Het kan 

worden gebruikt als primaire behandeling van kleine en oppervlakkige mondholte tumoren, 

alsmede voor recidieven of tweede primaire tumoren in eerder behandelde gebieden. 

Dysplastische gebieden van de mondholte kunnen ook worden behandeld met PDT. Dit 

creëert een ingewikkelde en heterogene groep van patiënten. In hoofdstuk 3 wordt een 

groep patiënten met beperkte oppervlakkige mondholte- en oropharynxcarcinomen (Tis-T2) 

geanalyseerd. Met deze studie wordt het klinisch resultaat van PDT aangetoond op basis van 

het T-stadium, primaire of niet-primaire behandeling en de locatie in de mondholte. In totaal 

werden er 170 patiënten met 226 laesies (95 primaire, 131 recidieven en tweede primaire) 

geïncludeerd. PDT lijkt het best te werken voor de primaire tong- en mondbodemtumoren 

en in mindere mate voor secundaire tumoren en complexe locaties, zoals het trigonum 

retromolare en de processus alveolaris.
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Hoofdstuk 4 bespreekt de mogelijkheden voor gebruik van verschillende optische 

spectroscopische technieken voor het monitoren van klinische PDT. PDT is afhankelijk van 

drie factoren: zuurstof, de photosensitizer en licht. Optische technieken, waaronder reflectie 

en fluorescentie spectroscopie kunnen inzicht geven in deze parameters. Bij evaluatie van 

de haalbaarheid van deze optische methoden is het belangrijk om rekening te houden 

met het karakteristieke meetvolume van deze technieken en de invloed van variaties in 

de optische eigenschappen van het weefsel. Ter illustratie van deze evaluatie wordt in dit 

hoofdstuk de toepassing van “fluorescence differential pathlength spectroscopy” (FDPS), bij 

een carcinoom in de tong beschreven tijdens interstitiële PDT (iPDT). 

Hoofdstuk 5 geeft gedetailleerde informatie over FDPS. Met deze techniek wordt reflectie 

spectroscopie gebruikt om de microvasculaire zuurstofsaturatie, bloedvolumefractie en 

bloedvat diameter te meten. Ook wordt er gebruik gemaakt van fluorescentie spectroscopie 

om de concentratie van de photosensitizer te meten. Het is een uitdaging om in de kliniek 

tijdens de behandeling van PDT kwantitatieve metingen te doen van licht, zuurstof en de 

photosensitizer. In dit hoofdstuk wordt de klinische haalbaarheid van de FDPS techniek 

getest op acht gezonde vrijwilligers en bij drie patiënten die middels PDT worden behandeld 

voor een mondholtetumor . De analyse van de gemeten spectra is gebaseerd op een model 

en biedt kwantitatieve parameters die zijn gecorrigeerd voor achtergrond weefsel absorptie, 

autofluorescentie en de overdracht van het optische systeem. Deze methode maakt een 

vergelijking van intra- en inter-individuele parameters mogelijk. FDPS heeft de afwezigheid 

van mTHPC in vrijwilligers aangetoond en detecteert ook de afname van de concentratie van 

de photosensitizer in het met PDT behandelde gebied. Deze studie bevestigt de haalbaarheid 

van het monitoren van PDT in de kliniek met behulp van optische spectroscopie.

Hoofdstuk 6 presenteert de resultaten van FDPS van 27 patiënten met een 

plaveiselcelcarcinoom van de mondholte die behandeld zijn met PDT. De verwachte afname 

van de concentratie van de photosensitizer werd in 24/27 behandelde laesies gezien. 

Het gemiddelde afname van de concentratie van de photosensitizer was 81% met een 

standaarddeviatie van 17%. De resultaten van de FDPS spectra gekoppeld aan klinische 

resultaten toonden 3 soorten corrigeerbare fouten in de PDT techniek aan. Twee patiënten 

hadden zeer lage concentraties van de photosensitizer. De reden hiervoor kan een fout zijn 

bij de injectie van de mTHPC of een onregelmatige verdeling van de mTHPC over het lichaam. 

Bij één tumor was er geen afname van de concentratie van de photosensitizer zichtbaar. 

Wel was hier een hoge bloed volumefractie aanwezig. Dit suggereert dat het bloed als een 

filter heeft gewerkt en dat tijdens de behandeling het licht het tumorweefsel onvoldoende 

kon bereiken. Alle drie de laesies hadden geen klinische respons op PDT.  Bij 4 patiënten 

werd in de tumorranden minder dan 50% afname van de concentratie photosensitizer 
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waargenomen.  Dit suggereert dat de tumorranden onderbehandeld kunnen zijn geweest 

bij deze patiënten. Eén van deze patiënten had een recidief binnen 2 maanden na een initiëel 

goede respons. Integratie van FDPS tijdens PDT van het hoofd-halsgebied levert relevante 

informatie op en kan helpen bij het identificeren van fouten tijdens de behandeling die dan 

nog kunnen worden gecompenseerd.

Hoofdstuk 7 beschrijft een groep patienten, die behandeld werden met (iPDT) van lokaal 

recidiverende tongbasiscarcinomen na (chemo-)radiotherapie. Twintig patiënten met een 

lokaal recidiverend tongbasiscarcinoom na bestraling, die niet meer in aanmerking kwamen 

voor chirurgie of herbestraling of deze behandelingen weigerden, werden behandeld met 

iPDT. De planning van de behandeling werd gedaan op basis van MRI beelden. De lichtbronnen 

werden geïmplanteerd met behulp van aangepaste brachytherapie technieken. Na 6 

maanden hadden 9 patiënten een complete respons. Vier patiënten hebben langdurende 

ziekte vrij periode (46 tot 80 maanden). Lange termijn complicaties waren pharyngocutane 

fistel vorming in 6 gevallen, ernstige bloedingen in 1 patiënt en cutane metastasen bij 2 

patiënten. De eerste resultaten zijn bemoedigend. Er is echter ruimte voor verbetering om 

het destructieve potentieel van iPDT te beheersen door middel van verbeterde planning en 

controle-instrumenten.

Hoofdstuk 8 beschrijft een behandelingsalgoritme om iPDT te verbeteren.  Dit algoritme 

bestaat uit een simulatie van de behandeling met implantatie van de lichtbronnen en 

verificatie hiervan. Indien nodig worden aanpassingen van het behandelplan en de belichting 

gedaan.  De tumor wordt afgetekend op afbeeldingen die verkregen zijn middels CT, MRI en/

of PET/CT. De behandeling wordt gesimuleerd door virtuele invoering van de lichtbronnen in 

speciaal aangepaste software voor brachytherapie. Dit geeft een indicatie of de behandeling 

technisch haalbaar is en verstrekt informatie over het geschatte aantal en de locatie van de 

lichtbronnen. Wanneer de katheters voor de lichtbronnen bij de patiënt geïmplanteerd zijn, 

wordt nog een CT of MRI gemaakt om de exacte locatie van de geïmplanteerde katheters te 

verifiëren. De verificatie-CT wordt geïmporteerd in het programma en gecombineerd met 

de beelden van de simulatie om afwijkingen hiertussen te observeren. De simulatie wordt 

opnieuw uitgevoerd met de werkelijke positie van de lichtbronnen om te bepalen of extra 

lichtbronnen noodzakelijk zijn en of de lengte van deze bronnen eventueel moeten worden 

aangepast. Daarna kan de tumor worden belicht. De voorgestelde techniek kan gebruikt 

worden om de behandeling met iPDT te standaardiseren en documenteren.

Hoofdstuk 9 is algemeen discussie dat brengt alle eerdere hoofdstukken samen en beschrijft 

een toekomst perspectief.
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advanced incurable head and neck cancers, for whom prior 
conventional treatments have failed.

 2009-2012

ZonMw ; project 41200 : Optimizing photodynamic therapy for 
the treatment of head and neck cancer: In vivo evaluation of 
photodynamic therapy with florescence differential path-length 
spectroscopy

 2009-2012

STW: project: 10263 : Treatment planning for interstitial 
photodynamic therapy for head and neck cancer

 2009-2011

Awards and Prizes

ZonMw Pearl Project Award: Optimizing PhotoDynamic Therapy 2012

Honorable Mention Poster Award.  mTHPC Mediated Interstitial 
Photodynamic Therapy of  Locally Recurrent Head and Neck 
Cancer. American Head and Neck Society Meeting (AHNS), 
Toronto

2012
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Barış Karakullukçu is born in 1974 in Istanbul.  He attended middle and high school at Robert 

College where he learned to speak English opening the doors to his international carrier. 

In 1992 he started his education in medicine at Istanbul University, Istanbul Faculty of 

Medicine, which his mother and father also graduated from. During his studies he started a 

successful carrier in simultaneous translation from English to Turkish at medical conferences. 

In 1998 he received his doctor of medicine degree. In 1999 he started otolaryngology / head 

and  neck surgery residency at another medical school of Istanbul University: Cerrahpaşa 

Medical Faculty.  In 2003 he received the title of otolaryngology specialist with the thesis 

titled Pediatric Sleep Apnea. He worked as chief of residents at the same hospital until he 

started head and neck surgery fellowship in 2005 at University of Miami/ Jackson Memorial 

Hospital, Florida, the United States. In Miami he met his wife and decided to continue his 

carrier in her homeland.  In 2008 Barış started as clinical research fellow at the Netherlands 

Cancer Institute / Antoni van Leeuwenhoek Hospital, Amsterdam under a ZonMw grant. 

Following one year of staff head and neck surgeon experience at Free University Medical 

Center, Amsterdam in 2010-2011, he started as staff head and neck surgeon at the 

Netherlands Cancer Institute / Antoni van Leeuwenhoek Hospital where he currently works. 

Barış is married to Brigitte Vlaswinkel, and has two daughters: Serra and Lilian. He is fully 

integrated to the Dutch life with a house on a canal, three bikes and a sailboat.


