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WeWe should realize that, even when simple models cannot be realistic, the attempt to
constructconstruct them may lead to a better understanding of key variables and relationships.
S.I.. Grossman and J.E. Turner in: Mathematics for the biological sciences.
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Chapterr 1
Generall introduction, aim of the study

Chapterr 1

Background d
Thee studies presented in this thesis were performed within the framework of a European
projectt (Biomed no BMH4-CT97-2260) entitled : "Fluorescence imaging for detection,
localizationn and staging of superficial cancer in the female lower genital tract." The participantss developed and evaluated several different (fluorescence diagnostic) techniques
inn laboratory and clinical settings.
Thee general purpose of the studies as reported in this thesis was to evaluate the possibilityy to use photodetection for the localization of peritoneal (small) metastases of ovarian
carcinomaa and the detection of cervical intraepithelial neoplasia.
II will first summarize the currently used methods for identification of ovarian carcinomass and cervical intraepithelial neoplasia (CIN) grades. The specificity and sensitivity
off the techniques are included where possible. However, in the literature there is a wide
varietyy in patient inclusion and endpoint criteria. These factors have a large influence on
thee outcome of the study. Consequently the reported numbers for specificity and sensitivityy have to be looked at with care.
Ovariann cancer
Thee majority of all ovarian carcinomas has metastasized in the abdominal cavity at the
timee of diagnosis. To determine whether a supplementary therapy is necessary it is
importantt to localize microscopically sized, intra-peritoneal metastasis of the tumor.
Currently,, staging is performed by taking multiple peritoneal biopsies from suspected
areas.. Since these metastasis can not be macroscopically discriminated from normal tissue,, there is a high risk of understaging.
Ovariann carcinoma has a low incidence but is still the leading cause of death from gynecologicall malignancies. The probability of survival from ovarian cancer is better if the
cancerr is found early, and treated before it has spread outside the ovary. Then 95% of
womenn will survive at least five years. However, only 25% of ovarian cancers are found
att this early stage. About 78% of all women with ovarian cancer survive at least one
yearr after the cancer is found, and over 50% survive longer than five years. There are
approximatelyy 30.000 new cases to be diagnosed in the U.S. this year, 15.000 deaths are
expected.. These figures imply the necessity for an accurate screening tool. Currently
theree are no screening modalities available for ovarian cancer. The main problem is that,
untill now, no premalignant phase has been identified.
44
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CA125:: The most commonly used screening tool in ovarian cancer, serum CA 125 concentrationn measurement, is hardly predictive in pre-menopausal women1. The problem is
thatt while epithelial ovarian cancer cells produce CA 125, it is also made by normal
cells.. Some people have naturally high levels of CA 125. In many cases, inflammation
orr irritation of tissues in the abdomen can cause CA 125 levels to rise. On the other
hand,, 10 to 20 percent of ovarian cancer patients have normal levels of CA 125 when
theirr tumors are diagnosed. These factors cause the published values for sensitivity and
specificityy to have a wide range of 50%-99% and 60%-99% respectively25. The sensitivityy and specificity increase to 83% and 99.7% respectively when an algorithm (ROC
algorithm)) is used that incorporates age and the trend that appears with repeated testing
ass well as absolute levels.4.
UltrasoundUltrasound is also a clinically established technique. Its low values for sensitivity
(88%-98%)) and specificity(65%-95%) are due to difficulties to discriminate between
malignantt and benign2367. The technique requires experienced sonographers and expensivee equipment. Anechoic masses have a higher chance of being benign. As the degree
off internal echoes and adhesions increase, and if wall thickening occurs, the likelihood
off malignancy increases.
AA combination of CA125 and Ultrasound results in a sensitivity of 80%-99.9% and a
specificityy of 78%-92%46.
Colorr Doppler: In addition to grey scale doppler, color doppler and pulsed doppler flow
imagingg have been proposed as methods that may be useful in differentiating benign
fromfrom malignant ovarian masses. The techniques use the fact that malignant tumors often
havee neovascularization consisting of blood vessels that have little or no smooth muscle
support.. The low resistance of these vessels is visible in the doppler waveform. From
thiss the pulsatile index (PI) or resistance index (RI) can be calculated from the waveformm to provide a criterion for discriminating benign from malignant masses. The experiencerience of the sonographer influences the outcome. Sensitivity ranges between 67% and
100%% and Specificity is in the range of 53% - 100 %2"4J l0 (PKO.6). A possible way to
improvee the technique is to combine color doppler images with the evaluation of the
relatingg vascular morphology in a scoring system (increase to 90%-97.3% and 98% 100%% respectively4-8)
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MRII and CT: Both MRI (sens: 97.1%, spec: 66.7%") and CT are too expensive to be
usedd as a routine diagnostic technique. Furthermore, patient acceptability is a problem
forr CT because of the exposure to ionizing radiation.

Cervicall cancer
Onn a world-wide basis, cervical cancer is still the second most common cancer in
womann (after breast cancer)12. The mortality associated with this disease may be reduced
iff detection is at an early stage of development. For determination of the right therapeuticc strategy exact knowledge of size, depth and localization of the neoplastic tissue is
necessary.. Currently used techniques for the screening of cervical neoplasms are:
Papp smear: Cervical cytology (pap smear, Papanicolaou & Trout, 1943) is currently
usedd for the routine inspection for CIN and cervical cancer. The reported sensitivity
rangess from 50% to 99% and its specificity ranges from 80% to 99%l3'l617;'8. A relatively
largee number of false negatives of 15-60% is reported for this technique. Improvements
byy using computerized assessment of the samples are currently under investigation.
Colposcopy:: In case of an abnormal cervical smear, a diagnostic procedure called colposcopyy (white light examination of the cervical surface after application of acetic acid)
iss performed. With this technique, the most atypical site is identified for biopsy. The outcomee of this procedure is strongly influenced by the level of experience of the colposcopist.. This explains the wide range of reported sensitivity (73%-99%) and the relative
loww specificity (50-66%)1819
HPVV screening has a high sensitivity but a too low specificity to be used as a routine
screeningg technique20.
Forr both ovarian carcinoma & CIN it can be concluded that specificity and sensitivity of
thee currently used standard diagnostic techniques, though sometimes acceptable, are far
fromm optimal. This justifies the search for and development of more accurate diagnostics.
Inn this context it is worthwhile to study the clinical value and applications of photodetectionn in these gynecological neoplasias.
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Aimm of the study
Thee aim of this thesis is to evaluate the use of photodetection for:
1)) the localization of peritoneal metastases of ovarian tumor and
2)) the detection and possibly staging of cervical intraepithelial neoplasia.
Inn the last few years, photodetection emerged as a useful tool to detect superficial neoplasticc layers in various medical fields. The two possible applications that are studied in
thiss thesis were selected because the neoplastic layer or volume is in both cases very
superficiall and because of the need for more sensitive detection techniques.
Introductionn of a technique into clinical practice requires optimization of parameters like
drugg dose, excitation wavelength and power, detection device etc. We performed several
pre-clinicall and clinical studies to assess these parameters.

Outlinee of the thesis
Thee thesis is divided into two parts. Chapters 3 to 6 focus on the detection of ovarian
tumorr metastases and chapters 7 to 9 describe the studies that were performed on the
detectionn of CIN.
Chapterr 2 gives an overview of past and current research on photodetection in gynecology.. In particular work on the detection of cervical neoplasia and on the detection of
smalll abdominal metastases of ovarian tumor will be analyzed. The importance of
researchh in this area is clear from the fact that over the last decade, mortality has not
droppedd significantly. Early discovery and accurate staging must be the key factors to
changee this.
Chapterr 3 describes work that assesses the risk on phototoxicity during photodetection
withh ALA induced protoporphyrin IX of small volume metastases in the abdominal cavity.
Internall organs of rats, photosensitized by protoporphyrin IX, are exposed to bright light
duringg surgery. The damage to intestines, liver, and other exposed organs was macroscopicallyy and histologically scored.
Chapterr 4 gives the results of a pre-clinical animal study that was performed to optimizee the treatment parameters like drug-dose and time-interval between administration
off ALA and the diagnostic procedure. We assessed the time of maximal difference of
fluorescencee between the tumor and the surrounding tissue for three drug doses. The
77
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resultss were combined with the results of the toxcicity study (chapter 3) to give an optimall drug/dose-time interval combination for the procedure.
Chapterr 5 is a theoretical analysis of the fluorescence kinetics of PpIX after administrationn of ALA. We incorporated dose dependent enzyme kinetics (Michaelis-Menten) in a
mathematicall compartmental model that describes the subsequent steps in the conversionn of ALA to PpIX. This model and a conventional first order model were fitted to
severall published PpIX fluorescence kinetics datasets to determine whether our model
wouldd describe the experimentally determined curves more accurately.
Inn chapter 6 a photodetection technique based on the detection of fluorescein for the
localizationn and staging of ovarian rumor in patients is evaluated. The idea behind this is
thee fact that metastatic growth and progression of ovarian cancer depends on neovascularization.. These vessels have a higher permeability for large molecules, which may be
usedd for the delivery of the fluorescent dye fluorescein to these areas, and a different,
moree dense and chaotic growth pattern. We looked for changes in vascular patterns and
forr stained areas over an extensive period of time after administration of fluorescein.
Inn chapter 7, the technical details and first experiments of a fluorescence imaging systemm that is based on the Double Ratio technique is described. By using this technique,
fluorescencee measurements can be performed that are independent of tissue optical
properties,, measurement geometry and variations in excitation intensity.
Chapterr 8 gives the results of a clinical fluorescence imaging study on detection of cervicall neoplasia. For this study, joint measurement sessions were organized between the
groupss from Rotterdam (DdHK) Amsterdam (AMC/AVL) and Munich (LFUK). The
measurementss were performed in Munich in the 'Laser-Forschugslabor' of the hospital
'Grofihadern'' of the University of Munich. In the study described here, the feasibility to
usee the double ratio setup for localization and staging of cervical intraepithelial neoplasiaa was investigated.
Inn chapter 9, the results of chapter 8 are analyzed using mathematical simulations. The
dependencyy of the Double Ratio on the thickness of a fluorescent layer was studied.
Thiss is important for the interpretation of fluorescence images for diagnostic purposes.
AA Monte Carlo calculation method was used to calculate excitation light distribution in
thee tissue and the subsequent escape of the fluorescence light from the tissue.
88

Generall introduction, aim of the study

References s
1.. Mirallis RM. Pelvic masses and endoscopic surgery diagnosis. Eur. J. Obstet. Gynecol. Repr. Biol. 1996,
65,, 75-79.
2.. Kawai M, Kikkawa F, Ishikawa H, et al. Differential diagnosis of ovarian tumors by transvaginal colorpulsee doppler sonography, Gyn. Oncol, 1993, 54, 209-214. .
3.. Droegemueller W. Screening for ovarian cancer, hopeful and wishful thinking, Am. J. Obstet. Gynecol,
1993,, 170, 1095-1098.
4.. Rosenthal A, Jacobs I. Ovarian cancer screening. Seminars in Oncology 1998, 25, 315-325.
5.. NHS executive. Guidance on Commissioning Cancer Services, Improving Outcomes in Gynaecological
Cancers,... Department of health. National Cancer Guidance, 1995.
6.. Bell R, Petticrew M, Sheldon T. The performance of screening tests for ovarian cancer, results of a systematicc review., Br. J. Obstet. Gynecol, 1998,105, 1136-1147.
7.. Schwartz PE, Taylor KJW. Is early detection of ovarian cancer possible? Annals of Medicine 1995, 27,
519-528. .
8.. Taylor KJW, Schwartz PE. Screening for early ovarian cancer, Radiology 1994, 192, 1-10.
9.. Brown DL, Frates MC, Laining FC, Ovarian masses, can benign and malignant lesions be differentiated
withh color and pulsed doppler US? Radiology 1994, 190, 333-336.
10.. Wu C-C, Lee C-N, Chen T-M, Lai J-I, Hsieh C-Y, Hsieh F-J. Factors contributing to the accuracy in
diagnosingg ovarian malignancy by color doppler ultrasound, Obstet Gynecol, 1994, 84, 605-608.
11.. Cohen CJ, Jennings TS. Screening for ovarian cancer, the role of noninvasive imaging techniques, Am.
J.J. Obstet.Gynecol, 1993, 170, 1088-1094.
12.. Cuzick J. Screening for cancer, future potential, Eur. J. Cancer 1999, 35, 1925-1932.
13.. Gay JD, Donaldson LD, Goellner JR. False negative results in cervical cytologic studies, Acta
CytologicaCytologica 1985, 29, 1043-1046.
14.. van Le L, Broekhuizen FF, Janzer-Steele R, Behar M, Samter T. Acetic acid visualization of the cervix
too detect cervical dysplasia, Obstet Gynecol, 1993, 81, 293-295.
15.. Kierkegaard O, Byrjalsen C, Frandsen KH, Hansen KC, Frydenberg M. Diagnostic accuracy of cytology
andd colposcopy in cervical squamous intraepithelial lesions. Acta Obstet. et Gynecol. Scand., 1994, 73, 648651. .
16.. Hopman EH, Voorhorst FJ, Kenemans P, Meyer CJ, Helmerhorst TJ. Observer agreement on interpreting
colposcopicc images of CIN, Gynecol. Oncol. 1995, 58, 206-209.
17.. Hornung R, Pham TH, Keefe KA, Berns MW, Tadir Y, Tromberg BJ. Quantitative near-infrared spectroscopyy of cervical dysplasia in vivo, Human Repr., 1999, 14, 2908-2916.
18.. Hillemanns P, Weingandt H, Baumgartner R, Diebold J, Xiang W, Stepp H. Photodetection of cervical
intraepitheliall neoplasia using 5-aminolevulinic acid-induced porphyrin fluorescence, Cancer, 2000, 88,
2275-2282. .

99

Chapterr 1

19.. Ramanujam N, Mitchell MF, Mahadevan A, et al. Development of a multivariate statistical algorithm to
analyzee human cervical tissue fluorescence spectra acquired in vivo, Lasers Surg. Med. 1996, 19, 46-62.
20.. Mitchell MF, Cantor SB, Ramanujam N, Tortolero-Luna G, Richards-Kortum R. Fluorescence spectroscopyy for diagnosis of squamous intraepithelial lesions in the cervix, Obstet.Gynecol.. 1999, 93, 462-470.
21.. Buxton EJ, Luesley DM, Shafi MI, Rollason M. Colposcopically directed punch biopsy, a potentially
misleadingg investigation, Br. J. Obstet.Gynecol.. 1991, 98, 1273-1276.

10 0

Chapterr 2
Ann introduction to Photodetection
techniquess in gynecology

Mauricee Aalders, Nine van der Vange.

Chapterr 2

Abstract t
Gynecologicc tumors form an important cause of death, despite major improvements in
earlyy detection methods for this group of tumors. It is therefore necessary to continue
effortss in the development of more accurate and sensitive diagnostic techniques. We
havee explored the use of photodetection in gynecologic oncology. Photodetection is particularlyy suitable for the identification of superficial (pre)cancerous tissue. We focused
onn its use for the detection of cervical neoplasms and abdominal metastases of ovarian
tumors.. In this chapter, some general concepts of photodetection and its historical backgroundd are described.
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Introduction n
Thee prognosis of gynecologic cancers is directly related to the stage at which the disease
iss diagnosed. It is therefore important to have diagnostic techniques available that are
capablee of accurate early detection, preferably in a routine screening setting. Besides
earlyy detection, diagnostic techniques capable of accurate determination of the invasivenesss and precise size of a diagnosed lesion (staging) may significantly increase the
successs of the available treatment methods.
Afterr identification of ovarian tumor, the patient receives cytoreductive surgery. The
amountt of residual tumor after this procedure is directly related to the prognosis of the
patient.. It is therefore of great importance to localize small implants.
Thee use of non-invasive optical techniques for diagnostic purposes has greatly expanded
overr the last few decades. In addition to traditional visual (white light) inspection,technologicallyy highly advanced techniques are available for use or are being developed for
thee detection of suspected tissue. This group of optical techniques comprises Raman
spectroscopy1^,, optical coherence tomography510, color doppler1114, confocal microscopy'516,
transillumination17,, near infrared spectroscopy1*19, fluorescence spectroscopy2028, and fluorescencee imaging2932. Each technique exploits specific differences between properties of
tumorr and normal tissue. This article focuses on the development and current status of
fluorescencee diagnostic techniques and its applications in gynecologic cancer.
Fluorescencee diagnostics, or photodetection (PD) has been widely used to identify neoplasticc tissue. The technique is based on concentration differences of a fluorescent dye
(thee photosensitizer) in normal versus neoplastic tissue. The neoplastic areas can be
madee visible when illuminated by a light source of a specific wavelength leading to
excitationn of the accumulated dye. When the excited molecules return to the ground
statee this is accompanied by emission of fluorescence, which can be detected on the tissuee surface. The distribution of the fluorescence can be used to demarcate the area of
pathologicc cells. Variations in fluorescence intensity are, besides on the differences in
concentrationn of fluorophores, also influenced by the tissue optical properties.
Thechniquess that are used to correct for these artifacts will be discussed in chapters 4
andd 7. Either naturally occurring fluorescent tissue elements or exogenously administeredd photosensitizers can be used for photodetection.
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AA few concepts in photodetection are explained below.
Autofluorescence e
Whenn intrinsic tissue fluorescence is used (autofluorescence), fluorescence is emitted by
naturallyy occurring tissue elements like NADH, porphyrins, flavins and collagen.
Variationss in concentration of these elements may be used to characterize tissue.
Autofluoresencee is usually induced with wavelengths in the UV part of the spectrum
(<4000 nm). Information is only obtained from a very superficial tissue layer, as the
penetrationn of UV/blue light in most tissue types is limited (<500 urn). This is one of
thee disadvantages of using autofluorescence. Autofluorescence imaging requires
sensitivee equipment, which was only recently developed. Commercial devices are
currentlyy available for the detection of early stage cancer of the GI tract, ENT and lung
(e.g.. the Xillix Lifetm systems). Interpretation of the autofluorescence images is difficult
duee to the large influence of tissue optical properties, particularly scattering, and imagingg geometry. This increases the amount of false positive readings, reducing the specificity
off this diagnostic tool. Autofluorescence for the detection of cervical cancer is currently
beingg studied by the group of Richards-Kortum20223334.
Xenoo fluorescence
Anotherr way to perform photodetection is by administering a fluorescent dye to the
patient,, which will then accumulate preferentially in neoplastic tissue. The success of
photodetectionn with exogenously administered photosensitizers depends on the differentiall gradient of the concentration of the dye in tumor versus host tissue. The dye should
bee tumor selective, with a rapid clearance from the body after the diagnostic procedure,
andd minimal side effects, like photosensitization of the skin.
Photosensitization n
Mostt dyes that are used in photodetection also possess the ability to photosensitize tissue.. Illumination of the tissue will then result in tissue damage. This property is used in
Photodynamicc therapy (PDT) for the destruction of neoplastic tissue but has to be avoided
duringg photodetection. The photosensitizing effect depends on the tissuetype, type and
concentrationn of the dye, on the wavelength and fluence received for its activation, the
tissuee oxygenation level etc.
Fluorescentt dyes.
Thee first photosensitizers applied in PD were hematoporphyrin derivative (HPD) and its
14 4
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moree purified form Photofrin®. These dyes have relatively low tumor specificity and
causee a prolonged skin photosensitization in the patient. Despite these disadvantages,
photofrinn is still widely used in clinical PDT. Second generation photosensitizers are
noww also available, of which the most commonly used is Aminolevulinic acid (ALA).
ALAA is a precursor of Protoporphyrin IX (PpIX) in the heme synthesis, and it is naturally
availablee in the human body in small concentrations. Adding excess amounts of (exogenous)) ALA leads to much higher concentrations of PpIX, which selectively accumulate
inn neoplastic tissue. This selective accumulation of PpIX is thought to be due to an
alteredd activity of heme biosynthetic pathway enzymes in such tissue. Excess PpIX
productionn after administration of ALA also occurs in normal tissue, with a preference
forr mucosa e.g. in stomach, intestines, skin and bladder. Despite the concurrent accumulationn of PpIX in normal tissue, useful tumor to normal concentration ratios are obtained
withh most investigated tissue types (e.g. bladder, skin, cervix, esophagus, brain).
Thee tumor selectivity, short half life (< 24 firs) and mild photosensitization at lower
dosagess makes ALA an attractive fluorescent dye for PD applications.
Neww developments concentrate on the synthesis of ALA esters, aiming for better penetrationn of the skin and the introduction of other, non-phototoxic but still highly fluorescentt dyes.
Fluorescencee imaging
Fluorescencee imaging techniques using red-light sensitive cameras e.g. in endoscopes,
aimm to accurately detect tumor borders and the extent and spread of disease to adjacent
tissues.. It may be used for the optimization of localized treatments of solid tumors e.g.
inn brain surgery. The amount of fluorescence detected at a certain position is related to
thee concentration of fluorescent particles in the tissue. The location and extent of the
tumorr can be determined from the concentration distribution in case of sufficient contrastt of fluorescence between tumor and normal tissue.
Currentt research focuses on improvement of the technical devices in order to optimize
sensitivityy and specificity of PD, and on the wider application of application of these
devicess in various tumor types. An example of a commercially available imaging system
usingg an exogenous fluorescent dye is that developed by Baumgartner et ah for detectionn of neoplastic tissue in the urinary bladder. Baumgartner's group claim a sensitivity
off 96.9% for ALA based fluorescence detection of bladder cancer versus 72.7% for
regularr white light cystoscopy.
15 5
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Fluorescencee spectroscopy
Everyy molecule in the tissue that emits fluorescence light contributes to the total measuredd fluorescence signal. When these molecules have distinct fluorescence spectra, it is
possiblee to extract their contribution by spectral analysis of the total measured fluorescence.. In this way discrimination between tissue types is possible. Wagnieres et al. have
demonstratedd the feasibility of using this technique to discriminate between normal and
diseasedd tissue15. However, the components that produce autofluorescence usually have a
broadbandd fluorescence spectrum, without distinct narrow peaks. The extraction of
informationn from the measured fluorescence spectrum is therefore difficult. An appropriatee spectral pattern-recognition algorithm is of crucial importance deciding whether an
investigatedd site is normal or abnormal. The use of artificial neural networks for this
purposee has been investigated for autofluorescence spectroscopy in the detection of vascularr disease during angioplasty'6.
Fluorescencee spectroscopy can also be used on tissue after administration of exogenous
administrationn of a photosensitizer, the technique may then be used to correct for tissue
opticall properties, autofluorescence and geometrical factors.

Clinicall history of photodetection in oncology.
Thee possible use of photodetection for the localization of tumors was apparent when
Policardd observed red tumor autofluorescence in experimental rat sarcomas after exposuree to near ultraviolet light from a Woods lamp.37 The first photodetection with an
exogenouslyy administered dye was reported in 1948 by Figge et al, who observed
increasedd fluorescence in tumors and tumor positive lymph nodes after injection of
hematoporphyrin38.. Hematoporphyrin was the first photosensitizer to be exploited both
inn research settings and clinically, primarily for photodynamic therapy of skin and bladderr tumors. Disadvantages of this dye are the low tumor specificity and long duration of
photosensitizationn of the skin, which causes blistering after exposure to sunlight.
AA step forward for Photodetection came in the sixties with the introduction of an
improvedd photosensitizer Hematoporphyrin Derivative (HpD). HpD is synthesized by
selectionn of the tumor localizing fractions from Hematoporphyrin to improve tumor
localization.. One of the pioneers was Lipson who performed a series of clinical studies
onn photodetection and photodynamic therapy of skin, bladder, endobronchial and gynecologicall tumors with this dye39. In gynecology, cervical cancer was most frequently
studiedd because of the possibility to apply the photosensitizer topically, the recognizable
16 6
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pre-cancerouss phase of the disease and the possibility to measure or monitor the fluorescencee distribution non-invasively. In 1968 Lipson reported positively on the possibility
too detect and treat cervical cancer29. In the same year Gregorie Jr. published on 226
patients,, of whom biopsies were taken of squamous cell and adenocarcinomas of the
cervix.. In 75-85% of patients histology correlated to fluorescence findings. However
23%% of benign lesions appeared to be false positives. Lack of specificity as generally
shownn in literature made the clinical application of PD using HPD of little value4041^44
Inn the years thereafter more specific and less toxic photosensitizers and more appropriate
lightt sources were developed. In 1984 Dougherty et al. published on the use of dehematoporphyrinn esters (DHE) (fractionated HPD) (commercial name Photofrin®).
Photofrin®® had a better tumor selectivity compared to HPD but still kept the disadvantagee of prolonged photosensitization of the skin45. As Photofrin® is the drug that obtained
FDAA approval for the treatment (PDT) of several tumors it is clinically still used.

Thee photosensitizer that that is currently most used in research is Aminolevulinic acid
(ALA).. As explained before ALA is not the fluorescent dye itself but is converted in the
cellss to Protoporphyrin IX. In 1990 and 1992, Kennedy and Pottier published on the use
off ALA for photodetection and photodynamic therapy41-46. They found a tissue specific
fluorescencefluorescence (skin, topically applied ALA), which provided the basis for photodynami
therapyy of basal cell carcinomas.
Thee feasibility to use Photodetection with ALA for the detection of cervical neoplasms
wass investigated by Pahernik et al" They concluded that ALA photodetection as a
diagnosticc tool may allow the early detection of tumors. A selective accumulation of
PpIXX was found, particularly in CIN 3 lesions. The optimal time interval between ALA
applicationn and fluorescence detection was found to be between 150 and 250 minutes
andd a tumor to tissue selectivity of up to 3:1 was observed.
Baumgartnerr et al.Ai also studied the detection of cervical neoplasms. Optimal fluorescencee contrast between tumor and normal tissue was obtained at approximately 90 minutess after application of ALA to the cervix in these studies. A combination of conventionall colposcopy with photodetection to increase the sensitivity of the screening proceduree was suggested. More recently, extensive work has been done in this field by
Hillemannss et al.m who published a large study in which conventional colposcopy was
comparedd with fluorescence imaging and fluorescence spectroscopy for detection of cervicall intraepithelial neoplasms in patients. The performance of fluorescence imaging
17 7
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equalss that of colposcopy. When imaging is combined with spectral measurements, the
specificityy increases from 50 to 75 %.
Wee have studied the possibility of using photodetection to grade CIN using double ratio
fluorescencee imaging of ALA induced PpIX of the cervix. The study is described in
moree detail in chapter 8. The value of the double ratio, as determined at the site of biopsy,, correlated significantly with the histopathologically determined stage of the disease.
Thiss suggests that non-invasive staging of CIN using this technique is feasible. We
believee that the results of this study, if confirmed on a larger scale, justify the developmentt of a dedicated device combining regular white light colposcopy with double ratio
ALA-mediatedd fluorescence imaging.
Thee first pre-clinical articles on the use of photodetection techniques to identify ovarian
cancerr metastases in the abdominal cavity have recently been published5052. In 1996,
Majorr et al. reported the results of a rat study demonstrating the possibility of localizing
metastasess in the abdominal cavity52. They found good tumor/normal fluorescence ratios
att three hours after administration of 100 mg/kg ALA intravenously. Fluorescence levels
afterr administration of 25 mg/kg were also suitable for photodetection. The results suggestedd that this technique could be used to detect small volume ovarian tumor metastases.. Similar results were obtained by Hornung et al.50 in 1998. They found that
fluorescencee detection of small (<0.5 mm) cancer nodules on the rat peritoneum was
feasiblee after intravenous injection of 100 mg/kg ALA. The optimal time interval
betweenn drug injection and diagnosis of metastases was found to be three hours. This
findingg was confirmed by experiments done in our group (see chapter 4) in which we
expandedd the exploration of the technique to multiple ALA doses. Significant differencess were found in the amount of fluorescence in tumor compared to other tissue types
inn the abdominal tissue at 2-3 hours after systemic administration of low (5mg/kg) and
higherr doses of ALA (25 and 100 mg/kg).
Thee next step is to move to clinical studies. Two studies on fluorescence diagnosis of
endometriosiss using ALA have been performed, which may be also be used to determine
thee optimal parameters for photodetection of ovarian cancer metastases in the abdominal
cavity.. In the first study37 patients received 30 mg ALA/kg body weight orally 10 to 14
hourss prior to surgery. The sensitivity of the fluorescence diagnosis in detecting
endometriosiss in non-pigmented areas and normal-looking peritoneum was 100%, with a
specificityy of 75%. Diagnosis by simple visualization under white illumination has a
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sensitivityy of only 69% and a specificity of 70%. Occult areas of endometriosis were
discoveredd using fluorescence diagnosis. In the second study49, 1 or 10 mg/kg ALA was
administeredd orally to fifteen women referred for laparoscopy because of suspected
endometriosis.. Using the higher dose level (10 mg/kg) and application intervals of >3
hourss significantly higher porphyrin fluorescence was observed in areas of active peritoneall endometriosis than in adjacent normal peritoneum. The parameters that were used
inn these studies may be helpful for the introduction of fluorescence diagnostics for the
detectionn of ovarian cancer metastases in the abdominal cavity.
Technicall improvements in detection and data processing equipment have provided the
basiss for renewed interest in the use of intrinsic tissue fluorescence for the characterizationn of tissue. Studies on autofluorescence diagnostics in gynecological cancers were
publishedd in 1991 by Glassman et al." Emphasis was on the development of accurate
algorithmss and neural networks for the extraction of typical features for the different tissuee types54. Consistent differences were found between normal and diseased tissue after
excitationn with 300-320 nm light. The development of appropriate algorithms and the
optimizationn of the excitation wavelength are the main topics of current research555657.
Koumantakiss also investigated the use of autofluorescence detection for abdominal cancers57.. Ex-vivo measurements on biopsies demonstrated a good discrimination between
tumorr and normal tissues using a new algorithm. Recently, Brookner et al. published on
autofluorescencee patterns in short term cultures of cervical tissue from cancer patients.
Theyy performed imaging and spectroscopy on the different layers of the cervix. The
techniquee seems to be feasible for the detection of abdominal tumors although there was
aa large influence of patients' age on the fluorescence spectra. The group of RichardsKortum222 58 6I has also worked extensively in this field. Their studies emphasize chemical
recognitionn of the fluorophores and quantification of the amount of fluorophores in the
tissue. .

Discussion n
Theree has been a rising interest in fluorescence diagnostics in the last few years. In a
numberr of applications, photodetection has been shown to improve the accuracy of staging
andd localization of tumors. This is mainly due to the increased availability of dedicated
lightt sources and detection equipment. The decreased systemic sensitization and
increasedd tumor selectivity of the more recent photosensitizers also makes photodetectionn more attractive for clinical use. Ongoing phase I clinical studies are aiming at optimizationn of the technique in dose finding and toxicity studies. The feasibility of
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photodetectionn of small intra-abdominal ovarian and cervical cancers has already been
demonstratedd as described in this chapter.
Futuree technical research will focus on further improvements in light sources. For examplee small and powerful diode lasers that emit blue light for excitation of the dye are now
becomingg available. The second technical goal in research must be the improvement of
thee cameras used for fluorescence imaging, since the detection of autofluorescence
requiress sensitive equipment. The detection of even smaller tumors may be possible with
moree sensitive cameras. A combination of small light sources and miniature cameras
enabless the development of new probes, which may greatly expand the possible applicationss of photodetection.
Thee development of the rumor localizing fluorescent dye is also important to increase
thee amount of possible applications for photodetection. Gynecological cancers comprise
aa wide variety of different cell types and locations which all require a specific approach
andd a photosensitizer with dedicated properties. For some applications it is important to
lookk into the deeper layers within the tissue. A fluorescent dye that requires long excitationn wavelengths will then be preferred in order to achieve adequate penetration.
Otherr gynecological applications not yet explored include the detection of vulvar neoplasia.. Early detection is very important in this disease since more advanced, invasive
squamouss cell carcinoma of the vulva is usually treated with radical vulvectomy, which
hass a high morbidity
Anotherr application of abdominal photodetection may be the screening of woman with
inheritedd mutations in the BRCA1 or BRCA2 genes, which is associated with a greatly
increasedd lifetime risk of developing ovarian cancer (63% and 27% respectively62),
breastt cancer and a modestly increased risk of several other cancer types. Early detectionn of neoplasia in ovarian surface tissue may be of great importance for this group.
Inn conclusion, Photodetection is a diagnostic tool with potential in several oncological
applications.. Although a great deal of preclinical and clinical research remains to be
done35,, rapid developments and large scale clinical introduction in several fields in gynecologicall cancers can be expected within the next decade.
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Abstract t
Thiss study investigated damage to the intraperitoneal organs of the rat after systemic
(intra-peritoneall and intra-venous) administration of low doses of 5-Aminolevulinic acid
(ALA)) and illumination with a standard white light operating-room (o.r.) lamp. This
studyy was done within the framework of a larger study in which the possibility of using
ALAA for localization of small volume macroscopically non-visible peritoneal metastases
off ovarian tumors is being investigated. Fluorescence diagnostics will be done in additionn to the standard staging and localization procedures, either through a laparoscope or
duringg laparotomy. In these circumstances, fluorescence diagnostics involves some risk
off photosensitization of critical organs since a broad band (o.r.) light source is used duringg the surgical procedures for illumination of the operating area. The drug dose and the
timee interval between administration of ALA and illumination were varied and normal
tissuess were examined both macroscopically and microscopically for damage. A relationshipp was demonstrated between the maximum tolerable dose (MTD) of ALA
(definedd as the dose which did not cause any tissue damage) and the time interval
betweenn administration and illumination. White light which is used for illumination of
thee operating area was sufficient to induce damage to the peritoneal organs at relatively
loww ALA doses. The MDT's for a two, six and sixteen hour interval were found to be 1,
100 and 100 mg/kg respectively. The results were similar for both intra-peritoneal and
intra-venouss administration.
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Introduction n
Inn the majority of patients with ovarian cancer the diagnosis is established at an
advancedd stage, when spread has already occurred into the abdominal cavity. Standard
stagingg procedure in ovarian cancer without overt spread is done by taking multiple
blindd biopsies at random from peritoneal surfaces for microscopical examination. The
riskrisk of understaging and subsequent undertreatment with this non-directed staging proceduree is high.
Thee problem of possible understaging may be solved by using a fluorescence diagnostic
techniquee as a tool for tumor localization. In this technique, a fluorescent dye is administeredd and distributed in the body, resulting in concentration gradients which can be used to
discriminatee normal from tumor tissue. 5-Aminolevulinic acid (ALA) induced
Protoporphyrinn IX (PpIX) is an effective fluorescent agent, which has been successfully
usedd for the detection of malignancies16. Hornung et al} showed that in ovarian cancer
ALAA may improve detection of superficial malignant lesions in the abdominal cavity duringg staging and second look surgery by enabling directed non-blind biopsies.
ALAA is metabolized to PpIX, a precursor of haem, which will selectively accumulate in
tumorr tissue. Apart from being fluorescent, PpIX is also a potent photosensitizes For
diagnosticc applications the photosensitizing effect is unwanted as this may cause damage
too healthy tissue. The extent of photosensitization depends on the dosage of ALA and the
intervall between administration of ALA and exposure to light, and is highly dependent
onn the excitation light source properties. Fluorescence diagnostics in ovarian cancer will
bee carried out during staging laparotomy or laparoscopy. Photosensitized tissue will then
bee exposed to broad band white light from the operating room lamp or endoscopic light
source.. Concern arises as to whether ALA will induce damage to critical abdominal
organss when exposed to white light. Hornung et all did not report on this aspect.
Inn the present study we investigated the macro- and microscopic damage caused by
ALAA induced protoporphyrin IX to the abdominal organs of the rat when exposed during
laparotomyy to a white light operating room lamp. Several ALA doses and time intervals
betweenn ALA administration and light exposure were tested and intraperitoneal (i.p.)
administrationn of ALA was compared with intravenous (i.v.) administration. The aim of
ourr study was to establish a range of doses of ALA in combination with different time
intervalss which can be used safely in staging procedures for ovarian cancer without the
appearancee of photosensitization effects to abdominal tissues.
27 7

Chapterr 3

Materialss and methods
Animals,, drug dose and illumination properties
Adultt female Wistar rats (i.p. injections; n=41) or Wag/Rij rats (i.v. injections; n=22) of
approximatelyy 200 grams body-weight were used. The animals received ALA dissolved
inn PBS by an intra-peritoneal or intra-venous injection. The dose of i.p. ALA varied
fromm 1 to 200 mg/kg and the time interval between ALA administration and illumination
duringg laparotomy was 2, 6, 16 or 24 hours. For the i.v. administration route, drug doses
off 1 to 100 mg/kg and time intervals between ALA administration and the procedure of
2,, 6 or 16 hours were used. The experiments were started at an i.p. ALA dose of 200
mg/kgg and a time of 2 hours. These conditions were expected to induce evident macroscopicc and microscopic damage to intra-abdominal organs7192() thus giving an insight into
thee kind of tissue/cellular damage to be expected. The dose of i.p. ALA was subsequentlyy decreased (100, 25, 20, 15, 10, 5, 1 mg/kg) until no more signs of macroscopic and
microscopicc damage to healthy tissue were found. This dose was considered to be the
Maximumm Tolerable Dose (MTD) of i.p. ALA for a 2 hrs interval between administrationn and the surgical procedure. Based on the information gained from the 2 hrs interval
series,, experiments at the other time intervals (6, 16 and 24 hours) were performed in
thee opposite way by starting at a low, probably non toxic dose of ALA, and increasing
thiss dose until signs of macro-and/or microscopic damage were found and the MTD
couldd be established. The MTD estimated from the i.p. experiments were used as startingg doses for the i.v. dose finding experiments. Two rats were used at each dose level,
andd the MTD for each time interval was confirmed by an additional 2 rats. Control
groupss were also included which received no ALA but otherwise received the same
treatment. .
Alll experiments were performedd under the same
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77702,, spectrograph MS 125, calibrated with a model 63355 calibration lamp). We calculatedd the effective power spectrum, defined as the product of the (normalized) excitationn spectrum of the photosensitizer and the power spectrum of the light source23. The
effectivee power spectrum expresses the effectiveness of a certain light source for the
excitationn of a certain photosensitizer. Using this expression, extrapolation of our results
too other clinical settings is possible. For future purposes we also calculated the effective
powerr spectrum of an endoscope light source.
Experiments s
Priorr to the surgical procedure the rats which received i.v. ALA were anesthetized with
Ketaminee (90 mg/kg body weight, i.m.), Xylazine (10 mg/kg body weight, i.m.), and
Atropinee (0.05 mg/kg body weight, i.m.). The rats which received i.p. ALA were anesthetizedd by Dormicum (1 mg/kg body weight i.p.) and Hypnorm (1 mg/kg body weight
i.p.).. A midline incision was made from xiphoid to symphysis. A surgical retractor was
placedd in situ which kept the internal abdominal wall folded outside and the intraabdominall organs exposed to the light source. This situation was maintained for two
hourss with the light source at a working distance of 90 cm. Two animals were treated
simultaneously.. The intra-abdominal organs were kept moist during the procedure with
Ringerss solution at 37 °C. To maintain body temperature, an electrical temperature controlledd underlay (37 °C) was used. During the procedure, liver, small and large intestines,, peritoneum, skin and bladder were macroscopically observed for changes and signs
off damage according to a standard list. After two hours the surgical procedure was
endedd and the abdominal skin was sutured. The rats were housed in dimmed lighting.
Post-operativee pain was suppressed with Buprenorphin (0.2 ml/kg i.m). The rats were
sacrificedd after 72 hours. At re-laparotomy the above mentioned organs were observed for
macroscopicc changes. Samples were taken from the liver, small and large intestines,
peritoneum,, skin and bladder in a standardized way and stored in formalin before being
sectionedd (5 jam sections) and stained (hematoxylinand eosin) for histological examination.

Results s
Generall observations
Inn the period between administration of ALA and the start of surgery, the rats showed no
signn of discomfort, although the ALA solution was acidic (pH 2.5-5). In one rat, a small
amountt of ALA solution was accidentally injected into subcutis and muscle. Necrosis of
thee muscle was only seen at 16 hours after administration of ALA. I.v. injection in the
taill vein sometimes resulted in a local hemorrhage.
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Macroscopicc observations during the procedure
Inn the control group, which received no ALA and/or saline solution, no changes to intra
abdominall organs could be observed during and after two hours of illumination.
Twoo animals (200 mg/kg i.p. 2 hour interval) died almost immediately after the procedure.
Thee macroscopic observations during the illumination procedure are summarized in
Tablee 1 for the various combinations of ALA dose (mg/kg) and time interval (hours)
betweenn administration and illumination.
Inn the exposed (illuminated) part of the liver, we observed a change in color during illumination,, either reddening or blanching and edema, after administration of 5 mg/kg for a
timee interval of two hours, 10 mg/kg for a time interval of 6 hours and 100 mg/kg for a
timee interval of 16 and 24 hours. In all cases, the surface remained intact. A change in
appearancee of the small and large intestines was observed after administration of 20
mg/kgg ALA for intervals of two and six hours and 200 mg/kg at 16 hours. A swelling of
thee intestinal wall was typically seen, together with focal hemorrhages on the outer surface.. The visual appearance of the other intra-abdominal organs and the abdominal wall
includingg the skin was not macroscopically changed during the procedure.
Thee macroscopic observations during illumination after i.v. administration of ALA were
comparablee to those obtained in the i.p. group (see table 2).

TableTable 1: The combinations of ALA doses (mg/kg) and time intervals (hours) between i.p. administration and
treatmenttreatment at which damage is observed (macroscopic damage, during illumination). The organs that wer
judgedjudged as damaged are named in the boxes.
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TableTable 2: The combinations of ALA doses (mg/kg) and time intervals (hours) between i.v. administration
andand treatment at which damage is observed (macroscopic damage, during illumination). The organs that
werewere judged as damaged are named in the boxes.
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Macroscopicc observations after 72 hours
Inn the control group, which received no ALA and/or saline solution, no changes to intraabdominall organs were observed. During the three days after the procedure, the animals
showedd no change in behavior and weight loss was limited to a maximum of 15% which
wass not different to the weight loss seen after surgery alone.
Thee macroscopic observations after 72 hrs are summarized in tables 3 and 4. Findings
weree comparable to those found during the surgical procedure. The discoloration of the
TableTable 3: The combinations of ALA doses (mg/kg) and time intervals (hours) between i.p. administration and
treatmenttreatment at which damage is observed (macroscopic damage, 72 hours after illumination). The organs that
werewere judged as damaged are named in the boxes.
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TableTable 4: The combinations of ALA doses (mg/kg) and time intervals (hours) between i.v. administration and
treatmenttreatment at which damage is observed (macroscopic damage, 72 hours after illumination). The organs t
werewere judged as damaged are named in the boxes.
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10 0
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11
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noo damage

ii

noo damage

11
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liverr observed during the illumination was, in most cases still noticeable after 72 hours.
Additionally,, in these cases a white line was observed which delineated the illuminated
area.. The swelling of the intestines had disappeared in all cases. In a few cases a faint
reddishh discoloration was still present. No macroscopic changes to the other intraabdominall organs could be observed. Findings were similar for both i.v. and i.p. treated
rats. .
Microscopicc observations
Microscopicc damage was limited to the liver and the intestine (wall). A typical example
off the changes due to white light illumination of the small intestine is shown in Figure 2
(i.p.,, 25 mg/kg, 2 hrs interval). The outer layers, muscularis and submucosa, were intact
whilee the mucosa on the side of the bowel exposed to light (A) has completely disappeared.. The opposite mucosa, shielded by feces from light, remained intact. Figure 3
showss the damage to the liver of the same rat. A clearly demarcated area with cell damagee is seen at the illuminated side. The thickness of this damaged layer is approximately
0.44 mm. The damage of both the liver and intestines was focal. In one rat (i.v, 25
mg/kg,, 6 hrs interval) a necrotic superficial vessel wall was observed in the liver. We
havee not seen any abnormalities in other abdominal organs. In the control group no
damagee was seen to illuminated organs.
Maximumm tolerable dose (MTD)
Too obtain the MTD (no sign of macroscopic or microscopic damage) for the tandem
dosee of ALA and time interval, we combined the results from tables 1 and 2 (macro32 2
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FigureFigure 2: Small intestine wall, (dose i.p. 25 mg/kg, interval 2 hours) A; On the illuminated side the mucosa
hashas disappeared, while at the dark side (B, shieldedfrom the light by feces) the mucosa is still intact. The
otherother layers remained intact.

scopicc observations during the procedure), Tables 3 and 4 (macroscopic observations
afterr 72 hours) and the microscopic observations. For the 2 hrs interval the MTD was
establishedd at 1 mg/kg; for the 6 hrs interval the MTD was established at 10 mg/kg and
forr the 16 hours interval the MTD was established at 100 mg/kg.

FigureFigure 3: zone of cell damage at the illuminated side of the liver (dose i.p. 25 mg/kg, interval 2 hours)

Effectivee power spectrum
Thee effective power spectrum of the operating room light used in these studies and the
relativee excitation spectrum of PpIX are depicted in Figure 4. For comparison, Figure 5
showss the effective power spectrum of an endoscope white light source (100 W Xenon)
withh the absolute power spectrum measured 5 cm from the distal end.
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Discussion n
Photodetectionn using ALA (induced porphyrin IX) may be an attractive new diagnostic
developmentt in ovarian cancer diagnostic strategies. Photodetection can be added to currentt staging procedures like laparoscopy or laparotomy enabling the localization of
macroscopicallyy non-visible metastases. However, fluorescent diagnostics carry a risk of
damagee to tissue due to the photosensitization properties of PpIX. This risk is determinedd by illumination properties (power and wavelength) of the light source, the dose of
photosensitizer,, interval before illumination and the type of tissue/organ. During the

4500
500
550
Wavelengthh (nm)

FigureFigure 4: the relative absorption spectrum ofprotoporphyrin IX (dashed line) that we used to calculate the
effectiveeffective power spectrum of the OR lamp (full line)

photodetectionn assisted staging procedures, which can last several hours, the abdominal
cavityy will be exposed not only to blue light from the excitation source but also to
intensee white light from the endoscopic light sources or OR room lamps. In order to
minimizee the risk of phototoxic damage in future photodetection assisted staging procedures,, we established safe ALA dose/time intervals when using white light sources in a
ratt model.
Safee doses (MTD's) were established at 1, 10, and 100 mg/kg for intervals of 2, 6 and 16
hourss respectively for both i.v and i.p. routes of administration. As can be expected the
shorterr the time interval, the lower the MTD for ALA. Low dosages of ALA may not be
veryy useful in photodetection. The success of photodetection diagnostics is based on differencess in concentrations of photosensitizer between normal and tumor tissue and low
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FigureFigure 5: The effective powerspectrum of a white light endoscope (Xenon)

ALAA doses may not give enough contrast. In that case, a higher ALA dose at a longer
timee interval should be used for clinical applications. Recently Hornung published on
photodetectionn diagnostics of carcinomatosis in the (rat) abdominal cavity using ALA in
combinationn with a blue excitation light source'. He observed the best contrast between
tumor-fluorescencee and normal (peritoneum) fluorescence in the abdominal cavity 3
hourss after administration of 100 mg/kg ALA. The combination of this relatively high
drugg dose and short time interval (between administration of ALA and illumination)
wouldd result in considerable tissue damage when exposed to the illumination conditions
thatt we used in our experiments.
Whenn evaluating the safety of photodetection diagnostics, both the severity and the
(ir)reversibilityy of any induced damage of healthy tissue have to be taken into account.
Inn this study we considered any macroscopic or microscopic change in organs as phototoxicc damage. Phototoxic damage appeared to be restricted to the liver and small bowel.
Thee observed damage would probably have little impact on the functionality of the
organss involved, particularly in the liver where damage was limited to a superficial layer
(0.4mm).. Damage to the intestinal wall was limited to the mucosa whereas the muscular
walll remained intact. Our study was limited to an evaluation of damage at 72 hours after
illumination.. Longer follow-up would, presumably, indicate regeneration of the damaged
mucosaa from unaffected areas. The chance of severe complications, like bowel perforation,, therefore seems to be limited. Nevertheless our results in rats indicate that caution
shouldd be taken when applying photodetection diagnostics using intense light sources.
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Soo far no clinical studies mention any phototoxic damage as a possible side effect of
photodetectionn diagnostic procedures, even if white light sources are used. The discrepancyy between our rat data and these clinical observations could be related to the larger
masss of human organs with any damage being restricted to superficial layers without
functionall consequences. However, this has not been systematically evaluated and the
impressionn remains that possible damage might be overlooked in clinical studies. Our
intentionn was not to give absolute safe doses for humans but rather to demonstrate the
potentiall for toxic side effects during photodetection procedures with high doses (and
shortt intervals) of ALA. The study also indicates conservative safe doses where no
damagee is to be expected.
Suggestionss of Precautions
Too avoid phototoxicity in normal tissues during photodetection procedures the following
shouldd be considered: phototoxicity is determined by the light source properties, the
dosee of ALA and the interval between application and surgical procedure. In photodetectionn diagnostics via laparoscopy and laparotomy the use of white light can not be
avoided.. Modifications to the light source by using filters for blocking the blue part of
thee light source spectrum is not very effective as only a small influence on the effective
powerr is obtained. In contrast to a common misunderstanding, the white light source of
ann endoscope is about 20 times more effective in causing damage to sensitized tissue
thann an OR lamp (as demonstrated in Figure 5). This leaves the time of exposure and the
drugg dose as potential variables in diminishing damage. In a clinical setting a time intervall has to be used where the ALA dose is below MTD but sufficient to enable discriminationn between normal and tumor tissue.
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Abstract t
Inn 75% of cases, ovarian carcinoma has already metastasized in the abdominal cavity at
thee time of diagnosis. For determination of the necessity for a supplementary therapy, in
additionn to surgical resection, it is important to localize and stage microscopical intraperitoneall metastases of the tumor. Intra-peritoneal photodetection of tumor metastases
iss based on preferential tumor distribution of a fluorescent tumor marker. The time
dependentt differences in drug concentration between tumor and normal tissue can be
usedd to visualize small tumors. We performed fluorescence measurements on abdominal
organss and tumor in the peritoneal cavity of rats. ALA induced PpIX was used as the
fluorescentt marker. Three different drug doses (100, 25 and 5 mg/kg) were used and
PpIXX fluorescence profiles were followed up to 24 hours after i.v. administration.
Maximumm tumor to normal ratios were found two to three hours after administration of
ALAA with all drug doses. A significant tumor to normal tissue contrast was obtained for
alll abdominal organs tested after administration of 5 mg/kg.
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Introduction n
Thee majority of patients with ovarian carcinoma is diagnosed at an advanced stage when
tumorr spread has already occurred into the abdominal cavity. This delayed diagnosis is
duee to late onset of complaints and the absence of appropriate screening or early detection
methods'^4.. Metastatic spread can be obvious macroscopically and easy to recognize but it
cann also be silent, in which case only microscopic examination of tissue samples will indicatee the presence of tumor. Treatment is dependent on the spread of the disease and normallyy consists of surgery alone (early stage) or surgery combined with chemotherapy or
radiotherapyy (in more advanced stages). To gain insight in the spread of the disease a
stagingg procedure is required. In cases without overt spread of tumor, a standard staging
proceduree is currently performed by taking multiple random tissue biopsies from
predilectionn areas, which are sent for microscopic examination. This method is not very
sensitivee and carries a high risk of understaging with subsequent undertreatment of disease.
Photodetectionn is a new diagnostic modality in cancer using fluorescent dyes for the
detectionn of small tumors152°. In general, the technique of photodetection of malignanciess is based on differential concentration of fluorescent dyes/fluorophores between normall and tumor tissue; the higher the differential, the greater the sensitivity and specificity
off photodetection. Insight in fluorescence pharmacokinetics is required in order to gain
optimall photodetection conditions such as optimal application period and dose of dye
used.. Pharmacokinetics in photodetection are determined by tissue properties and metabolism,, dye properties, and dose and route of dye administration.
Photodetectionn is already being clinically used for the detection and localization of bladder,, skin and esophageal tumors by using locally applied fluorescent contrast
agents7*16-20.. The most commonly used fluorescence contrast agent is 5-Aminolevulinic
acidd (ALA), a precursor of the fluorescent protoporphyrin IX (PpIX). Photodetection
usingg ALA may also be used for abdominally disseminated tumors. Recently Hornung et
al.al. published the results of a feasibility study for photodetection of ovarian tumor
metastasess in the rat abdominal cavity using ALA'. He showed that by using fluorescencee guided inspection of the abdominal cavity it is possible to obtain a good tumor to
normall contrast for visualization of small peritoneal tumors in rats. In Hornung's study
thee combination of a high ALA dose (100 mg/kg) and a short time interval (3 hours)
afterr administration was considered to be optimal. However, we subsequently showed
thatt such high dosages of ALA carry a potential risk of phototoxic damage to healthy
tissuess like bowel and liver21 which are exposed to high intensity operating room lights
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forr several hours. For this reason we performed the current study on fluorescence pharmacokineticss in order to evaluate the possibility to use safe doses of ALA in photodetectionn of intra-abdominally disseminated tumors.
Thee present study was performed in a tumor bearing rat model, preceding clinical studies
inn patients with ovarian cancer. The study was approved by the institute's local animal
ethicall committee conformed to national guidelines.

Materialss and methods
Tumorr model and experimental procedure.
Femalee Wistar rats of approximately 200 g. were injected intra-peritoneally with 10^
cellss of the tumor cell line CC531, which resulted in peritoneal carcinosis with tumor
nodulee diameters of 1-3 mm after four weeks. At that time ALA dissolved in Phosphate
Bufferedd Saline (PBS) was administered through the tail vein in different dosages. At
variouss time intervals (0, 4,16 hours) after administration of ALA the animals were
anesthetizedd (a mixture of Dormicum 0.01ml /kg, Hypnorm 0.01 ml/kg and sterilized
water,, i.p.) after which a laparotomy was performed. To maintain a stable body temperaturee of 37°C, continuously recorded by rectal measurement, animals were kept on a
heatedd underlay. If necessary, additional anesthesia was given by intra-peritoneal instillationn of the above described mixture of Dormicum and Hypnorm.
AA midline incision was made from xiphoid to symphysis. A surgical retractor was used
duringg the measurements to expose the intra-abdominal organs. Throughout the experimentall period fluorescence measurements were performed on the liver, cecum, bladder,
smalll and large intestines and on tumor nodules. Two animals were treated simultaneously.. During the surgical experimental procedure, which was carried out during 4-6 hours,
thee abdominal cavity was kept moist using a 37°C warmed saline solution. Ambient
lightt was dimmed to avoid photobleaching or phototoxic damage to the tissue. At the
endd of experiments the animals were sacrificed.
Fluorescencee measurements.
Thee fluorescence measurement setup consists of a mercury lamp with a computer controlledd filter wheel for selection of the excitation wavelength. Optical fibers are used to
guidee the excitation light to the tissue and collect the fluorescence light from the tissue.
Spectrall information is extracted from the measured light with an Optical Multichannel
Analyzerr (Oriel Instaspec V). In order to obtain unbiased tumor to normal ratios of the
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concentrationn of the fluorophores, we performed both Double Ratio22 and Normalized
Fluorescencee Ratio23 calculations on the spectra. In short, PpIX was excited with 405
andd 435 nm and the resulting fluorescence spectra in the range from 550 to 800 nm were
stored.. For the calculations, the PpIX specific part of the spectrum (610-650 nm) and the
autofluorescencee specific part of the spectrum (500-550 nm) were used. The mathematicss behind these methods are briefly described in Appendix A. The Double Ratio (DR)
methodd corrects for differences in optical properties of the different tissue types and
variationss in the excitation light. This method can only be used at low drug doses (5
mg/kg)) as the DR saturates at higher drug doses. The reason to use this technique for the
55 mg/kg dose is the higher sensitivity. The normalized fluorescence ratio (NFR) was
usedd for the measurements after administration of 25 or 100 mg/kg ALA.
Thee statistical analyses were performed using the Student's t-test. A P value of less than
0.055 (double sided) was considered to be a statistically significant difference.

Results s
Figuree 1 shows the PpIX fluorescence in tumor tissue as a function of time after administrationn of 5, 25 and 100 mg/kg. Each point represents the mean tumor fluorescence of 12
measurementss (4 rats). The measurements were performed arbitrarily on tumor nodules

—— 5 mg/kg
-- 25 mg/kg
00 mg/kg

55

15

20 0

Timee after ALA administration (hours)
FigureFigure 1: tumor fluorescence as function of time after administration of 100, 25 and 5 mg/kg ALA. The
errorbarserrorbars represent 1 standard deviation.(67 % confidence interval) Each point represents the mean tumor
fluorescencefluorescence of 12 measurements (4 rats).
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thatt exceeded 2 mm in diameter. The porphyrin concentration in tumor increases until
thee time of maximum fluorescence is reached at 2 (25 mg/kg) and 3 (5 and 100 mg/kg)
hourss after administration. Maximum fluorescence levels after administration of 5 and
255 mg/kg were alike, while 100 mg/kg induced a 2.5 times higher fluorescence level.
Figuress 2a and 2b illustrate the PpIX concentration ratio between tumor and normal
tissuee as a function of time after administration of 100 mg/kg ALA. The porphyrin concentrationn ratios from tumor to intestine or cecum increased from the time of administrationn and reached maximum levels of > 10 at 2 and 3 hours respectively. Thereafter the
concentrationn ratios gradually declined. From 3 to 4 and from 1.5 to 4 hours there was a
significantlyy higher fluorescence in peritoneal tumor than intestines and cecum respectively.. Fluorescence ratios from tumor to peritoneum varied from 0.3 to 2 throughout the
observationn period with no clear pattern. Fluorescence in the tumor was never higher
thann in the liver but significantly lower tumor fluorescence was seen at 0.5 and 4 hours
afterr administration.
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FigureFigure 2a, 2b: tumor/normal fluorescence contrast as function of time after administration of100 mg/kg
ALA.ALA. The errorbars represent 1 standard deviation.(67 % confidence interval). The lines under the experimentalmental curves indicate statistically significant T/N ratios.

Similarr results were obtained for fluorescence ratios after 25 mg/kg ALA (figures 3)
T/NN ratios for intestines and cecum increased to a maximum of four and six respectively
att 1.5 to 2.5 hours after ALA. T/N ratios for the peritoneum remained about one and
tumorss were significantly less fluorescent than liver at 4.5 hours after ALA.
Forr the lowest dose of ALA tested (5 mg/kg, figures 4), the T/N fluorescence ratios
weree significantly >1 at 2.5 to 3 hours for all tissues, although the contrast was modest
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FigureFigure 3a, 3b: tumor/normal fluorescence contrast as function of time after administration of 25 mg/kg
ALA.ALA. The errorbars represent 1 standard deviation. (67 % confidence interval). The lines under the experimentalmental curves indicate statistically significant T/N ratios.

forr tissues other than the cecum. A high concentration contrast was seen for the intestiness at 3 hours after administration. All organs showed some tumor to normal contrast
afterr 1.5-3 hours. Maximum tumor to normal contrasts were seen in the cecum at three
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FigureFigure 4a, 4b: tumor/normal fluorescence contrast as function of time after administration of 5 mg/kg ALA
TheThe errorbars represent 1 standard deviation. (67 % confidence interval). The lines under the experimental
curvescurves indicate statistically significant T/N ratios.

hours,, in the intestines after 2.5 hours and in the peritoneum after 2-3 hours and in the
liverr at 1.5, 3 and 4.5 hours.

Discussion n
Thiss study aims to find the optimum conditions for photodetection of intra-abdominal
tumorss using ALA. The optimal conditions are determined by tissue properties, the type
andd dose of fluorescent dye, the route of administration and the time interval between
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administrationn of fluorescent dye and illumination.
ALAA induced Protoporphyrin IX (PpIX) is an effective fluorescence contrast agent,
whichh has been successfully used for the detection and localization of various malignancies510.. After administration ALA is metabolized to PpIX, a precursor of heme. Small
volumee intra-abdominal malignant lesions can be detected after administration of a high
dosee of ALA, as shown by Horning in a tumor bearing rat model'. In addition to being
fluorescent,fluorescent, PpIX is, however, also a potent photosensitizer.
Thee most attractive dose of ALA for clinical tumor detection is that dose which induces
maximall fluorescence contrast between healthy tissue and tumor without inducing significantt phototoxic damage. Considering the results of tumor/normal fluorescence ratios
thee lowest dose of 5 mg/kg ALA appeared to be the best choice as a significant contrast
wass found for all types of abdominal tissue at the same time (3 hours after administrationn of ALA). An even higher T/N ratio was seen for intestines and cecum at 3 hours
afterr higher ALA doses but contrast for other tissues (liver/peritoneum) was less good.
Anotherr disadvantage at high doses is the potential to induce normal tissue damage,
whichh could result from photosensitization during the laparotomy21. Hornung showed the
feasibilityy of photodetection of intra-abdominal ovarian tumors. However the ALA dose
off 100 mg/kg ALA used in his study carries a risk of normal tissue damage, while our
resultss now indicate that low dosages of ALA are good for photodetection and safe as
shownn by our previous study on white light phototoxicity. The contrast seen between
tumorss and peritoneal structures at 3 hours after 5 mg/kg ALA is an encouraging finding
sincee abdominal disseminated ovarian cancer often expresses itself as carcinosis peritonei. .
Thee conclusions from this study are based on relationships between type of tissue and
amountt of measured fluorescence. Fluorescence measurements on tissue can be influencedd by artifacts relating to the optical properties of tissue, the measurement setup and
thee tissue architecture. The first two artifacts are mainly eliminated by using multiple
wavelengthss for excitation and detection and mathematical algorithms (double ratio22,
normalizedd fluorescence ratio23). The interpretation of the measurements is, however,
difficultt if the protoporphyrin is distributed according to a layered structure of the tissue
e.g.. intestine. In the mathematical interpretation of the measurements, a semi-infinite
tumorr is assumed. The problem emerges when the tumor is thin compared to the penetrationn depth of the excitation light. The calculations will then underestimate the actual
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concentrationn in the tumor. In chapter 9, the dependency of the DR on layer (tumor)
thicknesss is mathematically evaluated.
Ourr findings indicate clearly that, given detection equipment of sufficient sensitivity, a
loww dose of ALA (5 mg/kg) is sufficient for photodetection of intra-abdominal disseminatedd rumors. The optimal time for photodetection at this dose was at three hours after
administrationn of ALA. At this low dose of 5 mg/kg ALA the risk of damage to healthy
tissuee due to photosensitization is minimal.
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Appendixx A
Fluorescencee ratios.
Discriminationn between fluorescence from tumor localizing compounds and intrinsic tissuee fluorescence is necessary for the interpretation of data obtained by fluorescence
spectroscopyy or fluorescence imaging. Furthermore, differences in absorption of excitationn light and differences in emission of fluorescence light also influence the measurementss and decrease the specificity of the fluorescence detection technique. There are
severall ways to correct fluorescence measurements for the tissue artifacts. This appendix
givess a brief introduction of the two mathematical techniques (NFR and DR) that were
usedd in our study.
Thee Normalized Fluorescence Ratio (NFR) as described by Saarnak et aP is defined as
thee ratio between fluorophore fluorescence and autofluorescence from one excitation
wavelength,, normalized by this ratio without any fluorophore present.
fexcitfexcit 40$,Fluorescencepeak

XexcitXexcit 405, Fluorescencepeak

f. f.
texcittexcit 405. Autofluorescence

With::

Jnopnix

FXexcXXFluorescencepeak: Fluorophore fluorescence excited with XX nm
¥¥
XexcXX,AutofluorescenceXexcXX,Autofluorescence : Intrinsic tissue fluorescence ex
a
A,excc Xem a factor m a t contains the fluorescence yield of the tumor localizer
andd the autofluorescence and the concentration autofluorophores.
C««
: Concentration fluorophores.

Thee NFR is proportional to the amount of fluorophore in the tissue and can be used for
semi-- quantitative measurements of fluorophore concentration. The tumor/normal ratio
cann be calculated as:
T/T/MM Ratio = NFR"~>
'' "
NFR
controlcontrol

=£l^L.

C
p. control

Thee Double Ratio (DR) as described by Sinaasappel et aP2 uses two excitation wavelengths.. One excitation wavelength is chosen to be at a fluorescence excitation peak
(4055 nm) of PpIX, the second excitation wavelength is chosen to excite intrinsic tissue
fluorescencee while being less efficient in exciting porphyrins(435 nm). The DR is
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obtainedd by dividing the fluorescence ratios of both excitation wavelengths.
Xexcit405,Xexcit405, fluorescencepeak

F XexcitXexcit
F
405, autojluorescence
DRDR =
F Xexcit365,Xexcit365,
F
fluorescencepeak

(3) )

F XexcitXexcit
F
365, autqfluorescence
Thee DR is, in theory, independent of the autofluorescence and measurement geometry
andd can also be written as:
DRDR =
11 + bC.

, where a > b

(4) )

Wheree a and b are functions of the fluorescence yield of the tumor localizer and the autofluorescencee and the concentration autofluorophores.
Thee DR is sensitive at low PpIX concentrations but reaches an asymptote (a/b) at high
PpIXX concentrations where, the DR will asymptotically approach (a/b).
Equationn 4 can be rewritten to equation 5 to extract the porphyrin concentration

CC
PP

\-DR \-DR

(5) )

=
DR-DR- a a

K*J) K*J)
Withh C p : the concentration fluorophore
Thee tumor/control fluorophore concentration ratio can now be written as:
C _ „„
RatioRatio =

I-DR.

DR
11
control

control controln pp
ccontrol
c controll-DR l-DR
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Abstract t
InIn vivo pharmacokinetics of protoporphyrin IX (PpIX) after administration of aminolevulinicc acid (ALA) cannot be described accurately by mathematical models using first
orderr rate processes. We have replaced first order reaction rates (fixed time constants) by
dosee dependent (Michaelis-Menten) reaction rate constants in a mathematical compartmentt model. Different combinations of first order and dose dependent reaction rates
weree evaluated to see which one would improve the goodness of fit to experimentally
determinedd in vivo PpIX fluorescence kinetics as a function of concentration. The
mathematicall models that were evaluated are all based on a three-compartment model
forr the drug distribution, conversion to PpIX and subsequent conversion to heme.
Implementationn of dose dependent reaction rates improved the goodness of fit and
enabledd interpolation to other drug doses. For most data sets, the time constant for
deliveryy to the target cells turned out to be dose dependent. For all data sets, use of
Michaelis-Mentenn rates for the conversion of ALA to PpIX yielded better fits. The
clearancee of PpIX turned out to be a first order process for all doses and types of administration.. Fluorescence curves measured on a specific tissue type but obtained in different
studiess with different measurement techniques could be described with one single set of
parameters. .
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Introduction n
Photodynamicc therapy and photodetection are based on differences in concentration of
photosensitizingg drugs in neoplastic tissues versus their host tissue1-2. This implies the
importancee of accurate pharmacokinetics to identify the period of maximum concentrationn differences. In general, pharmacokinetics of fluorescent drugs depends on type of
drug,, type of tissue, application period and drug dose. These parameters all determine
thee optimal time for treatment or diagnostics.
Currently,, protoporphyrin IX (PpIX) is the most widely used fluorescent photosensitizer
inn oncology. PpIX is formed from its precursor 5-aminolevulinic acid (ALA). After distributionn through the body ALA is converted in the cells to PpIX via a number of
sequentiall chemical reactions. These conversion steps are enzyme controlled and thereforee rate limited3. As a consequence the rate of increase and maximum intensity of fluorescencee emission is not linearly related to the applied quantity of the precursor.
Firstt order mathematical kinetic models are generally used to extract time constants,
whichh describe the rate of conversion from ALA to PpIX and the consecutive conversionn of protoporphyrin IX to heme48. Especially when higher drug doses are used the fit
too the experimental data is not satisfactory. Furthermore, using a first order kinetic
modell no extrapolations can be made to other drug doses because of the absence of dose
dependencyy in the equations. This limits the utility of the model as for each drug dose a
neww series of experiments has to be performed.
AA more realistic description of PpIX pharmacokinetics could possibly be obtained by
usingg a mathematical model based on Michaelis-Menten (MM) kinetics. MM is used in
biochemistryy to calculate enzyme-controlled reactions9. The MM approach takes the
dosee dependency of the enzyme controlled conversion (reaction) rate into account. With
thiss model the full relationship between PpIX kinetics and ALA dose may be obtained.
Afterr administration of ALA, the intermediate compound that has the lowest conversion
ratee will accumulate. Hua et al? showed that the amount of PpIX accumulated in vivo
increasess with increasing ALA administration until the enzymes have reached their
maximumm turnover capacity causing the amount of accumulated PpIX to level off. Rate
limitedd reactions like this may be more accurately described using MM reaction rate
constants9.. In the mathematical models that we are proposing, we have replaced first
orderr time constants of a three-compartment model by dose dependent (MM) reaction
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rates.. Different combinations of dose dependent and dose independent reaction rates
constantss were evaluated to assess the best mathematical description. Furthermore, we
evaluatedd the possibility to use one set of parameters for multiple ALA doses. We fitted
thee mathematical models to data obtained from earlier studies in which we measured
PpIXX pharmacokinetics in various mammals after administration of different doses of
ALA10.. In addition, we fitted the model to clinical data obtained from several published
studiess on pharmacokinetics of ALA induced PpIX5" '2.

Methods s
Three-compartmentt model The mathematical equations are based on a three-compartmentt model previously published in the literature by several authors57 which represents
thee essential parts of the bio-synthetic pathway of heme (figure 1). For each compartmentt we will derive a rate equation.
ALA A
Administration n

[Heme] ]

FigureFigure 1 : schematic picture of the simplified bio-synthetic pathway of heme.

Afterr administration ALA is either excreted directly (ij^) (for systemic administration
thiss means through the renal pathway) or transported to the target cells (ij a ). The rate
equationn for the first compartment becomes:

[ALA][ALA]sn sn[ALA][ALA]sri sri
3[AUl„ 3[AUl„[ALAl [ALAl
dt dt
11
la a

lb lb

1
++ —

(1) )

\b \b

Onlyy time constant Tj a will follow from the modeling procedures.
Thee ALA fraction that is transported to and accumulates at the cellular site ([ALA] ce ^ s )
iss subsequently converted with reaction rate l/i 2 , to PpIX which is the next step in the
model.. We assume that the conversion from exogenous ALA is the sole source for PpIX,
whichh results in a concentration [PpIX]. The clearance of PpIX from the cells is caused
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byy the transformation of PpIX into heme (X3). It is assumed that the contribution of circulatingg porphyrins is negligible. For these two compartments the rate equations are
d[ALA)d[ALA)cellscells

=

|

dtdt

[ALAsyslem{t)\

Tlfl

[ALAcells(t)]

(2)

T2

and d

d[Pp!X1d[Pp!X1 _, , ULAceUs(t)]
dtdt

T2

[PpIXjt)]

(3)

T3

Ass mentioned before, the time constants, T ^ and T3 are either fixed time constants or
dosee dependent (inverse) Michaelis-Menten reaction rates. This 'Michaelis-Menten' time
constant,, as described in equation 4, will be substituted in equation 2 and/or 3.

JALA] Cells +K m m
"" michaelis-menten

V*)
max x

Wheree V m a x is the maximum ALA to PpIX conversion rate and the K m is the
Michaelis-Mentenn constant.
Thee Michaelis-Menten (K m ) constant is a measure for the affinity of an enzyme for its
substrate,, the V m a x is a measure of the enzyme activity. In case of low ALA concentrations,, the dose dependency of T2 is absent and only the ratio of the Km and Vmax can
bee determined, not their individual values. In addition to the time constants Tj/r^ and T3
somee authors include factors to correct for the losses of ALA to the renal pathway, to
otherr tissues before reaching target cells and the losses due to the uptake of the ALA by
thee target tissue6. In the fitting procedure we add only one extra factor to describe the
relationshipp between the PpIX concentration and the measured quantity (= fluorescence
inn the datasets that were used in this manuscript), which may be different between differentt data sets used.
Threee models will be tested on experimental data in order to assess the best mathematicall description of the time and dose dependent build-up and clearance of PpIX. Various
differentt fluorescence measurement techniques and devices have been used for the
experimentss quoted in this paper. We assume all these measurements to yield a quantity
proportionall to the tissue PpIX concentration. This proportionality constant is unknown
andd is estimated in the fitting procedure. The x2-test is used to evaluate the goodness of
57 7

Chapterr 5

fit.fit. The result of the x test will be expressed in x per degree of freedom (reduced x2)Thee F-test13 is used to evaluate whether the addition of an extra fitting parameter significantlyy improves the goodness of fit.
1stt model: only first order time constants The first proposed model uses three first
orderr time constants. This is the classical approach. We include this in the study for
comparativee reasons.
2ndd model: Michaelis-Menten rate constants for x 2 For this model a dose dependent
reactionn rate to describe the conversion of ALA to PpIX was introduced^). For the distributionn of ALA (TJ) and the clearance of PpIX, (T3), first order time constants are
maintained. .
3rdd model : MM for x 2 and T3 The next logical step is to also replace the PpIX to
hemee (constant) reaction rate (x3) by a PpIX dose dependent MM-type rate. From the
literaturee we know that this reaction is also enzyme controlled3. However, it is unknown
whetherr the usual ALA induced PpIX concentrations are high enough for the reaction
ratee to become dose dependent.
4thh model: MM for Tj and x 2 In this set of equations, MM kinetics are used in both the
distributionn of ALA (Xj) and in the conversion of ALA to PpIX (x2). For the clearance
off PpIX, (X3), a first order time constant is maintained. The use of MM kinetics for Xj
mightt be relevant for the description of rate limited distribution of ALA. In systemic
application,, we expect l/x l a to be much smaller than l/x l b , i.e. the bulk of the ALA
doess not go to the target tissue but elsewhere depending on the tissue type. In case of
topicall administration on the skin the ALA has to diffuse through the target tissue (the
skin)) to reach the vasculature. Hence, we expect l/x l a to be much larger than l/x l b , i.e.
mostt of the ALA goes to the target tissue. This dominant transport might be rate limited.
Dataa to be analyzed.
Ourr models were fitted to the data obtained from a previously reported rat study performedd in our group and data obtained from other studies available in the literature
(specifiedd below). In the figures the unit 'apparent concentration' is used. No absolute
comparisonn can be made between the absolute values in the different graphs. We will
onlyy obtain time constants x or the ratio K ^ / V j ^ ^ which also has the dimension of
time. .
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Ratt kinetics experiments
Earlier,, we performed an animal study in which we investigated the pharmacokinetics
off protoporphyrin IX in the abdominal cavity of tumor bearing rats after intravenous
administrationn of different doses of ALA. PpIX kinetics was assessed using in vivo fluorescencee measurement for up to 24 hours on liver, intestines and skin. Details concerning
thesee experiments are reported in chapter 4'°.
Experimentss published in the literature
Wee used PpIX fluorescence kinetics as obtained in three studies from the literature. In a
mousee study by van den Akker et al.n, ALA was applied topically on the skin in doses
rangingg from 1% to 40%% solution (w/w).
Inn addition data from Rhodes et a/." were used. The authors measured PpIX kinetics
afterr iontophoretically controlled administration of ALA in the healthy skin of human
volunteers.. Measurements on healthy human forearm by Rick et al.5 were compared
withh (unpublished) data that were obtained in our institute to see whether data obtained
off different studies could be described with one set of fitparameters.

Results s
Figuree 2 shows PpIX fluorescence kinetics as obtained in a mouse study by van den
Akkerr et al.n In this study ALA was applied topically on the skin in doses ranging from
1%% to 40% solution (w/w). The dependency of the shape of the curves on the ALA dose
iss clearly observable. The time of maximum fluorescence increases with increasing ALA
dose.. The four mathematical models were fitted to these curves. The fit of model 1 to
thee data resulted in a reduced y} of 5.17 (27 deg of freedom, not acceptable p<0.05).
Thee fact that the y} fit gives a resultt that is statistically not acceptable illustrates the
needd for a more sophisticated model. Model 2 resulted in a reduced y} of 1.32 (26 deg
off freedom) which is an acceptable fit. Model 3 produces a reduced y} of 1.37 (at 25
degreess of freedom), also an acceptable fit, but the introduction of the dose dependent
timee constant 13 did not give a significant improvement in the goodness of fit (F-test).
Thiss suggests that the PpIX concentration is below the saturation level in the conversion
off PpIX to Heme. Model 4 yields a reduced y} of 1.13, at 25 degrees of freedom. This
iss a significant increase in the goodness of fit. The lines in figure 2 represent the fit of
modell 4 to the experimental data. The fitting parameters for each model are summarized
inn table 1.
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FigureFigure 2: In vivo PpIXfluorescence kinetics in mouse skin after topical application of 1, 10, 20 and 40%
ALAALA solution. The lines represent the fit of mathematical model 4 to the experimental data.

Figuree 3 shows the experimental data as published by Rhodes et al." ALA was applied
iontophoreticallyy to the skin of healthy volunteers. The amount of applied ALA was
assumedd to be proportional to the applied charge (in mC). The fit of model 1 resulted in
aa reduced j} of 3.73 (31 degrees of freedom) which is not acceptable. Models 2 and 3
gavee both acceptable (p<0.05) results (reduced y} of 1.61 and 1.24 respectively). As in
figuree 1, Ti turned out to have a dose dependency. So, again, model 4 yielded the best
result,, (reduced y} = 0.95, 29 deg of freedom. For the y} calculation, a standard deviationn of 20 % of the value of the data points was assumed). This was significantly better

TableTable 1: Fit parameters from fitting the four mathematical models on the experimentally determined PpIX
fluorescencefluorescence kinetics in kinetics in mouse skin after topical application of J, 10, 20 and 40 % ALA so
TheThe columns give the time constants for the distribution of ALA to the target cells, the conversion of ALA to
PpIXPpIX and the consecutive conversion of PpIX to heme. When a first order equation is used, a singlex is
given.given. The arrows indicate whether the addition of an extra fit parameter improves the goodness of fit significantly. nificantly.
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FigureFigure 3: data of Rhodes et al" Fluorescence measurements on human skin after iontophoretic administrationtion of ALA. The lines represent the fit of mathematical model 4 to the experimental data.

thann the other models (F-test). The fitting parameters for each model are summarized in
tablee 2. In figure 3, the lines represent the fit of model 4 to the experimental data. The
dataa points represent measurements on a single volunteer.
Forr figure 4 we took data from an article by Rick et al.5 which showed the results of
fluorescencee measurements on human forearm after administration of 40 mg/kg ALA. In
addition,, we used data that we obtained from studies that we performed in our institute
TableTable 2 : Fit parameters from fitting the four mathematical models on the experimentally determined PpIX
fluorescencefluorescence kinetics on human skin after iontophoretic administration of ALA.
TheThe columns give the time constants for the distribution of ALA to the target cells, the conversion of ALA to
PpIXPpIX and the consecutive conversion of PpIX to heme. When a first order equation is used, a single T is
given.given. The arrows indicate whether the addition of an extra fit parameter improves the goodness of fit significantly. nificantly.
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FigureFigure 4: * Measurements performed in our group on forearm of 5 healthy volunteers, ** measurements on
forearmforearm of healthy volunteers by K. Rick et al, *** Measurements performed in our group on forearm of
patients.patients. The lines represent the fit of mathematical model 4 to the experimental data.

usingg 5 and 60 mg/kg. An extra fit parameter was defined to adjust the amplitude of the
measurementss of Rick et al. The fit of model 1 resulted in a reduced reduced x of 3.87
(311 degrees of freedom) which is not acceptable. Models 2 and 3 gave both significant
resultss (reduced y} of 0.97 and 0.96 respectively : p<0.05). Ti turned out to have a dose
dependency.. The fitting parameters for each model are summarized in table 3. model 4
yieldedd significantly the best result (reduced % = 0.86, 29 deg of freedom)

TableTable 3 : Fit parameters from fitting the four mathematical models on the experimentally determined PpIX
fluorescencefluorescence kinetics kinetics in human forearm after oral administration of 5, 40 and 60 mg/kg ALA.
columnscolumns give the time constants for the distribution of ALA to the target cells, the conversion of ALA to
PpIXPpIX and the consecutive conversion of PpIX to heme. When a first order equation is used, a single Tis
given.given. The arrows indicate whether the addition of an extra fit parameter improves the goodness of fit significantly. nificantly.
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FigureFigure 5: PpIX kinetics in the rat small intestine after i.p. administration of 25 and 100 mg/kg ALA'". The
symbolssymbols represent actual measuredfluorescence data points while the lines represent the MMfit of model 2
forfor the different doses of ALA.

Figuree 5 shows the time dependent PpIX fluorescence in rat small intestine after intraperitoneall (i.p.) administration of 25 and 100 mg/kg ALA10. The dependency of the
shapee of the curves on the ALA dose is not so obvious in this example. This resulted in
aa small variation in the goodness of fit for the different models.(see table 4). Use of
modell 2 resulted in the best reduced % of 0.83 (deg of freedom : 24).

TableTable 4 : Fit parameters from fitting the four mathematical models on the experimentally determined PpIX
fluorescencefluorescence kinetics in the rat small intestine after i.p. administration of 25 and 100 mg/kg ALA. The
columnscolumns give the time constants for the distribution of ALA to the target cells, the conversion of ALA to
PpIXPpIX and the consecutive conversion of PpIX to heme. When a first order equation is used, a single T is
given.given. The arrows indicate whether the addition of an extra fit parameter improves the goodness of fit significantly. nificantly.
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FigureFigure 6: PpIXfluorescence kinetics measured on rat liver after i.p. administration of 5, 25 and 100 mg/kg
ALA(IO).ALA(IO). The symbols represent actual measuredfluorescence data points while the lines represent the M
fitfit of model 4 for the different doses of ALA.

Figuree 6 shows the time dependent profile of PpIX fluorescence in rat liver after i.p.
administrationn of 5, 25 and 100 mg/kg ALA . In this example, the fluorescence data
pointss obtained with 5 mg/kg are relatively high compared to the curve obtained from
thee model fit. Model 4 yielded the best fit (significant, reduced x = 1 -04, deg of freedomm : 30) suggesting that transport of ALA to the liver may be rate limited. Models 2
andd 3 resulted also in a significant fit (p<0.05, reduced x = 1-41 and 1.39, deg of freedomm : 31 and 30). The fitting parameters for each model are summarized in table 5.

TableTable 5 : Fit parameters from fitting the four mathematical models on the experimentally determined PpIX
fluorescencefluorescence kinetics kinetics on rat liver after i.p. administration of 5, 25 and W0 mg/kg ALA. The co
givegive the time constants for the distribution of ALA to the target cells, the conversion of ALA to PpIX and the
consecutiveconsecutive conversion of PpIX to heme. When a first order equation is used, a single X is given. The
arrowsarrows indicate whether the addition of an extra fit parameter improves the goodness of fit significantly.
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Modell 1 resulted in an unsatisfactory fit (%z = 9.57, deg of freedom : 32).

Discussion n
Inn this paper we evaluated several refinements in the mathematical description of the
timee dependent in vivo synthesis and clearance of the fluorescent protoporphyrin IX
afterr administration of 5-aminolevulinic acid (ALA). The complex system of the distributionn of ALA, the subsequent conversion of ALA to PpIX and the clearance of PpIX
aree simplified to a three compartment mathematical model. Such models, usually incorporatingg first order reaction rates can be found in several published studies. The fixed
timee constant approach does not yield curves that fit satisfactorily for a range of different
ALAA doses. For this reason we substituted the first order reaction rate constants for
ALAA dose dependent reaction rate constants described by Michaelis-Menten (MM)
kinetics.. This yielded much better results. Several combinations of first order time constantss and MM constants were evaluated.
Thee mathematical models were validated using in vivo fluorescence data obtained on
bothh humans and animals. For our validation we required a set of measurements using at
leastt 2 different ALA doses and in a wide time range to accurately describe both the
increasee in PpIX and the decrease. Such data sets are rarely found in the literature. The
mostt common problem was the lack of data points distributed throughout the curve or
interventionn by therapy. The conversion of PpIX to heme turned out to be best described
byy first order kinetics, indicating a reaction that remains below its saturation level.
PpIXX Fluorescence kinetics that were obtained after topical administration, turned out to
havee a dose dependent distribution rate of ALA. The rate of passive diffusion is not dose
dependent.. The dose dependency for the distribution rate suggests active transport
mechanismss to dominate transport through the skin. Most likely the bottleneck for the
hydrophylicc ALA to move through the epidermis is formed by the cell membranes.
Althoughh the ALA transport through membranes is not an enzymatic reaction as
describedd by the Michaelis-Menten equation, it does require the intervention of carrier
proteins.. Here the proteins are transport rate limiting and may therefore induce a dose
dependentt rate similar to enzyme reaction rates. PpIX Fluorescence kinetics that were
obtainedd on rat liver after systemic administration, turned out to also have a dose
dependentt distribution rate of ALA (figure 6). The fact that introduction of a dose
dependentt i j in the fluorescence measurements on rat intestine after systemic administrationn of ALA (Figure 5) did not significantly improve the fit suggests that in this case
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eitherr passive diffusion plays a dominant role or the active transport mechanisms
responsiblee for systemic removal of ALA are operating far below their rate limits.
Inn all cases, the replacement of the ALA to PpIX (dose independent) reaction rate by a
ALAA dose dependent MM-type rate improved the fit to the experimental data. The liver
turnedd out to have the highest K m and V m a x for the conversion of ALA to PpIX. The
enzymee activity for the ALA to PpIX conversion in the intestine was about one third of
thatt found in liver. This might explain the higher porphyrin concentration usually found
inn liver10. The relation between porphyrin accumulation and enzyme activity was studied
byy Hua et al? who assessed the activity of ferrochelatase and porphobilinogen deaminase,, two key enzymes in the bio-synthetic heme pathway. They concluded that there is
noo simple relationship apparent between the activities of these enzymes and the concentrationn of porphyrins in the different tissues.
Thee replacement of the PpIX to heme (first order) reaction rate by a PpIX dose dependentt MM-type rate did not appear to be useful. This suggests that the enzymes responsiblee for the breakdown of PpIX are present in sufficient abundance for all PpIX doses
occurringg in this study, and a PpIX dose dependency as described by MM kinetics may
occurr at much higher PpIX doses. From a biological point of view this makes sense, as
PpIXX presents danger to cells that produce it and it has no purpose in itself. It would be
interestingg to see if the same K m would be found in porphyric patients.
Inn general, the experimentally determined fluorescence kinetics curves could be
describedd more accurately with the MM models compared to the first order mathematicall model. A comparison of actual measured fluorescence data points and the curve of
thee MM fit indicates the validity of MM kinetics in PpIX fluorescence pharmacokinetics.. This holds for the curves that were used in this paper. The hypothesis that the MM
modell may be used to inter- and extrapolate to other drug doses seems to be valid. For
confirmationn of the conclusions arrived at in this paper, more kinetic experiments will
havee to be performed.
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Abstract t
Thee growth and progression of ovarian tumor metastases at the peritoneal surfaces of the
abdominall cavity are coupled with neovascularization. Newly formed tumor vessels
showw a more diffuse pattern and are more permeable for macromolecules than normal
vessels. .
Wee undertook a feasibility pilot study to find out if these rumor properties could be used
too detect (small) ovarian metastases in the abdominal cavity by means of fluorescein
angiography. .
Eighteenn patients known with ovarian cancer or with suspicion for this disease and
requiringg a laparoscopy or laparotomy entered the study. Preceding the required surgery
sodiumm fluorescein was given intra-venously in different doses (0.4-1.6 ml of a 25 %
solution)) whereafter fluorescence detection by laparoscope was carried out. In 5 patients
adhesionss hampered laparoscopic inspection, while in 13 patients the abdominal cavity
couldd be inspected with normal white light and subsequently with blue (excitation) light
too observe the fluorescence images of the fluorescein. An impression of the distribution
patternss of fluorescein was gained from 0 up to 120 min by pooling the data collected in
differentt patients at various time intervals.
Threee phases could be discriminated: I. rapid filling (< few minutes) of blood vessels
afterr administration of fluorescein, II diffuse extravasation of fluorescein into surroundingg tissues leading to intense generalized staining of vessels and surrounding tissue for
att least half an hour; III clearance of fluorescein from vessels and surrounding tissue
withh gradually fainting of staining. (Small) differences in accumulation of fluorescein
couldd be visualized only after one hour or more. Tissue inspection at blue light more
thenn 60 minutes after administration of fluorescein did not give additional information
comparedd to the inspection using white light, which was confirmed by histology. No
clearr differences in this pattern were observed for the different doses of fluorescein.
Ourr overall conclusion is that the concentration gradient differences of fluorescein
betweenn healthy and pathological tissue in the abdominal cavity are too small to indicate
tumorr neovascularization. To our opinion this research should be continued by using fluorescencee dyes with larger molecules in order to build up sufficient concentration
differencess between normal and malignant tissue.
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Introduction n
Stagingg procedures in ovarian cancer are performed to discriminate between early
disease,, limited to the ovary, and (occult) more advanced disease with spread of tumor
intoo the abdominal cavity. Currently staging is performed by taking of multiple peritoneall biopsies from predilection areas, as small metastases cannot be distinguished
macroscopicallyy from normal tissue. Obviously, the risk of understaging by this semiblindd procedure is large. For certain patients understaging will lead to undertreatment
andd subsequently this may have an adverse effect on the patients' prognosis.
Photodetectionn is a relatively new diagnostic modality for the detection of small tumors13.
Thiss technique is already successfully used for the detection and localization of bladder,
esophagus,, skin, colon and lung tumors48.
Photodetectionn using the fluorescent dye fluorescein is based on differences in vascular
structuree and permeability when comparing normal to tumor tissue. Vascular permeabilityy is increased in tumor tissue, which facilitates leakage of i.v. administered drugs into
thee surrounding tissue. This leakage phenomenon in tumor neovascularization was
demonstratedd in animal experiments and confirmed by human studies. Experiments in
animalss with peritoneal carcinosis show that tumor vessels are hyper-permeable and
havee a larger lumen than normal vessels914. Similar observations were made in humans15*1*.
Inn addition, the tumor vessels show a more diffuse pattern and a different flow pattern
duee to the fact that they contain little or no smooth muscle cells19. This last property is
alreadyy used for the detection of ovarian cancer with transvaginal color doppler ultrasound2025.. However, the resolution of this technique is in the order of several millimeters
andd the penetration is too low to inspect the whole abdominal cavity. A better technique
forr the visualization of the neovascularization may be laparoscopic fluorescein angiography. .
Fluoresceinn is an organic, highly fluorescent, dye. The dye spreads evenly in the body
afterr i.v. administration. Approximately 85% of the circulating fluorescein will be bound
too albumin. The circulating fluorescein will rapidly be cleared while the extravasated
fluoresceinn will remain in the extracellular matrix for a longer period. Upon illumination
withh blue light (peak at 480 nm.) the areas with extravasated fluorescein will emit broad
bandd yellow fluorescence light (peak at 520 nm.).
Fluoresceinn is an attractive dye to use for the following reasons. Firstly, extensive clinical
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experiencee has been obtained with this fluorescent dye and side effects are well
described2630.. Secondly, fluorescein has a high fluorescence quantum yield, which favors
thee detection of very small tumor volumes. Thirdly, the use of fluorescein is attractive in
diagnosticss because the time interval between administration and extravasation of
fluoresceinn is short.
Fluoresceinn is widely used for diagnostic procedures in ophthalmology e.g. for the
accuratee detection of eye tumors. Photodetection with fluorescein is currently under
investigationn for other tumors. Staining of malignant cells with fluorescein is described
byy Vinogradova et aP\ Braginskaia et al. showed that sodium fluorescein accumulates
inn experimental gastric cancer in rats3233. Fluorescence levels were higher in tumor tissue
thann normal adjacent tissue. Ble et al proved the feasibility of fluorescein detection of
bladderr cancer. Also in benign disorders like Crohn's disease fluorescein detection was
appliedd facilitating early detection of small Crohn's lesions34.
Inn this pilot study we investigated the feasibility of fluorescein photodetection in
patientss with known or suspected ovarian cancer. Aim of the study was to investigate the
distributionn pattern of fluorescein in the abdominal cavity and to investigate whether
concentrationn gradients of fluorescein could be found between normal and malignant tissue,, as a result of the differences in structure of tumor and normal vessels.

Materialss and methods
Laparoscopicc equipment
Fluorescencee images were recorded using an imaging device that was developed by Karl
Storz,, Tuttlingen, Germany, for urological applications. The illumination part consisted
off a Xe light source (D-light AF-system, Storz, Tuttlingen) with an integrated filterwheel,, which enables selection of white light or blue light (<500 nm. for excitation of
thee fluorescein). The images were collected through a rigid endoscope that was connectedd to a camera and a video recorder. A longpass filter (>510 nm.) was placed between
thee scope and the camera to block the excitation light.
Patients s
AA total of 18 patients entered this study. Six patients had an indication for exploratory
laparotomyy because of enlarged adnexal mass. In 3 of these cases, ovarian cancer was
diagnosed.. Seven patients required an interval debulking while in the remaining 5
patientss already treated for ovarian cancer a diagnostic laparoscopy was indicated for
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variouss reasons. Informed consent was obtained to precede the planned surgery with
fluorescencee laparoscopic inspection of the abdominal cavity. After administration of
fluorescein,, in 5 of 18 patients the endoscopic inspection could not be carried out due to
adhesions. .
Methods s
Whitee light and blue light laparoscopic video-recorded inspection of the upper and lower
abdomenn including the pelvis was performed according to a standardized way. Sodium
Fluoresceinn 25% solution prepared at the pharmacy of our hospital was given i.v. as a
boluss injection, with a starting dose of 0.4 ml. This dose was increased during the study
too 0.8 ml and eventually to 1.6 ml. In the first 7/18 patients an injection of fluorescein
wass given during laparoscopy after completion of inspection of the abdominal cavity in
orderr to carefully follow the distribution of fluorescein immediately after administration.
Inn the following 11 patients fluorescein was given at an earlier stage preceding the
laparoscopicc inspection in order to observe the distribution of fluorescein up to 120
minutess after i.v. administration. Dose escalation was carried out after the 7th and again
afterr the 10th patient.
Whenn areas showed a higher fluorescence than the adjacent tissue, blue light inspection
wass followed by repeated white light inspection and, when possible, biopsies were taken
fromm that area for histological analysis.
Accordingg to standard forms, toxicity and endoscopic complications were recorded periandd post operatively during 48 hours and longer if indicated.

Results s
Inn the first three patients, almost no fluorescence could be visualized after administration
off 0.4 ml of the 25% fluorescein solution. After stepwise adaptations of the technical
equipmentt during these first three procedures, a good fluorescence contrast could be
observedd in the fourth patient, whereafter the equipment settings were maintained in the
followingg 9 patients.
Inn addition, dose escalation was performed by doubling the dose in patients 9 and 10
(0.88 ml) and again in patients 11, 12 and 13 (1.6 ml) in order to evaluate the effect of
dosee intensification on the fluorescence contrast in the images. The higher dose did not
leadd to a gain in fluorescence contrast.
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Distributionn pattern of fluorescein
Immediatelyy after administration, a strong fluorescence could be observed in the blood
vesselss during blue light inspection (phase 1). After a few minutes a generalized fluorescencee staining appeared in the tissue surrounding the vessels, while also the vessels
remainedd filled with fluorescein. The fluorescence was intense, generalized and non-specificc which hampered any diagnostic interpretations (phase 2). This phase was prolonged:: from the longer observation time it became clear that this phase lasted for at
leastt half an hour after administration of fluorescein. After this phase a gradual decrease
off tissue fluorescence finally led to the phase 3 in which the images started to show
somee concentration differences expressed by localized patched fluorescent areas at one
hourr after administration of fluorescein. At 120 minutes, most of the fluorescence had
disappeared,, both from vessels and surrounding tissue.
Biopsies s
Biopsiess were only taken in the third phase when more selective accumulation of fluoresceinn was present. A total number of 16 biopsies were taken. None of the fluorescence
directedd biopsies gave additional information when compared to the findings of white
lightt inspection: the biopsies that turned out to be positive for tumor were taken out of
areass that were also suspected for tumor at white light inspection. When a certain tissue
areaa showed no suspicion for tumor at white light inspection, but showed a higher fluorescencee at blue light inspection compared to the surroundings, the fluorescence directed
biopsiess taken were also negative on histology.
Sidee effects and toxicity
Nonee of the patients suffered from complications caused by the (additional) endoscopic
proceduree with fluorescein. A foreseen side effect was the strong yellow-orange discolorationn of the urine that was observed from 8 minutes up to 24 hrs afterwards. Some
coloringg of the eyes was also found in some patients. As expected no other signs of toxicityy were noted.
Exampless of images taken during the procedure.
Somee examples of images that were recorded during the procedure are shown below:
Figuree 1 shows the extravasation process during the first 16 minutes. The generalized
fluorescencee that is shown in the picture on the right side was maintained for at least 30
minutes. .
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FigureFigure 1: extravasation process of fluorescein at 5, 9 and 16 minutes leading to phase 2.

Figuree 2 shows part of the omentum and the small bowel during white light (left picture)
andd fluorescence (right side) inspection at 45 minutes after administration of fluorescein
(phasee 2 —> 3). The adipose tissue always showed relatively strong fluorescence comparedd to the organs. The hot spot on the left side in the right picture turned out to be
inflammatoryy tissue area and hence was a false positive finding.

FigureFigure 2: part of the omentum and the small bowel during white light (left picture) andfluorescence (right
side)side) inspection the picture was taken 45 minutes after administration of fluorescein.

Figuree 3 shows images of a small tumor metastasis on the abdominal wall under white
lightt inspection (left) and with fluorescence imaging at 90 minutes after administration
off fluorescein. The increased fluorescence signal of the tumor is probably caused by the
macroscopicallyy white color of the tumor as seen at white light inspection. Because of
thee white color there is little absorption of the excitation light, which facilitates much
deeperr penetration of light into the tissue and more fluorescein is excited. The induced
fluorescencee light can also escape the tissue more easily.
Att 90 minutes, most of the generalized tissue fluorescence had decreased to low levels,
facilitatingg the detection of local accumulation of fluorescein. However in some cases
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FiguresFigures 3: A small tumor metastasis on the abdominal wall as visualized during white light and blue light
(fluorescence)(fluorescence) inspection, 90 minutes after administration of fluorescein.

localizedd differences in fluorescein concentration were observed at an earlier stage. This
wass mainly true for larger tumor masses.
Figuree 4 shows such an example. At white light inspection a large area was suspected
forr tumor. This area showed strong prolonged fluorescence at blue light, which could be
discriminatedd from 30 minutes on. On histology the diagnosis of malignant tissue was
confirmed. .

FiguresFigures 4: An area of tumor tissue visualized using white light illumination (left picture) and illumination
withwith blue light (right picture) at 30 minutes after administration of fluorescein.

Discussion n
Thee use of fluorescein angiography to identify tumor tissue in the abdominal cavity has
nott yet been reported in literature. We explored the possible clinical application of fluoresceinn angiography for the detection of tumor metastases at the peritoneal surfaces in a
small-scalee study in order to find out whether larger studies would be indicated. As we
weree to our knowledge pioneers of fluorescein photodetection in the abdominal cavity a
numberr of parameters needed for an optimal application of the technique were unknown,
likee equipment settings, drug dose and the time interval between administration of fluoresceinn and laparoscopic blue light inspection.
76 6

fluoresceinn angiography for the detection of metastases of ovarian tumor in the abdominal cavity

Thee study was started with a (rather arbitrary) low initial drug dose, when compared to
thee dose commonly used for visualization of vessel abnormalities in ophthalmology,
whichh is 3 ml 25% sodium fluorescein solution. This low starting dose was chosen to
avoidd any phototoxicity to the vulnerable organs in the abdominal cavity, although the
publicationss of phototoxic effects after administration of fluorescein are limited2630.
Duringg the study it became clear that even a low dose of 0.4 ml fluorescein solution
alreadyy leads to massive generalized fluorescence. Nevertheless we increased the dose
twice,, - still below the dose used clinically in ophthalmology - mainly to see whether
thiss would improve fluorescence contrast in the images in the third phase. As described
inn the results this was not the case. The option to lower the dose to induce more specific
fluorescencee in the phase 2 was not investigated in this limited study. However, consideringg the distribution pattern of fluorescein, with generalized nonspecific extravasation,
thiss option seems not very attractive and will probably not lead to better images.
Besidess the drug dose the optimal time interval between administration of fluorescein
andd the diagnostic procedure had to be assessed. We were able to identify three phases
afterr administration of fluorescein. Almost immediately after administration, a rapid fillingg (< few minutes) of blood vessels was observed. In theory tumor induced vascularizationn can be recognized during this first phase, due to their more diffuse and dense patternn and other vascular structure which facilitates prompt leakage. However, because of
thee short duration of the first phase which was only a few minutes, it is impossible to
carefullyy inspect the whole abdominal cavity. Following phase 1 the diffuse extravasationn of fluorescein from all (tumor and normal) vessels into surrounding tissues caused
ann intense non specific, generalized staining of vessels and surrounding tissue which
lastedd for at least half an hour, during which period no images could be obtained for any
diagnosticc purpose. At longer time intervals when the staining gradually fainted, areas
weree distinguishable that showed prolonged accumulated fluorescence levels. This indicatess that only this third phase is suitable for tumor diagnostics. The optimal time period
too perform laparoscopic fluorescein angiography is therefore somewhere between 30-60
andd 90 minutes.
Howeverr when comparing the images obtained at stage 3 to those obtained at white light
inspection,, the latter are much easier to interpret and clearer considering discrimination
betweenn normal tissue and tissue suspected for metastasis. We did not find areas suspectedd for tumor metastases as indicated by fluorescein accumulation that were not
alreadyy recognized by normal white light inspection. In addition, other conditions like
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inflammationn may also lead to fluorescein accumulation, which indicates that fluoresceinn photodetection is not highly specific.
Ourr general impression is that local concentration differences in fluorescence angiographyy are too small to add to white light diagnostics. This is in contrast to the findings in
ophthalmology.. Most likely the blood to tissue barrier in the eye prevents from massive
extravasationn of fluorescein from the normal vessels into the surrounding tissue in contrastt to pathological disorders. These other conditions facilitate diagnostics in phase 1.
Ourr overall conclusion is that the applicability of photodetection with fluorescein in the
abdominall cavity is disappointing. Based on the findings of this pilot study it is not indicatedd to continue our studies with fluorescein photodetection. Though the numbers of
patientss in our studies are small, this conclusion is justified in our opinion as our data
aboutt the distribution pattern and concentration gradients of fluorescein were uniform
forr all our patients and therefore seem conclusive.

Neverthelesss the idea of diagnostics of neovascularization with fluorescence techniques
remainss attractive. To make the technique work, we need larger molecules. One possibilityy is to fluorescein-label a large dextran molecule. An other possibility is to use
Indocyaninee Green (ICG) which may be a more suitable dye for photodetection of tumor
vessels.. ICG has a high molecular weight (twice as great as that of fluorescein) and is
amphiphilicc (both hydrophilic and lipophilic)35. After administration, ICG will bind to
plasmaa proteins and will therefore have limited extravasation from the normal vessels35.
Inn this way the different tumor vessel structure may be visualized without backgroundfluorescencefluorescence from extravasated fluorophores. A disadvantage of the use of ICG m
thee low fluorescence efficiency of only 4% of that of fluorescein.
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Abstract t
Wee developed a fluorescence imaging device for the detection of superficial cancer
basedd on the Double Ratio technique. In practical use this device resembles an operation
microscopee and can be used in a clinical environment. This device acquires 4 different
fluorescencee images excited at two wavelengths and detected at two wavelengths. From
thesee images it calculates, displays and stores Double Ratio images at a maximum speed
off 1 Hz. The Double Ratio image gives the distribution of the fluorophore amount presentt in tissue and is not affected by local variations in tissue optics, i.e. tissue absorption
andd tissue scattering. The validity of the technique was confirmed here by ex vivo tissue
equivalentt phantom experiments using hematoporphyrin and in vivo experiments on normall pigmented moles on Caucasian human skin using 5-aminolevulinic acid induced
protoporphyrinn IX.
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Introduction n
Earlyy (pre)cancerous lesions are often hard to find under white light illumination. The
medicall community is searching for new non-invasive methods to detect these lesions,
whichh often start in the epithelial layer up to a few hundred micrometers below the tissuee surface. Fluorescence imaging is an upcoming non-invasive optical technique that
producess in vivo images with information of these first few hundred micrometers. The
interestt of research groups12, the investments of various companies like Karl Storz
Gmbh.. & Co. and Xillix Technologies Corp., in combination with recent promising
clinicall trials3 \ demonstrate the potential of this technique. In this paper we introduce a
neww fluorescence imaging device, which may provide diagnostic information about tissuee in addition to that offered by currently available fluorescence imaging techniques.
Variouss approaches are currently under investigation for in vivo fluorescence imaging.
Somee techniques use fluorophores which are naturally present in the tissue, assuming
differencess in fluorophore content in normal and cancerous tissue9. Other techniques are
basedd on administration of tumor localizing fluorescent drugs to enhance fluorescence
contrast'0.. Here background fluorescence of natural tissue fluorophores biases the
measurementt and can be considered an artifact. Using two excitation wavelengths
allowss subtraction of this background fluorescence". Detecting the fluorescence at two
wavelengthss allows a fluorescence measurement relative to a background12. Algorithms
thatt are based on multiple excitation and detection wavelengths are also used to optimizee contrast between normal and cancerous tissue13. Some of these methods are successfull in specific medical fields, nevertheless, the measured fluorescence signal is
influencedd by factors which may not be directly related to (pre)malignancy. Factors like
spatiall variation in natural tissue fluorescence, geometry, variations in excitation fluence,
tissuee color and tissue scattering may seriously limit the reliability of fluorescence diagnosis14. .
Attemptingg to avoid these limitations Sinaasappel and Sterenborg developed the Double
Ratioo (DR) fluorescence imaging technique15. This technique aims to detect a tumor
localizingg fluorophore, where the DR image gives the distribution of the fluorophore
amountt present in tissue. In theory, this technique corrects for variations in natural tissue
fluorescence,, geometry and excitation fluence. Most important, the DR technique also
correctss for spatial variations in tissue optics, i.e. tissue absorption and tissue scattering.
Thiss was confirmed earlier by in vitro and in vivo point measurement experiments15 '6.
Withh these unique and useful correction properties, DR imaging may provide diagnostic
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informationn in addition to currently available fluorescence imaging methods.
Inn this paper we describe a DR fluorescence imaging device. First we briefly explain the
fundamentalss on which the imaging technique is based, followed by a description of the
prototypee design and construction. Finally, the dependence on tissue optics is investigated
byy ex vivo experiments on tissue equivalent phantoms and in vivo experiments on human
moles. .

Materialss and methods
Thee double ratio technique is based on the acquisition of 4 fluorescence signals.
Sinaasappell and Sterenborg defined the double ratio as15:
DoubleDouble

Ratio

FF
<*
FF

F

r

L

F

Wheree F stands for the 4 fluorescence signals, the indices i and j refer to different
excitationn wavelengths end the indices t and r to different detection wavelengths.
Fjj t /F: t is the 'target ratio' of the 'target fluorophore', i.e. the tumor localizing fluorescent
drugg and Fj ^F: r is the 'reference ratio1 of the 'reference fluorophore', i.e. the natural tissuee fluorescence. The reference ratio is assumed independent of the 'target fluorophore',
whilee the target ratio is assumed to increase with increasing presence of target fluorophore.. Mathematically the Double Ratio can be expressed as15:
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Wheree the constants A and H stand for the fluorescence yield of the reference- and targett fluorophore, respectively, and the parameters C r and C t stand, for the concentration
off the reference- and the target fluorophore, respectively. The parameters a and b are
materiall constants and thus the Double Ratio varies with the amount of target fluorophoree amount. Artifacts caused by absorption, scattering, variations in natural tissue
fluorescence,, excitation fluence and geometry are all cancelled out15. Later work
revealedd that the Double Ratio, besides 'target fluorophore' concentration, also has a
dependencyy on the fluorescent layer thickness17. The relation between the Double Ratio
andd target fluorophore concentration C^ is described by eq. 2 and plotted in fig. 1.
Thee initial slope of the curve equals a minus b and the curve approaches the asymptotic
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FigureFigure 1: The relation between the Double Ratio and target fluorophore concentration (Ct).

valuee of a^ for high target fluorophore concentrations. For maximum sensitivity to
changess in amount of fluorophore the difference between a and b is preferably as large
ass possible. This can be obtained by choosing both excitation wavelengths to have a: 1.)
maximumm difference in fluorescence yield for the target fluorophore and, 2.) a minimum
differencee in fluorescence yield for the reference fluorophore, see Eq. 2. The Double
Ratioo measurement technique can be adapted for any kind of 'target fluorophore'. In
principlee the approach can also be employed for other types of spectroscopic techniques
suchh as Raman scattering. Prerequisites are sufficiently different excitation spectra for
thee target and reference fluorophore, and the selection of appropriate excitation and
detectionn wavelengths.
Imagingg system
AA novel fluorescence imaging system has been developed and built, according to the
Doublee Ratio technique. A diagram of the system is shown in fig.2. The output beam of
aa lamp (Ushio, 200W, XeHg) is split in two by a beam splitter. The two beams are separatelyy guided through excitation filters, a chopper (EG&G, 651-IE) and focussed into
twoo meter long liquid light guides with a core diameter of 8 mm for illumination of the
targett area. Fluorescence light from the target area is collected by a first lens. By
exchangingg the first lenses the camera magnification can be changed, with a focal length
off 10cm or 30cm the detection area is either lxlcm or 3x3cm. For the longest focal length
thee excitation power is in the range of a few hundred microWatts per square centimeter.
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Excitationn and detection filters as well as cameras can be changed easily. Fluorescence
emittedd from the tissue is detected through two detection filters, covering the vertical
halvess of the CCD chip. Dedicated optics focus four equal images on this single chip. A
slavee chopper (EG&G, 651-IE) in the camera unit is synchronized with the chopper in
thee lamp unit. The slave chopper alternates between the horizontal halves of the CCD. A

FigureFigure 2: Overview of the Double Ratio imaging system which can acquire 4 fluorescence images excited a
22 wavelengths and detected at 2 wavelengths. Four images are focused on one CCD chip. Two wavelength
detectiondetection is then realized by covering each half of the CCD with a filter. Two wavelength excitation is
accomplishedaccomplished with an alternating light source. Excitation and image acquisition is synchronized with
pers.pers. Excitation unit: I.) 200W XeHg lamp, 2. Lens, 3. Beam splitter, 4. Mirror, 5. Excitation filter i, 6.
ExcitationExcitation filter j , 7. Lenses, 8. Chopper (master), 9. Liquid light guides. Detection unit: 10. Tissue, 11.
lens,lens, 12. Chopper (slave), 13. Detection filter t, 14. Detection filter r, 15. Second lens, 16. CCD chip.
ProcessingProcessing unit: 17. PC, 18. Display

figurefigure of the illumination phases is shown in fig. 3. This prototype allows us to acquire
fourr equal images excited at two wavelengths and detected at two wavelengths. The
choppingg frequency is chosen to be much higher than the frame rate of the camera i.e. a
ratee of 1200 Hz. This enables the camera to run with a frequency independent of the
choppingg procedure. In this way we are able to use a wide range of cameras. In our
experimentss two different types of cameras are used. A high speed slow scan 14 bit
cooledd monochrome CCD camera, Proscan HSS 1024, with 1024x1024 pixels and a PCI
interface.. The second camera is a Philips IP 800, a two step intensified video camera. At
maximumm gain this camera has a sensitivity of 5ulux. Interface is a Data translation
DT31522 frame grabber. With dedicated software, Interactive Data Language (IDL), the
fourr separate spectral images are extracted and Double Ratio images are calculated,
exactlyy overlaying and dividing the 4 images pixel by pixel according to Eq. 2. Finally,
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Doublee Ratio images are displayed at a
maximumm speed of 1 Hz. This system
allowss to image a wide variety of fluorophoress and different tissue types. In
practicall use the system resembles an
operatingg microscope and can be used in
aa clinical environment.

Experiments s
Inn theory Double Ratio values are independentt of tissue optics, i.e. the scattercoveredcovered by chopper
ingg coefficient (|j.s) and absorption coefnotnot covered by chopper
ficientficient (u\a). To check whether our protoFigureFigure 3: Acquisition of four equal images with two
typee functions accordingly we perwavelengthwavelength excitation and two wavelength detection
isis performed within 2 illumination phases of the
formedd two experiments: 1.) An ex vivo
CCDCCD chip: 1) A detection phase with excitation
wavelengthwavelength Xi. Here two wavelength detection oftissuee equivalent phantom study and, 2.)
Fi,tFi,t and Fi,r takes place on the upper half of the
ann in vivo study of normal human pigCCDCCD through the reference (Xr) and target detection
mentedd moles on normal Caucasian
filterfilter (XX 2) A detection phase with excitation
of
wavelengthwavelength Xj Here a two wavelength detection skin..
For these 2 experiments we used
Fj,rFj,r and Fj,t takes place on the lower half of the
as 'target' fluorophore. The
porphyrinss
CCDCCD through the reference (Xr) and target (Xt)
detectiondetection filter.
chosenn excitation wavelengths band pass
filtersfilters are: A^: 405nm, (Oriel 56541) and A:: 435nm, (Oriel 56551). Detection band pass
filtersfilters for the 'reference fluorophore' are: A^: 550nm , (Omega optical 550RDF42) and
forr the 'target fluorophore' Aj.: 675nm , (Omega optical 675DF110), see fig. 2. To preventt any excitation light to enter the camera a long pass filter is positioned in front of
thee first lens (Schott KV500), not in fig. 2. A schematic representation of the Double
Ratioo calculation with these filters is shown in fig. 4.

^iO O

Att j A r

Tissuee equivalent phantom study
Tissuee equivalent phantom studies have been performed to investigate the sensitivity of
thee Double Ratio images to changes in the absorption coefficient \xa and scattering coefficientficient |J.S. Aqueous solutions were prepared with varying concentrations Intralipid 10%
ass a scattering component and Evans Blue as the absorbing component. To simulate
naturall tissue fluorescence we used Fluorescein as 'reference fluorophore'.
Hematoporphyrinn (Hp) was used as 'target fluorophore'. Before adding Hp to the
phantomm it was pre-diluted in a small amount of acetone to enhance solubility in water.
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FigureFigure 4: Graphic presentation of the fluorescence signals needed to calculate a Double ratio. Shown are
twotwo schematic fluorescence spectra of tissue with porphyrin. One spectrum is excited at 405nm and the
otherother is excited at 435nm. The grey areas indicate the fluorescence signals in the appropriate wavelength
bandsbands needed to calculate a Double Ratio.

Fivee different phantoms were made in total. The range of optical properties that were
usedd is listed in table 1. Double Ratio imaging took place for each phantom while varyingg the Hp concentration.

Humann mole study
Previouss studies have shown that high absorption of dark colored lesions on a less
absorbingg light colored skin can cause biased fluorescence measurements14. To study
howw our prototype deals with these absorption artifacts in vivo we studied normal pigmentedd moles on Caucasian skin,
TableTable 1: The optical properties of the tissue equivalent comparing the Single Ratio intr
phantomsphantoms at 635nm. Phantom 4 aims to simulate
humanhuman epidermis, while phantom 5 aims to simulate
humanhuman liver".

Phantom m |i ss [cm"1 ]

Haa [cm"1]

11

80 0

2.8 8

22

120 0

2.8 8

33

80 0

4.2 2

44

244 4

1.8 8

55

313 3

2.3 3

90 0

°y ProtlO to correct for background

fluorescence122 with Double Ratios.
Here,, the Single Ratio is the protoporphyrinn IX fluorescence detected in the
redd (675nm), divided by the natural
tissuee fluorescence, detected in the
greenn (550nm), both excited at
405nm.Thee measurements were performedd on two volunteers on which we
selectedd two pigmented moles each.
Topicall administration with a solution
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off 20% ALA in Instillagel took place. The gel was applied on the pigmented mole and
surroundingg light colored skin and was held into position with Tegaderm. Through metabolicc reactions in the tissue ALA is converted to the 'target fluorophore' Protoporphyrin
IX.. After half an hour the Tegaderm was removed and the skin was cleaned with a
gauze.. Two hours later Double Ratio images were taken.

Results s
Tissuee equivalent phantom study
Fig.. 5 shows the Double Ratio values versus Hp concentration for the five phantoms.
Thee graph shows five similar measured curves close to curve predicted by eq. 2. There
iss a good correlation between the measured values and the theoretically predicted curve
givenn by Eq. 2, which is plotted in the graph as well. A correlation coefficient of 0.98
wass found.
Humann mole study
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FigureFigure 5: Hp concentration versus Double Ratio for five different phantoms (see Tab/e J.). Although these
phantomsphantoms have different absorbing and scattering properties similar Double Ratio values were found close
toto the curve predicted by Eq. 2. A correlation coefficient of'0.98 was calculated between theory and measurement. urement.

Fig.. 6a shows natural tissue fluorescence image of a clinically benign pigmented mole
onn normal light colored skin at 550nm. Throughout the whole image hairs are visible
andd a v-mark was drawn on the skin for easy recognition of the lesion. Obvious are the
higherr absorption at the location of the mole and the marking. Figure 6b shows the protoporphyrinn IX fluorescence divided by the natural tissue fluorescence ratio of the same
91 1
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FigureFigure 6: Fluorescence images of a normal dark colored mole on a normal light colored skin after applica
tiontion of 5-A LA. We drew a v-mark on the skin for easy recognition. Left: Natural tissue fluorescence image
(550nm).(550nm). Middle: protoporphyrin IXfluorescence image (675nm) divided by the natural fluorescence rat
imageimage (550nm) here we see biased elevated values at the position of the v-mark and mole due to a stronger
absorptionabsorption in the green in comparison with the red. Right: Double ratio image with similar values for
v-markv-mark and skin, indicating similar protoporphyrin IX levels for mole, v-mark and surrounding skin

mole.. The normal lesion and v-mark show a clearly higher ratio in comparison with the
normall surrounding tissue, illustrating the fact that green light is absorbed stronger than
redd light in this mole and v-mark, which biases this ratio. Fig. 6c shows the Double
Ratioo image. Both the normal mole and v-mark have disappeared which is an indication
thatt they have similar porphyrin concentrations in comparison with the surrounding tissue.. The v-mark and hairs have not completely disappeared but are still slightly visible.
Thiss may be caused by non exact overlay of the four images. We found similar results in
alll 4 moles.

Conclusions s

Wee have designed and constructed a fluorescence imaging system for the detection of
superficialsuperficial cancers. This system can acquire, display and store Double Ratio image
Typicall acquisition time of a Double Ratio image is within the range of a second, using
ann image intensified camera and a minute using a slow scan cooled CCD. In practical
usee this system resembles an operating microscope and can be used in a clinical environment.. By exchanging the optics the detectable area is either 3x3cm or lxlcm with a
focall length of 10cm or 30cm, respectively. Currently the system is configured to measure
Protoporphyrinn IX (PpIX) fluorescence. By exchanging the excitation and detection filterss any fluorophore of choice can be investigated.
Ourr Double Ratio fluorescence imaging device was capable of localizing porphyrin concentrationss independent of tissue color, tissue phantom color and tissue phantom scattering.. Due to these useful properties Double Ratio fluorescence imaging may provide
additionall diagnostic information in comparison with currently available fluorescence
imagingg systems. Hence, Double Ratio imaging may serve as an additional tool for the
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clinicall detection of cancers and its precursors. Clinical studies with this device are
underway. .
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Abstract t
AA phase 0 evaluation was performed of a new fluorescence imaging technique for diagnosingg cervical intraepithelial neoplasia. The fluorescence imaging prototype performed
quantitativee imaging of PpIX induced by topically applied ALA using Double Ratio
(DR)) fluorescence imaging technique developed in our group. In total 38 patients
enteredd the protocol, 16 were colposcopically selected for biopsy. Of these 16 patients
fluorescencee images were taken and biopsies from 19 sites were taken and the disease
wass staged histopathologically. DR fluorescence imaging of the cervix using our general
purposee prototype appeared to be cumbersome but feasible. In 4 cases strongly localized
fluorescentt hotspots were observed at the location where the disease was colposcopicallyy visible. In the other cases the fluorescence showed a more diffuse multifocal image.
Thee value of the DR determined at the site of biopsy correlated in a statistically significantt way with the histopathologically determined stage of the disease (Spearman rank
correlation,, r = 0.881, pO.001 (confidence interval 0.7044 - 0.9552)). This suggests that
non-invasivee staging of CIN using this technique is feasible. We believe that the results
off this study justify the development of a dedicated device that combines regular white
lightt colposcopy with DR fluorescence imaging.
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Introduction n
Cervicall cancer is the leading cause of mortality in female cancer and the second most
commonn cancer in females worldwide1. The introduction of new screening and treatment
modalitiess led to a decrease in mortality of cervical cancer over the last 50 years23.
However,, in the last two decades nation wide screening programs revealed an increase
inn the incidence of cervical cancer. Hornung et al.4 estimated that the mortality of cervicall cancer will rise by 20% in the next decade unless improvements are made in the currentt screening and detection techniques. Colposcopy has proved to be a useful diagnosticc tool in identifying the most atypical site for biopsy on the cervix5-6. When women
withh an abnormal Pap-smear are referred for colposcopy, diagnosis and treatment of cervicall intra-epithelial neoplasia (CIN) requires several visits to the doctor. With conventionall colposcopy, using acetic-acid staining to select the most atypical site for taking a
biopsy,, only 53.6% of the removed biopsies contain histologic evidence of a dysplastic
process6.. In an overview of fourteen papers, by Hopman et al, the positive predictive
valuee of colposcopically directed biopsy was poor for 'no CIN' and increased with
increasingg stage of the disease8. Also a considerable inter-observer variability regarding
diagnosingg CIN is reported in the literature, for colposcopists as well as for histopathologists891011.. Fluorescence imaging and spectroscopy are relatively new experimental techniquess for the detection of superficial epithelial changes. Fluorescence diagnostics is
basedd on detecting in vivo differences in fluorescence between normal and cancerous tissues.. Fluorescence is induced by excitation of fluorophores in the tissue, usually with
bluee or UV light. The area of interest is then imaged with a sensitive camera or a point
measurementt is performed with a spectrograph. The shallow penetration of the excitationn light makes this tool particularly suitable for superficial lesions. Differences in fluorescencee between normal and cancerous tissue can be naturally present due to different
fluorescentt molecules in normal and cancerous tissue or may lay in different absorption
orr scattering in tissue12-131415.
Thee use of natural tissue fluorescence spectroscopy for CIN screening was extensively
evaluatedd and reviewed by Mitchell et al. They concluded that fluorescence spectroscopyy performs better than colposcopy16. Differences in fluorescence between normal
andd cancerous tissue can also be enhanced by administration of a tumor localizing fluorescentt drug, preferentially accumulating in cancerous cells. Several fluorescent tumor
localizerss are currently under study. 5-Aminolevulinic acid (ALA) is currently a popular
drugg for photodynamic therapy. When administered topically it diffuses into the cells and
convertss to the fluorescent Protoporphyrin IX (PpIX). Selective accumulation in certain
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celll types may be caused either by differences in cellular enzyme levels or by differencess in the accessibility to ALA17 im2ü. Hillemanns et al. used this approach for CIN
screeningg based on fluorescence imaging. They showed that fluorescence imaging for
CINN screening has similar results compared to colposcopy. However by using a more
quantitativee method, fluorescence spectroscopy with a fiber-optic probe at a fixed distance,, they found a significant improvement over colposcopy21. Sinaasappel and
Sterenborgg described a more quantitative method for fluorescence measurements, the
Doublee Ratio measurement technique22. Two excitation wavelengths (k-Y and X;) and two
detectionn fluorescence wavelength ranges ( ^ and Xn) are used to generate four differentt fluorescence images from which a DR image is calculated. The DR algorithm is
designedd to compensate for tissue color and tissue light scattering and produces an
imagee that is dependent on the amount of the fluorescent tumor localizer only23
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wheree F x y stands for the fluorescence obtained with excitation wavelength A^ detected
att wavelength ky and C stands for the concentration of the photosensitizer. The parameterss a and CQ are unknown constants that are related to the fluorescence quantum yields
off the autoftuorophores and of PpIX. It can be shown24 that a for PpIX in tissue has a
valuee of approximately 8. DR is a smooth function of C/CQ. At low values of C/CQ it is
proportionall to C/CQ and at higher values it saturates at a value of a. The DR images
thereforee have a direct relation to the PpIX distribution of the imaged area, unbiased by
thee usual optical artifacts. The aim of this clinical pilot study is threefold. First, we will
testtest our general purpose fluorescence imaging prototype in a clinical setting. Second, we
willl evaluate the feasibility of using the ALA- Double Ratio approach as fluorescence
guidee for taking biopsies. Third, we will test whether this quantitative fluorescence
imagingg approach is capable of non-invasive staging of CIN.

Materialss & Methods
Patientt selection.
Womenn with an abnormal Pap smear, routinely referred to the clinic for colposcopic
examination,, were asked to participate in this study. Pregnant or lactating women were
excluded.. A total of 30 volunteers enrolled in this study. Ages varied between 19 and 45
yearss with a mean age of 30 years. We excluded 6 volunteers with a history of previous
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surgery,, causing unknown changes to the epithelium. Another 8 volunteers were colposcopicallyy unsuspect for CIN and consequently no biopsies could be taken. Finally, 19
biopsiess from 16 volunteers were available for our analysis.
Applicationn of ALA.
Thee ALA was purchased from Medac GmbH (Hamburg Germany) in crystallized form.
Onn the day of use it was dissolved in a concentration of 1% (weight/weight) in sterile
salinee solution with the pH adjusted to 5.5 using sodium hydrogen carbonate21. Sterile
gauzess drenched with 10ml of this solution were applied to the cervix. The application
timee aimed for was 60 minutes, but in practice ranged from 60-120 minutes.
DRR fluorescence imaging prototype.
Thee DR fluorescence camera is a general purpose prototype developed by our group. In
practicall use it resembles an operating microscope. Preliminary clinical experiments
havee been performed for neurosurgery and dermatology. The device uses two violet
wavelengthss for excitation of the cervix, 405 nm and 435 nm at intensities of about 100
andd 200 mW/cm^, respectively. These are not the optimum wavelengths for DR imaging
off PpIX, but a compromise between contrast and signal to noise ratio. The excitation
lightt is generated with a 200 Watt Hg-Xe lamp, two line filters and a chopper alternating
thee 2 excitation wavelengths. Fluorescence of the cervix is detected through with an
imagee intensified camera (Philips IP 800) through a red and green filter (550nm, bandwidthh 42 nm and 675nm, bandwidth 110 nm). In this manner 4 different fluorescence
imagesimages are acquired. These are processed into DR images by ratioing the two red and
greenn images and subsequently ratioing the two ratio images. A detailed description of
thiss imaging device and the theory behind it can be found elsewhere23 2425. For focusing
andd positioning a simple white light (monochrome) imaging mode is available.
Procedure. .
Att the time of colposcopy the moist gauze containing the ALA is removed. Then a regularr colposcopic procedure is performed, including acetic acid staining and photographic
documentationn of the cervix. In case the decision is made to take a biopsy, the position
wheree the biopsy will be taken is marked on the photograph (Polaroid) that was taken to
documentt the colposcopy procedure. Subsequently, the colposcope is removed and the
fluorescencee imaging device is positioned and focused. Positioning the device took 1 -5
minutes,, acquiring the fluorescence images approximately 60 seconds. The resulting DR
imagee was not available to the clinician during the procedure. Next, the fluorescence
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imagingg device is removed and the colposcope is used to take the biopsy. The biopsy is
thenn subjected to standard histopathological evaluation.
Dataa analysis.

FigureFigure 1. White light image and DR fluorescence images for two cases where clinically no CIN was detecte
andand consequently no biopsy was taken. A) normal cervix, fluorescence intensity is low, although some specklesles are present. B) inflamed cervix the fluorescence intensity is extremely low.

Theree were 2 blind steps in the procedure to avoid bias. First, as mentioned above, the
cliniciann has not seen any fluorescence image before the biopsy is taken. Second, the
resultss of the histopathologic evaluation of the biopsies were not available to us at the
timee of dataprocessing. Defining the location of the biopsy site in the DR image was not
simplee as it involved matching two different images taken with different devices (i.e. the
colposcopee and the fluorescence imaging device). The outcome of this procedure might
bee biased.
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Results s
General l
Althoughh the prototype functioned properly in the technical sense, its use in this particularr clinical field proved to be very cumbersome. Especially positioning and focusing the
devicee was difficult and time consuming. A typical example of a set of images is given
TableTable 1: The various CIN m figure lb- T h e speculum, visible on the right side of the
gradesgrades in our patient
white light image, often caused severe artifacts in the fluorespp
cence image that were not easy to avoid. These artifacts were
Number r relatedd to reflections of excitation and fluorescence light on the
Grade e
stainlesss steel surface that were not completely blocked by the
33
Noo CIN
detectionn
filters. In addition, the wall of the vagina (as far as it
77
CINI I
wass not covered by the speculum) was out-of-focus and usually
CINII I
33
fluorescedd intensely. In the fluorescence image this area is
CINN III
66
paintedd black, so only the fluorescence on the cervix remains
visible.. DR fluorescence images were taken in 16 patients, on whom a total number of
199 biopsies were obtained resulting in various different grades of CIN (Table 1).
DRR fluorescence images of no CIN
Figuree la shows the white light image and the corresponding DR image of the cervix of
aa patient that was colposcopically diagnosed as no CIN. Although some speckles are
visible,, DR values close to 1 are found throughout the cervix, suggesting a very minimal
PpIXX production. A similar situation is depicted in figure lb, the main difference being
thatt this cervix is severely inflamed. Nevertheless, the DR image shows a uniform low
value,, suggesting low PpIX levels throughout the cervix.
Localizationn of CIN with DR fluorescence imaging
Inn 4 cases a region with clear boundaries could be recognized in the DR image. In all 4
casess this region matched the location where the biopsy was taken. The 4 lesions that
showedd localized fluorescence were all classified as CIN III. An example of this is
shownn in figure 2a. In the other 15 cases larger areas with unclear boundaries showed
elevatedd DR values. An example of a more diffuse fluorescence image is given in figure
2b.. In these cases the location with the highest DR never coincided with the location
wheree a biopsy was taken.
Stagingg of CIN with DR fluorescence imaging
Figuree 3 shows the DR value averaged over a 16 by 16 pixel square located at the position
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FigureFigure 2. White light images and corresponding fluorescence images of two cases histopathologically confirmedfirmed as CIN III. The locations where the biopsies were taken are indicated with a square, the ellipse indicatescates the position of the portio in the fluorescence image. In the first case (a) a clearly localised spot is visibleble in the fluorescence image and corresponds to the location where the biopsy was taken. In the second
casecase (b) a more diffuse increase in the DR is observed.

wheree the biopsy was taken versus the histopathological grade. Although some outliers
aree clearly present, there appears to be a significant correlation between DR value and
histopathologyy (Spearman rank correlation, r = 0.881, pO.001 (confidence interval
0.70444 - 0.9552))
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FigureFigure 3. DR value calculated on the location where the biopsy was taken versus the histopathological staginging performed on the biopsy.

Discussion n
Localization n
Fluorescencee images were obtained of a total number of 16 cervices. In 13 of these we
havee histopathological confirmation of intraepithelial neoplasia. In 4 (of these 13) a
clearlyy localized lesion was visible in the fluorescence image on a location coinciding
withh the (previously determined) biopsy location. The biopsies from these sites were all
classifiedd as CIN III. In the other 9 cervices the fluorescence images showed multiple
hotspotss of variable intensity or a more diffuse elevation of the fluorescence DR. This
suggestss a more multifocal nature of the disease in these cases.
Grading g
Thee strong correlation between the DR value and the histopathological classification as
shownn in figure 3 is quite striking. This might suggest that there is a relation between
thee accumulation of PpIX and the grade of the disease. However, we believe that a differentt mechanism is behind this phenomenon. In the derivation of eq. 1 a semi-infinite
homogenouss medium with a homogenous PpIX distribution is assumed. The clinical situationn is obviously a lot more complex; In the case of topically applied ALA on a mucosal
surfacee a PpIX containing layer may have a thickness of up to a few hundred micrometer;
off the order of, or less than the penetration depth of the violet excitation light.
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Furthermore,, an epithelial tumor originates from the boundary between the stromal and
epitheliall layer and then progresses towards the top surface, into the monitored tissue
volume.. This will increase the average porphyrin concentration in this volume. As a
consequence,, we must seriously doubt the validity of the assumption of a semi-infinite
homogenouss distribution of PpIX. To gain more insight in the dependency of the DR on
thee layered clinical situation, we performed Monte Carlo simulations. The technique and
thee results are described in chapter 9
Methodology y
Tracingg the location where the biopsy was taken on the fluorescence image was done by
hand.. Two different imaging devices were used and a topographical match between the
twoo images was made based on visual cues and landmarks, like the portio and the edge
off the cervix. Although a 'double blind' approach was used in this procedure, it remains
thee Achillisheel of the study. This problem could very simply be avoided by using an
integratedd device; performing both the photographic documentation and the DR imaging
throughh the same optics. Technically this should not be a major problem, and the preliminaryy results obtained in this study certainly warrant such a development.

Conclusions s
DRR fluorescence imaging of ALA induced PpIX of the cervix using our general purpose
prototypee appeared to be feasible. In 4 cases strongly localized fluorescent hotspots were
observedd at the location where clinically the disease was colposcopically visible. In the
otherr cases the fluorescence showed a more diffuse multifocal image. The value of the
DRR determined at the site of biopsy correlated in a statistically significant way with the
histopathologicallyy determined grade of the disease. This suggests that non-invasive
stagingg of CIN using this technique is feasible. We believe that the results of this study
justifyy the development of a dedicated device that combines regular white light colposcopyy with DR fluorescence imaging.
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Abstract t
Fluorescencee imaging of cervical dysplasia may be an accurate and easy alternative to
conventionall colposcopy. In addition to colposcopy, it may quantify the thickness of the
neoplasticc layer, indicating the grade of cervical cancer, as was shown in chapter 8. The
aimm of this study was to gain more insight in the dependency of the Double Ratio on
layeredd geometries, as is the clinical situation in practice. A Monte-Carlo calculation
methodd was used which allowed the composition of different geometries with embedded
fluorescentt volumes representing the neoplastic tissue. Several configurations were
defined;; all consisting of a fluorescent cube embedded in a fluorescent layer. The optical
propertiess for the excitation light and for several layer thicknesses were varied in these
simulations.. The values and geometrical assumption used for the Monte Carlo simulationn were used to investigate a concept that may give insight in the the correlation
betweenn DR and stage of the disease.
Fromm the simulations and the clinical study of chapter, 8 it seems possible to use the DR
techniquee to localize and grade cervical intraepithelial neoplasia.
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Introduction n
Itt is important to recognize and grade cervical cancer accurately and at an early stage in
orderr to be able to determine a suitable treatment strategy. Currently used diagnostic
methodss are usually non-specific, dependent on the skills of the gynecologist or are too
expensivee to be used routinely. An alternative or complementary technique may be fluorescencee imaging. Fluorescence imaging is a non-invasive technique that is increasingly
usedd for the localization and staging of (early stage) tumors and tumor metastases. The
techniquee is based on the fluorescent properties of either an intrinsic tissue specific dye
orr a selective exogenously administered dye. The tissue is illuminated with light at a
specificc wavelength, for most dyes this will be in the blue part of the spectrum. Broad
bandd fluorescent light that escapes from the tissue can be imaged using filtered red-sensitivee cameras. The image that is captured by the camera contains information about the
compositionn of the whole target volume. Penetration of the blue light that is usually used
forr excitation of the dye is limited to superficial layers. The technique is therefore particularlyy suitable for imaging of superficial cervical intraepithelial neoplastic layers.
Besidess the distribution and concentration of the fluorescent dye, the fluorescence data
alsoo depend on tissue optical properties and excitation and detection geometry. Several
techniquess have been developed to eliminate the tissue and device artifacts15. The simplestt way of fluorescence diagnostics is by just looking at the emitted fluorescence. By
takingg the ratio of the fluorescence signal of the photosensitizer and the fluorescence of
thee intrinsic tissue components (background) it is possible to eliminate influences of
excitationn and detection geometry. This ratio, normalized on a ratio taken without fluorophoress presents is called the normalized fluorescence ratio3. The ratio of the two ratios
measuredd with two excitation wavelengths is called the Double Ratio (DR)4. This double
ratioratio is in theory independent of the optical properties of the tissue and independent of
thee excitation and detection geometry of the device. For the derivation of the double
ratio,, several assumptions were made. A semi-infinite medium is assumed to contain a
homogenouss distribution of photosensitizer. Both these assumption may be violated
whenn measuring on the cervix.
Epitheliall neoplasia grows from the boundary between the epithelial and stromal layer
towardss the surface and will, with progressing stage, fill the monitored volume gradually.. The thickness of the layer will thus have an effect on the measured average fluorescencee in the tissue. This was confirmed by the results of the clinical study as described
inn chapter 8. A clear correlation was found between the DR value and the CIN grade.
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AA better understanding of the interrelations between DR, thickness of the neoplastic
layerr and penetration depth of the excitation light is however necessary to further developp DR fluorescence measurements into a dedicated tool for staging of CIN. In this chapter,, these relations were investigated with a Monte Carlo model. Furthermore, we will
tryy to correlate the results of this chapter with the clinical results of chapter 8.

Methods s
Forr the calculations, we adjusted a Monte Carlo program, based on the code of Keijzer
etet a/.6 adapted by Lucassen et al.1. The program uses a variance reduction method that is
calledd survival weighting. The photons are transported through the medium with a certainn weight. At each interaction, a fraction jj.a/(|j.a+|a.s) of the weight is deposited while
thee remaining fraction continues. The program was adjusted to enable fluorescence
imagingg simulation. First, the distribution of the excitation light is calculated using the
sourcee type and dimensions and the optical properties at the excitation wavelength of the
mediumm as input parameters. In the remaining of this chapter this will be called the
'excitationn Monte Carlo'. In this excitation Monte Carlo, the contribution of the absorptionn of the fluorophores to the total absorption is not taken into account. Light that is
absorbedd in the medium is scored in a (z, r) matrix that is used to assign weight to the
fluorescencee sources. A separate input file that contains the distribution of the fluorophoress is used as source file for calculation of the fluorescent light distribution, the

AA
}}

FigureFigure 1: Different configurations of the two-layered geometry with the neoplastic volume embedded (gray
square). square).

'fluorescencee Monte Carlo'. The fraction of photons that escapes the medium from the
topp layer within a certain escape angle is scored in a matrix. Relative fluorescence levels
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aree determined for semi-infinite double layer geometries (representing the epithelial
layerr and the stromal layer) with embedded square geometries representing neoplastic
areas.. The x/y plane of the cube has dimensions of 2.5cm x 2.5cm, the x/y plane of
the'tumor'' has sides of 1.25cm x 1.25 cm.
Forr the simulations, the thickness of the neoplastic area that originates at the boundary
off the two layers was varied. The following progression was assumed in the simulations:
thee epithelial layer is first set to 0.5 mm8. The 'neoplasia' progresses from the boundary
betweenn the two layers into the top layer (figures la-Id) When its thickness equals 0.5
mmm (figure Id), we let the total epithelial layer increases in thickness from 0.5 to 1.3
mmm (figures Id to If) according to the findings of Abdul-Karim et aU
Inputt parameters:
CalculationCalculation of the excitation light.
Too our knowledge, the optical properties of cervical tissue in the blue (excitation) light
rangee are not known. Three different sets of optical parameters were chosen to obtain
differentt optical penetration depths (5), which we calculated with equation 1:
8=\8=\

(1)

V3Ai.(jU.+0,(l-g)) )
Wheree ^ a = absorption coefficient (cm1),
(i ss = scattering coefficient (cm1),
gg = anisotropy factor (-)
Thee different combinations of optical parameters with their corresponding theoretical
penetrationn depths 8 are given in table 1:
TableTable 1: input (optical) parameters for the excitation Monte Carlo's

Haa (cm -1 )
excitationn source 1 100 0
excitationn source 2 15 5
excitationn source 3 2 2

M c mm )
400 0
400 0
200 0

g(-) )
0.87 7
0.87 7
0.87 7

8(um) )
47 7
180 0
771 1

Thee optical properties that are used for excitation source 2 are in the range of the
absorptionn coefficient and a scattering coefficient for blue light as found by Keijzer et
üf/.100 of aorta tissue.
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Ann incident light beam with a flat intensity profile, a diameter of 5 cm and a total energyy of 100 J was defined.
CalculationCalculation of the fluorescence light.
Thee optical properties for the fluorescence Monte Carlo's were chosen to be in the range
ass found by Hornung et al.4:
Layerr 1: (i a : 0.15 cm -1 , ^ s 90 cm"1, g: 0.9, n: 1.37, thickness: 500-1300 \im
Layerr 2: |i a : 1 c m , (i s 150 c m , g: 0.9, n: 1.37, thickness: >5 cm.
Forr the fluorescent 'neoplastic volume', the optical properties of layer 1 were used.
Duringg the clinical study of chapter 8, we obtained the 'red green fluorescence ratio'
(FR)) as described by Profio et al.1 on different locations on the cervix. In short, the FR
iss defined as the ratio between the fluorophore fluorescence and the autofluorescence
fromm one excitation wavelength. We assumed this ratio to be proportional to the amount
off fluorophores. Because the autofluorescence intensity and the optical properties of the
tissuee for the excitation and emission wavelengths influence the ratio it is only indicativee for relative concentration differences on one tissue type in a single patient. The
valuee that was measured on tissue that was colposcopically assessed abnormal was comparedd to values measured on tissue judged as normal. The selectivity obtained in this
wayy was approximately 8. This selectivity was used in the calculation of the double ratio
fromm the Monte Carlo results.
Thee results of the calculations will be compared with the clinical results (chapter 8). In
thee clinical study, a DR of 2 was associated with CIN I, a DR of 3 was associated with
CINN II, a DR between 3 and 4.5 was associated with CIN III.

Results s
Figuree 1 shows the intensity profiles of the three different excitation profiles that were
used.. 'Excitation source 1' has a very limited penetration, less that the 500 Jim that we
chosee for the epithelial layer, 'excitation source 2' will penetrate beyond the 500 \\m
layerr into the second layer while 'excitation source 3' penetrates the 'tissue' up to a depth
beyondd 1000 u,m.
Forr each of the figures 2, 3 and 4, only one 'excitation source' is used per data set. In
thiss way, the penetration depth of the two excitation wavelengths is equal, as is assumed
inn the derivation of the DR theory4. The selectivity of the 'photosensitizer' and the 'exci114 4
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FigureFigure 1: excitation profiles for the different excitation sources'.

tationn efficiency' is equal for these data sets.
Figuree 2 shows the DR as function of thickness of the neoplastic volume after excitation
withh excitation source 1.
Thee first 200 um hardly contributes to the DR signal because of the limited penetration
depthh of the excitation light. When the tumor grows into the monitored area, the double
ratioo rises quickly until 500 urn is reached. From that point, both the total layer and the
tumorr increase in thickness, which, as seen from the top surface, is equal to the addition
off fluorescence below the layer of 500 [im. Although the DR seems saturated, the
plateauu phase is caused by the limited penetration of the excitation light.
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tions.tions. On the left side of the vertical line, the 'tumor' is growing in the 500 jlm top layer. On the right side,
thethe 'tumor' and the top layer are both increasing in thickness. The CIN grades corresponding to the DR valuesues (see chapter 8) are added.
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FigureFigure 3: Interrelationships of Double ratio value, CIN grade (chapter 8) and layer thickness as predicted
withwith the Monte Carlo simulations. Excitation source 2 is usedfor excitation.

116 6

Tumorr stagingjvitr^DR fluorescence imaging; a Monte Carlo study

Figuree 3 shows the DR as function of tumor grade after excitation with excitation source
2.. Again, by combining figure 3 of chapter 8, which shows the relation of the DR with
CINN grade, with figure 3 on page 118 which was obtained with excitation source 2, we
cann estimate the thickness of the layers at different CIN grades
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FigureFigure 4: DR as function of thickness of the embedded 'tumor. Excitation source 3 was used in the simulations.tions. On the left side of the vertical line, the 'tumor' is growing in the 500 \im layer. On the right side, the
'tumor''tumor' and the top layer are both increasing in thickness. Again, the CIN grades corresponding to the DR
valuesvalues (see chapter 8) are added

Thee influence of the first layers on the DR signal is relatively large because of a deep
penetrationn of the excitation light and the non-linear relation of the DR with the 'photosensitizer'' concentration.
Forr figure 5, the DR was calculated using two excitation sources (1 and 3) to investigate
whetherr the sensitivity of the technique could be improved by using one excitation
sourcee that penetrates the deeper layers and one excitation source with which only the
superficiall layers are monitored. The DR is obtained by dividing the SR of excitation
sourcee 3 by the SR of excitation source 1.
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FigureFigure 5: DR calculated with a ratio of the SR 's obtained with excitation source 3 and 1.

Thee first 300 (j.m is only monitored by the deeper penetrating excitation source (the
numerator)) hence the rapid rise of the DR. When the layer is thick enough to also influencee the denominator, the DR value drops until a thickness of 500 um whereafter only
thee numerator increases.

Discussion n
Fluorescencee Monte Carlo calculations were performed to evaluate the possibility to use
Doublee ratio measurements for grading of cervical intraepithelial neoplasms and, with
that,, to understand the results of chapter 8. For this we defined a two-layered structure,
representingg the fluorescent epithelial layer and an underlying stromal layer, and an
embeddedd fluorescent cube, representing the neoplastic area. By performing simulations
withh various layer thicknesses we demonstrated the dependency of the DR on layer
thicknesss for various different excitation wavelengths.
Inn the mathematical model we have made several assumptions for the optical properties
andd thicknesses of the layers, the development of CIN etc. Also the representation of the
neoplasticc volume by a perfectly sharp delineated cube is far from the realistic clinical
situationn Moreover, the optical properties of cervical tissue are not known and the values
usedd in the Monte Carlo simulation were a best guess. However, the values and geometricall assumption used for the Monte Carlo simulation were used to investigate a con118 8
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ceptt that may give insight in the the correlation between DR and stage of the disease.
Thee validity of this concept does not depend on the exact values of the input parameters
ass long as the relative relations are reasonable.
Thee use of two excitation wavelengths with different penetration depths turned out to be
off no clinical value with the geometry and parameters that were used for these simulations.. In addition, the resulting ratio does no longer comply with the assumptions that
weree made during the derivation by Sinaasappel et al4, and will be sensitive to all the
factorss the DR is supposed to correct for. Determination of layer thickness by using the
DRR technique can only be performed by using two excitation wavelengths at which the
tissuee optical properties are approximately equal.
Fromm the clinical study of chapter 8 and the mathematical evaluation we may conclude
thatt by using the double ratio fluorescence measurement technique, it may be possible to
localizee and differentiate non-invasively between different groups of CIN.
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Thee studies that are described in this thesis aimed to determine the feasibility of using
fluorescencee diagnostic techniques for the detection of small volume abdominal metastasess of ovarian tumor and for the detection and staging of cervical intraepithelial neoplasia. .
Thee course of the total study was primarily influenced by the results of our safety study
(describedd in chapter 3). In this study we investigated the damage to the intraperitoneal
organss of the rat after systemic administration of 5-aminolevulinic acid (ALA) and illuminationn with a standard white light operating room lamp for two hours. Besides being
fluorescent,, ALA induced protoporphyrin IX (PpIX) is also a potent photosensitizer, a
propertyy that is used in photodynamic therapy but that may also cause damage to
healthyy tissue during photodetection. The extent of damage that was observed after the
firstt series of experiments was unexpected. Particularly the liver and the bowel turned
outt to be susceptible to phototoxic injury. To avoid any chance of damage to the healthy
tissue,, we decided to expand the study to longer time intervals between administration
off ALA and the procedure. We assessed maximal tolerable drug doses at different time
intervalss after administration of ALA. So far, no clinical studies mention any phototoxic
damagee as a possible side effect of photodetection. This may be either due to the larger
mass// thicker walls of human organs or to the fact that it might have been overlooked.
Thee next parameter for an optimal introduction in clinical use is the time interval
betweenn administration of a certain drug dose and the diagnostic procedure. This
timeintervall is determined by PpIX concentration differences in tumor vs. normal tissue,
whichh gives the fluorescence contrast in the different types of tissue. We performed a
studyy on a tumor bearing rat (chapter 4) using three different drug doses ranging from 5
mg/kgg to 100 kg/mg. The optimal time after administration of the higher drug doses (25
andd 100 mg/kg) turned out to be in the phototoxic dose/time range as assessed in chapter
3.. The 5 mg/kg dose turned out be sufficient to induce significant tumor/normal tissue
fluorescencee ratios. The risk of damage to healthy tissue is minimal at this low ALA
dose. .
Thee pharmacokinetic curves as assessed in chapter 4 were used to extract time constants
forr the buildup and clearance of PpIX in humans and rats. We were not able to fit conventionall first order mathematical reaction rate models accurately on the experimental
data.. As the conversion of ALA to PpIX is enzyme controlled it seems obvious to use
dosee dependent enzyme kinetics in the rate equations. This turned out to give an
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improvedd fit of the mathematical model on the experimental data. In chapter 5, we evaluatedd the use of dose dependent mathematical kinetic models to describe several different
data-sets,, both from our own experiments and from literature. Implementation of dose
dependentt reaction rates improved the goodness of fit and enabled interpolation to other
drugg doses. This last result means that it is not necessary to perform a new series of
experimentss for every drug dose, which may reduce the amount of pharmacokinetic
(animal)) experiments
Thee next logical step would be to clinically evaluate the use of photodetection with ALA
inn patients with ovarian cancer but besides the amount of time that was needed to completee the toxicity study, it also caused much concern in the medical ethical committee.
Approvall of the protocol was not possible within the time span of this study.
AA new approach was found in using the fact that growth and progression of metastases
iss directly related to neovascularization. The newly formed vessels have a higher density
randomm pattern and they have a higher permeability for large molecules. These propertiess suggested the use of fluorescein angiography for the detection of small metastases.
Inn chapter 6, the clinical feasibility study is described. The protocols for this study were
quicklyy approved because of the extensive clinical experience with (i.v.) fluorescein
angiographyy in ophthalmology. Eighteen patients known with ovarian cancer or with
suspicionn for this disease and requiring a laparoscopy or laparotomy entered the study.
Sodiumm fluorescein was given i.v. in different doses (0.4 -1.6 ml of a 25 % solution)
beforee or at the introduction of anesthesia whereafter fluorescence detection by laparoscopee was carried out preceding the required surgery. The abdominal cavity was inspectedd both under normal white light illumination and under blue light illumination for excitationn of the fluorescein. Our overall conclusion is that the concentration gradient differencess between normal and pathological tissue are too small in the abdomen to indicate
differences. .
Thee second part of the thesis concerns the use of photodetection for localization and
stagingg of cervical intraepithelial neoplasia (CIN).
Inn chapter 7, a double ratio imaging system is described. With this system it is possible
too measure the (relative) concentration of the fluorescent dye, without influences of tissuee optical properties, measurement geometries and variations in excitation light power.
Thee validity of the theory is confirmed by several experiments that are also described in
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thiss chapter.
Thee feasibility of using the double ratio imaging device for the localization and grading
off cervical intraepithelial neoplasia (CIN) is evaluated in a clinical study that is
describedd in chapter 8. The value of the double ratio as determined at the site of biopsy
correlatedd in a statistically significant way with the histopathologically determined grade
off the disease. It seems to be feasible to localize and grade CIN non invasively using the
Doublee Ratio (DR) technique.
Thee results of chapter 8 were evaluated mathematically in chapter 9. Monte Carlo simulationss were performed on two layered geometries with a 'tumor' embedded in the top
layer.. With this physicists' model of a progressing epithelial tumor on the cervix, we
triedd to understand the relations between DR value, tumor thickness and corresponding
CINN grade. Several sets of optical properties for excitation light were used to get more
insightt in the possible mechanism. A relation between thickness of the neoplastic layer,
CINN grade and double ratio value was found.
Generall conclusions
Concerningg the feasibility of using photodetection for the localization and grading of
CINN we conclude that the results of the studies in this thesis justify further development
off the technique. The next logical step will be a large clinical study and refinement of
thee equipment. A surprising outcome is the possibility to determine the thickness of the
CINN layer. A combination of a conventional colposcope with a fluorescence imaging
partt may be enough to determine the CIN grade without the need for biopsies.
Thee feasibility to use fluorescence for the detection and localization of ovarian tumor
metastasess in the abdominal cavity should be explored further in a small scale clinical
study.. The use of fluorescein for this purpose was not the best choice and the use of
ALAA induced protoporphyrin IX for this purpose has so far only been evaluated in an
animall model. The results of a clinical phase I study must be awaited before the questionn whether the technique is of clinical value can finally be answered.
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Hett doel van de in dit proefschrift beschreven studies is het vaststellen van de bruikbaarheidd van fluorescentie diagnostiek voor de detectie van uitzaaiingen van ovarium
tumorr in de buikholte en voor de detectie en gradering van neoplastische gebieden van
dee cervix.
Hett verloop van de studie werd grotendeels bepaald door de resultaten van de toxiciteitsstudiee die wordt beschreven in hoofdstuk 3. In deze studie hebben we de schade
aann de organen in de buikholte van ratten bepaald na systemische toediening van 5aminolevulinezuurr (ALA) en belichting van 2 uur met een normale lamp zoals wordt
gebruiktt in de operatiekamer. Behalve de eigenschap te fluoresceren na belichting met
blauww licht is de door ALA geinduceerde protoporfyrine IX (PpIX) ook een krachtige
fotosensitizer.. De weefsel schade die we vonden tijdens de eerste experimenten was
meerr dan verwacht en we hebben de studie dan ook uitgebreid met langere tijden tussen
toedienenn van ALA en de belichting. Met deze studie hebben we combinaties van maximaall toelaatbare ALA doses en verschillende tijdsintervallen tussen toedienen van ALA
enn de procedure vastgesteld. Ondanks de onverwacht ernstige fototoxische effecten is er
inn de literatuur nooit melding gemaakt van fototoxiciteit bij klinische studies. Dit kan
komenn door de grotere massa en dikkere wand van menselijke organen of doordat er niet
specifiekk naar gekeken wordt.
Dee volgende parameter die moet worden geoptimaliseerd is de tijd tussen toedienen van
ALAA en de diagnostische procedure. Deze optimale tijd wordt bepaald door de concentratieverschillenn van PpIX in neoplastisch versus normaal weefsel die het fluorescentie
contrastt bepaald in de verschillende weefsel typen. We hebben een studie gedaan op rattenn met tumoren in de buikholte (hoofdstuk 4). We hebben 3 verschillende ALA doses
tussenn 5 en 100 mg/kg gebruikt. Het optimale tijdsinterval na toedienen van de hogere
ALAA doses (25 en 100 mg/kg) bleek in het fototoxische dosis/tijd gebied te liggen. Een
dosiss van 5 mg/kg bleek genoeg om goede tumor/normaal fluorescentie ratios te induceren.. Het risico op weefsel schade is minimaal bij deze lage doses.
Dee farmacokinetiek curves van hoofdstuk 4 wilden we gebruiken om tijdsconstantes
voorr de opbouw en afbraak van PpIX in verschillende weefselsoorten te bepalen. Het
bleekk niet mogelijk om conventionele eerste orde mathematische modellen nauwkeurig te
fittenn aan de experimentele data. Omdat de omzetting van ALA naar PpIX een enzymatischee reactie is, leek het gebruik van dosis afhankelijke enzyme (Michaelis-Menten) reactiee snelheden logisch. In hoofdstuk 5 hebben we in een mathematisch 3-compartimenten
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modell verschillende combinaties van eerste orde reactie snelheden en MM reactie snelhedenn getest en gekeken of dat een verbetering zou opleveren voor de nauwkeurigheid
waameee een experimentele curve beschreven kan worden.Het toepassen van MM reactie
snelhedenn verbeterde de fit en maakte extrapolatie naar andere ALA doses mogelijk.
Dezee bevinding zou tot een vermindering van farmacokinetisch (dier) experimenteel
werkk kunnen leiden.
Dee volgende (logische) stap zou de klinische evaluatie van fluorescentie diagnostiek met
ALAA in patiënten zijn maar behalve de tijd die de toxiciteits studie in beslag nam
zorgdenn de resultaten ook voor bezorgdheid bij de medisch ethische commissie.
Goedkeurenn van het protocol was niet meer mogelijk binnen het tijdsbestek van dit
onderzoek. .
Eenn nieuwe aanpak werd gevonden door gebruik te maken van het feit dat de groei van
uitzaaiingenn direct gerelateerd is aan neovasculasisatie. Deze nieuw gevormde vaten
hebbenn een hoge permeabiliteit voor grote moleculen en een chaotischer vaatpatroon
mett hogere densiteit. Deze eigenschappen leidden tot het idee om fluoresceine
angiografiee te gebruiken voor de detectie van uitzaaiingen van ovarium tumor in de
buikholte.. Hoofdstuk 6 beschrijft een klinische haalbaarheidsstudie. De protocollen voor
dezee studie werden snel goedgekeurd door de uitgebreide klinische ervaring met fluoresceinee angiografie in de oogheelkunde. De patiënten kregen natrium fluoresceine tijdens
eenn standaard 'debulking' of 'second look' procedure. De buikholte werd hierna geïnspecteerdd met normaal wit licht en daarna met blauw licht voor excitatie van de fluoresceine.. De techniek bleek te helpen bij het opsporen van verdachte gebieden maar was te
weinigg specifiek om als een 'stand alone' diagnostische procedure gezien te worden.
Hett tweede gedeelte van het proefschrift gaat over het gebruik van fluorescentie diagnostiekk voor het lokaliseren en graderen van intraepitheliale neoplasie van de cervix
(CIN). .
Inn hoofdstuk 7 wordt een 'Dubbele Ratio' (DR) fluorescentie afbeeldingssysteem
beschreven.. Met dit systeem is het mogelijk concentraties van de fluorescerende stof in
hett weefsel te meten zonder dat deze metingen beinvloed worden door optische eigenschappenn van het weefsel, geometrie factoren en variaties in het excitatielicht. De
geldigheidd van de theorie achter de DR wordt gevalideerd door de diverse experimenten
diee worden beschreven in dit hoofdstuk.
127 7

Samenvattingg en conclusies

Dee bruikbaarheid van het 'DR fluorescentie afbeeldingssysteem' voor het lokaliseren en
graderenn van CIN is onderzocht in een studie die is beschreven in hoofdstuk 8. De DR
waardee die is gemeten op de plek waar ook een biopt is genomen correleert statistisch
significantt met de histopathologisch bepaalde fase van de ziekte. Het lijkt mogelijk te
zijnn om CIN non-invasief te lokaliseren en graderen met de DR techniek.
Dee resultaten van hoofdstuk 8 zijn mathematisch geanalyseerd in hoofdstuk 9. We
hebbenn Monte Carlo simulaties gedaan waarbij we geometrieën hebben gedefinieerd van
22 lagen met in de bovenste laag een tumor. Met deze berekeningen probeerden we het
verbandd tussen DR waarde, laagdikte en CIN graad te begrijpen. We hebben de optische
eigenschappenn voor het excitatie licht en de dikte van de tumor gevarieerd. Een relatie
tussenn DR waarde, laagdikte en CIN graad werd gevonden
Algemenee conclusie
Dee resultaten van de experimenten die gedaan zijn voor de evaluatie van het gebruik van
fluorescentiee diagnostiek voor voor het lokalizeren en stageren van CIN rechtvaardigen
dee doorontwikkeling van de techniek en het opzetten van een grote patiëntenstudie. Een
verrassendee uitkomst is de mogelijkheid om DR te gebruiken voor het bepalen van de
diktee van de CIN laag. Een combinatie van een conventionele colposcoop en een DR
systeemm maakt het misschien mogelijk om de graad van CIN te bepalen zonder biopten
tee nemen.
Dee evaluatie van het gebruik van fluorescentie diagnostiek voor de detectie van uitzaaiingenn van ovarium tumor in de buikholte moet worden voortgezet in een kleine verkennendee klinische studie. Het gebruik van fluoresceine voor dit doel was niet de beste
keuzee en het gebruik van ALA voor dit doel is slechts geëvalueerd in een diermodel. De
resultatenn van de klinische studie moet worden afgewacht voordat de vraag kan worden
beantwoordd of de techniek een klinische waarde heeft.
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